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Directorodos 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 2024.

In that year our headquarteof HUN-REN, i.e. Hungarian Research Network, organized an
assessment with a broad international committee composed from distinguished scientist from
disciplines which fit to the subject of our research centre. We had to submit them a self assessment, i.e.
a long escription of our activity including the history of our institute and give a lot of data on our
publication, collected independent citations, international research cooperation. We had to provide
specific data on homeland cooperation and even on commsnwithin our HUNREN network
members. Foreign institutions with similar research activity were also named for benchmarking
purposes. During the personnel visit we learned each other and we tried to give appropriate answers for
the questions of the commigtenembers. All of these gave us a lot of work, however, | believe it was
very useful for us as we had to sum up the results we achieved and think over our strategic goals as
well. Later when we receive the written opinion and suggestions of the committaecepted their
suggestions and answered their further questions.

After this we were involved into the planned transition of our research network, which however,
will be realized in 2025. The same is true for raising the salaries of our colleaguesevesgoad hope
and a promise to get that in 2025. This is essential to keep our team and to be able to attract new young
researchers.

It was a pleasure for us to receive more foreign researchers than before including PhD students from
Italy and Spain, kualso one senior researcher from Jilich Forschungszentrum, Germany.

Unfortunately, we lost some of our colleagues: Dr. Gabor Vértessy (who died at the very end of
2023) and Istvan Borsos, whom we lost in 2024 December both of them happened very sardtienly
not expected although we knew that they weretiie loss is very painful for us.

We could modernize the electrical network of our clean room facility and later we were very happy
to learn that by an application they also get the Outstanding cbedeaility Hungary title. By now we
run two of them: Micro and Nanotechnology Research Laboratory and Aberration corrected
transmission electron microscopy Laboratory.

Between September 1 and 4, 2024, the 36th EUROSENSORS Conference was held in Debrecen
The conference was @wganized by our institute, under the-awirmanship of Dr. Gabor Battistig
(Scientific Advisor at the Nansensors Laboratory of HUREN EK MFA and Head of the Department
of Electrical Engineering at the Faculty of Science andhiielogy, University of Debrecen) and Dr.

Péter Fiirjes (Head of the Microsystems Laboratory of FRENN EK MFA), with the University of
Debrecen providing the venudearly 300 researchers attended the conference to discuss leading topics
in materials scierec and technology, as well as sensor research, with a particular focus on physical,
chemical, and biomedical sensors and their integration challenges. Accompanying events included more
than 120 posters, industry exhibition stands, and a mini photo exhibit@mvcasing sensors developed

by HUN-REN EK MFA. At the HUN-REN EK MFA booth, visitors had the opportunity to view and

test prototypes of the latest sensors developed in the Microsystems andedaars Laboratories.

These results are related to the rdlyecompleted Moore4Medical project, as well as to our ongoing
projects TKP202EEGA-04, TKP202INVA-03, and UNLOOC .https://akcongress.com/eurosensors/

Another international event the 14th InternatibrConference on Ceramic Materials and
Components for Energy and Environmental Systems (CMCEE14) was held in Budapest, between 18
22 August 2024 truly one of the most important world ceramic events organized by our colleagues.


https://akcongress.com/eurosensors/
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https://akcongress.com/cmceeIiis year there were closely 550 participants from more than 35
countries. The extensive scientific program consisted of 4 plenary lectures, 42 keynote, 215 invited and
160 oral presentations dividedan® parallel sessions. 42 posters have been presented in digital poster
sessions.

The World Academy of Ceramics (WAC) induction ceremony took place on August 19 where
newly elected Academicians were presented and awarded with the WAC Diploma:
www.waceramics.orjwas very happy to learn that our Dr. Katalin Balazsi received the academic title
from the World Academy of Ceramic for her outstanding contributions to ceramic science for
biomedical applications, intertianal collaborations and promotion of undepresented groups.

Although the R&D spending in Hungary was not increased in 2024, thanks to our projects we
gained before, we could work without any big obstacles. Furthermore, an Excellence and a Starting
Grant form the Hungarian Research office was gained by colleagues. We learned that also the HCHIP
project will start in 2025 providing good research and development opportunity for two of our research
groups.

