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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 2021.

2021 was the second whole year what we spent as the member of E6tvés Lorand Research Network
(ELKH). The network administration set up a system which provided financial support to member
institution not only to cover the running cost, but also a part of the budget was distributed based on the
qualification of the staff, based on the publication and citation records. The whole Centre for Energy
Research and MFA as one of its member institutions gained increased support via that system. | used to say
to my colleagues already science became a production income. Than MFA could announce a publication
award and the best ten papers were awarded by cash prize in order to encourage colleagues for publication
in high impact factor journals.

The COVID_19 pandemic caused still a lot of turbulence in the life of our institute. That also had a
delay effect for the scientific qualification of my colleagues. There was no one defending the Doctor of
Academy title, and we had only one successful PhD process, therefore | congratulate our youngest postdoc
Tamas Kolonits and his supervisor Dr. Zsolt Czigany. As we learned how to live together with the low level
of pandemic | expect more qualification process in 2022.

Unfortunately, we also lost our former colleague Dr. Csaba Dardczi — who organized the MFA summer
schools for years - due to COVID. Moreover 2021 was a sad year for us with a lot of losses. Our former
colleague Ferenc Glazer died and we lost our emeritus colleagues, namely Dr. Péter Varga, Dr. Gabor Petd,
Dr. Arpad Barna and Professor Jozsef Gyulai. In order to tribute to Arpad Barna a Hungarian firm
Technoorg-Linda founded an Arpad Barna Prize, the winner(s) will be selected by a committee in which
members of our institution (via the Hungarian Society for Microscopy) will work as well. Jézsef Gyulai
was our former institute director, ordinary member of the Hungarian Academy of Sciences, former
president of the Technical section, the loss is very painful for us. We plan to set up a relief at the gate of
our main building in which he did work.

I congratulate to my colleagues Dr. Gydrgy Szab6 who was awarded by the Széchenyi Prize for his
excellent achievements in the field of statistical physics and game theory. Beatrix Péter won the Rdbert
Barany prize from ELKH, Viktéria Kis closed her Bolyai Fellowship period with a Bolyai medal. Katalin
Balazsi was elected for ECerS (European Ceramic Society) Fellow. Péter Nemes-Incze got the Physics
prize from the Physics Section of the Hungarian Academy of Sciences. Our Attila Szolnoki received already
third time the Highly Cited Researcher title from Clarivate. What we could expect (see the forward of the
previous yearbook) Professor Péter Barna was elected IUVSTA (International Union for Vacuum Science
Technology Applications) Honorary President.

The microscopy laboratory of MFA with its aberration corrected THEMIS 200 F got the excellent
research infrastructure title and now it is listed among the top50 research infrastructures of the country.

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.

Prof. Béla Pécz, D.Sc., Director


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

Director: Prof. Béla Pécz, D.Sc.

Scientific departments

Thin Film Physics Department

Katalin BALAZSI, Ph.D.

Complex Systems Department

Géza ODOR, D.Sc.

Photonics Department

Péter PETRIK, D.Sc.

"Lendulet" group - NanoBioSensorics

Rébert HORVATH, Ph.D.

Microsystems Department

Péter FURJES, Ph.D.

Nanosensorics Laboratory

Janos VOLK, Ph.D.

Nanostructures Department
and "Lendulet" group - 2D Materials

Levente TAPASZTO, Ph.D.

"Lendulet" group - Topological Nanostructures

Péter NEMES-INCZE, Ph.D.

Directly supervised functions

Head of Scientific Advisory Council

Levente TAPASZTO, Ph.D.

Scientific secretary, projects and PR

Krisztina SZAKOLCZAI, Ph.D.

Quality control, patents, MTMT, REAL admin

Andrea BOLGAR

Technical support

Karoly BODNAR

Financial administration

Zsuzsanna KELEMEN

Informatics

Gergely TAMAS

Technology transfer (IPR)

Antal GASPARICS, Ph.D.
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Key Financial Figures of MFA

The domestic subsidies changed in 2020, not long after the centre left the MTA network and became
part of the Lorand E6tvos Research Network (ELKH). It has been adjusted partly to the number and salary
of the researchers as well as excellence and output of the centre. The overhead of the institute is still around
35-40% of the annual budget. It means strong financial dependence on the amount of income the research
grants could provide. The number of researchers together with the research supporting staff dropped from
ca. 140 to 100 in the last 10-12 years. Due to the correction of the subsidy, the researchers received an
average 30% salary correction in 2021. The fluctuation is although still high especially under age 35,
because the industry promises double payment.

The institute and its administration handles over 40 grants and 20 other R&D contracts each year. A bit
less than half of the project are fundamental research grants, rest implements 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. The large domestic projects (VEKOP) and also the H2020 grants
mainly ran out in 2021, but fortunately three new and large grants (TKP2021) will start from the first
months of 2022, which provides some sort of stability for the upcoming 3 years.

Since 2015 MFA is part of the Centre of Energy Research, and the financial operation became partly
transparent, therefore the data shown here for 2015-2021 for MFA are based upon our own estimates.

MFA budget 2003-2021 (million HUF)
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H Pilot production
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Publications and Citations of MFA

According to the Thomson-Reuters I1SI "Web of Knowledge", and MTMT?2 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 per year
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Prizes and Distinctions

Széchenyi Prize

Honorary president of the International Union for Vacuum
Science, Technique and Applications (IUVSTA)

Bolyai plaque (MTA)

Péter, NEMES-INCZE Physics Price (MTA)

Acta Materialia, Mary Fortune Global Diversity Medal
BALAZSI, Katalin American Ceramic Society, Global Ambassador
European Ceramic Society, fellow

SZOLNOKI, Attila CLARIVATE Highly Cited Top 1% researcher

PETER, Beatrix MBFT young researcher award

Vebleo, Fellow

BALAZSI, Csaba American Ceramic Society, Fellow
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POSA, Laszlo

DOBRIK, Gergely

TUNYOGI, Erika

SZEKRENYES, Daniel

MFA Postdoctoral prize

MFA Postdoctoral prize

MFA prize for excellent research support

MFA young researcher prize
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Dr. Gyérgy Szab0 receives the highly prestigious Széchenyi prize from Dr. Janos Ader President of Hungary,
Dr. Viktor Orban Prime minister of Hungary and Dr. L&szl6 Kdvér speaker of the National Assembly of Hungary.

Dr. Viktoria Kovacs Kis receives Bolyai plaque at MTA from Prof. Tamas Fraund president of the Hungarian
Academy of Sciences and Prof. Tivadar Tulassay regular member of HAS Chairman of Bolyai board.
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1 - Nanostructures Laboratory

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

Research Staff: Ph.D. students:
e Zsolt Endre HORVATH, D.Sc., Deputy e Péter KUN, Ph.D. student
Head of Laboratory Andras PALINKAS, Ph.D. student
e Prof. Laszl6 Péter BIRO, Member of the Janos PETO, Ph.D. student
HAS Marton SZENDRO, Ph.D. student
Jozsef GYULAI, Member of the HAS
(+2021.02.12)
Gergely DOBRIK, Ph.D.
Krisztian KERTESZ, Ph.D.
Antal Adolf KOOS, Ph.D.
Géza Istvan MARK, Ph.D.
Péter NEMES-INCZE, Ph.D.
Zoltan OSVATH, Ph.D.
Gabor PISZTER, Ph.D.
Péter SULE, Ph.D.
Péter VANCSO, 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 technique. 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.
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The composition and structure of the ubiquitous hydrocarbon contamination
on van der Waals materials

Lendiilet LP2017-9, Elvonal OTKA KKP138144, H2020-SGA-FET-GRAPHENE-2019-881603
Graphene Flagship Core3, OTKA K134258

A. Palinkas, Gy. Kalvin, K. Kandrai, G. Németh (Wigner FKI), A. Pekker (Wigner FKI),
M. Németh (EK EKBI), P. Petrik, L. Tapaszto, P. Nemes-Incze

Layered (van der Waals) materials have gained special interest in the last decade because many of them
can be exfoliated down to single unit cell thickness. As the thickness decreases, surface effects become
more pronounced; hence, both environmental adsorbates and substrates can substantially influence their
properties.

Here we show that a self-organized monolayer of molecules adsorbed from the environment often forms
on the surface of van der Waals materials exposed to ambient air for several hours. The molecules self-
organize into parallel stripes with 5 +/- 1 nm periodicity on several distinct vdW material surfaces (graphite,
hBN, MoS;). The presence of molecules self-assembled into stripes has previously been identified by AFM
measurements through the observation of distinct friction domains. However, the molecules forming such
stripes have not been identified, since their atomic structure could not be resolved by AFM (contact or
tapping mode). We were able to resolve the atomic structure of the molecules forming the self-assembled
layer by low-temperature STM measurements on graphite, revealing the inner structure of the stripes: their
arrangement, precise length and the atomic periodicity of the individual molecules.

STM @9K - airborne
400 pm =5 = = = = P S 50 pm

0.0

-20 3 3 = -

Figure 1.1. (a) AFM image of the strlpe structure on the surface of graphite b) STM image of the strlpes on graphite
at 300 K (c-d) Low-temperature STM images revealing the inner structure of the stripes, and the individual
molecules self-organized on graphite (€) STM image of vapor deposited dotriacontane (CszHgs) on graphite

revealing rectangular-centered structure.
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The low-temperature topographic STM measurements revealed that the self-assembled monolayer
adsorbed from the air consists of long-chain molecules of 20-24 atoms. Such molecules are self-organized
into an incommensurate orthorhombic structure. In STM images no signs of any additional functional
groups (e.g., -OH, -COOH, -O-, -SH,), have been observed. To further investigate this, we have performed
grazing-angle IR-spectroscopy and XPS-measurements, in collaboration. Such measurements did not
reveal any signature of functional groups, the obtained spectra were fully consistent with that of the alky!l
backbone. From these findings, we can conclude that the airborne monolayer consists of mid-length (20-
24 carbon atoms), saturated, linear hydrocarbons, most likely simple alkanes. To support this, we have also
performed low temperature STM measurements on vapor-deposited dotriacontane (Cs2Hes) on graphite
(Fig. 1.1.e) and found a close similarity with the structure of the monolayer formed during ambient
exposure, except for the larger chain length in the Cs2Hes case.

The self-organized monolayer of molecules can be accountable for the domain-like friction anisotropy
observed on various surfaces. Fig. 1.2.a shows an AFM topography map on a graphene (on h-BN), where
three domains of different molecule stripe orientation can be recognized, matching the armchair direction
of the underlying graphene lattice. The lateral force signal (Fig. 1.2.b) on the same area reveal three distinct
friction domains. We showed that not only airborne monolayer of molecules on vdW-materials, but a vapor-
deposited monolayer of dotriacontane (Cs2Hss) on HOPG can show similar friction anisotropy.

400 pm b) 140 mV

2/ & vz M 200 e Ml i M s
Figure 1.2. (a) PeakForce AFM topography map on graphene/hBN shows three distinct domains of stripe
orientations. (b) Three distinct friction domains on the same area we measured by contact AFM. (c) The friction
force map on a thick hBN crystal after the molecules reorganized by the scanning AFM tip. The fast scan direction

(pink arrow) rotated by 60° respect to a zigzag crystal edge (blue dotted line) for the successive “drawing” steps.

STM measurements indicate that the molecules lie parallel to the zigzag axis of the substrate. We found
that the local orientation of the molecular layer can be on purpose switched between the three distinct zigzag
directions through repeated scans along the desired direction (mechanical interaction) in contact mode
AFM. As a demonstration, we defined three distinct friction domains by three successive rectangular AFM
scans (edge length: 15, 7, 3.5 um) reorienting the molecular arrangement and thus the friction domain
structure (Fig. 1.2.c).

The ubiquitous hydrocarbon chains observed here play a role in the surface chemistry, adsorption,
wetting etc. characteristics of 2D materials. Furthermore, the robust and complete saturation of the basal
plane, from extremely low concentrations in air might open new routes for designing filters for long chain
alkanes.
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Directly imaging visible-frequency graphene plasmons by SNOM in
nanocorrugated graphene sheets

Elvonal OTKA KKP138144, 680263-NanoFab2D-ERC-2015-STG, H2020-SGA-FET-GRAPHENE-
2019-881603 Graphene Flagship Core3, Lendilet LP2017-9, OTKA K132869

G. Dobrik, P. Nemes-Incze, P. Sule, Péter Vancso, Gabor Piszter, Luc Henrard (Univ. Namur), Levente
Tapasztd

We have shown that engineering strong nanoscale corrugations into the atomic structure of graphene,
enables the edge-free lateral confinement of graphene plasmons into sub-5nm corrugations, scaling up their
resonance frequency from native THz, into the commercially relevant visible range. Visible-frequency
graphene plasmons, facilitate orders of magnitude stronger Raman enhancements than previously achieved
with graphene, allowing the detection of molecules well below part per trillion level sensitivity, and high
selectivity. SERS substrates based on nanocorrugated graphene offer a series of practical advantages over
conventional nanoparticle films, such as simpler and cheaper fabrication, better reproducibility, and highly
improved environmental stability, up to several months.

nanocorrugated quasi-flat

Figure 1.3. a) SNOM image (A= 488nm) of nanocorrugated graphene revealing clear interference maxima and
oscillations in the proximity of edges (marked by dashed lines) and defects. Inset shows a line cut perpendicular to
the graphene edge. b) SNOM image of quasi-flat graphene recorded under the same conditions, showing no
interference patterns.

Given its significance and the wide range of potential applications, exploring and understanding the
detailed properties of visible graphene plasmons is of paramount importance. The most important step in
this direction is directly confirming their presence in nanocorrugated graphene. Graphene plasmons in the
IR frequency range have previously been detected by Scanning Near-field Optical Microscopy (SNOM),
through imaging the interference patterns of the plasmons launched from the apex of a metallic AFM tip
with the propagating graphene plasmons reflected from graphene edges and structural defects of the
graphene sheet. However, such a technique can only detect propagating plasmon modes, why in our system
we were primarily expecting visible plasmons localized into the nanocorrugations.

Our SNOM measurements reveal clear interference maxima in the proximity of edges, as well as fainter
~ 400 nm oscillations inward from edges and defects (Fig. 1.3). The observed patterns are highly similar to
the SNOM images of plasmon interference patterns on doped quasi-flat graphene at IR frequencies.
However, in our case the interference patterns are observed at visible frequencies in nanocorrugated
graphene, while quasi-flat graphene samples imaged under the very same conditions show no signs of
plasmon interference (Fig. 1.3.b). Detecting interference patterns, clearly indicates the presence of
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propagating visible plasmons in nanocorrugated graphene. This is a surprising finding, since localized
plasmons were primarily expected. However, localized and propagating plasmons are not mutually
exclusive. It has been theoretically predicted and experimentally confirmed that when separated
nanostructures, hosting localized plasmons, are located in the close vicinity of each other (< [lex), their
interaction can give rise to propagating plasmon modes. In nanocorrugated graphene the corrugations are
typically located at least an order of magnitude closer than the excitation wavelength, enabling the
interaction of localized plasmons to give rise to propagating modes, observed in our SNOM measurements.
Furthermore, in such systems, the dispersion of transversal propagating modes crosses the light line,
enabling the existence of plasmon wavelengths larger than the excitation wavelength. This can account for
the oscillations of about 400 nm observed in SNOM images.

We have also performed confocal microscopy measurements with the same excitation wavelength. Fig.
1.4 shows the comparison of the same nanocorrugated graphene flake imaged by AFM, Confocal
Microscopy and SNOM.

SNOM 488 nm

s 7 ¥ 3.0um
3.6n ;

p—— -

Figure 1.4. AFM, confocal (Aex= 488 nm) and SNOM (Aex = 488 nm) images of the
same nanocorrugated graphene sample.

In contrast to SNOM images, confocal images show no interference patterns on nanocorrugated samples,
while using the same excitation laser in both cases. The reason for this is the difficulty of coupling in light
into the graphene (to excite the plasmons). While in the case of the evanescent modes of the SNOM tip,
this coupling is possible, in the case of far-field propagating light modes the momentum out-of-plane vs.
in-plane momentum mismatch preclude the coupling of light into the graphene, and hence the excitation of
graphene plasmons. The results have been published in Nature Nanotechnology.
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Unfolding the topological phase diagram of ZrTes using bubble

Lendulet LP2017-9/2017, H2020-SGA-FET-GRAPHENE-2019-881603 Graphene Flagship Core3

Z. Tajkov, D. Nagy (ELTE), K. Kandrai, L. Oroszlany (ELTE), J. Koltai (ELTE),
Zs.E. Horvath, P. Vancso, L. Tapasztd, P.Nemes-Incze

The paradigm of topological phases has permeated much of contemporary condensed matter physics
[Ref. 1.1]. This fundamentally new way of classifying systems according to global topological properties
rather than a local order parameter yielded a deeper understanding of a host of peculiarly robust phenomena.
At the heart of these phenomena lies bulk-boundary correspondence, which guarantees robust states
localized at the perimeter of the topological materials.

Three-dimensional time reversal symmetric topological band insulators are classified into “strong” (STT)
and “weak” (WTI) according to the nature of their surface states. The surface states of the STI are
topologically protected from localization, while this does not hold for the WTI [Ref. 1.2]. These phases are
separated by a metallic, conducting Dirac or Weyl semimetal phase. To change the indices, it is necessary
to close and reopen the bandgap through of the metallic phases.

Among the transition-metal pentatellurides, ZrTes is an excellent material to investigate the topological
phase transitions. This material has been widely studied because it has numerous exotic and therefore
interesting physical properties. In the literature of this peculiar crystal, it is well-known that the topological
nature of the bulk ZrTes has not been unambiguously identified [Ref. 1.3]. In our contribution we aimed to
investigate the characteristics of the crystal using state-of-the-art experimental STM techniques and
computer modeling on a sample of bulk ZrTes that hosts bubble on the substrate. The unique strain pattern
of the bubble makes possible the tuning of the originally strong topological insulating phase of the crystal
into a metallic phase at the perimeter of the bubble. This transition can be observed using STM
measurements (see Fig 1.5.b). The halo of the bubble of this highly anisotropic material only presents at
one side of the bubble, where the crystallographic orientation matches the Te-Te chains direction. In the
perpendicular direction there is no observable phase transition.

200 pA
190
180
170
160
150
140

== e i 2
Figure 1.5. a) STS topography image of the bubble. b) STM measurements of the same area.
The perimeter of the bubble is a high density of states area, indicating a metallic phase.
The halo shows a dependency of direction.
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To understand this behavior, we first must establish a proper description of the elasticity tensor of the
material. For this reason, we determined the elasticity tensor elements using density functional theory
(DFT) calculations, as the free energy obtained from DFT of a mechanically distorted crystal is a function
of the strain pattern of the distortion. This method gave us the total elasticity tensor of the material. Using
the data, by numerically solving the three-dimensional equation of motion by the finite element method
(FEM), implemented in the COMSOL package, we were able to determine the strain pattern of the bubble.
This procedure has allowed us to explain the observed features without the necessity of any
phenomenological-based semiphysical, or fitting parameters.

We obtained the electronic properties by DFT of a distorted crystal using the strain pattern that we
determined from the FEM method at the two semi-axes of the bubble. The ab initio results are in excellent
agreement with the measurements. At the major semi-axes point DFT predicts that the band gap is closed,
hence the density of states increases. On the contrary at the vicinity of the minor semi-axes the ab initio
analysis shows a small topologically strong band gap, therefore the density of states remains low.

Establishing the equilibrium state of the crystal we can map the topological phase diagram of the crystal
using ab intio methods. Fig 1.6. shows the contour map of the size of the bandgap under different
mechanical strain. The horizontal (vertical) axes indicate the strain (in %) along the in plane (van der Waals)
lattice directions obtained by DFT. At every point a sign has been assigned to the gap as the topological
invariants were calculated. Positive (negative) sign indicates weak topological (strong topological)
insulating phase. The phase diagram shows three main domains. Around the equilibrium the system is a
STI (1), and it can be tuned to the WTI phase (3). Between the two insulating phases there is a moderate
conducting phase (2). The black tentative line in the conducting phase shows where the Dirac cones in the
gamma point touch each other.

This procedure was also tested with a fundamentally different DFT code and the outcome was found to
be in perfect agreement with the previous results. Our results will help to clear out some of the controversies
about the material and provides a full, experimentally tested, and precise elasticity tensor.
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Figure 1.6. The phase diagram of the electronic structure of the crystal under mechanical strain. The three

main domains are marked by numbers. (1) is STI, (2) is metallic and the black tentative line indicates that the
Dirac cones touch each other at the gamma point and (3) is WTI.
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Tuning the nanoscale rippling of graphene with PEGylated gold nanoparticles
and ion irradiation

OTKA K119532, OTKA FK128327, OTKA K134258

Z. Osvath, D. Zambo, A. Sulyok, A. Péalinkas, A. Deak

Ripples and wrinkles can highly affect the electronic and optical properties of graphene. The spatially
varying strain associated with nanoscale ripples can tune the band structure of graphene through strain-
induced pseudo gauge fields. Nanoscale corrugations can also enhance the chemical activity and
functionalization of graphene. The controlled realization of nanoscale ripples in graphene has been of high
interest in the last decade. However, inducing periodic nanoscale rippling in two dimensions and large areas
is still challenging. In this work we present a new method combining gold nanoparticles, strain engineering
and ion irradiation for the realization of periodically rippled graphene. The effect of irradiation on the
graphene cover layer was revealed by scanning tunneling microscopy (STM), tunneling spectroscopy
(STS), and Raman spectroscopy.

Gold nanoparticles of 16 nm in diameter were synthesized by seed-mediated, wet-chemical approach,
and thiol-terminated polyethylene glycol (mPEG-SH) molecules were grafted onto their surface. High-
density monolayers of the PEGylated gold nanoparticles were successfully prepared on Si substrates by the
Langmuir-Blodgett technique. Achieving fully ordered state of such small nanoparticles is difficult,
nanoparticle voids frequently occur on large scale. These voids appear as dark-contrasted areas on both
scanning electron microscopy (SEM) and atomic force microscopy (AFM) images (Fig. 1.7). The gold
nanoparticles were closely spaced in ordered clusters with an average interparticle distance of 18 nm.

c)
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Figure 1.7. SEM (a) and AFM (b) images of the prepared gold nanoparticle monolayer. The height distribution of

589 nanoparticles measured by AFM is shown in c).

Graphene grown by chemical vapour deposition was transferred onto the nanoparticle monolayer. In
order to fine-tune the nanoscale rippling of graphene, point defects were introduced by Ar* ion beam of 1
keV, with fluence of =102 ions/cm?, achieved by 20 sec irradiation. The structure of graphene transferred
onto the PEGylated gold nanoparticle monolayer can be observed in Fig. 1.8.a, which shows the STM
image of a completely graphene-covered area. The top of nanoparticles (closely spaced brighter spots), as
well as nanoparticle voids (dark-contrasted regions) are both observed through the graphene layer. STM
investigations performed after irradiation revealed that the rippling of graphene changed significantly (Fig.
1.8.b).
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Figure 1.8. (a) STM image of graphene as transferred onto the gold nanoparticle monolayer. (b) STM image of
graphene supported by nanoparticle monolayer, after ion irradiation. (¢) The height profiles corresponding to line
section 1 in a) (black line) and line section 2 in b) (red line). Horizontal dotted lines are guides for the eye denoting
typical rippling amplitudes. Tunneling parameters: U = 0.5V, | = 0.5 nA.

Elongated ripples disappeared, and the typical amplitude of out-of-plane deformations decreased from
2.5 nm to 1.5 nm (Fig. 1.8.c). A rippling wavelength of around 30 nm can also be identified (Fig. 1.8.c,
height profile no. 2). Although this period is larger than the one of the underlying Au NPs, it can be
considered as a regular, periodic deformation, characterizing the entire irradiated graphene.

Atomic resolution STM measurements revealed hillock-like protrusions, associated with the irradiation-
induced point defects, as shown in Figs. 1.9.a and 1.9.b (height profile no. 2). As a comparison, the atomic
lattice of intact graphene is also resolved (height profile no. 1).
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Figure 1.9. (a) High resolution STM image of the irradiated graphene shown in Fig. 2b. The height profiles
corresponding to unperturbed atomic lattice (section 1) and irradiation-induced point defect (section 2) are shown
in (b). (c) STS spectra measured on intact graphene area (black) as well as on graphene area with irradiation-
induced defect (red).

Local dI/dU spectra obtained from STS measurements show increased density of states at a defect site
(Fig. 1.9.c, red line) for positive bias voltages (U), which is the main cause of hillock formation: an apparent
increase of height during constant current STM imaging. The paper was published in Carbon Trends 5,
100080 (2021).
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Concordance of the spectral properties of dorsal wing scales with the
phylogeographic structure of European male Polyommatus icarus butterflies

G. Piszter, K. Kertész, G. Sramkd, V. Krizsik, Zs. Balint, L. P. Biré

The wings of butterflies exhibit a richness of colors and patterns unrivalled in the living world. Many
of these colors are efficiently used and optimized in sexual communication. These colors may be generated
by selective light absorption on pigments, by selective light reflection on photonic nanoarchitectures, or by
a combination of the two.

The males of more than 80% of the Lycaenidae species belonging to the tribe Polyommatini exhibit
structural coloration on their dorsal wing surfaces. These species-specific colors are produced by the
cellular self-assembly of chitin/air nanocomposites. The spectral position of the reflectance maximum of
such photonic nanoarchitectures depends on the nanoscale geometric dimensions of the elements building
up the nanostructure. Our previous work showed that the coloration of male Polyommatus icarus butterflies
in the Western and Eastern Palearctic exhibits a characteristic spectral difference. Here, we investigated the
coloration and the de novo developed DNA microsatellites of 80 P. icarus specimens from Europe from
four sampling locations, spanning a distance of 1600 km.

The reflectance data for the four dorsal wing surfaces of all male P. icarus measured in the present study
were used to generate the statistical presentation of the peak wavelength in Fig. 1.10.A. The averaged
spectra of the four sampling sites (TZ: Taizé, France; EF: Erd-1, Hungary; EP: Erd-2 Hungary; EB:
Baratcos, Romania) are shown in Fig. 1.10.B. One may observe from both kinds of representations that the
color of the butterflies originating from the four sampling sites show only minor deviations from each other
but differs characteristically from the coloration of Asian males investigated previously (Fig. 1C). The
excellent concordance of the coloration from Southern France through Hungary to the Carpathian
Mountains in Romania is attributed to similar photonic nanoarchitectures being self-assembled individually
in each dorsal wing cover scale in all male specimens investigated.

The chitin building up these species-specific photonic nanoarchitectures is deposited in protein-based
molds, self-assembled in a process governed by the DNA of the scale producing cell. The observed spectral
similarity within Europe and the difference from the Asian samples, which must originate from difference
in photonic nanoarchitectures, may be an indication of subtle divergence that can only be traced by fast-
evolving DNA regions. As a first step in the investigation of this hypothesis, we investigated microsatellites
—also called Single Sequence Repeats (SSRs) — of European male P. icarus butterflies. As SSRs are known
to have exceptionally high mutation rate, these are good choice for tracing genetic variability of natural
populations.
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Figure 1.10. (A) Box plots of the spectral position of the blue reflectance maximum of male P. icarus butterflies. (B)
Averaged spectra of the specimens from the four sampling sites. (C) The colored diamonds show the spectral position
of averaged reflectance maxima measured now, while the lines stand for the averages of European and Asian samples

investigated previously.

Altogether, we successfully genotyped 79 individuals of P. icarus for ten, de novo developed species-
specific microsatellite loci from four populations representing three geographically distinct groups (France,
Hungary, Romania).
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Figure 1.11. A posteriori assignment of the studied Polyommatus icarus individuals into two genetic clusters
that is the most likely number of clusters in our genetic dataset.

Population genetic differentiation was found to be exceptionally low between the four populations
analyzed, as it can be seen (Fig. 1.11), showing remarkably good concordance between the spectral
properties of the blue sexual signaling color (coincident within 5 nm in the four sampling sites) and the
population genetic structure as revealed by 10 microsatellites for the P. icarus species.
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Multi-instrumental techniques for evaluating butterfly structural colors: A
case study on Polyommatus bellargus

K. Kertész, Zs. Balint, G. Piszter, Z . E. Horvath, L. P. Bird

Color is an important communication channel for day-flying butterflies. Chemical (pigmentary)
coloration is often supplemented by physical color generated by photonic nanostructures. These
nanoarchitectures (characteristic for a given species) exhibit wavelength ranges in which light propagation
is forbidden. The photonic nanoarchitectures are located in the lumen of the wing scales and are developed
individually by each scale during metamorphosis. This self-assembly process is governed by the genes in
the nucleus of the scale producing cell. It is crucial to establish well-defined measurement methods for the
unambiguous characterization and comparison of colors generated in such a complex manner. Owing to the
intricate architecture ordered at multiple levels (from centimeters to tens of nanometers), the precise
guantitative determination of butterfly wing coloration is not trivial. We present an overview of several
optical spectroscopy measurement methods and illustrated techniques for processing the obtained data,
using the species Polyommatus bellargus as a test case, the males of which exhibit a variation in their blue
structural color that is easily recognizable to the naked eye (Fig. 1.12.A).
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Figure 1.12. Photographs and image analysis of 25 Polyommatus bellargus specimens. (A) Unprocessed photographs
of the four detached wings of the specimens showing dorsal wing surfaces acquired under identical conditions. (B)
False-color image of the hue channel of wings shown in (A). (C) Color bar showing the colors associated to hue values
of 0-255.

In previous studies, color characterization was often conducted using one or only a small number of
measurement methods and sometimes using only just one or several samples. This may have led to
important properties and aspects of intraspecific variation being overlooked. Therefore, the use of multiple
techniques to determine the structural and spectral properties of complex objects could be very
advantageous.

When investigating the light reflected from a butterfly wing, one may frequently face the question of
how to accomplish nondestructive analysis, as these samples are often rare or unigue in museum collections.
A fast and simple approach is to consider the wing as a flat surface. Starting from the nondestructive optical
methods ending with fully destructive electron microscopy, we present an overview of the multi-
instrumental analysis of male specimens of the butterfly Polyommatus bellargus and demonstrate the
possibilities of a detailed characterization of biological structural colors. This allows the reader to assess
which is the most useful combination of test methods in terms of sample availability, vulnerability, and
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desired accuracy. In our test species the hue of the blue color varies from violet to turquoise, which can be
qualitatively analyzed using the photographs (Fig. 1B) while a more precise differentiation is possible by
using various spectroscopy setups. Adding microcopy techniques, the final aim is in the understanding of
the relationship between biology and physics via exploring the phenomenon that results from this variation
of blue colors and how this color variance is generated on the nanostructure level.

The properties of the different methods in Table 1.1 cover aspects worth to consider before planning
optical or structural measurements. Not all methods are necessary, the correct selection is governed by the
available time, the sample properties, and the required depth of the analysis. Nondestructive and faster
methods often provide less precise results than slower and more labor-intensive, destructive ones. In the
case of the presented test species, P. bellargus, we found the origin of the wing color differences in the
scale nanostructure level which resulted in variation of the blue structural color. This in turn is tentatively
associated with the unusually large genetic drift reported for this species in the literature.

Method Speed | Interpretability Acquisition | Instrument | Sample
size cost preparation
Photograph analysis fast easy >cm low nondestructive
Normal incidence fast easy ~1mm medium nondestructive
spectral measurement
Integrating sphere slower | easy 6 mm medium wing removal,
spectral measurement preferably flat
sample

Spectrum fitting slower | mathematical model | - - -

is needed before

application
Hyperspectral slow postprocessing is >cm higher nondestructive
measurement needed
Spectrogoniometer slow postprocessing is ~5mm higher wing removal

needed
Single scale slow easy <100 um higher wing scale
microspectrometry removal
SEM slow easy <cm high destructive
TEM slow easy <10 pm high destructive

Table 1.1 Overview of the discussed materials science methods for a detailed characterization of

biological structural colors.
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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 2021:

Non-destructive magnetic methods have been developed for the investigation of structural
materials in nuclear power plants. A correlation is sought between the sample parameters
determined by non-destructive magnetic measurements and the dose of neutron irradiation. An EU
project was performed investigating whether the dose-dependent degradation of reactor steel
materials can be determined non-destructively and whether the surface roughness can be taken into
account. It is extremely important that these tests can be performed on cladded surfaces. The
measurements performed can play an important role in the non-destructive testing of the pressure
tank of nuclear power plants, which is currently one of the most important tasks in nuclear
technology. Their results make it possible in the future to replace the labor-intensive, costly and
destructive testing with the magnetic method they have developed.

A micro-combinatorial mapping method was used for high-resolution composition-dependent
optical analysis of materials used in solar cell technology and sensing. A database containing the
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composition-dependent optical properties of amorphous compound semiconductors was
constructed.

- Surface nanoparticles were generated in a controlled way that can be used in sensing, medicine,
and solar cell technology, among others. Using a self-built single-particle spectrometer, we
investigated the role of the exchange of molecules inherently present in the surface of gold
nanorods (due to the synthesis method) in interactions by examining individual nanoparticles.

- We developed a capillary probe method for high-precision testing of hydrophobic and hydrophilic
surfaces. Computational and experimental investigation of hydrophobic surfaces based on previous
measurements and in collaboration will be of paramount importance. We investigated the novel
possibilities of the method for the determination of solid-liquid adhesion work and surface free
energy, partly among certain materials and liquids used in the paper industry.

- We developed an optical sensor structure that shows resonant surface amplification in a
controllable way, depending on the properties of the biological materials to be tested. The
arrangement typically achieves sensitivities of about 10 and 10 pg/mm? in refractive index and
surface material density, respectively.

- Nickel- and arsenic-binding flagellar filaments were used to create sensor surfaces suitable for
electrochemical measurements. We optimized the adsorption of the filaments by monitoring optical
measurements on the surface of the sensors. Cyclic voltammetry measurements detect
contaminants in natural waters and drinking water. We are developing sensor concepts that can be
used in the field.

- We developed the method of Makyoh topography into a new direction utilizing the Schlieren
layout. In this way, a new aspect of the sample surfaces (e.g., Si swirl defect) is implemented,
which complements the traditional method. We make anti-reflective layers for lasers, for industrial
orders.
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Non-destructive evaluation (NDE) system for the inspection of operation-
induced material degradation in nuclear power plants

EU H2020 755330 NOMAD

A. Gasparics, G. Veértesy and |. Borsos

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, developed NDE tools were tested on Charpy geometry samples,
which ones represent the material properties, and on cladded material block type specimen which ones
emulates the real application. 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.

NN Train/Tests (each test shown with different markers)

150
*
100 A
+
A
50 A *
— - * *
E L] 2 * % .t : A
. ° A
= 0 x % X E L e o * 2
= A 1 o x X @ L a
o A A
_03 =50 ~
o
= °
m —100 A
=)
—=150 A
®
*
—200 ~
x
T T T T T T T T
0 2 4 3] 8 10 12 14

Index in test set

Figure 2.1. Example of the Neural Network Regression results on 15 test elements with index of 0...14.
The key parameters of the studied structure: 1st Layer width: 128; Depth: 3; Dropout factor: 0.4, Epoch: 10.000

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 and with other available mechanical test results,
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such as the Upper Shelf Energy, Vicker Hardness and Yield strength were provided by Belgian Nuclear
Research Centre (SCK*CEN). Within the framework of the project five different electro-magnetic, electric
and acoustic non-destructive measurement technigques were applied on the common specimen set and their
results are processed and evaluated individually. A common data-base has been established on the outcomes
of the individual non-destructive, as well as, of the destructive test results in order to evaluate the
performances of the different NDE methods, but also to be able to recognize their possible synergies.

Our team performed Neural Network (NN) based analysis on the established common data base of all
output values of the five different NDE methods are obtained on all specimens were measured in the hot
cell campaigns, as well as, previously to the irradiation. The determination of the DBTT was targeted, and
the achieve resolution of the combined methods was studied. Also the applicability of the NN system was
studied by using different configuration and structures and their results were compared. The results are
quite encouraging: the real and successful application demands to be able to distinguish unambiguously
50° of DBTT shift, and the NN could provide better resolution. However, some outlying elements were
observed (Fig. 2.1). On one hand, this problem can be related to the extraordinary low number of train set
elements, that makes hardly applicable any statistical approach. Nevertheless, these outliers were studied
further by a Bagging — Bootstrap aggregation method developed by Leo Breimann (1994), so called
‘Ensemble machine learning’ technique. Each of the dataset elements was excluded, the NN was trained
for the rest in the same predefined way. Than the excluded element was predicted by the NN. The training
with randomly selected train sets, and the testing of the excluded element was repeated 20 times (Fig. 2.2.).
Following that, the results were averaged. This way, at the very end, all performance of the NN for all
elements could be compared (Fig. 2.3.).
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Figure 2.2. NN performance (in all test runs) in case of each database element

By excluding the worst 9 elements of the dataset (out of 89) as outliers the error of prediction was
improved significantly. Without database reduction, the prediction error was found ~34°C on average. The
exclusion reduced this average error below the margin, as: ~22°C.
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Figure 2.3. NN performance (average of errors) in case of each database element

The possible interpretation of the observed outliers is that the NN technique can be applied for data
interpolation only, since it cannot classify those values are outside of the teaching sample range. The
outliers represent measurements on the border of the ranges, so by excluding them from the train set, the
data range is reduced as well. By excluding these outliers, the NN approach could provide sufficient
resolution of the DBTT prediction, i.e. ~22°C that is below the need of the possible application (i.e. 25°C).

The most important NOMAD specimens from application point of view are the irradiated bocks. These
were measured in the third hotcell campaing (HCC3) by the MAT method. The Data-analysis of the HCC3
MAT measurements could provide promising outcome for the prediction of the base material degradation
that measured though the cladding. Considering the applied neutron fluence values, which were the so
called ‘independent’ parameter of our evaluation, systematic function between the evaluated data and the
independent parameter could be found with reasonable errors (Fig. 2.4).
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The importance of this outcome is that there is an application potential of the MAT method for
inspecting the nuclear reactor vessel from inside, through the cladding. This has particular importance,
since the easiest direction for testing the reacture vessel wall is measure it from insed, i.e. through the
cladding on it. We should note, that the very limited sample set does not allow the statistical validation of
any method. Also, the inhomogeneity of the tested samples are necessary to study further more.

3500 g
] ' 2 i
= 3000 F - = 4| .
=3
B - & = & *
; . . T
8 2500 & # ¢ s; ¢ 2 P
s . & é - e -
- s k4 & & 1
L e m oA
= 2000 FY s g
c o 124 B
& - =
o 1500 o g ] -
5 z 2
= = i ;
ERULE 5 ;
g ¥ NOMAD HCGC3 =
E = j :
- i AZ08 C12 blocks E i é
[= 8
- measured on steel sides [e] L
a T T T T T é ! .L T ZL
0 10 1 20 25 )
- Meutron fluence (nicm”)
Neut fluence cm
a) b)

Figure 2.5. Preselection of magnetically similar base material samples reduces the scattering
a) MAT results on all samples, b) MAT results on the preselected samples

The MAT method makes also possible the preselection of the experimental results, that means excluding
the outliers before(!) the MAT evaluation process on the base of the acquired RAW data, practically even
in real time with the measurements. The reasons for the outlying probe respones can be various: the
magnetic coupling problem, surface contamination or can be also originated from the material
inhomogeneity. Unfortunately, this cannot be studied within the framework of the NOMAD project on its
merit. However, by using the above mentioned preselection (if the dimension of the dataset makes it
possible) it can reduce dramatically the MAT prediction error (Fig. 2.5.). Therefore, this is also an argument
for the MAT applicability [Ref. 2.1-2.3].
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Clustering and spectroscopy of nanoparticles
OTKA FK 128327, OTKA KH 129578

D. P. Szekrényes, Zs. Zolnai, D. Z&mbd, A. Deék

In the framework of our running projects we investigate the surface modification and self-assembly of
nanoparticles that have engineered surface ligand layers. For the studies we employ plasmonic
nanoparticles of different shape and size, that are wet-chemically synthesised in our lab. Our research
efforts make use of the localised surface plasmon resonance changes that occur when the surrounding of
plasmonic nanoparticles is modified. This modification can stem from changes in the composition and
distribution of the molecular capping layer of the colloidal particles, or the presence of another particle due
to clustering or aggregation. In addition to well-established ensemble characterization methods, like solvent
based visible-light extinction spectroscopy and dynamic light scattering, we heavily rely on single-
nanoparticle microspectroscopy, that allows a more detailed and fundamental investigation of the optical
properties of the nanoparticles and their structures.

The clustering of PEGylated nanoparticles was investigated at the ensemble and single particle level.
The aim of this research project is to study the colloidal stabilization properties of surface grafted PEG
chains. Two types of gold nanospheres were prepared: one features permanent positive surface charge due
to covalently bound MTAB ((11-Mercaptoundecyl)-N,N,N-trimethylammonium bromide), the other has a
negative surface charge (citrate, MUA or PEG-COOQH coating). The electric double layer (EDL) interaction
dominated attractive interaction between these two species leads to heteroaggregation in the bulk liquid
phase, and the resulting plasmon shift can be followed by conventional extinction spectroscopy (Fig. 2.6.a),
confirming the affinity of the two particle types. For the PEG-COOH no significant shift is observed, but
still, heteroaggregation takes place when the MTAB coated particle is fixed on a substrate and the PEG-
COOH coated particle is allowed to assemble on it for several hours (Fig. 2.6.b). It was found that not only
dimers, but larger clusters (up to heptamers) are also formed. All particle assemblies indicate a 2D (in-
plane) arrangement of the particles, that might be attributed to the relatively weak coordination of the
assembling particles and the consequent rearrangement upon drying under the action of immersion type
capillary forces. Current efforts target the optimisation of the surface charges and PEG chain length to
obtain a better control over the resulting cluster size and structure.
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Figure 2.6. a) Shift of the surface plasmon resonance as a function of the ratio of MTAB modified, positively
charged 49 nm particles with 15 nm nanospheres. b) Single particle spectrum and structure of heteroclusters
created at the solid/liquid interface.
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Another focus of our research activity is related to the controlled surface chemical patch formation of
plasmonic nanoparticles. The engineered surface modification can allow the fabrication of complex
nanoparticle assemblies and provide the background for applications in biology and optoelectronic fields.
We employ gold nanoprisms and use two different thiol ligands, namely cysteamine and thiolated PEG
(mPEG-SH) to create the molecular patches. Our strategy is based on the different accessibility of the
particles’ surface having low and high curvature regions. In these regions the original capping ligand layer
has different packing density, allowing to create molecular patches first at the tips and edges of the
nanoprisms — provided the ligand concentration is kept low enough. As shown in Figure 2.7.a, the dipole
plasmon mode blueshifts over time as cysteamine is added to the system as a consequence of the decreasing
effective refractive index in the optical near-field around the tips and edges.

From these measurements alone the site selective accumulation of the short chain thiols cannot be
determined unambiguously. Hence we perform additional single particle spectroscopy studies and rely on
the chemical interface damping related plasmon linewidth broadening as an additional indictor to assess
the total amount of molecules accumulated at the particles’ interface. At the present stage it was successfully
verified that the scattering spectra of the individual patchy particles’ can be fitted with Lorentzian oscillator
model, where the contribution of the interband transition is taken into account (Figure 2.7.b). This enables
to study in situ in a flow cell arrangement the molecule adsorption on individual nanoprisms based on the
CID induced resonance peak broadening.
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Figure 2.7. a) Shift of the dipolar plasmon resonance wavelength as a function of time when cysteamine (5x10-2
mM) is added to gold nanoprisms (average edge length ca. 65 nm). b) Measured and fitted single particle scattering
spectrum of a patchy gold nanoprism. The interband transition contributes with 40 meV to the resonance width for
the given particle.
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Capillary Bridge Probe method on hydrophobic surfaces:
liquid bridges without neck or haunch

OTKA FK 128901

N. Nagy

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 base of a
cylinder and the investigated surface under equilibrium conditions. The advancing contact angle on the
sample can be measured during the slow (quasi-static) 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 three necessary parameters are the measured capillary force (Fc), the radius
of neck or haunch (ro), and the radius of the contact line (rs) on the investigated surface. The latter two
parameters are obtained from the automated analysis of the captured image of the liquid bridge. The radius
of the upper contact line (rc) is constant since it pins on the rim of the cylinder.

The evaluation of full measurement cycles on hydrophobic surfaces is difficult, because several
measured state of a water liquid bridge e.g. on a PTFE surface do not contain the neck or haunch region, as
it is shown in Fig. 2.8. Therefore, one necessary parameter, the neck/haunch radius is unknown. How can
be these measurements evaluated?

Figure 2.8. Water liquid bridges without the haunch (left) and the neck (right) region, captured on a PTFE surface.

Four different subcases can be identified to solve this problem: neck or haunch is missing and the upper
or the lower part of the bridge is observable. These four cases can be seen in Fig. 2.9.

Figure 2.9. Four different subcases of capillary bridges without neck or haunch.

The two schematics to the left represent the lower part, while the two other show upper part of a liquid
bridge. If we see the lower part, the surface radius (rs) can be measured. Let’s complete the shape of the
bridge with the missing part so that let the upper contact radius match the radius of the cylinder (see
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Fig. 2.10)!The resulted liquid bridge has the same radius, curvature, and capillary force as the real one has
because of the constant mean curvature of the Plateau-surfaces. Polynomial fitting of the contour results an
estimated contact angle on the investigated surface by derivation. According to this value, a contact angle
range can be defined, thereby the potential liquid bridges can be found in the previously calculated look-up
tables! Finally, the most appropriate capillary bridge with one definite ro is chosen according to the position
of the lower contact points. Therefore, all parameters (including volume and surface area) can be calculated
analytically.

\ || [ | ||

Figure 2.10. Completing the shape of capillary bridges with the missing part.

Figure 2.11. Evaluated images of a water capillary bridge formed on a Zeonex-coated surface during one

measurement cycle. The order of images follows the previous order of different subcases,
not the measured sequence.

In those cases when the the upper part appears, the problem seems to be more complicated because the
surface radius is also unkown. In this situation, the solution is to find a symmetric liquid bridge, i.e. where
the surface radius is equal to the radius of the cylinder! The capillary force of the completed bridge is
identical to the force of the real liquid bridge due to their constant mean curvature. Due to the symmetry,
the contact angle on the rim of the cylinder is equal to that which is formed on the imaginary surface. From
this point, the procedure is similar to the previous cases: the polynomial fit helps to find a contact angle
range and the position of the (real) contact points chooses the right nech/haunch radius of the capillary
bridge. Now, we have all three input parameters to calculate every parameter of the real, original liquid
bridge: contact angle on the sample surface, length, volume, area, etc. A water liquid bridge streched
between the cylinder and a Zeonex-coated surface forms all of the four different subcases during one
measurement cycle. Fig. 2.11. shows evaluated examples of these equlibrium states. The order of images
in Fig. 2.11 follows the previous order of different subcases, not the measured sequence.



MFA Yearbook 2021 39

Noble metal nanorod cryoaerogels as novel electrocatalysts

D. Zambo

Properties of nanoparticle building blocks can be retained and novel functionalities arise if they are

assembled into functional nanostructures. One of the novel candidates of this materials class is the
nanocrystal gel structures, which overcome the limitations emerging in case of practical applications of
colloidally dispersed nanoparticles. The potential preparation methods of modern nanocrystal gels can be
classified into two main families: the chemical and physical approaches. While the former includes the
destabilization of the nanoparticle solutions via chemical triggers, so-called cryoaerogels are a novel class
of physically gelated structures, including three main steps: concentration of the solution, flash-freezing
and freeze drying of the frozen nanostructure to achieve air-filled pores and thus, aerogel structures. These
gels (xerogels, aerogels and cryoaerogels) can revolutionize the application of these nanomaterials in
sensorics, photo(electro)catalysis and energy harvesting.
Whilst plasmonic nanoparticles with small sizes and quasi-spherical shape have already been employed as
cryoaerogel building blocks, larger plasmonic noble metal nanorods suffered from the limitation of
synthetic procedures, stability of concentrated nanorod solutions and their relatively weaker catalytic
activity compared to their spherical counterparts.

In this study, we demonstrated the fabrication of solid-supported cryoaerogel electrodes based on gold
and silver nanorods via overcoming the above-mentioned limitations. Additionally, a proof-of-concept of
electrocatalytically active nanorod cryoaerogels was presented. These porous cryogel networks are of great
interest in direct liquid fuel cell-related application, such as ethanol oxidation reaction as well as
electrochemical redox and glucose sensing. [Ref. 2.4]

Figure 2.12. SEM images of cryoaerogel-coated ITO electrodes consisting of Ag@Au nanorods (A) and Au
nanorods (B). Insets show the physical appearance of the electrodes (upper right corners) and the TEM images of
the colloidal building blocks (lower right corners).

This work includes the upscaled colloidal synthesis of the noble metal nanorods, the modification of
their surface with a conductive polymer shell (PEDOT:PSS), their concentration up to 5-9 g/L and the
fabrication procedure of the cryoaerogel-coated ITO substrates.
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It was found, that the cryoaerogels increase the overall conductivity of the ITO electrodes and facilitates
their use as electrocatalysts due to the availability of the nanorods’ active sites upon assembling the building
blocks into porous macrostructures. Thus, electrochemical test reactions were performed to study the
oxidation and reduction of the noble metal surfaces, their activity in redox couple reactions
([Fe(CN)g]**/[Fe(CN)g]**), ethanol oxidation reaction and glucose sensing.
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Figure 2.13. Performance of the Au nanorod cryoaerogel electrode (blue) and the pure ITO substrate (black) in
ethanol oxidation reaction in the presence of KOH.
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Figure 2.14. Performance of the Au nanorod cryoaerogel electrode (orange) and the pure ITO substrate (black)
in redox D-glucose sensing reaction in the presence of KOH.

Cryoaerogelation is a promising technique to prepare nanoparticle-based porous macrostructures
without using a chemical trigger for the assembly. The hierarchical porosity allows the electrolyte to
rehydrate the gel structure and reach the catalytically active surface sites of the nanoscopic building blocks.
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Investigations of plasmons in nanocorrugated
CVD graphene by spectroscopic ellipsometry at visible-frequencies

G. Dobrik, P. Nemes-Incze, B. Majerus, P. Sile, P. Vancso, G.Piszter, M. Menyhérd, B. Kalas,
P. Petrik, L. Henrard, L. Tapasztd

¥ and 4 spectra of nanocorrugated CVD graphene transferred onto SiO/Si substrate were measured

using a Woollam M-2000DI rotating compensator spectroscopic ellipsometer (SE) at angles of incident 65°
and 70° [Ref. 2.5]. The surface of the sample was large enough to avoid focusing and the corresponding
depolarization effects [Ref. 2.6].
The optical model consists of a Si substrate, an interface layer between the thermal oxide and the Si wafer,
the thermal oxide layer, an interface layer between the graphene and the SiO; layer, and the graphene layers
(both quasi-flat and nano-corrugated) with a fixed thickness value of 0.34 nm. The reference dielectric
function of the silicon substrate was imported from [Ref. 2.7], while the oxide and graphene layers were
modeled by the Cauchy dispersion fitting the nondispersive and the 1 terms of the Cauchy polynomial and
using two Lorentz oscillators, respectively. The wavelength (1) range of 400-850 nm was used in the
evaluations. We also set the same thickness for the flat graphene and corrugated graphene layers for an
easier comparison.

We found the best fit for the SiO; layer of 303.3 nm (nominally 300 nm), and interface layer of 3 nm
thickness. This latter is in good agreement with the values between 2 - 4 nm found in [Ref. 2.8]. Once all
the thicknesses and dispersions were determined, the refractive indices (n) and extinction coefficients (k)
of the quasi-flat graphene layer was calculated by fixing all the parameters in the model allowing only n
and k of the graphene layer to be fitted “point-by-point” for all the wavelengths independently. This method
is useful for the accurate and model-independent determination of dispersion [Ref. 2.9].

SE investigations revealed a substantially increased extinction in nanocorrugated graphene, for
wavelengths above 700 nm, compared to the nearly constant extinction of quasi-flat sheet [Ref. 2.9] (Fig.
2.15). The refraction index also displays unconventional behavior in the nanocorrugated samples. While n
has a nearly constant value between 3 and 4 in the quasi-flat graphene (Fig. 1b), its value progressively
decreases down to 1.5 in the nanocorrugated sample starting from wavelengths above 600 nm (Fig. 2.15.a).
A similar behavior (increasing extinction, decreasing refraction index) has been observed in graphene by
broadband spectroscopic ellipsometry in the UV range, when approaching the wavelengths corresponding
to the interband (r) graphene plasmon [Ref. 2.10].
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Figure 2.15. SE on nanocorrugated CVD graphene sheets (a) reveals plasmonic activity through the drop of the

refractive index and increase of the extinction coefficient at visible wavelengths, compared to quasi-flat CVD
graphene samples (b).
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Oxidation of Zr at medium temperatures —
concordant element of the growth Kkinetics

OTKA K131515

A. Romanenko, E. Agédcs, Z. Hozer, P. Petrik, and M. Serényi

We report on the growth of ZrO, films upon the gradual thermal annealing of Zr in the temperature
range of 500-700 K. The Zr samples were annealed in an isolated quartz tube shown in Fig. 2.16.A. Argon
and Ar/O; gas mixtures with O, content of ~0, 1.25, 5 and 20 % were flowed at atmospheric pressure. The
thickness of the oxide was monitored by in-situ spectroscopic ellipsometry (SE) with temporal and
thickness resolutions of a few seconds and a few nanometers, respectively (Fig. 2.16.B). A remarkable
feature of the process was that the growth of the oxide can be terminated immediately when decreasing the
temperature by a few K shown in Fig. 2.17. This suggests that, in addition to the driving force, a built-in
control adjusts the final thickness determined only by the temperature in sync with the formation and growth
of the dense oxide films.
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Figure 2.16. (A) The heat cell constructed for multiple-angle SE measurements in controlled ambient and
temperature. (B) Typical measured (solid lines) and fitted (dashed lines) SE spectra on the sample oxidized at 700 K
for 18000 s and the optical model used for the evaluation of the SE spectra.
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Figure 2.17. Steps of thickness increase as a function of time under the influence of the increasing temperature
values. The TEM image in the inset shows a typical oxide layer grown for 3600 s at the temperature of 553 K.

A simple phenomenological model was developed that attempts to relate the parameters of the transport
properties of the atomic oxygen to the results of kinetics measured by ellipsometry in a thickness range
from a few nanometers to a few hundred nanometers. We apply the roughly simplified form of the Fick II.
diffusion law to express the time dependence of the gradient of the O anion flux (J):

JaG) =] = co (1)

where x and co denote the thickness of the oxide layer and the oxygen concentration, respectively. Using
the formalisms used in the physics of semiconductors, we can solve this differential equation and we obtain
for the time dependence:

t=—ax—a6-ln(1—§) (2)

where o and a denotes the final thickness of the oxide layer and the growth rate, respectively. A comparison
of this equation and the measurements is shown in Fig. 2.18.

The equations postulate that the oxide thickness approaches a value determined by temperature. The
resulting oxide is stoichiometric when the growth occurs in an oxygen-rich environment. Stoichiometry is
temporarily impaired in an oxygen-deficient environment, but if the heat treatment time is long enough for
a8, it becomes complete by the excess oxygen present in the final stage of the process. The driving force
introduced into our phenomenological model based on ellipsometric measurements determines the kinetics
of growth in a consistent and concordant way.

We focused on an alloy that is relevant in the nuclear power plant technology, and do not discuss the
composition-dependent oxidation properties. The material we use in this study is sufficient for the
demonstration of the proposed oxidation model. A greater knowledge of the oxidation process in this regime
is of primary importance in many applications including nuclear technology and microelectronics. [Ref.

2.10]
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Figure 2.18. (A) Optical models at different stages (1-4) of the oxidation process. (B) Photographs of 2 x 2-cm?
E125 alloy samples to demonstrate the change of color due to the different thicknesses of the oxides grown at
various O2/Ar ratios. (C-F) Time versus thickness for different O, concentrations at different temperatures,
determined from the optical model shown in (A). The solid dark-grey lines show the curves fitted using Eq. (2).
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Flagellin-based electrochemical sensing layer for nickel and arsenic detection

M-ERA.NET OTKA NN117849 and K131515, BIONANO_GINOP-2.3.2-15-2016-00017

Z. Labadi, M. Fried, P. Petrik

Regular monitoring of heavy metal concentrations in water sources is essential due to their severe health
effects. Our goal was to develop a rapidly responding, sensitive and stable sensing layer for the detection
of arsenic and nickel.

Flagellin-based proteins were designed and prepared at the University of Pannonia capable of forming
stable filament structures with high surface binding site densities. The D3 domain of Salmonella
typhimurium flagellin was replaced with arsenic-binding peptide motif of different bacterial ArsR
transcriptional repressor factors. As-binding fibers were immobilized on the surface of a gold electrode and
used as a working electrode in cyclic voltammetry (CV) experiments. Fig. 2.19. shows the scheme of the
process.
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Figure 2.19. Schematic workflow of the production of genetically engineered flagellar filaments, their deposition on
the gold working electrode surface and CV measurements on As containing samples

In order to form a stable and dense layer of flagellar nanotubes on the gold surface, thiol-based covalent
immobilization chemistry was applied. The dynamics of the filament layer formation on a gold layer was
monitored by in situ spectroscopic ellipsometry in the Kretschmann configuration, as shown in Fig. 2.20.

Fig. 2.21. summarizes the cyclic voltammetry results obtained on the protein-based sensor layers in the
presence of arsenic. Set of CV curves measured in the presence of As(l11) on wild type flagellar nanotubes
(A) as well as on FliC-ArsR9 As-binding flagellar nanotubes before (B) and after (C) storage and
regeneration. Subfigure (D) shows the areas for FliC-ArsR9 filament cathodic peaks after first use and after
regeneration (calculated by averaging four measurements) as a function of the As(l11) concentration. Up to
20 times the MAC, this setup may be suitable for quantitative determination of the concentration of arsenic.
Based on the CV results obtained after DMSA treatment, it can be stated that the sensor layer is stable and
partially regenerable.
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Figure 2.20. Change in the refractive index (4n) near to the surface of a DSP-functionalized gold layer caused by
the adsorption of flagellar filaments from their 0.5 mg/mL suspension. The kinetic curve was recorded by in situ
spectroscopic ellipsometry. The inset shows the optical model used for data evaluation.
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Figure 2.21. Cyclic voltammetry on the protein-based sensor layers. Wild type flagellar nanotubes (A), As-
binding flagellar nanotubes before (B) and after (C) storage and regeneration. Subfigure (D) shows anodic
peak sizes.

Further experiments were carried out on different protein layers containing Ni binding motifs.
Application of stripping voltammetry methods (i.e. accumulation of the Ni ions at the sensor surface by
delayed potential cycle) showed that the sensor layer is capable of semi-quantitative detection of Ni ions in
concentrations below the health limit. Furthermore, we also showed that the sensing experiments can be
repeated in natural water samples instead of model buffer solutions, and the presence of Fe, Cu and Zn ions
does not affect the Ni sensitivity of the sensors. Based on these results, it can be concluded that the stable
arsenic-binding flagellin variant can be used as a rapidly responding, sensitive, but simple sensing layer in
a field device for the MAC-level detection of heavy metals in natural waters [Ref. 2.11].
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Makyoh topography and related methods

Ferenc 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 (Fig. 2.22). 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).

image intensity focusing

screen
reflected rays
/ \ .
protrusion depression

studied surface
Figure 2.22. The scheme of Makyoh-topography

In the past year, activities were concentrated mostly on methodology.

It was shown earlier that utilising the existing Makyoh setup under certain geometrical conditions, a
schlieren-like measurement can be realised where the imaging lens’ aperture plays the role of the schlieren
knife edge, or with some modifications, a traditional knife edge can be inserted while maintaining the
original Makyoh imaging scenery as well. This leads to a useful tool complementing the traditional Makyoh
scheme. Efforts were made to find optimum working conditions.

An approach to the modelling of Makyoh imaging is to utilize the mirror backside relief rather than the
front side as the input data. The back relief is transferred to the front convoluted with a Gauss curve (or
similar). The construction of a mathematical model using the geometrical model developed earlier (Riesz,
J. Phys D 33 (2000) 3033) within the framework of this approach is under way.

The swirl defects in p-type Si wafers were further studied using Makyoh topography and the schlieren-
like method. The interpretation of the high amount of data collected is in progress.
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3-Thin Film Physics Department

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

Research Staff Ph.D. students

e Csaba BALAZSI, D.Sc. (from February) e Daniel OLASZ (from September)

e Haroune R. BEN ZINE (from July) o Erzsébet DODONY

o |ldik6 CORA, Ph.D. (maternity leave) e Klara HAJAGOS-NAGY

e Zsolt CZIGANY, D.Sc. e Nikolett HEGEDUS

e Zsolt FOGARASSY, Ph.D. e Tamas KOLONITS

e Monika FURKO, Ph.D. e Mohamed ARFAOUI (Hungaricum

e Viktoria KOVACSNE-KIS, Ph.D. stipendium)

e BélaPECZ, D.Sc., e Maroua H. KAOU (Hungaricum stipendium

e Gyorgy Zoltan RADNOCZI, Ph.D. from September)

e Adél RACZ, Ph.D.

o Gyorgy SAFRAN, C.Sc. Technical Staff ]

e Attila SULYOK, Ph.D. e AndreaJ. FENYVESINE

e Orsolya TAPASZTO, Ph.D. (leave until e Nikoletta KOSZEGI (partial time)
September) Valéria OSVATH (maternity leave)

Noémi SZASZ
Andor KOVACS
Viktor VARGA

Dheeraj VARANASI, Ph.D. (from March)
Arpad BARNA, D.Sc., Prof. emeritus
(+2021.09.25)

Péter B. BARNA, D.Sc., Prof. emeritus
Miklés MENYHARD, D.Sc., Prof. emeritus
Gyorgy RADNOCZI, D.Sc., Prof. emeritus
Janos LABAR, D.Sc, Prof. emeritus

The scientific results of the Thin Film Physics Department are related to thin film and ceramic fields.
The main research topics are in line with modern trends of material science with the respect to a 50 years
long history of the department. In 2021 the important base research field was the development of the 2D
semiconductor and multicomponent thin films supported by several international basic scientific projects
and collaborations.

The second research line, the development of different ceramics supported by the basic and applied
projects, was continued. Gradient sandwich ceramics (SisNs- SisNs / multilayered graphene) and different
calcium phosphate based bioceramics were developed framework of the international co-operations. The
last line and uniqueness of the Department (in national and international level) was the transmission
electron microscopy. The effect of the structure on the developed material’s properties was demonstrated
by this TEM study and they showed that the optimal structure can be directed in a controlled way. All topics
was supported by methodical developments based on electron diffractions.
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In 2021, 45 papers appeared in refereed journals with a cumulative impact factor of 253. In addition, 2
papers in conference proceedings were published with no impact factor. Members of the group presented
18 invited lectures, 19 oral talks and 4 posters at national and international conferences. The group received
3200 independent citations in the examined interval of the last two years.

Research members of the group lectured some courses at universities and held few laboratory practices.
All courses were for full semester (E6tvos Lorand University - ELTE, and Budapest University of
Technology and Economics - BME, and University of Pannonia- UP and Obuda University - OE). In
addition, 7 PhD students were supervised. 1 PhD student successfully defended his PhD degree.

Social activity of the group is landmarked by 15 memberships in different committees of the Hungarian
Academy of Sciences and in boards of international societies (European and American Ceramic Society,
International Ceramic Society, International Union for Vacuum Science).
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Calibration procedure to improve the accuracy of SAED in aberration
corrected Themis

OTKA K125100, VEKOP-2.3.3-15-2016-00002

Zs. Czigany, V. Kovéacsneé Kis

The aim of this work is to demonstrate that fine tuning of experimental and evaluation parameters can
improve the accuracy and reproducibility of selected area electron diffraction (SAED) close to that of
conventional laboratory X-ray diffraction (XRD) equipment. Among diffraction techniques used for
structure investigation (including crystal structure determination, defect structure, grain size, and texture)
electron diffraction excels with its locality, however, its accuracy and reproducibility are generally
considered to be lower than that of XRD. A conservative estimate, according to the famous handbook by
Williams and Carter (2009), for the accuracy and reproducibility of interplanar (d) spacing determination
from electron diffraction is 1-3% without internal standard. The primary reason for this degree of
uncertainty is that a focused diffraction pattern can be achieved by different combination of specimen
height, illumination conditions and diffraction focus giving rise to different camera length (CL) values and
widths of diffraction rings. This can be improved by application of standard acquisition parameters to
achieve of reproducible TEM settings. At our department Labar et al. (2012) elaborated a calibration
procedure and achieved 0.3% accuracy. Higher accuracy (~0.1%) can only achieved by application of
internal standard. Since systematic study of the effect of these parameters on the data is missing, similar
estimates apply for the error of camera length in a recent aberration corrected transmission electron
microscopes. State-of-the-art aberration corrected microscopes have an order of magnitude better
acceleration voltage and lens current stability compared to conventional TEMSs, which implies an order of
magnitude better reproducibility and accuracy in electron diffraction. Besides the stability of acceleration
voltage and lens currents, field emission gun (FEG) electron sources provide a coherent electron beam with
typical energy spread of 0.7eV which also decrease the instrumental broadening.

We performed our study in a Themis (Thermo Fisher) TEM with Cs correction in the imaging system
(spatial resolution in HRTEM mode 0.8A), operated at 200kV and equipped with Schottky field emission
gun (FEG) having an energy spread of ~0.7eV. SAED patterns were recorded by a 4kx4k Ceta camera
using Velox software (Thermo Fischer). The diffraction patterns were exported in 16 bit tiff format and 1D
diffraction profiles, containing intensity distribution as function of scattering angle, were obtained using
Process diffraction software. The software allows visual fit and refinement of center of the pattern (X, Y),
eccentricity (€) and its angle (o) together with calibration of camera length. By careful control of specimen
height and illumination conditions (by monitoring lens currents) it was possible to reach a session to session
reproducibility better than 3x10-4 for camera length.

Refinements of the center of the diffraction pattern and corrections for lens distortions (ellipticity of
rings) allowed for determining the ring diameters with an accuracy of 10-3. For determination of the
ellipticity parameters by visualization of the intensity distribution an ideal calibration specimen is
composed of nanocrystalline grains free of texture and produce narrow diffraction rings. For this purpose,
we deposited a polycrystalline Cu layer on TEM grid coated with nanocrystalline graphene. The achieved
accuracy of 10-3 for lattice spacing measurement without internal standard is compatible with that of XRD,
and reduction of instrumental broadening due to the elaborated evaluation procedure allows for separation
of close reflections and provides more reliable ring width and thus improved input parameters for further
nanostructure analysis as demonstrated on dental enamel bioapatite Fig. 3.1. [Ref. 3.1].
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Figure 3.1. (a) A typical SAED pattern of dental enamel cross section showing strong [001] texture. (b) Azimuthally
integrated intensity profile of 002 reflections in a 15-pixel wide ring. (c) 030 diffraction ring can be resolved
(separated from 112), and (d) azimuthal intensity profile of the 030 reflections obtained after integration in an 8-
pixel wide ring shows two sets of crystallite population A and B separated by approximately 45°.
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DiffMap: Phase maps and orientation maps from 4D-ED pattern set

VEKOP-2.3.3-15-2016-00002

J. L. Labar

Many new scanning transmission electron microscopes (STEM) can record four-dimensional diffraction
(4D-ED) information in addition to the usual bright field (BF), dark field (DF) and high angle annular dark
field (HAADF) imaging modes. 4D-ED information is collected in the form of a large number of 2D
electron diffraction patterns, one pattern per location, each corresponding to a pixel of the 2D HAADF
image. Although individual scientific solutions exist in the literature to mine information out of such 4D-
ED pattern sets, the manufacturers of the STEMs do not offer commercial programs to solve the problem.
Available commercial solutions also need additional hardware elements and use an optical camera to
photograph the screen of the (S)TEM to record the diffraction patterns. Here we present a free, stand-alone
program that does not require any additional hardware and runs under the Windows operating system. The
diffraction patterns can be recorded with the native camera of the TEM controlled by the STEM software
independently from our program. The new program processes such data sets (using TIF files as input) to
produce phase maps and orientation maps for nanocrystalline samples. Since the diffraction patterns in TIF
format can be recorded with STEMs from different manufacturers, our solution is available to many
microscopists irrespective to the make of their instrument.

The examples here were recorded on a Titan Themis G2 200 STEM using a 4kx4k CETA 16 CMOS
camera (both Thermo Fisher Scientific, Waltham, MA, USA) controlled by the TIA program (FEI,
Eindhoven, The Netherlands). The data collection was done in microprobe STEM mode, which means that
a fine parallel nanobeam (NB) was scanned over a rectangular area while recording a NB electron
diffraction at each pixel. A TEM lamella was cut by focused Ga* ion beam (FIB) from the same multiphase
sample, but from a different location than which was published in [Ref. 3.2].

The procedures in DiffMap are based on the solutions originally coded in an unpublished version of the
ProcessDiffraction program [Ref. 3.3- 3.4], as cited in publications, where it was already used [Ref. 3.2]
before it was revamped for publication of the program itself.
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Figure 3.2. Phase map from a nanocrystalline Co-Cr-Fe-Ni sample. Pixel size is 4 nm.
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Figure 3.3. Orientation map for the fcc phase in the sample as seen from the beam direction (Z-direction in the
Lab-system). Pixel size is 4 nm.

I pixel : 4 nm
Figure 3.4. Fit-quality map. Pixel size is 4 nm.

The program operates in two, logically distinct steps. First, the several thousand NBD patterns are
compared to a set of simulated patterns to calculate, which fits the measured the best. Patterns are simulated
for each crystal structure (phase) that can be present in the sample for each symmetrically independent
orientations (the rest of orientations are automatically provided by the symmetry operations of the crystal).
The results of the matching are stored in a result file. In the second step phase map (Fig. 3.2), orientation
maps (Fig. 3.3) and quality map (Fig. 3.4) are created from this results file. Additionally, the original
patterns can be consolidated into virtual BF and virtual DF images, by collecting information only from the
pre-selected parts of the diffraction patterns.

As a means for optional cross-checking the original data and the correctness of the identification, any
measured diffraction pattern can be loaded by double-clicking on a pixel in the phase map. An example of
an indexed diffraction pattern is in Fig. 3.5.
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The graphical user interphase is easy to use and the program is available free from https://public.ek-
cer.hu/~labar/DiffMap.htm.

Figure 3.5. Example for an indexed diffraction pattern

The experimental part of this research was supported by VEKOP-2.3.3-15-2016-00002 of the European
Structural and Investment Funds. The sample is kindly provided by Johann Michler, Laszl6 Pethé and Péter
Nagy at EMPA Swiss Federal Laboratories for Materials Science and Technology, Laboratory for
Mechanics of Materials and Nanostructures, Thun, Switzerland. The author is indebted to Noémi Szasz for
the preparation of the FIB lamella.
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Application of internal standard for the in-situ TEM investigation of solid
phase transformations and reactions

OTKA NN112156

K. Hajagos-Nagy, F. Misjak, G. Radnoczi

In an in-situ experiment paying attention to a few aspects/steps can make the measurement procedure
and the evaluation of results more effective. However, these are hard to find in the literature. Our goal was
to give a description that can facilitate the in-situ investigation of phase transformations and reactions at
high temperatures. The steps are demonstrated on amorphous Cu-Mn/C thin films focusing on phase
identification in a multicomponent system. Cu-Mn films are of recent technological interest due to their
potential application as barrier layers in interconnect structures. Mapping the Cu-Mn-C-O system may help
their integration with low-k dielectrics (eg. SIOCH) [Ref. 3.5].

CuMn/C films were in-situ annealed and examined by TEM in a Philips CM-20 electron microscope
operated at 200 kV. The temperature range of in-situ annealing was 20-600°C. Separate samples were used
in microscope and diffraction mode to be able to follow the initial area of observation during in-situ
annealing. The phase compositions of the films were evaluated from SAED patterns using the Process
Diffraction program [Ref. 3.3].

The amorphous Cu-Mn films crystallized at 300°C into Cu(Mn) and a-Mn-based solid solutions. The
lattice parameter of the Cu(Mn) solid solution changed throughout the temperature interval of 300-600°C.
At 400°C new phases appeared accompanied with disappearance of the a-Mn-based solid solution. To
identify the new phases and to examine the changes in solid solutions we applied the method of internal
standard. This method allows calibrating the camera constant for each annealing step and to increase the
accuracy of the lattice parameter values by approximately one order of magnitude [Ref. 3.6]. MnO was
chosen as an internal standard because MnO is present in the whole temperature range of annealing, most
of its diffraction maxima can be easily separated from other phases and it produces stable and well defined
diffraction rings without the risk of contamination. By separating the effect of thermal expansion and
changes in solute concentration, the composition of the Cu(Mn) solid solution in the temperature range of
300-600°C was calculated. To identify the new phases that appear at 400°C, a list of candidate phases was
made by comparing the probability of formation of all phases in the Cu-Mn-C-O multicomponent system.
Phase identification confirmed the candidate phases: Mn23C6 and Mn5C2 carbides were present in the
temperature range of 400-500°C, and Mn5C2 and Mn7C3 carbides from 500°C to 600°C which formed
through the reaction of the Cu-Mn film and the C substrate. The presented example can serve as a guideline
for the in-situ investigation of phase transformations and reactions at high temperatures.
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Evaluation of AES depth profiles with serious artefacts in C/W multilayers

A. S. Racz, Zs. Fogarassy, M. Menyhérd

Tungsten-carbide (WC) is often used as protective coating due to its high hardness and chemical
resistivity. In our work we produced WC by means of ion irradiation by irradiating a C/W multilayer
structure by nobel gases. Due to irradiation at the interfaces ion mixing happened and carbide was formed,
as well. The produced carbide was detected by Auger electron spectroscopy (AES) and the component
in-depth distribution was determined by depth profiling. In the case of a non-irradiated sample we
observed that during depth profiling the applied argon ions induced mixing and carbide compound was

formed at the interfaces.
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Figure 3.6. XTEM, AES and TRIDYN simulation results for a non-irradiated C/W/C/Si substrate multilayer

structure

This was modelled by the TRIDYN simulation which helped us to determine the carbide artefact
production of AES depth profiling (Fig. 3.6.). The simulation was used for reconstructing the real depth
profile of ion-irradiated samples. We have shown that the artfact production can be neglected in the case

of highly mixed (high carbide content) samples [Ref. 3.7].
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Microstructure and optical properties of composition spread YTiO thin films

OTKA K129009

D. Olasz, V. Kovacsné Kis, P. Petrik, B. Kalas, G. Safran

Materials with perovskite structures are receiving increasing attention in semiconductor research. They
have a chemical formula ABXs, where ‘A’ and ‘B’ are cations and X is an anion that bonds to both. A
number of elements can be combined to form perovskite structures showing a wide variety of physical,
optical, and electrical properties. Perovskite solar cells can be manufactured by simple, additive deposition
techniques, like printing, for a fraction of the cost and energy compared to traditional silicon technology.
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Figure 3.7. A combinatorial YTiO sample on a TEM grid and its EDS diagram representing concentration of the
cations as a function of distance along the layer. O-concentration values are shown in Fig. 3.9.

Recently, the photoconversion efficiency of perovskite solar cells has exceeded 25%, close to that of
silicon (27%). From the large family of perovskites, we aimed to produce and characterize the Y-Ti-O
system. Thin composition spread samples were deposited on both carbon coated TEM grids and Si slabs
by reactive DC magnetron sputtering of yttrium and titanium in 3 « 10~3 mbar Ar gas with 1 « 10~* mbar
Oz inlet. Using microcombinatory [Ref. 3.8-3.9] we could produce and examine the oxides of the cations
in the whole YxTiix (x=0...1) concentration range in a single sample (Fig. 3.7.). The microstructure as a
function of composition was determined by TEM and SAED: at high Y or Ti concentrations crystalline,
while in between an amorphous structure was found (Fig. 3.8).

The radial intensity distribution curves of SAED-s evaluated with ProcessDiffraction software [Ref.
3.10] are shown in Fig. 3.9. for the whole YxTi1x -oxide composition range. At the Ti surplus side of the
sample, rocksalt-type cubic TiO structure (space group: Fm3m, a = 4.1766 A) was formed and the
intensity of its characteristic peaks decreases with the increase of Y concentration. Between Y/Ti/O
14/28/58 and 28/8/64 at% compositions only diffuse peaks are present, characteristic for amorphous
structure. With a further increase of the Y content, at 33/5/62 at% composition, the peaks of the Y;03
crystalline phase appears, showing Fm3m space group, cubic (a = 5.2644 &), CaF, type structure. At even
higher Y concentration (33/5/62) additional small peaks appear representing a Mn,O; bixbyite-type cubic
structure of Y203 (space group: la3, a = 10.5981 A). It has a lattice constant twice as large as the one
mentioned above, and its formation is related to the arrangement of O-vacancies.



MFA Yearbook 2021 58

42/0/58 % 28/8/64 %

Figure 3.8. (a,b,c): BF TEM image of selected Y/Ti/O (at%) compositions (d,e,f) the corresponding SAED patterns.
Sharp rings (d, f) show polycrystalline, while diffuse rings (e) represent amorphous structure

10000 T T T T T T
9000 |- —
A
8000 |- i\ i _
) \- _ Y/Ti/O (at%)
7000 NN /
6000
z
wn
§ 5000
= 4000
3000 20/14/66
— 19/16/65
1 5/40/55
2/45/53
oL : ' — 1/47/52

10 20 30 40 50 60 70
Scattering vector [1/nm]

Figure 3.9. Radial intensity distribution curves of SAED as a function of layer composition (curves are shifted along
the intensity axis).
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The optical properties of the composition spread layer deposited on a Si slab were determined by
spectroscopic ellipsometry (SE) during in situ heat treatment up to 600°C. A colour map of the measured
data is shown in Fig. 3.10. showing the composition and temperature of the phase transitions and the
potential regions where perovskite structure is found. The SE colour map can be used, in future studies, to
select the thermal treatment parameters of combinatorial TEM samples to generate and characterize the
perovskite structure in the Y-Ti-O system.
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map as the function of temperature and composition in the case of a microcombinatorial
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In- and ex-situ study of nickel silicide formation in thin films

E. Dodony, I. Dédony (ELTE), G. Z. Radndczi, G. Safran

Due to their excellent physical and electrical properties nickel silicide layers have become one of the
most promising components of microelectronics devices. To date, the mechanisms and reaction pathways
of Ni-silicide formation remain unexplored, as the outcome depends on a wide range of experimental
parameters (temperature, layer thickness, microstructure etc.). [Ref. 3.10- 3.12].

We studied in- and ex-situ the formation of nickel-silicides below 1073K in the solid state reactions
between thin amorphous silicon (a-Si) layers and the supporting nickel TEM micro-grids. This unique
experimental setup allowed us to reveal the sequentially forming phases of nickel-silicides, in lateral
arrangement, by high resolution TEM (HRTEM) and selected area electron diffraction (SAED). During
heat treatments at 860K and 973K we identified, almost all known silicide phases in reaction Zone 1 and 2
shown by Fig. 3.11 together with the Ni grid-bar at the lower right corner. The first reaction product
observed was a-NiSi2, that was continuously present in Zone 1, at the reaction front advancing in the a-Si
layer. (Fig. 3.11). The HRTEM image in Fig. 3.12.a shows a-NiSi2 in [110] orientation. Planar defects -
stacking faults and micro-twins- are recognized both in the image and in the Fourier transform inset. While
the average width of zone 1 remained constant, the width of zone 2 increased continuously during the
reaction. Zone 2 is dominated by Ni31Sil12. Fig. 3.12 represents HRTEM image of [100] oriented y-
Ni31Si12 full of planar defects. Besides Ni31Si12 we identified further phases in Zone 2. They followed a
tendency of increasing Ni content towards the Ni-grid bar as follows: NiSi, &-Ni3Si2, 3-Ni2Si, B1-Ni3Si,
2-Ni3Si. Together with these phases of Zone 2, the Ni31Si12 phase was abundant.

between Ni grid and a-Si layer. Arrows show whiskers protruding from the thin layer.
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Figure 3.12. HRTEM image of (a) NiSi2, te typical phase of Zone 1, showing planar defects, stacking faults and
micro twins depicted by the image and the FFT inset, (b) the dominant y-(Ni31Si12) phase of Zone 2 and its SEAD
showing [100] orientation.

During the heat treatment elongated protrusions, whiskers (shown by arrows in Fig. 3.12) were ejected
preceded by an intense diffraction contrast change in the parent crystal, suggesting the accumulation of
compressive stress. It was found that whisker and its parent grain consist of the same phase. As the reaction
progresses and the parent grain transforms into a phase with a higher Ni concentration, whisker undergoes
the same transformation (NiSi = NisSi> = NizSi = NisSi). This explains the coexistence of whiskers of
different phases. It is to mention that whisker formation in the solid-state reaction of Ni and Si was first
observed in our experiments.

In conclusion, because of their excellent physical and chemical properties, phase variability, as well as
their applicability in microelectronics, the present results on Ni-silicide could be of both scientific and
technological importance. However, to get a complete picture of the formation of silicides as thin films and
whiskers in the Ni-Si system, further detailed studies are needed.
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Application of microcombinatorial layer structure for tunable AIAg/SIN
biosensors

G. Séafran, B. Kalas, M. Serényi, P. Petrik

In a collaboration of the MFA Thin Film Physics Department (VRF) and the Photonics Laboratory (FL),
we have developed a wide detection range surface plasmon resonance (SPR) AIAg/SiN layer biosensor for
various liquids and proteins. The complex geometry so-called Kretschmann-Raether (KR) arrangement
[Ref. 3.13] of the SPR sensors was used to achieve energy and momentum conservation during the
interaction between incident light and surface plasmons propagating on the semi-infinite metal surface (Fig.
3.13).

Gy o e i) . Y, . i N YA i i S i e i il R w3 A s . i S e oy S s ' A, o Y .

Figure 3.13. SE measurement of a variable thickness AgxAl.x/SiN sensor in (a) simple (from sample-side) and (b)
Kretschmann-Raether arrangement

Quartz substrate
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Figure 3.1 XTEM images of Al end, centre and Ag end of a sensor prepard at a stage of sensor dveloent.
(left: Al: 38nm, SiN: 130nm, middle: Ag: 27nm, SiN: 220nm, right: Ag: 70nm, SiN: 70nm)

The microcombinatorial technique [Ref. 3.8, Ref. 3.14-3.17], was used to fabricate an Ali.xAgx /SiN
layered system sensor on quartz substrate with variable properties along the length of sample. This allows
the plasmonic frequency to be tuned as a function of the illumination position for spectral ellipsometry
measurements. The thickness of pure Ag, on the basis of optical model calculations, is estimated in the
range of 40-50 nm, that is considered optimal for plasmonic applications, while for pure Al, due to its high
optical absorption, a lower thickness is preferred. The thickness of the Ag-Al layer was specified as 40 nm
on the Ag side and, with a continuous transition of composition and thickness, 15 nm on the Al side. Thus,
as the Ag-Al composition changes along the sample, the thickness of the layer also changes. The layer was
deposited from Ag and Al sources on a 25x10 mm? quartz substrate by DC magnetron sputtering through
a 0.5 mm wide slot passing over the substrate. The maximum power applied to the Ag and Al targets was
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150 W and 330 W, respectively. The variable composition and thickness were achieved by synchronized
computer power control using stepper motor slot motion. The resonances in the KR alignment could also
be easily tuned by applying an additional RF-sputtered SiN layer of gradient thickness. Diagrams in Fig.
3.14. are based on FIB TEM cross-sections of the two ends and the middle of the sensor covered with SiN
of different composition and thickness show that the geometry is as designed.

[—#— Thickness of SiN layer|

‘0 #— Thickness of AlAg
250

o= 245

35 4 -
- w240
s s
=30 z

30 4 =235
2 z
< w_
s 5291
o 254 o
2 / 8 225
c c
3 3.,
= =22
=20 =

215
]
15 T T T T J 210 T T \
0 5 10 15 20 25 5 10 15 20
Position slong sample jmm)] Position (mm)

Figure 3.15. AlAg and SiN layer thicknesses at selected positions of a sensor revealed by FIB-TEM measurements
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Figure 3.16. Difference of simulated (a, b) and measured (c, d) ¥ and A spectra at compositions x= 0 and 1 for
various DI water-isopropanol solution ambient. A7/1 denotes the refractive index difference at /=632 nm (/= 2,
3,4)

The operation and tunability of the sensor in water and isopropanol test medium is demonstrated in Fig.
3.16. using the spectral ellipsometer with the difference spectra of the ¥ and A angles measured at both
ends of the sample. A detailed discussion can be found in the PhD thesis of Benjamin Kalas [Ref. 3.18].
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Combinatorial catalysis; development of bimetallic Ni-In catalysts for the dry
reforming of methane with carbon dioxide

A. Horvéth, M. Németh, A. Beck, G. Nagy, M. Serényi, G. Safran

As a joint initiative of the Thin Film Physics Department (VRF) of the MFA and the Laboratory of
Surface Chemistry and Catalysis (FKKL) and in the framework of bilateral Italian and Egyptian MTA
grants, the microcombinatorial TEM method was applied for the first time in catalyst research. The catalytic
system is the SiOx-supported nickel-indium catalyst of FKKL, which has been investigated in the so-called
dry reforming reaction of methane with CO, (CHs+CO.«>2CO+2H,) for several years with considerable
success [Ref. 3.19-3.21] in environmentally conscious methane conversions: (1) CO, reactants to obtain
synthesis gas (CHs+CO2«>2CO+2H,), the aim here is to avoid deactivating carbonization of our Niln
catalyst [1] and (2) pyrolysis to obtain pure H, without CO, emissions (CHs«>C+2Hy>), the opposite aim
here is to increase the carbon deposition propensity of our NiMo catalyst. In the reforming reaction, the
harmful carbonization of the catalyst is strongly inhibited due to the indium component, however, the effect
of the Ni-In ratio has not yet been studied in detail. Our first SiO.-supported catalyst had a Ni/In=3
composition, but indium may have a beneficial effect even at low concentrations e.g. Ni/In=24. The micro-
combinatorial method developed at VRF allows the linear variation of the thickness of a component or the
composition within one sample deposited by DC or RF magnetron sputtering. [Ref. 3.8, Ref. 3.14-3.15].

Figure 3.17. Morphology of variable layer thickness revealed by combinatorial TEM
This way we investigated the thickness dependence of size and morphology of pure nickel (Fig. 3.17.)
on a variety of substrates e.g. C, SiO, Al,Os. The samples of varying thickness were subjected to oxidation
and reduction according to the standard catalyst pretreatment. HRTEM, STEM-EDS and SEM-EDS
measurements were performed to monitor the structural and morphological changes, so we optimised the
size and distribution of the particles so that they do not aggregate during heat treatments.
The Ni catalyst layer optimised in the investigated range shows well-separated 5-20 nm grains after
standard oxidation-reduction treatment (Fig. 3.18). The HR-TEM image clearly shows carbon deposit of 3-
4 graphite planes (d=3.3 A) built onto Ni grains, which originates from the bare or SiO-capped C-support.
It is detrimental to the catalyst activity, therefore, in future, the use of the SiN/SiOx support is considered.



MFA Yearbook 2021 65

Figure 3.18. TEM of 5~20 nm size Ni catalyst grains on C/SiOy support after
standard oxidation-reduction treatment. The HR-TEM image shows
the carbon deposit on the Ni grains consisting of 3-4 graphite planes (d=3.3 A).

In subsequent experiments, we will add the catalyst in a controlled way, with indium, up to Ni/In=3
ratio, creating a regular concentration variation between the two endpoints of the sample. This will be
followed by reacting the samples in a methane stream at various temperatures. Based on our experience,
the Ni or Niln particles are expected to exhibit different levels of carbon deposition depending on the local
composition. TEM microstructural studies of the resulting carbon nanotubes, graphitic or amorphous
carbon forms provide important information on the expected behaviour, efficiency and self-cleaning ability
of a given Ni-In composition in methane dry reforming and thus allow to select the best performing Ni-In
compositions. In a third step, nanoparticles with optimal Ni-In composition and morphological-structural
properties are prepared by classical wet chemistry and tested under real catalytic conditions in a flow-
through system (FKKL). The experience gained can also be used for the optimization of further two-
component material systems, e.g. Ni-Mo. The use of the single-sample combinatorial method in catalysis
development is new in the literature. The results of ongoing research will be used in the development of
energy-efficient, low-temperature stable catalysts that convert methane and carbon dioxide into useful
synthesis gases.
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The growth of a multi-principal element (CoCrFeMnNi) oxynitride film by
direct current magnetron sputtering using air as reactive gas

OTKA NN112156

G. Radndczi, R. Dedoncker (Ghent University), G.Z. Radndczi, Zs. Czigany, A. Sulyok,
V. Kovacs-Kis (MFA, University of Pannonia), D. Depla (Ghent University)

Multi-principal element alloys (MPEAS) are a class of alloys that are composed of several elements in
near-equimolar concentrations. The field of MPEAS was discovered about 15 years ago but still holds many
interesting features. Against the intuitive expectation, some of these compositionally complex alloys have
a simple crystallographic structure such as a face centred (fcc) or body centred cubic (bcc) structure with
the constituent elements randomly distributed over the lattice positions [Ref. 3.22-3.23] When some
specific requirements are reached, these materials can also be labelled high entropy alloys. These materials
received already much interest due to their excellent mechanical behaviour as bulk material, but in thin film
form many aspects remain undiscovered. Especially, research on compound thin films based on MPEAs
holds a vast uncharted territory.

From literature and previous studies, it became clear that nitrides and oxides of alloys consisting of 4-5
components show the same remarkable structures when they are deposited by magnetron sputtering. In the
case of the CoCrCuFeNi alloy, the addition of nitrogen or oxygen to the discharge resulted in the same B1
(NaCl) structure. This intriguing similarity triggers the interesting fundamental question whether this
behaviour can be extended to a mixture of oxygen and nitrogen, and how both gases influence the structure
formation during film growth.

In this paper, a detailed atomic level structural analysis of CoCrFeMnNi oxynitride thin films is
performed. The goal is to get insight into the atomistic processes, responsible for the growth mechanism
and the morphological development of the film structure.
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Figure 3.19. (a) Cross section bright field (BF) and dark field (DF) TEM images of film, grown in Ar+12% air
sputtering gas. (b) Selected area electron diffraction (@1 pm area) of the film shown in a). The strong reflections
belong to metallic CoCrFeMnNi alloy, the internal weak reflections belong to the CoCrFeMnNi-oxynitride
compound.




MFA Yearbook 2021 67

CoCrFeMnNi films were grown by DC magnetron sputtering using Ar+air as sputtering gas. A
background pressure of less than 4x10* Pa was achieved by the combination of a rotary pump and a
turbomolecular pump. A CoCrFeMnNi powder target was used according to a procedure described in [Ref.
3.23]. At a total pressure of 0.5 Pa the fractional flow rate of air was varied between 0-50 vol.%. The
samples were deposited at room temperature on a Si [100] substrate with a native oxide. The growth rate
was around 1.5 nm/s and the thickness of the grown layers varied between 1 and 2 mm.

Addition of 4-50% air to Ar in sputtering gas during deposition of CoCrFeMnNi alloy thin films resulted
in a change of the phase state of growing film. At 12 % and 20 % of air in sputteringgasa <100 preferred
orientation fcc CoCrFeMnNi alloy, doped with oxygen and nitrogen develops, which is stochastically
intermixed with a B1 oxynitride nano-phase. The B1 oxynitride nano-phase is embedded epitaxially into
the fcc CoCrFeMnNi alloy.

-

Figure 3.20. High resolutine of the film grown in A12% air sputtering gas and its FFT diffraction pattern
(a), and the filtered image of the same area created by the 200 type reflections (b).

At and above 30% of air a B1 phase CoCrFeMnNi-oxynitride forms with {100) preferred orientation.
Oxygen is preferentially incorporated into the growing structures, while nitrogen content is inferior. The ¢
100) preferred orientation is the result of selected nucleation (12 and 20% air) or competing growth (30
and 50% of air) of the developing crystals. All films produce broad Bragg peaks and a strong diffuse
scattering which can be attributed to the nanoscale stochastic and/or partly ordered (rigid unit mode and
ordered fcc) CoCrFeMnNi metal or CoCrFeMnNi-oxynitride lattice. The stochastic and ordered nano-
structures are thought to be the result of spinodal processes taking place already during the growth process
of the originally homogeneous structure. These kinds of structures and processes can be quite general in
MPEA alloys and compounds.

Figure 3.21. The reciprocal unit cell of the fcc crystal with infinite rods (dotted lines) in (111 directions, due to
the planar disorder on {111} planes in the lattice (left) and their geometry in an {110*} reciprocal lattice plane of
30% air sample (right). The dotted lines correspond to linear streaks in the diffraction pattern.



MFA Yearbook 2021 68

Bioresorbable and biocompatible bioactive ion-doped, carbonated
hydroxyapatite loaded biopolymer composites

OTKA PD131934

M. Furké

The aim of this research work is to develop bioactive ion-doped bioceramic — biopolymer composite
coatings onto implant materials. The ion-doped, carbonated hydroxyapatite (cHAp) powders were prepared
by wet chemical precipitation using different calcium and phosphorus sources and co-precipitating with
different bioactive ions such as Mg, Sr, Zn along with the base CaP. The micro and nanostructure of base
cHAp powders were studied with regard to the post treatment after precipitation.

Figure 3.22. SEM images of calcium phosphate particles (a) as-prepared by wet chemical precipitation (sample
CaP1): magnification 20kX, inset 50kX (b) CaP1 sample heat treated at 650 °C for 5 hours (sample CaP2):
magnification 10kX, inset 20kX (c) CaP1 sample heat treated at 900 °C for 5 hours (sample HAp1): magnification
20kX, inset 100kX and (d) CaP1 sample alkaline treated in Na,COs solution for 24 hours (sample HAP2):
magnification 50kX, inset 100kX.

Fig. 3.22 clearly demonstrates the difference in morphology of CaP powders prepared and treated in
different ways. The as-prepared powder using Ca acetate as precursor has particles in the shape of large,
thin plates in several micrometre sizes. These plates tended to be oriented parallelly (Fig. 3.23.a). This type
of morphology is characteristic of the monetite phase. After heat treatment, the morphology of particles
changed noticeably. Keeping the sample at 650 °C for 5 hours resulted in long, rod-shaped particles and
smaller cubes attached together as well as large agglomerated blocks. This change in morphology can be
attributed to the phase transformation to calcium pyrophosphate. Effect of ionic substitution: the addition
of different bioactive ions into the starting solution has also changed the morphology of the precipitated



MFA Yearbook 2021 69

powders. The substituting ions were also deposited in the form of low soluble phosphate precipitates along
with different CaP phases. The forms and sizes of particles were very diverse, the powders contained large
plate-like, rod-like grains in 0.5 — 5 um sizes and small, needle-like particles as well as agglomerated
spherical and flake-like particles. The elemental distribution of substituting elements was homogeneous
within the CaP matrix according to the SEM elemental mapping.

' on ionic doped CaP powder
prepared from Ca gluconate precursor.

CaP/biopolymer (Cellulose acetate, CA) composites were prepared by electrospinning technique. The
bioactive ions were added to the base CaP suspension in the form of their chloride salts. The incorporation
of added ions occurred during the co-precipitation with CaP phases. The suspension was mixed with
biopolimer solution in appropriate concentrations and ratio in ethanol media. The fiber generation was
performed by electrospinning apparatus, using high voltage difference between the two electrodes (needle
and collector). According to SEM analyses, the CaP particles (white agglomerates, nodules) were
sufficiently incorporated between the polymer fibers. the particles of HAp2 sample are attached to the CA
fibres as clusters and the cover is discontinuous. In other words, the ceramic particles are incorporated into
a mat of interwoven fibres. However, it can also be observed that the huge difference between the diameters
of individual fibres, compared to pure CA fibres, lowered (between 100 and 400 nm) which can be
attributed to the dispersed cHAp particles and the increased viscosity of suspension.
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Figure 3.24. SEM images on cHAp loaded cellulose acetate as well as the corresponding elemental mapping.
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Al203-AIN composite and AION ceramic development using the powder
technology

NKFIH NNE

K. Balazsi, M. Furko, V. Varga, S. Gurbén, F. Cinar (ITU), Cs. Balazsi

Aluminum nitride (AIN) is an alternative refractory ceramic material being used in various range of
applications such as optics, electronics and computer circuits for its unique thermal and electrical properties.
It has a really high degree of thermal stability and wear resistance while exhibiting a low density. The aim
of our work was the preparation of cheap Al.Os-AIN composites and transparent AION by eco-friendly
technology. Currently commercially available AION materials show a larger grain size. The development
of new methods to control the nano-grain size can improve the material”s properties. The most promising
techniques for ceramic aluminum based preparation are the hot isostatic pressing (HIP) or spark plasma
sintering (SPS). The currently available and used techniques are still all expensive, as well as being energy
and time consuming. We intend to develop an eco-friendly preparation method (Fig. 3.25) of Al,Os-AIN
and AION in which we develop a novel way to reduce the temperature and/or time thus requiring lower
energy.

Hot isostatic pressing (N,)

Base powder ‘ ' core-shell AIN/AI,O,
AIN /
G
900°C (3—20h) 20 MPa, 1700°C (5h)

Pressureless sintering (H,)
7

0.1 MPa, 1800°C (10h)

Final sintered

Figure 3.25. Schematic view of preparation method

The effect of the pressureless post-sintering in hydrogen atmosphere on the structural and mechanical
properties of the hot isostatic pressed Al,Oz prepared by oxidized AIN powder has been studied. The
micrometer size AIN powder has been oxidized in ambient air at 900° C for different times (3, 6, 10 and 20
hours) and sintered by hot isostatic pressing (HIP) at 1700°C, 20 MPa nitrogen atmosphere for 5h.
Pressureless sintering (PS) has been applied for all HIP sintered samples in H2 gas at 1800° C for 10 hours.
It has been shown that the oxidation caused a core-shell AIN/ Al,Os structure and the amount of Al,Os
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increased with increasing of the oxidation time of the AIN powder. For the first time, the green samples
obtained from oxidized AIN powder have been successfully sintered first by HIP followed by post-sintering
by PS under hydrogen without adding any sintering additives.

All post-sintered samples exhibited the main o~ Al.Os; phase. The metastable oxide phases of Al,O3
have not been present in the post-sintered samples owing to the high temperatures involved in the
processing. Sintering in H2 caused the full transformation of AIN to a- Al,Os; phase and their better
densification. Therefore, the hardness values of post-sintered samples have been increased to 17-18 GPa
having apparent densities between 3.11 and 3.39 g/cm3 [Ref. 3.24].
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Porous sandwich ceramic of layered silicon nitride-zirconia composite with
various multilayered graphene content

FLAG-ERA “Ceranea”, OTKA NN127723

K. Balazsi, M. Furko, Zs. Fogarassy, V. Varga,
Z. Liao (IKTS), J. Dusza (IMR SAS), E. Zschech (IKTS), Cs. Balazsi

Development of the graphene-filled ceramic sandwiches that deliver materials with enhanced properties
and functionalities was a part of the “Graphene Flagship” ,,CERANEA” project as a part of FLAG-ERA
Joint Transnational Call 2017 for graphene supported by the European Commission.

The silicon nitride (SizNa4) is the widely used high-temperature ceramic material (up to 1500 °C). Due
to its extreme high hardness and toughness in a wide range of temperatures, potential applications include
reciprocating engine components, turbo chargers, bearings, metal cutting and shaping tools as well as hot
metal handling. Silicon nitride has better mechanical properties at high temperatures compared to most
metals, and its low coefficient of thermal expansion (CTE) results in a higher thermal shock resistance than
for most ceramic materials. These ceramics can be prepared in different forms, sintered bulk or layered.
Multilayer ceramic composites (MCC) consist of two ceramic materials. These ceramics are consisting of
insoluble parts in each other and sequentially piled in a symmetric manner. In this work, we are firstly
produced the gradient-structured SisNs ceramics with few layers’ graphene by attritor milling and hot
isostatic pressing (Fig. 3.26.).

Figure 3.26. Image of the multi-layered ceramic composite with different graphene content. Extracted slices from a
volumetric reconstruction of the composite with 30 wt.% multilayer graphene (MLG) by synchrotron-based nano-X-
ray computed tomography (XCT). ZrO2 phases are indicated by blue arrows, Si3N4 phases are indicated by red
arrows
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The porosity of the samples increased by around two times with increasing of the multilayer graphene
content (MLG) content. The density values were lower for samples with high MLG content owing to their
very porous microstructure. The mechanical test confirmed that sandwich structure with combination of 5-
30-5 wt% MLG layers showed 2 or 3 times better properties than structure with 30-5-30 wt% MLG. The
main effect on mechanical properties had the layer with 30 wt% MLG with porosity of ~66% and high /(-
SizNy ratio of sintered ceramic matrix. [Ref. 3.25-3.28]
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4-Nanosensors Laboratory

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

Research Staff: Ph.D. students / Diploma workers:

Gabor BATTISTIG, D.Sc. Péter HORNUNG, B.Sc. student

Zs6fia BAJI, Ph.D. Adam, DACHER, B.Sc. student

Nguyen Quoc KHANH, Ph.D. Binderiya OYUNBOLOR, M.Sc. student
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Zsolt ZOLNAL, Ph.D.

Technical Staff:

e Janos FERENCZ, engineer
e Levente ILLES, engineer
e Attila NAGY, technician

e Erika TUNYOGI, engineer

Nanosensors Laboratory was established at the beginning of 2019 from the former Department of
Microtechnology. The core infrastructure, having two semiconductor clean rooms, is shared and operated
together with the Microsystems Laboratory. The mission of the Lab 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).

In the following sections nine selected topics are presented, which relate to

i) functional thin films (topics 1-5);

i) nano- and micrometer sized electrical and sensor devices (topics 6-7); and
iii) novel sensor systems (topics 8-9).

These are conducted mainly in the framework of four domestic and international projects (OTKA:
Atomic layer deposition and applications of functional sulfide nanolayers; OTKA: Development of
Nanometer Scale Resistive Switching Memory Devices; NKFIH: Investigation of atomic or molecular
processes induced by ultrashort laser and/or electron pulses; TET: Atomic layer deposition and application
of functional VO, thin films) as well as in a collaborative research with Puli Space Technologies (NASA
challenge: Honey, I Shrunk the NASA Payload, The Sequel). The two highlighted topics of 2021 were the
phase changing VO, and neutron converter 1°B thin films. Besides, the Nanosensors Laboratory provided
services for several industrial partners (Lighttech, Technoorg Linda, Bosch, BHE - Bonn Hungary
Electronics) and nanofabrication infrastructure for the National Quantum Technology Program and was
engaged in university education as well (University of Debrecen, Budapest University of Technology and
Economics).



MFA Yearbook 2021 76

Optimization of post vacuum annealed V thin films
Sloven bilateral 2019-2.1.11-TET-2020-00189, Bolyai fellowship, UNKP Postdoctoral fellowship

Gy. Molnér, Zs. Baji, L. Pdsa, L. lllés, J. Volk, G. Drazic (National Institute of Chemistry, Slovenia),
A. K. Surca (National Institute of Chemistry, Slovenia)

The oxidation of vanadium thin films is a promising method for the production of vanadium dioxide
(VO,) layers. VO3 has been extensively studied for decades, because of its semiconductor (insulator) —
metal transition at about 68°C. This is a first order phase transition accompanied by structural
transformation from low-temperature monoclinic to high-temperature tetragonal phase. Besides the
structural and electronic properties, the optical features change remarkably between the two phases. VO
has possible applications for microelectronics including memory and switching devices and for optical
shutters and thermochromic smart windows.

Earlier, we studied the oxidation of vanadium film in atmospheric pressure air at different temperatures
and time and found a rational fabrication method for the production of low switching temperature VO,
[Ref. 4.1]. Recently, we have been trying to enhance the electrical and structural features of the vanadium
dioxide films by reducing the pressure of the oxidizing ambient and optimize the time and temperature of
the oxidation process.

Thermally oxidized Si wafers were applied as substrates. 100 nm thick vanadium films were evaporated
from vanadium ingots using an electron gun. The post deposition heat treatments were carried out in a
computer-controlled tube furnace in air at 1.0x10* mbar pressure. The annealing temperature varied
between 400 and 480 °C and the annealing times were between 2 and 270 minutes. According to our
measurements, the samples annealed at 400°C, for 270 minutes, in 1x10* mbar pressure air have the best
electrical properties.
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Figure 4.1. Raman spectrum of V-oxide film on silicon wafer (left) Ratios of V,0s (145)/VO, bands of Raman
spectra taken at various z-axis positions of objective (right).

The prepared films were analysed with electron energy loss spectroscopy and Raman spectroscopy. It
is clear from both measurements that the film is pure vanadium-oxide with only two phases present: VO,
and V20s (Fig.4.1). Fig. 4.2 shows the TEM image with the corresponding EELS spectra. The spectra of
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the topmost 50 nm of the layer show only the presence of VO (spectra 1 and 2 in Fig. 4.1). The lower ~150
nm of the film consists of V.0s, as clearly shown by a characteristic shoulder of the L peak of V marked in
spectra 3-5 in Fig. 4.2,

thickness
Figure 4.2. EELS spectra from different depths of the VO, layer

The Raman spectrum of V-oxide film clearly shows that both vanadium oxides (VO; and V,0s) are
present. The most intense band of V,O0s is 145 cm™ and the most characteristic one is 1001 cm™. Also the
band at 527 cm™ belongs to solely V2Os. In other bands V,0s is accompanied with VO,. Raman spectra
were also measured by moving the objective to sample different parts of the film along z-axis and the
intensities of the most representative bands (145 cm™ for V,0s, and 196, 227 and 622 cm™* for VO,) were
measured and the ratios calculated. Fig. 4.1. shows the increase in the value of these ratios when the
objective was directed more in-depth of the film. When the objective was directed upwards from the middle
of the films, the opposite, the decrease of the ratios was noted, which shows that there is more V,0s more
in-depth and more VO, towards the surface, which agrees with the findings of TEM measurements.

According to these results, only the topmost 50 nm of the layer was VO». Nevertheless, the temperature
dependent electrical measurements showed excellent switching properties. As Fig. 4.3 shows, there is a
three orders of magnitude change in the resistance at the transition temperature reported in the literature.
The hysteresis width is around 10-13°C, which is also a good value for polycrystalline VO, thin films.
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Figure 4.3. The temperature dependent resistance curve of the VOx film
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Atomic layer deposition of HfS2 from Tetrakis(dimethylamino)hafnium

OTKA FK139075

Zs. Baji, Zs. Fogarassy, A. Sulyok, P. Petrik

2D materials with sizable bandgaps, such as transition metal dichalcogenides (TMD) have been in the
focus of research, as they lack the drawback of the absence of an intrinsic band gap in graphene. HfS; is a
less examined member of the TMD family, with most properties only theoretically predicted, and few
reliable ways to synthesize. According to calculations, HfS, may have an ultrahigh room-temperature
electron mobility and sheet current density, combined with a high chemical stability and reasonable
bandgap, therefore it could be a very promising material for the transistors, photocatalysts and
photodetectors of the future.

HfS; films can be prepared by mechanical or chemical exfoliation, or chemical vapour deposition but
so far, no reliable preparation of HfS; layers on wafer sized surfaces has been found, although it would be
extremely important for later applications. The atomic layer deposition of HfS; has not yet been explored,
there are so far only a handful of papers describing the ALD of HfS; films using different precursors, but
these layers were non-uniform and rough.

In this work, the use of the percursor tetrakis-dimethylamino-hafnium (TDMAH) was explored.
Successful deposition with the use of H.S as a reagent was performed between 200°C and 400°C. The
growth rates were the following: 0.07nm/cycle at 200 °C, 0,08nm/cycle at 300°C and 0.06nm/cycle at 400
°C. The wafer scale uniformity of the films was determined by spectroscopic ellipsometry (SE), and the
thickness was found uniform within £1 nm on a 4” wafer size, which corresponds to a relative standard
deviation of 2.5%. This is an excellent result previously not reported in the preparation of HfS; layers. The
atomic layer deposition of HfO, from the same precursor always has a CVD like component, and the
deposition of uniform films is not straightforward, it requires a precise tuning of the parameters and long
pulsing and purging times. In the light of this, it is surprising that the ALD of HfS; provides such high-
quality layers, and it may be attributed to the higher reactivity of H,S.
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Figure 4.4. HfS; films deposited at 300°C on Si(a), and on sapphire (b)
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The morphology of the layers was investigated with SEM and AFM. According to these, the films are
not smooth at an atomic level, they have a slightly granular surface structure with typical grain sizes
between 60-100 nm. However, all the layers are very smooth with RMS roughness below 9 nm in the case
of silicon substrates, and 1 nm on sapphire (Fig. 4.4).

The composition of the deposited layers was determined by TEM EDS and XPS. Both methods showed
that the films were mostly HfS;, but the presence of HfO, was also detected, which can be attributed to the
presence of some background oxygen in the deposition chamber. TEM analysis also proved that the films
were amorphous, but after an annealing at 400°C, crystalline HfS; layers could be obtained, as shown by
the FFT analysis of the film (Fig.4.5.b) The layer consists of crystalline 2D films stacked upon each other
with an average distance of 0.59 nm between them.

After thicker films an ultra-thin layer was also synthesized. For this purpose, 10 ALD cycles were
performed, with 0.3 s long TDMAH pulses followed by the closure of the ALD reactor for 1.5 s, then the
evacuation of the reaction chamber is closed for 6 s to ensure enough time for the precursors to chemisorb
to the surface and react with one another (picoflow mode). This method ensured that this ultra-thin film is
also continuous and uniform. The thickness of the resulting thin film was measured by AFM (after etching
a step with buffered oxide etchant in the layer), and it was found to be 3 nm. This means that the resulting
film was about 5-6 monolayers thick. (Fig. 4.5.c.)
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Figure 4.5. HRTEM image of the film deposited on sapphire (at 300°C, annealed) (a), the FFT image of the same
film (b) and the ultra-thin layer (c)

The dielectric function spectra of the as deposited films on Si measured by SE also reveal an amorphous
structure. The SE measurements showed high-quality, dense, compact, and homogeneous layers with a
thickness of =40 nm. The optical band gaps of the layers were also calculated from the SE data. The gap of
the film deposited at 200°C was 2.2eV, that of the film deposited at 300°C was higher, 3.3eV.

The film deposited at 400°C showed no definable band gap as measured by SE, instead appeared to
present dielectric properties. This suggested a HfO,-like behavior, and implied that the layer may be partly
or completely oxidized, therefore, this film was further investigated and the XPS measurement also proved
that this film was oxidized, and according to electrical measurement was an excellent insulator. The method
proved to be a promising way to prepare this promising TMD material [Ref. 4.1].
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Pulse DC deposited AIScN alloys for piezoelectric MEMS devices

NVKP_16-1-2016-0018 “KoFAH”

N. Q. Khanh, B. Oyunbolor, L. lllés, and J. Volk

For application of thin piezoelectric nitride film in sensors and energy harvesters, piezoelectric
coefficient is the key feature. It can be improved by alloying nitride with scandium, but the result depends
strongly on the parameters of given deposition system. We have studied the effect of pulse DC reactive ion
sputtering system (VAKSIS — MIiDAS) parameters on the properties of scandium nitride film for
optimalization of the co-sputtering process.
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Figure 4.6. dssert measured by piezometer as a function of Sc concentration on Al1.\ScxN nitride layers deposited
using different No/(N2+Ar) gas ratio.

Fig. 4.6 shows the benefit of alloying nitride with scandium, where the absolute values of piezoelectric
coefficient (dss) measured by Berlincourt method (Piezotester, PM-300) are shown as a function of x, i.e.
Sc atomic concentration. Up to x~0.45, the higher Sc concentration, the higher the measured piezoelectric
coefficient. Afterwards, ds3 approaches zero at x~0.51. ds3 measured using top electrode is significantly
higher, than that measured on bare nitride. The reason may be that the top electrode keeps the nitride surface
clean from ambient, hence excluding the effect of surface contamination on the transport of the generated
charge between nitride surface and the measuring head, thus gives data close to the real values. One can
also observe in Fig. 4.6, that the efficiency Sc alloying depends on gas ratio. Deposition using 60% N gas
ratio (triangles) results in better improvement of dss than with 30% N (circles). Besides, nitride surface is
smoother for higher N gas ratio.
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25 nm

The most important parameter is the process gas pressure. As shown by AFM images in Fig. 4.7, only
1.5 mTorr difference in gas pressure resulted in much smoother surface, i.e. 1.7 nm, and 6.8 nm rms for 1.5
and 3 mTorr, respectively. The ds3 measured by the piezotester is well improved for lower pressure, namely
9.9 pC/N compared to 1.8 pC/N. Because our system works with relatively long target-to-substrate distance
(TSD), low gas pressure is needed for adequate mean free path of the sputtered particles to achieve good
crystal. We note that using too high N, (>80%) gas ratio and low pressure may lead to instability of plasma,
and low deposition rate.
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Substrate effects on the intensity and radiative damping of gold nanoparticle
plasmon resonance

OTKA FK128327

Zs. Zolnai, D. P. Szekrényes, D. Zambo, A. Deak

In general, the far-field scattering intensity of plasmonic gold nanoparticles (GNP) is important factor
in different applications like nanosensorics and surface enhanced Raman scattering (SERS). Note, besides
non-radiative surface damping and chemical interface damping, to date less attention was paid to the
radiative damping of surface plasmon resonance (SPR), despite the fact that it may have significant
contribution to the overall damping (I'), and it is related to the far-field scattering intensity of plasmonic
GNPs. In this work we investigate the scattering intensity related radiative damping (I'-aq) of SPR of
individual gold nanorods (GNR) and nanospheres (GNS) supported by substrates to reveal the effect of the
environment on T',g and scattering intensity. Fig. 4.8.a shows dark-field optical scattering spectra of an
individual GNR deposited on glass vs. the normalized power of exciting light (Pexc). The derived I" and I'vaq
are also shown in Fig. 4.8.b No change (within 1 meV) in I'.g can be observed for different power levels.
This can be understood as I'uq is related to the rate of energy transferred to radiated power through far-field
electromagnetic scattering (Psc) emitted by the GNP which supports plasmons with oscillator energy Ey =
hapl, Where oy is the plasmon resonance frequency. T'rag [s] can be defined as:

[rad = Pso/Epi 1)

Since both P and Ey depend linearly on Pex, I'rad Will not change by varying the excitation power, as it
is shown in Fig 4.8. On the other hand, for a GNP embedded, i.e., in a transparent medium, the particle will
sense an effective dielectric constant e [Ref. 4.2]. In this case the relation between I'vaq and the cross-
sections for optical scattering (cscat) and absorption (cans) of the GNP can be computed as [Ref. 4.3]:

[rad/T = Gscat/Gext = 1/ [1+(Gabs/ Gscatt)] (2)

where T is overall damping and cex: = Gscatoans IS the extinction cross-section.
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Figure 4.8 (a) single particle dark-field scattering spectra of a gold nanorod (GNR) measured at different power
levels of the light excitation source (normalized power values); (b) derived FHWM (/1) and radiative damping (£ tad)
values for the SPR of the same GNR vs. the excitation power.
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Considering that [Ref. 4.4]:
Gabs/ Oscatt = 67'5(LZC3(Db2rnr)/(8eﬁ5/2V(DpI2) (3)

where L is depolarization factor, c is the speed of light in vacuum, s is bulk plasmon frequency for gold,
while V is the volume of the GNP, and utilizing that the parameters I'n, er, V, and wp can be determined
from experimental optical scattering spectra and scanning electron microscopy analysis, one can calculate
Gabs/Oscatt, and thus Trag, considering that T'= Tvaq +Tnr, Where Ty is non-radiative damping (note I' is the
FWHM of the Lorentzian shaped optical scattering spectrum).

Fig. 4.9.a shows that for GNSs and GNRs embedded in glass [2] the values of T'./T" derived from Eqg.
(2) and Eq. (3) agree well with those evaluated from I'vag = ['-['nr.= ['—(I'p+[in+1s). Here I'y, T, and T's are
the non-radiative bulk, interband, and surface damping terms and they can be calculated according to
previous works [1]. When the GNSs and GNRs are deposited on the surface of glass, the ratio I'r./T" changes
significantly for both spherical and elongated particle shape, see Fig. 4.9.b. Especially for GNRs, better
agreement is found when in Eq.(3) a value of s+ = 1 (air) was considered for the embedding medium and
an additional substrate-related correction has been applied for the scattering cross-section.

This correction accounts for the mirror charge effect, induced by the SPR of the GNP in the underlying
polarizable substrate. In case of glass substrate the correction for Gt iS 6 scatt = Gscatt (1+1)? Where 1 =
+0.38, and + (-) sign holds for a GNS (GNR) with transversally (longitudinally) polarized SPR related to
parallel (antiparallel) polarization in the substrate with respect to the polarization of the GNP. For GNSs
and GNRs deposited on glass a correction factor of ~1.9 and ~0.38 applies, respectively, which means
opposite effect of the substrate for the two different particle shapes. As Fig. 4.9.b shows the substrate effect
on GNRs is significant and suppresses I'rag and thus the far-field scattering intensity. For GNSs either the
increase of . (due to the proximity of glass) or the mirror charge effect will increase I'ragand the scattering
intensity, moreover, their impact seems to be comparable when estimated separately.
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Figure 4.9. Ratio of the radiative damping and full damping of the SPR in gold nanospheres and nanorods (a)
embedded in a glass layer (data are from [2]) and (b) deposited on the surface of a glass substrate, as a function of
the volume of the GNP. Crosses and stars represent experimental values, dots show calculations. In (b) the effect of

the substrate is estimated in two different ways, for open dots an effective dielectric constant (&) was considered
around GNPs, while for full dots air ambient and mirror charge effect in the underlying substrate have been taken
into account

Based on the above results we conclude that the presence of a polarizable substrate introduces
asymmetric environment around a GNP deposited on it and further work is required to reveal the full effect
of different substrates on the scattering intensity and radiative damping of plasmonic GNPs.
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Deposition of 10B thin films for novel neutron detectors

N. Q. Khéanh, L. lllés, P. Petrik, and J. Volk in collaboration with PuliSpace

198 and its compounds (BsC, BN) have been widely used in thermal neutron detection via

©B(n, aw)’Li: Qo=2.792 MeV
0B(n, ary)’Li: Q:1=2.310 MeV

reactions, owing to its very large capture cross-section for thermal neutron. When the reaction products (a,
’Li) are used for neutron detection, single element °B is better than its compound, because the particles do
not scatter on other elements in compound on the way to detector, thus have higher energy, i.e. higher
detection efficiency. However, being semimetal boron target is almost insulator at RT, which prevents
stable plasma formation near target surface even in pulse DC system.

We have applied the built-in substrate radio frequency (RF) unit together with pulse DC input to ignite
plasma at the beginning of deposition process, which can be switch off, when the target becomes hot
enough, i.e. has sufficient electric conduction on its surface, thus ensuring the stable plasma in pulse DC
mode alone. For comparison, the deposition rates of 35nm/h, 97nm/h, and 208 nm/h have been determined
by Scanning Electron Microscope (SEM) for pulse DC, RF, and substrate RF ignited pulse DC depositions,
respectively, where similar inputs (gas pressure, power) were set.

2.30 —
2.25 - .

] —O— SEM ]
2.20 —A— Ellipso i

Thickness (um)

60

X (mm)

Figure 4.10. Boron film thickness measured by Spectroscopic Ellipsometer (triangle) and
SEM (circle) across control wafers.

Enabling pulse DC sputtering of boron target by this manner, the boron film with thickness of ca. 2 um,
i.e. the optimal thickness given by simulation can be deposited in reasonable time. The thickness of boron
layer across the control Si substrate was determined by SEM and Spectroscopic Ellipsometer (Fig. 4.10).
The thickness homogeneity over the sensing area is ca. 2.5%.
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As an example, applying substrate RF ignited pulse DC sputtering of boron target, we managed to
neutron-sensitize a small (10x10x35cm), light weight (0.4 kg) neutron counter developed by PuliSpace Ltd.
Fig. 4.11 shows the cross-section SEM image of the neutron sensing head of the similar device we sensitized
with 870 nm boron layer on top.
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Figure 4.11. Cross-section SEM image of CMOS sensor neutron sensitized with boron film.
Sketch shows detection principle.
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Vanadium-oxide based memristive switches
OTKA K128534, Bolyai fellowship, UNKP postdoctoral fellowship

L. Pésa, T. N. Torok, Gy. Molnér, Sadaf Arjmandabasi, J. Volk,
in collaboration with A. Halbritter and Dept. of Physics, BME

VO, resistive switches were fabricated by depositing Ti/Au electrodes onto VO thin layer. Three
different electrode designs were tested, whose geometries are shown in Fig. 4.12.a-c. The device operation
is the same for all types: the VO is switched only in a nanogap region, located between the metal electrodes.
In the first two cases (Fig 4.12.a-b) nanogap is defined by electron beam lithography, whereas in the third
case, a sub-5nm nanogap is formed subsequently by controlled electromigration of the nanowire. The best
device performance was demonstrated by the second electrode design, where a sharp electrode faces with
a flat one and the gap size is around 20-30 nm. The device could be switched between its two states more
than 2-10° times with stable electrical parameters at room temperature. The typical 1-V characteristic is
shown in Fig. 4.12.d. Initially the device is in high resistance (OFF) state at zero bias voltage. By increasing
the driving voltage, at a threshold bias voltage (set voltage, ~1.06 V), the VO, at the nanogap region
switches to the metallic state and the current jumps several orders of magnitude.
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Figure 4.12 a-c) SEM micrograph of the metal electrodes (light grey) on the surface of the VO; thin layer (dark

grey). The three different structures mean three different gap size from 100nm to Snm. d) A representative current-

voltage (I-V) characteristic of the volatile VO; memristor. The arrows indicate the switching directions. The inset
shows the resistace of the device versus temperature. e) Waveform of the current flowing through the VO, device in
the oscillator circuit. The phase transitions occur during the sudden current jumps, while during the smooth current

increase/decrease the capacitor is charging/discharging. The inset shows the circuit diagram of the oscillator.
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This low resistance (ON) state is preserved until the backward voltage sweep, when the device
transforms back to its original high resistance state at the reset voltage level (= 0.41V). Due to the unipolar
behavior of the device, the same characteristic is seen at the negative bias polarity with the similar switching
parameters. During the I-V measurement a serial resistance of 380 Q was connected to the electrical circuit
to protect the VO device from the high current. This serial resistance is seen in the high voltage part of the
I-V traces.

The temperature dependent electrical resistance trace of the device (inset of Fig. 4.12.d) exhibits very
sharp phase transitions with larger resistance change than was measured during the layer optimization
process. This finding may result from the very small size of the nanogap, it is comparable with the grain
size. The first device structure with flat electrodes and 100 nm large gap worked only at elevated
temperature (=60 °C), close to the phase transition temperature, which may result from less efficient Joule-
heating and a lower electric field. In case of the third design, we could form the sub-5nm large nanogap,
however during the electrical switching the narrow electrodes were too unstable and we could not operate
the memristor reproducibly.

Owing to the volatile hysteretic resistive switching behavior of the VO, memristor, we can construct
astable oscillator by connecting a parallel capacitor (C1) and an external d.c. voltage source (V) to the
memristor through a load resistor (R.) (Fig 4.12.e). The current flowing through the device is shown in Fig.
4.12.e, the state of memristor is periodically altered between the ON state (high current part) and OFF state
(low current part). The characteristic time constants (t1, 12), which belongs to the charging and discharging
of the capacitor can be tuned by the external electric elements. These oscillators could be used e.g. in the
hardware realization of spiking neural network.

Besides the unipolar spikes, the action potential like signal can also be produced by constructing
artificial neuron. The artificial neuron consists of two resistively coupled astable oscillators, each having a
d.c. biased active memristor (Xi, X2), a parallel capacitor (Ci, C;), and a load resistor (Ri1, Ri2)
(Fig. 4.13.a). According to the firing characteristic, the neurons can be a tonically or a phasically active
neuron. In the former case the neuron fires evenly spaced spikes or burst of spikes when stimulated by a
steady d.c. input. This firing behavior is demonstrated by a tonic burst signal in Fig. 4.13.a. The phasically
active neurons, on the contrary, fire only a single spike or burst of spikes at the onset of the steady d.c. input
due to transient dynamics and remain quiescent afterwards as the input reaches the steady state. Fig. 4.13.b
shows a rebound spike behavior in a phasic VO2 neuron. The basic parameters of the generated neural
signal, such as period time, number of spikes per period, duration of a spike, voltage offset, etc., can be
tuned by the electrical circuit elements (capacitances, resistances, voltage levels). The VO, arbitrary
neurons are promising devices to construct highly efficient brain-machine interfaces.

We simulated the electrical circuit of the artificial neuron by MATLAB using Simulink environment.
The VO, memristor was realized by a two-state switch with hysteresis, controlled by the potential difference
between the nodes. The simulation enables us to set the proper resistance, capacitance and voltage values
to get the desired output waveform. A simulated physically active neuron is seen in Fig. 4.13.d, whereas
the time dependent energy consumption is shown in the inset. The energy needed to generate single, 40 ps
long spike is around 8.2 nJ.
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Figure 4.13 a) Tonic bursting behaviour in response to the d.c. input voltage. b) Rebound spike behaviour: the
neuron receives and then is released from an inhibitory, negative input, it fires a post-inhibitory (rebound) spike. in
response to the release (the rise edge) of the inhibitory input waveform. c¢) The circuit diagram of the tonically active
neuron, which produces the neuronal function, shown in panel a). d) Simulated physically active neuron using
MATLAB Simulink software. The inset shows the time dependent energy consumption.
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AlGaN/GaN heterostructure based force sensor

P. Neumann, J. Radé, J. Ferencz, J. Volk

GaN, as a piezoelectric wide-bandgap semiconductor, can play an important role in next generation
micro- and nanoelectromechanical systems (MEMS, NEMS). It is electrically more resistant in harsh
environment and against ionizing radiation than Si, which triggers new applications in space technology.
Moreover, epitaxial thin films are already commercially available on Si wafer making it compatible with
standard Si MEMS technology.

In this work a novel AlGaN/GaN heterostructure based 3D force sensor (2DEG force sensor) is
proposed. The principle of operation is like that of its Si counterpart: a thin membrane is deformed upon
applying a loading force on the Si micro-stick formed on the back-side of the membrane. Local strains in
four positions of the membrane are measured by semiconductor gauges. By collecting the electrical signals
both the magnitude and the direction of the force can be determined. However, in contrast to conventional
Si piezoresistive devices, here mechanical strain influences the density of the 2-diementional electron-gas
(2DEG) at the AlGaN/GaN interface by changing the magnitude of the discontinuity in the polarization
vector between the two layers.

For a side-by side comparison with our standard Si piezoresistive force sensor, we employed the same
device geometry for the 2DEG force sensor. We used a commercial high-electron mobility transistor
(HEMT) epilayer stack (GaN(3 nm)/AlGaN (22 nm)/GaN (1,5 um)) grown onto a 4” Si wafer (NTT-AT).
During the fabrication process we fabricated four voltage divider bridge circuits on the device side, each
having a reference AIGaN/GaN resistors on the bulk and a sensitive one on the top of the membrane
(Fig. 4.14.a). AlGaN/GaN resistors were formed by physical Ar etching from the top down to the semi-
insulating GaN layer (mesa structure) and by a subsequent ohmic contact formation. The flexible membrane
and the Si microstick are formed by a deep reactive etching (DRIE) step from the backside of the Si wafer.
The schematics of the device geometry from both sides and the result of a finite element calculation
(Comsol) are shown in Fig. 4.14.b and 4.14.c.

Surface: Volumetric strain (1)

N
Figure 4.14. a) Layout of the AlGaN force sensor from the epilayer side. Each Bl-4 voltage divider bridge consists
of a strain sensitive 2DEG resistor placed on the membrane (green area) and a reference meander on the bulk.
Direction sensitive strain distribution occurs upon pressing the columnar Si stick (blue area). Volumetric strain
distribution in the membrane calculated by finite element analysis shown from the backside (b) and from the device
side (c) of the chip. By applying a load having lateral force component a significant asymmetric strain builds up in

the membrane.



MFA Yearbook 2021 90

The characterization of the device was started with a fracture strength test by pressing a sharp metal
needle along perpendicularly against the flat top surface of the Si micro-stick. During the test the deflection
of the tip position and the applied normal force (Andilog) were recorded (Fig. 4.15.a). As shown in
Fig. 4.15.b all the tested GaN drumskin membranes had a linear force-displacement curve, the obtained
spring constants and fracture strength are in the range of 4,2-5,3 mN/um and 35-50 mN.

In the next step, the sensitivity of the force sensor on normal force load was investigated. We applied a
constant bias of 1V on each bridge and measured the voltage signal between the 2DEG resistors using a
matrix switch module (NI PXI). For a better visualization, at the beginning of the measurement a reference
voltage was taken for each bridge and only the change as a function of time upon increasing load pulses is
shown in Fig. 4.15.c. The recorded voltage signals gave a fast response (<0.2 s) on the applied load and
found to be proportional on that. The relatively high difference in the sensitivity of the bridges can be
attributed to the asymmetric device geometry caused by the non-ideal setting of the DRIE system. The 3D
loading test of the 2DEG force sensor is still in progress and we also plan to repeat the experiments in the
current saturation regime where a higher sensitivity is expected.
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Figure 4.15. a) Force sensor testing set-up with the bonded chip (green), perpendicular loading needle mounted on
a force gauge (not shown), and USB cameras. b) Force-displacement curves of fracture tests of four devices.
Fracture occurs in the range of 35-50 mN. Inset: USB camera image of the needle tip in contact with the force
sensor. ¢) Voltage signals (left axis) of the measuring bridges upon increasing loading force pulses (right axis)

The 3D loading test of the 2DEG force sensor is still in progress. We also plan to repeat the experiments
in the current saturation regime where a higher sensitivity is expected.



MFA Yearbook 2021 91

Middle ear MEMS detectors for fully implantable cochlear implants

J. Rado, A. Dacher, Z. Pusztai, J. Volk in collaboration with PTE and SOTE

Fully implantable cochlear implants could offer several advantages for patients suffering severe hearing
loss. However, the miniaturization, complexity as well as self-powering, signal processing and cochlear
multielectrode system are required for such a fully implantable device. Correspondingly, these
requirements are to be fulfilled in order to eliminate the use of external unit, i.e. microphone, sound
processor, transmitter and battery, which are used in conventional semi-implantable hearing aids. In this
work, instead of the direct detection of the sound (microphone), we demonstrate an accelerometer array,
which could be mounted on one of the vibration transmitting bones, like anvil (incus), in the middle ear.
To reduce the sensor dimensions, the accelerometer array is made with a multi-electrode structure. As a
result, more than one frequency can be identified with a single spiral using a simple truth-table based on
the phases of the signals (Fig. 4.16).
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Figure 4.16 Z component of the polarization vector along the spiral length (on the left), the truth-table (on the top-
right) contained the momentary sign of the signals and the FEM model (on the bottom-right) in which the red bars
indicate the position of the electrodes. Every image refers to the same spiral.

As the dimension and the location of the electrodes are crucial issues for the appropriate operation of
the sensor, in 2021 we redesigned the multi-electrode structure based on Comsol Multiphysics FEM
calculations. The simulation models were tuned with the results of vibration measurements using a SmarAct
PicoScale vibrometer.

Having designed the new layout of the electrode structure, the sensor was fabricated in our cleanroom
applying conventional MEMS technology steps (Figure 4.17). As a continuation of the topic, this year we
will validate functionality of the new design with measurements using our vibrometer and minishaker
setups.

In parallel, we also started the preliminary animal experimentations in collaboration with University of
Pécs Medical School and Semmelweis University. The main goals of the experiments were to practice the
implantation process to a mouse cochlea using a 3-contacts cochlear electrode provided by MED-EL
Corporation and to test the stimulator electronics and the Auditory Brainstem Response (ABR)
measurement system (Fig. 4.18). In order to reduce ambient noise contamination of the stimulus, we
developed an electrically independent stimulator circuit. To ensure synchronization between the stimulus
and the ABR signals, the stimulator receives only a trigger signal from the ABR equipment via optical
cable. The stimulator generates biphasic nerve-like stimulus to avoid nerve fatigue. The ABR system
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receives the mouse brain response through a pre-amplifier and records averaged data, repeating the
stimulation 800 times. During the data analysis we found that the 1.5V stimulus overrode the ABR pre-
amplifier, so the low-level brain signals, which are in the nanovolt range, could not be retrieved from the
recorded data. This year, we need to redesign our stimulator so that upon every stimulus onset the recording
amplifier is blanked for a few microseconds [Ref. 4.5-4.6].

Figure 4.17. The completed device with nine single spirals geometrically tuned to different resonant frequencies
and harmonics (on the left) and a close view of the central spiral (on the right). The yellow bars indicate the
realized gold top electrodes

Pre-ampliﬁer\ /

ABR electrodes

Cochlear a
electrode

Figure 4.18. ABR measurement arrangement. The electrode implantation to the cochlea was carried out under
stereomicroscope on an operating table located next to the ABR system.
The operating physician was Péter Révész from University of Pécs.
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A novel force sensor-based measurement system
for abnormal road surface detection

NVKP_16-1-2016-0018 “KoFAH”

J. Rado, A. Nagy, J. Volk in collaboration with ELTE and SzTAKI

Besides tire pressure monitoring, intelligent tires can be exploited to analyze tire/road interactions,
wheel loading, tread wear, and they can support automotive vehicle applications. In this study we develop
a measurement system for intelligent tires including a novel piezoresistive force sensor. In order to protect
the sensor from the outer harsh environment and obtain the highest response signals, the inner sidewall was
chosen as the embedding location. Based on our previous experience the greatest deformation within the
sidewall occurs near the tread, as a result, the sensor was glued there (Fig. 4.19). To retrieve the data from
the sensor built into the inner sidewall of the tire, we developed a readout electronics capable of driving the
voltage bridges with 2.5V, conditioning the signals, and transmitting the data wirelessly. The readout
electronics was powered by LiPo battery that can be charged from outside the tire with a commercially
available RF charging coil. Both electronics and the RF coil were fixed to the tread as a less compliant area
of the tire.

. Tyre repair ring
Silicone coverage

Tyre repair
patches

Flexible PCB Metal disc 3D force sensor Tyre sidewall

Figure 4.19. Schematic of the embedding process. Due to the air gap, the sidewall deformation of the tire can be
transmitted to the joystick through the tire repair ring and the flexible silicone coverage

In order to carry out the dynamic experiments, two test tires were mounted on a Nissan Leaf provided
by Institute for Computer Science and Control (SZTAKI). The external receiver electronics were placed in
the engine bay of the car as close as possible to the tires to ensure the continuous signal transmission
(Fig. 4.20). The received signals were transformed according to the CAN BUS protocol of the vehicle for
on-board computer processing and data recording. The CAN transformation ensures the synchrony between
the tire sensor signals and the other dynamics data, such as accelerations, speed, angular momentum and
GPS coordinates.

For the final test, two different, well-separable road surfaces were chosen in Budapest. One, the so-
called “normal” surface, was a newly paved, perfect asphalt pavement, while the other, “abnormal” surface,
was an old, poor quality concrete road with potholes. We passed through both pavements many times and
recorded the signals of the tire sensors along with other dynamic data from the CAN BUS.
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Figure 4.20. Off-tire receiver and data conversion electronics. The PCBs were placed in a 3D printed box to protect
them from the harsh environment. The red arrows indicate the final position of the electronics

The output of the sensor was segmented into tire revolution cycles, which were then transformed to a
subspace spanned by adaptive Hermite functions. The underlying idea behind this step is to emphasize
relevant features of the data which capture the dynamics of the tires. We developed two abnormality
detection methods relying on this signal representation. In the first case, the parameters of the applied
adaptive transformation were optimized for each sensor output segment separately. The acquired
representations were then classified to be normal or abnormal based on an analytic, statistical approach. In
the second case, we optimized the parameters of the transformation and the weights of the underlying
classifier simultaneously with the help a model driven neural network architecture referred to as a variable
projection network (Fig. 4.21.). Experiments using measurements acquired from the public roads of
Budapest show an abnormality detection accuracy of over 97%.
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Figure 4.21. VP-NET architecture. The first layer implements a variable projection operator (in our case an

adaptive Hermite function based residual transformation). The output of this layer is then passed to a neural

network. The parameters of the transformation implemented by the variable projection layer are thus trained
together with the weights of the underlying classifier.
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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 sensing and 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 directives (S3 - National Smart Specialisation Strategy) by the following
research topics:

e 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,

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 Microsystems 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, 10
researchers, 9 engineers / PhD student and 3 technicians work for the Laboratory with close and flexible
cooperation with the colleagues of the Nanosensors Laboratory.

e MEMS/smart sensors (Csaba Diicsé, Ferenc Biré, Janos Radod): 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 BioMEMS, medical applications (Péter Fiirjes, Csaba Diicsé, 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
National Brain Programme.

e Lab-on-a-Chip / Organ-on-a-Chip (Péter Furjes, Anita Banyai, Lilia Bat6, Ddora Bereczki,
Orsolya Hakkel, Petra Hermann, Zsuzsanna Brigitta Sik, Zsombor Szomor): The Lab-on-a-
Chip and Organ-on-Chip systems are essential building blocks of Point-of-Care diagnostic and drug
analytical tools in the medical field. We have vast experience in this topic, especially in
microfluidics. Accordingly, we actively collaborate with companies and universities in this field
(77 Elektronika Kft., University of Pécs) as well.

¢ IRLED (Zoltan Szabo6, Barbara Beiler, Ferenc Bird): 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.

e Integrated systems / Heterogeous integration /10T (Péter Foldesy, JAnos Mark Bozoradi):
Research grants ask for a certain level of preparedness, which usually includes demo systems
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(sometimes prototypes). Therefore, the requirements of developed instruments and their electro-
mechanical integration are becoming a greater task.

e Technology, FEM / Multiphysics Modelling (Eszter Leelossyné Toth): 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 1lum, 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, 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
Structured polymer layers — PMMA, P, SU8 patterning, micromoulding, soft lithography — PDMS
Wet chemistry — chemical wafer cleaning, isotropic and anisotropic etching techniques
Dry etching — deep reactive ion etching, plasma etching techniques (DRIE, RIE)

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

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
(ELKH-ATOMKI, BME, PPKE, SE, ELKH-SZBK, PTE, ELKH-WIGNER, ELKH-TTK, ELKH-
SZTAKI) and research groups to perform interdisciplinary research. We are supporting the National
Quantum Technology Programme (HunQuTech), the National Brain Programme and National Laboratory
on Human Reproduction Programme by our infrastructural background. Besides the scientific projects, the
Lab offers technology development services, with these industrial partners (SEMILAB, 77 Elektronika,
Mirrotron, Trimble, Bay Zoltan Appl. Res., Z-Microsystems (Austria), Anton Paar (Austria), Senop
(Finland), FRK (Poland), Philips (The Netherlands)) the higher technology readiness levels are also
achievable (TRL 2 — 6).
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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 TalTech, 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.

A pilot line for the next generation of smart catheters and implants — POSITION-11, ECSEL 2017-
2-783132

Accelerating Innovation in Microfabricated Medical Devices — Moore4Medical, ECSEL
Innovation Actions (I1A), Call ECSEL-2019-1-1A

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

Advanced Aerosol Metrology for Atmospheric Science and Air Quality - AEROMET Il, European
Metrology Programme for Innovation and Research (EMPIR 9ENV08)

Development of Rapid Urine Bacteria Analyzer — VEKOP-2.2.1-16-2017-00001 -
,»Versenyképességi és Kivalosagi Egylittmiikodések™

Low-dimensional nanomaterials for the optical sensing of organic molecules on liquid and gas
interfaces - OTKA K 131515 (participant)

IR spectroscopy of extracellular vesicles: from exploratory study towards IR-based diagnostics —
OTKA K 131594 (participant)

Thin film integrity check by capillary bridge test — OTKA FK 128901 (participant)

Scientific cooperation:

Manufacturing optrode devices applied in the NKP 17 , National Brain Programme” - 2017_1.2.1-
NKP-2017-00002 for Pamany Péter Catholic University

Industrial cooperation:

Development and optimisation polymer based autonomous microfluidic cartridge, its production
technology and measurement methodology for high sensitive Point-of-Care detection of
cardiovascular blood biomarkers for 77 ELEKTRONIKA Ltd. (subcontraction)

Development CVD technology and equipment for deposition low roughness polycrystalline Silicon
layers for MIRROTRON Ltd. (subcontraction)

Development and manufacturing specific calibration test samples for characterisation methods of
semiconductor industry for the SEMILAB Co.

Development and manufacturing Near InfraRed LED devices for spectroscopic applications for
Senop Ltd. (Finland)
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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, I. Barsony, Cs. Diicso

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.
Apart from the optical and electrochemical approaches and the corresponding systems, there are two viable
solutions, both exploit temperature changes and read-out by:

e measuring the temperatures of a heated catalyst surface and a passive reference,
e measuring the temperatures of a filament exposed to gas environment and a perfectly sealed
reference heater.

Although the catalytic device is expected to detect lower gas concentration and exhibit better sensitivity,
the second, heat-conductivity type device is simpler and still in use in practice. 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 [Ref. 5.1-5.2].

The basis of the sensor is a newly developed small diameter (150um) microhotplate exhibiting +1%
temperature uniformity on the heated area below 550°C. The stability of the heater is 5000 hours at least at
the operation temperature of 530°C, thereby in pulsed mode operation ca. 5 years operation can be achieved.
The power dissipation at 500°C is 27mW/1.5V, so the chip can be utilized in portable or wearable devices
for personal safety. [Ref. 5.3] An alternative, suspended crystalline-Si microheater was also developed to
form and test the miniaturised conventional bead-type pellistor.

%, HY | eurr det |mode mag® | WD HFW use
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Figure 5.1. Gas sensor chips in laser micromilled ceramic headers. Catalyst (black on the optical image) and
reference suspensions (white) dropped on hotplates (a) and c-Si filaments (b). The artificially coloured inset shows
the shape of the micro-bead. The size of both chips is 1x1 mm?2.
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The other key element of the development is the SMD compatible mechanical encapsulation. The
ceramic elements were jointly designed followed by laser milling fabrication at the Russian partner. The
catalytic sensors measure the heat generated by the controlled catalytic combustion of the burning/explosive
gases. In order to avoid false thermal signals caused by temperature variation, flow and compositional
changes (e.g. humidity) of the ambient the sensor consists of two identical heaters; one is covered with
chemically active catalyst, whereas the other has a passive cover and serves as a reference (Fig. 5.1).
Although the stability of all the catalysts have been investigated need to be improved to consider them in
commercial devices the dynamics of the sensor chips enables the pulsed mode operation (Fig. 5.2).
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Figure 5.2. Responses of freshly prepared pellistors in pulsed mode operation for LEL 20-100% of CH4. The origin
of the first peaks is the difference of the heating-up speed of the two elements (active, passive). The bead-type
pellistor formed on c-Si microfilament provides stable response after 200ms (left). Reliable signal of the thin film-
ALD catalyst covered hotplate is given after 50ms. (right). Apart from the better dynamics the first small peak also
indicates the better control of the processing technology.

In the follow-up activity we plan to elaborate the appropriate material composition of the thin film
catalyst to achieve the necessary sensor lifetime required by any commercial device. We hope to build a
reliable earth gas sensor with combining the already proven (report 2020) heat conductivity device and this
thermocatalytic sensor. Having in hand the stable heaters we now focus on other applications.
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Design and development of a 3D Flex-to-Rigid compatible force sensor

H2020-ECSEL-2017-2-783132 “POSITION-1I - A pilot line for the next generation of smart catheters
and implants”, 2018-2.1.6-NEMZ-ECSEL-2018-00001

J. Rado, L. lllés, P. Fiirjes, Cs. Diicso

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 goal of our task was to develop a force sensor structure we can built in the tip head of a catheter.
Due to the required function the sensor must have minimum 3 sensing elements. In the first two years we
have developed alternative force sensor structures and characterized them in terms of their sensitivity and
capability to resolve the loading force components. As described before the best structure utilizes the
Philips’ CMUT-type surface micromachined capacitor elements arranged in concentric 6 segmented blocks.
We also investigated the appropriate coating material and its geometry to get the best force conveying
performance. Finally a hemisphere bumpers were formed by moulding the elastomer to cover the capacitor
array, then individually glued on the surface. The sensor responses could be dramatically improves if a thin
hard coting layer was applied on the elastomer (Fig. 5.3).
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Figure 5.3. Concept of the tip head force sensor in the catheter (left). The layout of the six capacitor blocks of the
chip contain 42 (inner) and 48 (outer) micromachined capacitances and is covered with force transferring
biocompatible elastomer. The chip before encapsulation (middle) and after assembled in the tester (right). The
controlled load is applied via a 250um diameter glass pin.

In the previous year we determined the sensitivity and demonstrated the 3D resolving functionality by
loading the sensor at the centre point from 33 different directions and uniformly increasing the force from
0 N to 500 mN in each case (Fig. 5.4). In order to retrieve the loading force and also obtain the load/contact
point from the collected data, we applied a deep feed-forward neural network. The neural network consisted
1 input layer, 3 hidden layers and 1 output layer containing different number of neurons. The number of
the hidden layers and the neurons were optimized for the force sensor by comparing the root-mean-square
errors of each construction. The input and the output layers were determined by the system. The response
signals of the six segments provided the six inputs, whereas the three components of the force and the
coordinates of the contact point could be obtained as outputs. For training the network, a Levenberg-
Marquardt algorithm based back-propagation learning method was employed by using the build-in train
function of MATLAB. According to the routine procedure, we split the measurement data into three
subsets. The first subset containing 70% of data was the training set, and the remaining 15%-15% of data
were used in validation and for testing, respectively.
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Figure 5.4. Representation of the loading directions and the typical responses of the six elements (right).

In order to examine the contribution of the segments (capacitor blocks) of the outer and the inner rings
to the network performance, we made different calculations with different number of network inputs. The
network performance was very good for the response signals of the six segments as well as for the three
segments of the outer ring. However, the prediction of Fx and Fy components was poor when based on the
signals of the inner three segments only. In Fig. 5.5 the significantly better performance of the outer 3
elements for the Fx and Fy (tangential) components is clearly seen, as the predicted and calculated values
can’t be distinguished.
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Figure 5.5. Estimation of the force components based on response signals of (top row) the inner segments and
(bottom row) the outer segments

Having got an impressive direction dependence in the responses and considering that we have six
signals, we also tested whether we can also retrieve the point of application as an additional extra. Parallel
with the determination the force vectors, the network performance was also satisfactory in retrieving the
position of their contact points. In this case, the RMSE values along the x- and the y-axes were 0.48 and
0.63, respectively. These levels of errors mean that the network estimates the position of the contact points
in both directions much more accurately than the characteristic distance between the two neighboring points
we measured for training.
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The feasibility of the sensor integration in the catheter tip was demonstrated by the circular shape and
the F2R (flex to rigid) compatible processing. The concentric double ring arrangement, and the need for
three signals offer the possibility to further reduce the diameter of the circular chip. We have proven the
functionality of the 1.6mm diameter chip, but we think that with appropriate design of the chip (i.e.
introduction of TSV, through silicon via) and the electronics, further reduction to 1.2-1.5mm size is also
feasible. The sensor sensitivity is in the range of 1-500mN. Training a NN the system can provide accurate
and quick information on the contact force.
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Polymer based autonomous microfluidic systems for medical diagnostics

Polimer alapt autondm mikrofluidikai kazetta gyartastechnoldgidjanak fejlesztése és optimalizalasa,
mérési madszer fejlesztése kardivaszkularis betegségek vérmarkereinek nagy pontossagu betegagy
melletti kimutatasdhoz (Partners: Semmelweis Egyetem, Budapest University of Technology and
Economics, Aedus Space Ltd.) R&D contract (as subcontractor of 77 Elektronika Ltd.)

A. Banyai, P. Hermann, Zs. B. Sik, O. Hakkel, P. Firjes

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.

To define precise sample flow rates in the microfluidic systems adequate surface modification and macro
and microscale structuring of the geometry are crucial. The COP (cyclic-olefin-polymer) material were
choosen and modified by specific surface treatment methods, as oxygen plasma treatment, Ar plasma
induced polymerisation of Pluronic F127 and PEGMA (Poly(ethylene glycol) methacrylate) layers, dip-
coating of BSA (Bovine Serum Albumin). Accordingly the applicability of different surface modification
methods were analysed with special consideration of the long term stability of the surface properties as
contact angle, roughness, non-specific binding of biomolecules and labelling nanoparticles. The modified
surfaces were characterised by surface contact angle measurements, FTIR (Fourier Transform Infrared
Spectroscopy), AFM (Atomic Force Microscopy), spectro-ellipsometry. Fig. 5.6 demonstrates the
chemical change of the O, plasma treated substrates during 12 months’ storage: the intensity of the
characteristic peaks of hydroxyl groups and carbon-dioxyde molecules indicates the contamination of the
surface which is much more moderated in case of low temperature storage with water absorbent.
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Figure 5.6. The ATR FTIR spectra of the uncoated and the O, plasma treated COP substrates
stored at air athmosphere (left) and at 4°C (right) — as prepared and after 6 or 12 months.
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In a previous project (Multiparaméteres Point of Care in vitro diagnosztikai rendszerek fejlesztése) 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 continuously
developing the microfluidics based Lab-on-a-Chip device for the specific cardiovascular diagnostic panel.
In the actual period the geometry of the microfluidic systems was finalised according to the additional
requirements of the optical detection method and the real sample. To step forward the industrial polymer
manufacturing technology the injection moulding technology was tested as promising manufacturing
solution. The Microsystems Lab developed 3D silicon dry etching technology applicable for structuring
mould master for the injection moulding elaborated by Z-Microsystems GmbH. The parameter set for the
cryo type deep reactive ion etching was optimised to achieve adequate geometry profiles (Fig. 5.7.) of the
silicon master.
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Figure 5.7. 3D silicon moulding master fabricated by cryo type deep reactive ion etching for injection moulding of
polymer microfluidic cartridges.
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Microfluidic sample preparation system for rapid urine bacteria analysis

VEKOP-2.2.1-16-2017-00001 — “Versenyképességi és Kivalosagi Egyiittmiikodések - Gyors hugyuti
baktérium elemzd mérokésziilék fejlesztése (Rapid urine bacteria analyzer)”

A. Banyai, P. Hermann, Zs. B. Sik, E. L. T6th, O. Hakkel, P. Frjes

In this finished project the main 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 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. For the proper passive operation of such device, a bubble-
free channel upload had to be provided, by taking account the appropriate setting of the surface properties
of the structural materials, and making a special design of the fluidic microstructure. The microfluidic
channel was developed by soft lithographic method in PDMS (polydimethylsiloxane) polymer and the raw
material was further modified by PDMS-b-PEO copolymer molecules, to ensure the hydrophilic properties
of the walls.

For the dielectrophoretic concentration of bacteria, metallization technology was used to develop a high-
resolution electrode network on COP polymer film with the thickness of 100 um. To manage the autofocus
function for image processing system, the electrode design were further equipped with an additional pattern.
The manufactured microfluidic compartments and COP foils the containing high-resolution gold electrodes
were handed over to project partners (77 Elektronika Kft. and SZBK) for further measurements.

Hydrodynamic principle based microfluidic filters and lateral concentrating structures were developed
and evaluated by their filtration efficiency for different particle sizes; and by the target loss ratio in the size
range of bacteria. 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 inertial focusing phenomenon was investigated, which can be
used as a passive method for sample preparation and target manipulation in case of particulate suspensions.
Asymmetric channel geometry was designed to apply additional inertial forces besides lift forces to promote
laterally ordered particles to achieve sheathless focusing or size dependent sorting. The lateral focusing was
achieved by a hydrodynamic method and 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. The evolving
hydrodynamic forces were tailored with altered channel parameters (width and height), and different flow
rates, to get a better understanding of smaller beads’ lateral migration. The behavior of the microfluidic
system were tested by using artificial fluorescent beads with different sizes (diameter of 15.8 um — 6.08
pum — 1.97 pum beads) and GFP-labeled E. coli also. These particles were used to distinguish the focusing
position in continuous flow (Fig. 5.8.), and experimental results were compared to in-silico models for
particle movement prediction, made in COMSOL Multiphysics (Fig. 5.8.). The focusing behaviour of the
applied microfluidic system was mainly characterised for particles size in the range close to blood cells and
bacterias.
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Figure 5.8. Lateral focusing of 15.8 and 6.08 um beads at 0.5 pl/s flow rate and concentration of 1.97 um beads at
the end of the lateral focusing unit (A). E.coli could not be focused in the very same structure (B.), although could
be concentrated at decreased channel height (15 pum) and increased flow rate (2 ul/s) (C.). Computational data with
the cross sectional distribution of the beads in the channel height (D.) and the lateral distribution of the beads (E.)

Computational fluid dynamics (CFD) simulation was also performed using COMSOL Multiphysics
(version 5.3a) to analyse and predict particle movement in the specially designed microchannels. Finite
Element Modeling (FEM) is applied to numerically calculate the Navier-Stokes equation considering
laminar flow due to the low Reynolds number regime. Particle tracing module was used to calculate particle
trajectories in the pre-solved velocity field using spherical particles with two different diameters and
properties set to be in correspondence with fluorescently labeled polystyrene beads applied in experimental
validation (density: 1055 kg/m3, diameter: 4.8 um, 15.8 um). In Fig. 5.8.C-D the Poincare map represents
the calculated positions of the particles at the outer surface of the microfluidic systems, and the lateral
distribution function comparable to the fluorescent intensity measurements [Ref. 5.4-5.5]
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Hierarchically Combined Periodic SERS Active
3D Micro- and Nanostructures

R. Ocsi, Zs. Zolnai, 1. Rigd (Wigner FKK), M. Veres (Wigner FKK), O. Hakkel, P. Fiirjes

Raman spectroscopy is finding many applications in biology, life sciences and other areas. Raman
scattering is inherently weak, but its sensitivity can be improved by implementing surface-enhanced Raman
scattering (SERS). 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. This highly sensitive detection
performance of SERS was utilized for analysing molecules located in the few nanometer distance or
immobilised on the surface of nanoparticles trapped in a specially designed microstructure. By means of
the effect efficient detection method can be developed for the analysis of low concentration biological
samples assuming that sample transport and preparation system is also integrable.

To increase the local field intensity of Raman scattering, gold nanospheres were entrapped in gold coated
periodic inverse pyramid structures, being SERS substrates by themselves. The applicability of this
complex structure for sensitive molecule detection was proved by comparison of the detected Raman
signals with and without particle entrapment. Moreover its relevance in molecular diagnostic was also
proposed considering the specific surface functionalisation of the gold nanoparticles.
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Figure 5.9. SEM images of the inverse pyramid SERS substrate with 200 nm GNPs located in some of the voids.

Silicon was used as substrate material of the inverse pyramids with 150 nm gold coating, and
periodically ordered gold nanospheres (with 100 and 200 nm diameter) were placed into the pyramids. A
remarkable increase of the surface enhancement has been observed in gold coated micron sized inverse
pyramid after placing a gold nanosphere inside it. The amplification of both surface enhanced Raman and
fluorescence signals was found to be dependent on the size of the gold nanoparticle, and the enhancement
can be two orders of magnitude larger than that of the empty pyramid (Fig. 5.10.).



MFA Yearbook 2021 109

black line: ' 1
w000 . Au coated pyramids with Au-NP || h

nanoparticles (200nm diameter) H “
red line: plain Au surface |

£0000 ‘

SH || i ‘|
40000 H ‘ | ‘|
thiophenol ‘ “ || | ‘ |

20000

Intensity [counts]

| \ |
\lwl l\H W“\‘W ‘| A

Py M . -
/ A N, o Sy "*‘-am‘,'l \
J’lﬁ

f
| e, Mol
N P P AN e gor? W

800 800 1000 1200 1400 1600

Raman shift [1/cm]

Figure 5.10. Surface enhanced Raman spectra of thiophenone solution dripped and dried onto inverse pyramid
arrays entrapping a Au NP with diameter of 200nm.

To understand the analytical performance the near-field intensity distributions of inverse pyramid arrays
were studied by FDTD simulations using the Lumerical FDTD Solutions v.8.15.736 software. The origin
of the phenomenon was investigated by finite differential time domain simulations that showed that
coupling of the electric field occurs when the nanosphere protrudes into the high intensity near-field region
of the pyramid. The plasmon-related near-field enhancement was found to be concentrated into the gaps
formed around the contact points of the curved sphere and the flat pyramid surface [Ref. 5.6].
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Development and small scale production of near infrared LEDs and LED
based devices: and their spectroscopic applications

Moore4Medical, ECSEL-2019-1-1A -876190 2019-2.1.3-NEMZ_ECSEL-2020-00005

F. Biré, J. Bozoradi, G. Battistig, Cs. Diics6, B. Beiler, Z. Szabo, P. Fiirjes

Near infrared LEDs for spectroscopy

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 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 950-1650 nm. 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. Our high quality single peak LED chips (1220nm) have a stable market, our business
partners are SENOP Oy (Fi) and Anton Paar Ltd. (At).

The purpose of the LED2Spectro (Knowledge Transfer) project is to connect the Centre for Energy’s
Microsystems Lab with a potential application partner Photonic Insights (Germany) who also serves as an
interface between the Microsystems Lab and Fraunhofer 1ZM. Berlin-based company Photonic Insights
develops products for advanced quality measurement. Microsystems Lab provides LED based illumination
technology that is targeted in the near-infrared (NIR) region 950nm to 1650nm. This illumination is an
optimal complement for cutting-edge spectrographic sensors. These LEDs can be integrated into the
existing spectrographic device created by Photonic Insights. The unique double-wavelength LEDs have the
advantage is that emission peaks are stable relative to each other because only one LED driver circuit is
needed and both of peaks are generated by the same emission spot. New innovative NIR LED light source
is under development which illuminates in the whole NIR spectral range. It could replace the miniature
incandescent light sources in the handheld spectroscopic devices. The first solution that will benefit from
the cooperation is Photonic Insights’ metrology suite which adds value to certain agricultural and water-
related use cases due to its price performance ratio.

Tea quality measurement is an untapped segment of measurement technology. This is primarily an
Asian (China, Sri Lanka, India) agricultural market. In tea quality measurement technology there are so far,
two competitors present. One of them offers a stationary, not handheld device with mediocre analytic
capabilities, the other offers a mobile-phone-integrated solution, hence handheld; however, the analytical
capabilities are low. Optical reflectance measurements in NIR range on wet and dry tea leaves are capable
to identify to monitor the drying process of the leaves; optical absorbance measurement in the UV-NIR
range helps to investigate the optically detectable target molecules in tea solutions.



MFA Yearbook 2021 111

Reflectance measurements on tea leaves were carried out simultaneously with mass measurement during
the drying process. The known water content vs. reflectance spectra (Fig. 5.11.a) were analysed by Photonic
Insights to identify the most important wavelength lines and develop the calculation method for the moisture
measurement. It is possible to distinguish between different types of tea solutions based on the visible and
NIR absorbance spectra (Fig. 5.11.b.). To measure absorbance in UV range further dilution was necessary.
The chemical composition of tea is very complex, and it contains, among other things, polyphenols,
alkaloids (caffeine, theophylline and theobromine); amino acids (L-theanine); flavanols/tannins;
carbohydrates; proteins; chlorophyll and volatile compounds. Photonic Insights has the knowledge base
and experience to analyse such a complex data using various analytical methods.
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Figure 5.11. NIR reflectance spectra of wet and dry tea leaves (left) and UV-NIR absorbance spectra of different tea
solutions (b.).

Marker molecule detection in Organ-on-Chip applications

The 3 year long international Moore 4 Medical project was started in June 2020. The consortium has
participants from 12 countries and from around 64 companies and research institutes. The project leader,
Phillips Research try to create the base of new open technology platforms which will accelerate innovations
in various medical domains such as implantable devices, organ-on-chip, drug adherence, next generation
ultrasound, towards x-ray free surgery and continuous patient monitoring. Our main task is in the field of
development organ-on-chip applications, where the collaboration develops a smart multiwell plate system.
A smart multiwell plate works as an autonomous system with micropumps, microfluidic infrastructure that
provide perfusion, as well as the electronics to drive the micropumps and integrated readout sensors.
Another part of the system is a smart multiwell plate lid that can be used in combination with ordinary, as
well as the smart multiwell plates. The non-disposable lid contains micropumps and sensors that monitor
in situ and in a parallel fashion monitor the medium of cell cultures in incubators.

Our laboratory participates in designing the microfluidic layer of the smart well plate, development
flexible sensor module for the smart lid and the integration of optical NIR spectral sensors. We intend to
develop near IR LED sources and spectroscopic solution for monitoring nutrient composition (e.g. glucose
concentration) in microfluidic channels. There is only a small space (~1 cm?®) available in the smart well
plate for an optical sensor, if we are still intended to construct a modular plug-in module. According to the
limited space the miniaturisation and usage microfluidic channels and cuvettes are crucial. The final vision
is to construct a modular optical plug-in module integrated with microfluidic sample monitoring system
and the measurement has to be restricted to a few specific wavelengths using absorption or fluorescence
detection.
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For the first period the main goal was to define system specifications and architecture. Accordingly
the components of the cell culture media and its additives were investigated by measuring their optical
characteristics in the 200-2500 nm (UV-VIS-NIR and even in mid infrared) range. Absorbance,
transmittance and fluorescence spectra were recorded so far on DMEM/F-12 plus and Vitrolife G1 (plus)
solutions, glucose, lactate, glutamine molecules and antibiotics such as penicillin streptomycin,
streptomycin sulphate, neomycin sulphate in different concentrations. Other target molecules, various grow
factors are also considered: EGF, FGF, BDNF, VEGF, GDNF. High throughput optical studies were stated
by platereader (TECAN Spark) also in the 200-1000 nm range.

Glucose has only a very small absorption in near infrared (NIR) range in the usual concentration
range and has no fluorescence signal.

= Lactate (which indicates the anaerobic glucose consumption) has high absorbance in the UV region

and absorbance peaks in the NIR range.
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Figure 5.12. Spectral characteristics of the lactate in macroscopic (top) and microfluidic environment (bottom) as
being a significant marker molecule of OoC applications. The IR light absorption is depressed due to the smaller
pathway in microfluidics, and it allows us to measure detailed spectrum.

For further optical characterisation specific microfluidic cuvettes were designed and manufactured.
According to the requirements of low sample volume and autonomous sample transport a specific surface
modified PDMS (polydimethylsiloxane) microfluidic cuvette was fabricated by soft lithographic technique.
The optical parameters were measured in microfluidic cuvette and compared to the macroscopic case. In
microfluidic environment improved signal-to-noise ratio was achieved due to the suppressed
absorption of water as demonstrated in Fig. 5.12 in case of Lactate. The top right figure demonstrates the
high optical absorption of water in the wavelength range of 1400-2400nm, accordingly the detected signal
is low, and the signal-to-noise ratio is low. In contrary in microfluidic environment the effect can be
eliminated (see the bottom right figure). To step forward the integration of the optical screening method in
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smart wellplate system the wellplate compatible microfluidic cuvette was designed including material
selection, geometric parameters and fabrication technology in cooperation with Micronit & TUDelft. The
possible cuvette materials were characterised optically and COP was chosen. The geometry was defined to
be compatible with the fluidic layer of the smart wellplate. Hot embossing and laser welding (in cooperation
with Aedus Ltd.) were proposed as industrial scale production compatible technologies.
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6- Nanobiosensorics Momentum Group

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

Research Staff Ph.D. students / Diploma workers

e Robert HORVATH, Ph.D. Agoston NAGY, Ph.D. student

e Sandor KURUNCZI, Ph.D. Tamas GERECSEI, Ph.D. student

e Inna SZEKACS, Ph.D. Kinga Dora KOVACS, PhD student
e Beatrix PETER, Ph.D. Milan SZTILKOVICS, MSc student
e Boglarka KOVACS, Ph.D. Fatime GAJNUT, MSc student

e Andras SAFTICS, Ph.D. Imola RAJMON, BSc student

e Zoltdn SZITTNER, Ph.D. Anna BALOGH, BSc student

e Eniké FARKAS, Ph.D Szabolcs NOVAK, MSc student

¢ Alexandra VOROS, MSc Zsolt, JANKA MSc student

e Andrea ACS, MSc Viktor Sandor KOVACS, BSc student
¢ Nicolett KANYO, MSc Balint BERES, MSc student

Tamés HAJDU, MSc student

Lili FARKAS, MSc student

Igor SALLAI, MSc student

Norbert PAP, BSc student

Rébert TARR, BSc student

Kinga TOTH, BSc student

Barbara MAJOROS, MSc student
Beatrix MAGYARODI, MSc student
Bence JOO, MSc student

Péter JOO, MSc student

The research profile of the Nanobiosensorics Group is the development and application of label-
free optical biosensors, 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) research
project for single cell biosensing. In 2020, the research group won the Témateriileti Kivalosagi
Program (TKP2021 NKFIH) excellence project as well in collaboration with other groups of the
MFA.
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Dissociation constant of integrin-RGD binding in live cells from automated
micropipette and label-free optical data

LP2012-26/2012 Lendulet, OTKA KH126900, OTKA ERC_HU117755,
OTKA PD131543, OTKA KKP129936

T. Gerecsei, P. Chrenko, N. Kanyo, B. Péter, A. Bonyar (BME), |. Székacs, B. Szab6 (ELTE), R. Horvéath

The binding of integrin proteins to peptide sequences such as arginine-glycine-aspartic acid (RGD) is a
crucial step in the adhesion process of mammalian cells. While these bonds can be examined between
purified proteins and their ligands, live-cell assays are better suited to gain biologically relevant
information. Here we apply a computer-controlled micropipette (CCMP) to measure the dissociation
constant (Kd) of integrin-RGD-binding. Surface coatings with varying RGD densities were prepared, and
the detachment of single cells from these surfaces was measured by applying a local flow inducing
hydrodynamic lifting force on the targeted cells in discrete steps. The average behavior of the populations
was then fit according to the chemical law of mass action. To verify the resulting value of Kd2d = (4503 =
1673) 1/um?, a resonant waveguide grating based biosensor was used, characterizing and fitting the
adhesion kinetics of the cell populations. Both methods yielded a Kd within the same range. Furthermore,
an analysis of subpopulations was presented, confirming the ability of CCMP to characterize cell adhesion
both on single cell and whole population levels (Fig. 6.1). The introduced methodologies offer convenient
and automated routes to quantify the adhesivity of living cells before their further processing [Ref. 6.1.].

(a) (b)

adhesion
complex

waveguide grating

incident light reflected light PLL-g-PEG

Figure 6.1. lllustration of the methods used to measure cell adhesion. (a) The computer-controlled micropipette
(CCMP) automatically visits each detected cell and probes them by applying a preset negative pressure. (b) Section
of a field of view in a Petri dish containing adhered HeLa cells. (c) Schematic representation of the resonant
waveguide-based measurement.
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Data evaluation for surface-sensitive label-free methods to obtain real-time
kinetic and structural information of thin films: A practical review with
related software packages

LP2012-26/2012 Lendulet, OTKA ERC_HU117755, OTKA KH126900,
OTKA KKP129936, OTKA PD131543

A. Saftics, S. Kurunczi, B. Péter, |. Székacs, J. J. Ramsden (University of Buckingham), R. Horvéth

Interfacial layers are important in a wide range of applications in biomedicine, biosensing, analytical
chemistry and the maritime industries. Given the growing number of applications, analysis of such layers
and understanding their behavior is becoming crucial. Label-free surface sensitive methods are excellent
for monitoring the formation kinetics, structure and its evolution of thin layers, even at the nanoscale.

In this paper, we review existing and commercially available label-free techniques and demonstrate how
the experimentally obtained data can be utilized to extract kinetic and structural information during and
after formation, and any subsequent adsorption/desorption processes. We outline techniques, some
traditional and some novel, based on the principles of optical and mechanical transduction. Our special
focus is the current possibilities of combining label-free methods, which is a powerful approach to extend
the range of detected and deduced parameters. We summarize the most important theoretical considerations
for obtaining reliable information from measurements taking place in liquid environments and, hence, with
layers in a hydrated state.

A thorough treamtment of the various kinetic and structural quantities obtained from evaluation of the
raw label-free data are provided. Such quantities include layer thickness, refractive index, optical anisotropy
(and molecular orientation derived therefrom), degree of hydration, viscoelasticity, as well as association
and dissociation rate constants and occupied area of subsequently adsorbed species. To demonstrate the
effect of variations in model conditions on the observed data, simulations of kinetic curves at various model
settings are also included. Based on our own extensive experience with optical waveguide lightmode
spectroscopy (OWLS) and the quartz crystal microbalance (QCM), we have developed dedicated software
packages for data analysis (Fig.6.2), which are made available to the scientific community alongside this

paper [Ref. 6.2.].
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Nanonewton scale adhesion force measurements on biotinylated microbeads
with a robotic micropipette

LP2012-26/2012 Lendulet, OTKA PD124559, OTKA PD131543, OTKA ERC_HU117755,
OTKA KH126900, OTKA KKP129936

R. Ungai-Salanki, B. Csippa (ELTE), T. Gerecsei, B. Péter, R. Horvéath, B. Szab6 (ELTE)

Binding force between biomolecules has a crucial role in most biological processes. Receptor-ligand
interactions transmit physical forces and signals simultaneously. Previously, we employed a robotic
micropipette both in live cell and microbead adhesion studies to explore the adhesion force of biomolecules
such as cell surface receptors including specific integrins on immune cells. Here we apply standard
computational fluid dynamics simulations to reveal the detailed physical background of the flow generated
by the micropipette when probing microbead adhesion on functionalized surfaces. Measuring the aspiration
pressure needed to pick up the biotinylated 10 um beads on avidin coated surfaces and converting it to a
hydrodynamic lifting force on the basis of simulations, we found an unbinding force of 12 £ 2 nN, when
targeting the beads manually; robotic targeting resulted in 9 £ 4 nN (mean + SD). We measured and
simulated the effect of the targeting offset, when the microbead was out of the axis (off-axis)of the
micropipette.

According to the simulations, the higher offset resulted in a higher lifting force acting on the bead.
Considering this effect, we could readily correct the impact of the targeting offset to renormalize the
experimental data. Horizontal force and torque also appeared in simulations in case of a targeting offset.
Surprisingly, simulations show that the lifting force acting on the bead reaches a maximum at a flow rate
of ~ 5 pl/s if the targeting offset is not very high (<5 pm). Further increasing the flow rate decreases the
lifting force. We attribute this effect to the spherical geometry of the bead. We predict that higher flow rates
cannot increase the hydrodynamic lifting force acting on the precisely targeted microbead, setting a
fundamental force limit (16 nN in our setup) for manipulating microbeads with a micropipette perpendicular
to the supporting surface (Fig.6.3). In order to extend the force range, we propose the offset targeting of

microbeads [Ref. 6.3.]
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surfaces with robotic micropipette.
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Natural compounds as target biomolecules in cellular adhesion and migration:
from biomolecular stimulation to label-free discovery and bioactivity-based
isolation

LP2012-26/2012 Lendulet, OTKA ERC_HU117755, OTKA PD131543, OTKA KKP129936,
OTKA K135712, TKP2020-1KA-05, EFOP-1.8.0-VEKOP-17-2017-00001

B. Péter, I. Boldizsar (ELTE), G. M. Kovéacs (ELTE), A. Erdei(ELTE), Zs. Bajtay (ELTE), A. VOras,
J. J. Ramsden (University of Buckingham), 1. Szabé (ELTE), Sz. Bésze (ELTE), R. Horvéath

Plants and fungi can be used for medical applications because of their accumulation of special bioactive
metabolites. These substances might be beneficial to human health, exerting also anti-inflammatory and
anticancer (antiproliferative) effects. We propose that they are mediated by influencing cellular adhesion
and migration via various signaling pathways and by directly inactivating key cell adhesion surface receptor
sites. The evidence for this proposition is reviewed (by summarizing the natural metabolites and their
effects influencing cellular adhesion and migration), along with the classical measuring techniques used to
gain such evidence. We systematize existing knowledge concerning the mechanisms of how natural
metabolites affect adhesion and movement, and their role in gene expression as well. We conclude by
highlighting the possibilities to screen natural compounds faster and more easily by applying new label-
free methods, which also enable a far greater degree of quantification than the conventional methods used
hitherto.

We have systematically classified recent studies regarding the effects of natural compounds on cellular
adhesion and movement, characterizing the active substances according to their organismal origin (plants,
animals or fungi) [Ref. 6.4]. Finally, we also summarize the results of recent studies and experiments on
SARS-CoV-2 treatments by natural extracts affecting mainly the adhesion and entry of the virus (Fig. 6.4).
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Figure 6.4. Schematic illustration of SARS-CoV-2 attachment and two possible examples of ways to inhibit this
process. (A) Virus can attach to ACE2 receptor or integrins of the host cell. RGD-integrin interaction occurs in
calcium-dependent manner. As the result of the process, the virus penetrates into the cell and starts to copy itself.
(B) Several compounds bind to the spike protein or even may alter it and prevent virus-receptor attachment. (C)
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Design of non-autonomous pH oscillators and the existence of chemical beat
phenomenon in a neutralization reaction

LP2012-26/2012 Lendilet, OTKA NN125752, OTKA K131425, OTKA KKP129936,
TKP2020 IES, Grant No. BME-1E-NAT

H. S. Lawson (BME), G. Holl6 (BME), N. Német (BME), S. Teraji (KIT, Japan), H. Nakanishi (KIT,
Japan), R. Horvéth, I. Lagzi (BME)

The beat in physical systems is a transparent and well-understood phenomenon. It may occur in forced
oscillatory systems and as a result of the interference of two waves of slightly different frequencies.
However, in chemical systems, the realization of the latter type of the beat phenomenon has been lacking.
Here we show that a periodic titration of acid and alkaline solutions with each other using programmable
syringe pumps in a continuous stirred-tank reactor exhibits the beat phenomenon in the temporal pH
oscillation pattern if the time periods of sinusoidal inflow rates of the reagents are slightly different.
Interestingly, the frequency of the chemical beat pattern follows the well-known relationship from physics,
namely the frequency of the beat is equal to the absolute value of the difference of the two wave frequencies.
Based on our strategy, we can design and engineer non-autonomous pH oscillatory systems, in which the
characteristics of the temporal oscillations (amplitude, time period) can easily and precisely be controlled
by the experimental conditions such as the inflow rates and feed concentrations (Fig. 6.5). The demonstrated
phenomena can be exploited in practical applications, we use the non-autonomous pH oscillators to drive
the reversible assembly and disassembly of pH-sensitive building blocks (oleic acid and gold
nanoparticles), both highly relevant in nanotechnology and biomedical applications [Ref. 6.5.]
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Near cut-off wavelength operation of resonant waveguide grating biosensors

LP2012-26/2012 Lendulet, OTKA ERC_HU117755, OTKA KH126900,
OTKA KKP129936, OTKA K132050

B.Kovécs, F. A. Kraft (Kiel University), Zs. Szabd (PPKE), Y. Nazirizadeh (Byonoy GmbH), M. Gerken
(Kiel University), R. Horvath

Numerical simulations and analytical calculations are performed to support the design of grating-coupled
planar optical waveguides for biological sensing. Near cut-off and far from cut-off modes are investigated,
and their characteristics and suitability for sensing are compared. The numerical simulations reveal the high
sensitivity of the guided mode intensity near the cut-off wavelength for any refractive index change along
the waveguide. Consequently, it is sufficient to monitor the intensity change of the near cut-off sensing
mode, which leads to a simpler sensor design compared to those setups where the resonant wavelength shift
of the guided mode is monitored with high precision. The operating wavelength and the sensitivity of the
proposed device can be tuned by varying the geometrical parameters of the corrugated waveguide (Fig.6.6).
These results may lead to the development of highly sensitive integrated sensors, which have a simple
design and therefore are cost-effective for a wide range of applications. These numerical findings are
supported with experimental results, where the cut-off sensing mode was identified [Ref. 6.6.].
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Figure 6.6. (a) The cross-section of the modeled corrugated waveguide. The electromagnetic simulations apply
Floguet boundary conditions along the x- and y-axis and open boundaries with Floquet ports in the vertical z
direction. (b) The frequency dependence of the Nb,Os film refractive index.
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Single-cell adhesion strength and contact density drops in the M phase of
cancer cells

LP2012-26/2012 Lendilet, OTKA PD124559, OTKA ERC_HU117755,
OTKA KH126900, OTKA PD131543, OTKA KKP129936

R. Ungai-Salanki, E. Haty, T. Gerecsei, B. Francz (CellSorter), B. Béres, M. Sztilkovics,
I. Székacs, B. Szabd (ELTE), R. Horvath

The high throughput, cost effective and sensitive quantification of cell adhesion strength at the single-
cell level is still a challenging task. The adhesion force between tissue cells and their environment is crucial
in all multicellular organisms. Integrins transmit force between the intracellular cytoskeleton and the
extracellular matrix. This force is not only a mechanical interaction but a way of signal transduction as well.
For instance, adhesion-dependent cells switch to an apoptotic mode in the lack of adhesion forces. Adhesion
of tumor cells is a potential therapeutic target, as it is actively modulated during tissue invasion and cell
release to the bloodstream resulting in metastasis.

We investigated the integrin-mediated adhesion between cancer cells and their RGD (Arg-Gly-Asp)
motif displaying biomimetic substratum using the HeLa cell line transfected by the Fucci fluorescent cell
cycle reporter construct. We employed a computer-controlled micropipette and a high spatial resolution
label-free resonant waveguide grating-based optical sensor calibrated to adhesion force and energy at the
single-cell level (Fig.6.7). We found that the overall adhesion strength of single cancer cells is
approximately constant in all phases except the mitotic (M) phase with a significantly lower adhesion.
Single-cell evanescent field based biosensor measurements revealed that at the mitotic phase the cell
material mass per unit area inside the cell-substratum contact zone is significantly less, too. Importantly,
the weaker mitotic adhesion is not simply a direct consequence of the measured smaller contact area. Our
results highlight these differences in the mitotic reticular adhesions and confirm that cell adhesion is a
promising target of selective cancer drugs as the vast majority of normal, differentiated tissue cells do not
enter the M phase and do not divide [Ref. 6.7.]
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Figure 6.7. Schematic representation of the adhesion strength measurements on single cells using a computer-
controlled micropipette and the high-resolution RWG biosensor (Single-Cell RWG).
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Label-free tracking of whole-cell response on RGD functionalized surfaces to
varied flow velocities generated by fluidic rotation

LP2012-26/2012 Lendilet, OTKA KKP129936, OTKA KH126900,
TKP2020 IES, Grant No. BME-IE-BIO

K. D. Kovacs, M. Novak, Z. Hajnal, Cs. Hos (BME), B. Szabo, 1. Székacs,
Y. Fang (Corning Inc.), A. Bonyar (BME), R. Horvéth

Fluidic flow plays important roles in colloid and interface sciences. Measuring adsorption, aggregation
processes and living cell behavior under a fluidic environment with varied flow velocities in a parallel and
high-throughput manner remains to be a challenging task. Here a method is introduced to monitor cell
response to well-defined flow with varied velocities over an array of label-free resonant waveguide grating
(RWG) based optical biosensors (Fig.6.8). The arrangement consists of a circular well with an array of
biosensors at the bottom surface. By rotating the liquid over the biosensor array using a magnetic stirrer
bar, flow velocities from zero to a predefined maximum can be easily established over different locations
within the biosensor array as characterized in detail by numerical simulations. Cell adhesion and
detachment measurements on an Arg-Gly-Asp (RGD) peptide functionalized surface were performed to
demonstrate i) measurements at a wide range of simultaneous flow velocities over the same interface; ii)
the possibility of parallel measurements at the same flow conditions in one run; and iii) the simple tuning
of the employed range of flow velocities. Our setup made it possible to analyze the magnitude and rate of
cell detachment at various flow velocities in parallel and determine the critical velocity and force where
cells start to detach from the RGD motif displaying biomimetic surface. Furthermore, cellular response to
simultaneous mechanical (flow) and chemical stimulation was also investigated using trypsin as a model.
This study opens a new possibility to investigate interface phenomena under predefined and conveniently
varied flow conditions [Ref. 6.8].
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Label-free real-time monitoring of the BCR-triggered activation of
primary human B cells modulated by
the simultaneous engagement of inhibitory receptors

LP2012-26/2012 Lendulet, OTKA ERC_HU117755, OTKA KH126900, OTKA PD 131543, OTKA
KKP129936, OTKA K 112011

K. Kliment, 1. Szekacs, B. Peter, A. Erdei (ELTE), I. Kurucz (ELTE), R. Horvath

Today, there is an intense demand for lab-on-a-chip and tissue-on-a-chip applications in basic cell
biological research and medical diagnostics. A particular challenge is the implementation of advanced
biosensor techniques in point-of-care testing utilizing human primary cells. In this study, a resonant
waveguide grating (RWG)-based label-free optical biosensor technique has been applied for real-time
monitoring of the integrated responses of primary human tonsillar B cells initiated by B cell receptor (BCR)
and modified by FcyRIIb and CR1 engagement (Fig.6.9).

The BCR-triggered biosensor responses of resting and activated B cells were revealed to be specific and
dose-dependent, in some cases with strong donor dependency. Targeted inhibition of Syk attenuated the
label-free biosensor response upon BCR stimulation. Indifferent protein human serum albumin (HSA) did
not interfere with the recorded signal to BCR stimulation. Simultaneous engagement of BCR and FcyRIIb
modulated the kinetic signal of the cells. Activated and resting B cells exhibited different response profiles
upon simultaneous engagement of BCR and CR1. This advanced approach has the potential to decipher
interfering signaling events in human B cells, manage differences between activated and resting B cell
states, helping to understand the actual integrated response of these immune cells, and could be useful in
the point-of-care diagnostic testing on human primary cells [Ref. 6.9].
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Figure 6.9. Schematic overview illustrating the major steps of the biosensor assay: surgery material collection,
storage in glucose potassium nutrient (GKN) buffer, mononuclear cells (MC) isolation through rosetting with 2-
aminoethylisothiouronium bromide-treated sheep red blood cells (RBCs) by centrifugation over Ficoll-Hypaque
solution, with further B cells fractionation on a Percoll gradient. In the end, activated and resting cells were used
for the biosensor measurement. The bottom part represents the actual biosensor arrangement and data collection.
The schematic readout of the biosensor microplate with incorporated sensor wells and the label-free primary signal
(shift in resonant wavelength or DMR response) originating from the cells adhering on the surface is also shown.
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7 - Complex Systems Department
Head: Dr. Géza Odor D.Sc., Scientific advisor

Research Staff Ph.D. students / Diploma workers
Balazs Kiraly PhD Zoltan Gargyan LFZE diploma
Istvan Borsos Krisztian Kiss LFZE diploma
Zoltan Juhasz PhD Istvan Hegedlis LFZE, diploma
Gyodrgy Szabé D.Sc., Professor emeritus Béla Szerényi, LFZE diploma
Attila Szolnoki D.Sc., Scientific advisor Attila Kazsoki BME PhD student
Shengfeng Deng PhD Lilla Barancsuk BME PhD student

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).

The applicability of matrix decomposition is also being investigated in other related fields. In population
ecology, the nature and intensity of pairwise interactions between different species can be gauged in
biological growth experiments conducted in bicultures, but the specifics of the interplay between these
interspecific interactions and how they determine outcomes in mixtures of multiple species are unclear as
yet. We introduced the componental cosines of the irrelevant, external benefit, coordination, and conflict
components of matrices to measure the relative weight of the different interaction types. The decomposition
analysis of 33 empirical pair interaction matrices found in the literature has revealed statistically significant
correlations between the different componental cosines beyond those introduced by their mere definitions,
and also between some of the componental cosines and the community’s productivity and biodiversity.
These latter correlations reflect expectations based on the game theoretic interpretation of the corresponding
elementary matrices.

The Nash equilibria are investigated systematically for different combinations of elementary
interactions. These analyses have clarified the existence and possible number of pure and strict Nash
equilibria for n-strategy symmetric games and indicated different types of social dilemmas. Additionally,
infinite number of mixed Nash equilibria are found in zero-measure subsets of the payoff parameter space.

Using concepts and methods of statistical physics the non-universal scale-free properties of avalanche

phenomena were analysed in Kuramoto types synchronization models applied to the human and fruitfly
brains. Similarly, catastrophe analyses were performed in models appearing in the interconnected network
of electric plants and consumers. They extended the investigation of the general characteristics of the
Griffiths phase to inhomogeneous networks of modular structure and realistic networks of the US, EU high
voltage power-grids. The critical behavior of Covid-type SIR models were also studied finding relevant
effects of topological disorder on the scaling in contrast with infection heterogeneity. While the mobility
causes a dramatic increase of the epidemic, frozen hot-spot sizes do not much effect.
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. A book was also written, titled “Zenegenetika” by Z. Juhasz.
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Cooperation and competition between pair and multi-player social games in
spatial populations

A. Szolnoki and X. Chen

The conflict between individual and collective interests is in the heart of every social dilemma
established by evolutionary game theory. We cannot avoid these conflicts but sometimes we may choose
which interaction framework to use as a battlefield. For instance, some people like to be part of a larger
group while other persons prefer to interact in a more personalized, individual way. Both attitudes can be
formulated via appropriately chosen traditional games. In particular, the prisoner’s dilemma game is based
on pair interaction, while the public goods game represents multi-point interactions of group members. To
reveal the possible advantage of a certain attitude we extend these models by allowing players not simply
to change their strategies but also let them to vary their attitudes for a higher individual income. We show
that both attitudes could be the winner at a specific parameter value. Interestingly, however, the subtle
interplay between different states may result in a counterintuitive evolutionary outcome where the increase
of the multiplication factor of public goods game drives the population to a fully defector state. We point
out that the accompanying pattern formation can only be understood via the multipoint or multi-player
interactions of different microscopic states where the vicinity of a particular state may influence the relation
of two other competitors.

When calculating the payoff of Ap, marked by a yellow background, then we sum the payoff elements
of four prisoner’s dilemma games played with the neighbors. When we calculate the payoff of Oc player,
also marked by yellow background, then we should consider the fact that two of its neighbors have “alone”
attitude, hence Oc should play prisoner’s dilemma game with them. The remaining two neighbors have
“together” attitude hence the focal player can play a three-member public goods game with them in the
marked Go group. The focal player also participates in a three-member public goods game of G; group and
in a two-member game of G group. For the shake of comparable payoff values we multiply the incomes
of public goods games by an a factor. The interactions, where prisoner’s dilemma game is used are marked
by dashed lines, while the in the case of public goods game they are denoted by solid green (Fig. 7.1).
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Figure 7.1. The competition of “alone” and “together” attitudes.
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On the phase diagram of the four-state model (Fig 7.2.) in dependence of the key parameters of basic
games r denotes the multiplication factor of the public goods game, while T is the temptation to defect for
the prisoner’s dilemma game. As expected, at low r values those states which represent pair interactions
prevail. As we increase r, however, both attitudes, hence pair and multi-point interactions, coexist.
Interestingly, as we support cooperation by increasing r further the system evolves onto a full defection
state. Cooperation can only recover for very high r values when the traditional public goods game with
multi-point interactions prevail. We may conclude that the freedom to choose alone attitude could be
harmful for the vitality of together attitude, but the former could be an escape route in case of harsh
conditions.

1.1

1.08 | Oyt O

..'1|I:| o+ ..'1|{- I.'

104

102
A+ Ap + O+ O

1

3.4 36 38 & 4.2 .4
r

Figure 7.2. Phase diagram of the four-state model in dependence of the key parameters of basic games.

Time evolution of the pattern formation was shown at two representative values of multiplication factor
rwhen T =1.03. The common prepared initial state is shown in the left side on Fig. 7.3. where we arranged
homogeneous patches of competing states denoted by different colors. Here dark colors mark players
having “A” attitude, while light colors denote players with “O” attitude. Furthermore, different shades of
red color mark defector strategies, while various blue colors for cooperator strategies. The legend for the
microscopic states are shown in the middle row of the plot. The top row from panels (Fig 7.3.b-d) illustrates
how the initial patchwork evolves at small (r = 3.4) multiplication factor. Here, as white ellipses shown in
panel (Fig 7.3.b), Ac and Oc players can coexist due to the low value of r. Because of the modest temptation
value Ap and Ac states can coexist and this mixed phase gradually beat Op players. This process is marked
by a white ellipse in panel (Fig 7.3.c). In the final state only players with “A” attitude can survive. When r
is higher, as shown in the bottom row, Oc beats Ac who gradually diminishes. This is shown by a white
ellipse in panel (Fig 7.3.e). The lonely Oc, however, becomes vulnerable against Op and the previously
victorious domains of Oc players gradually shrink. In the absence of other states Ap and Op would be
neutral, but the vicinity of cooperators helps the latter to beat the former defector state. This is shown by a
white ellipse in panel (Fig 7.3.f). Finally, only defector state survives, but a slow voter-like stochastic
dynamics will drive the system onto a homogeneous state [Ref. 7.1].
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Figure 7.3. Time evolution of the pattern formation.
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General features of Nash equilibria in combinations of elementary
interactions in symmetric two-person games

OTKA PD 138571

G. Szabé and B. Kiraly

One of the key concepts of game theory is the Nash equilibrium, a set of strategy choices from which
no unilateral deviations can benefit the players. Nash's theorem states that in a game with a finite number
of players who can choose from a finite number of pure strategies there exists, at least in the set of mixed
strategies, at least one such equilibrium state. Generally, however, a game can have multiple different Nash
equilibria. One such example is the two-person, three-strategy symmetric matrix game described by the
dynamical graph shown in Fig. 7.4. The upper pair of numbers on the nodes of the graph show the strategy
choices of the players, while the lower pair indicates the corresponding payoffs, and its directed edges point
toward higher payoffs realized during unilateral strategy changes. Pure Nash equilibria, highlighted in
yellow, are easily identified in in Fig. 7.4, since these can only have incoming edges attached to them. The
game also has a mixed Nash-equilibrium that provides a lower payoff. Games like this may lead to social
dilemmas, as they make mutually choosing the "best" equilibrium more difficult for selfish players who do
not communicate with each other, which can be circumvented by considering other viewpoints, trust and
fraternity. The importance of the problem of choosing from different Nash equilibria is demonstrated by
earlier computer studies that proved that the expected number of Nash equilibria increases with the
logarithm of the number of strategies when the payoffs are random.

Figure 7.4. Two-person, three-strategy symmetric matrix game

Our research employed direct analytic calculations to analyze the number of Nash equilibria in
symmetric matrix games with an arbitrary n number of strategies in light of the decomposition of payoff
matrices into four kinds of non-trivial, self-dependent, cross-dependent, coordination and cyclic,
elementary interaction types. Our results revealed that in self-dependent games (aside from degenerate
cases, in general) there is a single pure Nash equilibrium. Games made up solely of coordination
components can have at most n different pure Nash equilibria, and this statement remains true even when
beside the coordination component self- and cross-dependent components are also present. An infinite
number of mixed Nash equilibria can be observed in certain games composed of appropriate combinations
of coordination or cyclic elementary games, which still only constitute a zero-measure subset of all possible
games. Purely cross-dependent games also have an infinite number of Nash equilibria, however, adding
these or constant components to other games does not change their Nash equilibria. A detailed treatment of
our results was published in a game theory special issue of The European Physical Journal B [Ref. 7.2.].
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Critical dynamics, synchronization and Griffiths effects in brain models

G. Odor, G. Deco, J.Kelling

We have extended the study of the Kuramoto model with additive Gaussian noise running on the KKI-
18 large human connectome graph. We determined the dynamical behavior of this model by solving it
numerically in an assumed homeostatic state, below the synchronization crossover point we determined
previously. The de-synchronization duration distributions exhibit power-law tails, characterized by the
exponent in the range 1.1 < # < 2, overlapping the in vivo human brain activity experiments by Palva et al.
We show that these scaling results remain valid, by a transformation of the ultra-slow eigen-frequencies to
Gaussian with unit variance. We also compare the connectome results with those obtained on a regular cube
with N = 10 ° nodes, related to the embedding space, and show that the quenched internal frequencies
themselves can cause frustrated synchronization scaling in an extended coupling space [Ref. 7.3.].
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Figure 7.5. Weight distribution of the fruit-fly connectome. Right inset: adjacency matrix plot of the fruit-fly
connectome. Left inset: full adjacency matrix down sampled with a max pooling kernel of size 10 x 10. Black dots
denote connections between presynaptic and postsynaptic neurons. Right inset: zoom-in to the center of the matrix

without down sampling

Previous simulation studies on human connectomes suggested that critical dynamics emerge
subcritically in the so-called Griffiths phases. Now we investigate this on the largest available exact brain
network, the 21662 node fruit-fly connectome, using the Kuramoto synchronization model. As this graph
is less heterogeneous, lacking modular structure and exhibit high topological dimension, we expect a
difference from the previous results. Indeed, the synchronization transition is mean-field-like and the width
of the transition region is larger than that of random graphs, but much smaller than as of the KKI-18 human
connectome. This demonstrates the effect of modular structure and dimension on the dynamics, providing
a basis for better understanding the complex critical dynamics and consciousness of humans [Ref. 7.3-7.5].
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Figure 7.6. left: Fluctuations of the frequency entrainment order parameter o(Q(t — inf.)) as the function of global
coupling K, for different graphs. One can see that the fly results are similar to the random (ER) graph results, while
in case of the human connectome KKI-18 an extended region of fluctuations emerge, as in the Griffiths phases.

right: image of the fruit-fly brain of which the connectome is used.
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Nonuniversal power-law dynamics of susceptible infected recovered models
on hierarchical modular networks to model COVID-like epidemics

Géza. Odor, S. Deng

Power-law (PL) time-dependent infection growth has been reported in many COVID-19 statistics. In
simple susceptible infected recovered (SIR) models, the number of infections grows at the outbreak as
I(t)ect” " on d-dimensional Euclidean lattices in the endemic phase, or it follows a slower universal PL at
the critical point, until finite sizes cause immunity and a crossover to an exponential decay. Heterogeneity
may alter the dynamics of spreading models, and spatially inhomogeneous infection rates can cause slower
decays, posing a threat of a long recovery from a pandemic. COVID-19 statistics have also provided
epidemic size distributions with PL tails in several countries. Here we investigate SIR-like models on
hierarchical modular networks, embedded in 2d lattices with the addition of long-range links (Fig.7.7).
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Figure 7.7. Plot of the adjacency matrix of an N = 1024 sized sample of the HMN2D graphs, used for the
simulations. Black dots denote edges between nodes i and j. The L. = 4-level structure is clearly visible by the
blocks near the diagonal. Low density, scattered points away from the diagonal represent long-range links. Inset:
scheme of the lowest three levels of a hierarchical, four-block structure of nodes, embedded in 2d space with
additional long links. Black solid lines: | = 1 links; red, dashed lines, | = 2 links; | = 0 edges are not shown

We show that if the topological dimension of the network is finite, average degree-dependent PL growth
of prevalence emerges (see Fig. 7.8). Supercritically, the same exponents as those of regular graphs occur,
but the topological disorder alters the critical behavior. This is also true for the epidemic size distributions.
Mobility of individuals does not affect the form of the scaling behavior, except for the d=2 lattice, but it
increases the magnitude of the epidemic. The addition of a superspreader hot spot also does not change the
growth exponent and the exponential decay in the herd immunity regime [Ref. 7.6.].
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Figure 7.8. Density of infected sites in graphs with parameters s=4 and b=1 for infection probabilities 1 = (.28,
0.29, 0.3, 0.32, 0.35, 0.4, 0.45, 0.5, and 0.6 (bottom to top curves). Inset: local slopes of the same curves as well as
for A =0.7, 0.8. One may think of continuously changing exponents above Ac=0.310(5), because short times hinder
our ability to see the supercritical point scaling behavior with the growth exponent n=2.5.
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