In 2024 some of our colleagues achieved swgfakscientific qualification. Levente Tapasztd got
the Prize of the Hungarian Academy of Sciences, and we had also three successful PhD candidates,
namely: Péter Kun, Timea Torok, Géza Szantd, we are very proud of them and congratulate to the
supervisorsas well. lldiké Cora and Zsolt Fogarassy successfully fulfilled a habilitation process and
became senior research fello@ur postdoc colleague, Marcell Gajdics gained the Outstanding Young
researcher award of the Hungarian Academy of Sciehtfé&.could continue to pay publication award
for the young authors of the best publications.

We are also proud of the scientific results achieved by our colleagues, | hope you will enjoy learning
them in this bookHere | note that the former MFA Yearbooks areilatde electronically at
http://www.mfa.kfki.hu/hu/yearbook

Prof. Béla Pécz
Director


https://akcongress.com/cmcee14/
http://www.waceramics.org/

MFA Yearbook 2@2

Organizational structure

Director: Prof. Béla Pécz

Scientific departments

Thin Film Physics Department

Katalin BALAZSI, Ph.D.

Complex Systems Department

Géza ODOR, D.Sc.

Photonics Department Péter PETRIK, D.Sc.
Nanobiosensorics Department Raébert HORVATH, Ph.D.
Microsystems Department Péter FURJES, Ph.D.

Nanosensorics Department

Janos VOLK, Ph.D.

Nanostructures Department

Levente TAPASZTO, D.Sc.

and "Lendiilet" group - 2D Materials

"Lendiilet" group - Topological Nanostructures Péter NEMES-INCZE, Ph.D.

Directly supervised functions

Head of Scientific Advisory Council Levente TAPASZTO, D.Sc.

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
Innovation manager, patents Valéria OSVATH

Technology transfer (IPR) Antal GASPARICS, Ph.D.
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Infrastructure

Excellent Research Infrastructures

The Thin Film PhysicsDepartment is strong atational and even
international level at transmission electron microscopy (TEM), what
they use in order to determine relationships between the microstructur
and other physical propertieghey main facility theAberration

Corrected Transmission Electroridvbscope Laboratoryas selected
as Excellent Research Infrastructure by the National Research 4
Innovation Office.

The Microsystems and Nanosensors Laboratories run a unigue
semiconductor manufacturing facility in Hungary comprising two
clean labs (80 m2 + 160 m2 Class 106L0000) with complete Si
CMOS technology line together with a mask shop, the only complete
Si CMOS technology. The laboratory walso selected agxcellent
Research Infrastructure by the National Research and Innovation
Office.

Nondestructive characterization Laloratory:

The Institute of Technical Physics and Materials Science of the Centre for Energy has decades of
experience in nodestructive testing certified according to the 1ISO 9001: 2009 quality assurance
system.

Material characterization methods offered for external users and partnersiddtractive optical and
magnetic measurement of surface nanostructures and materials including: spectroscopy; magnetic
material testing; biosensors; curvature of surfaces; surface doatan and quality; water pollution

tests

Sample properties to characterize:

layer thickness (0:2000 nm);

optical refractive index (accuracy: ~ 0.001);

homogeneity;

quality of interfaces;

porosity (e.g., voids content in the porous layer);

surface nanmughness;

layer composition in some cases (e.g., Si nanoparticle content in silica);
measurement of carbon phases;

crystallinity (lattice disorder of single crystals, disintegration);
brittleness and material properties of steel structures

crystal and bah structure of semiconductors

=4 =4 =8 -8 -8 8899 _9_9

Other main facilities and equipments:

Electron Microscopy, Auger and Scanning Probe Lab

Thin film, Surface Physics and Structures

lon Implantation and lon Beam Analysis

Semiconductor Lasers and different LPE Techniques

Poraus silicon preparation and studies

Carbon nanotubes, preparation and studies

Ceramics, high pressure, high temperature press, refractory metals

= =4 =8 -8 -8 a1
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Excellent Research Infrastucture- Aberration Corrected Transmission
Electron Microscope Laboratory

Description of the RI:

New generation of aberration corrected electron microscope, the open laboratory of the Hungarian
Materials Science. Suteanometer resolution in TEM imaging providing atomic arrangement and
analytical (EDS) information on a few nanometer soalth the four EDS detectors built into the
column. Elemental maps can be taken by EDS. Heating holder (with precise MEMS chip) and study of
reactions inside the microscope. Helping the university teaching and partner in industrial development.

Activitie s and Services

Research of thin films exploring the growth mechanism and properties. Materials science analysis using
transmission electron microscopy (TEM). Sample preparation, atomic resolution images with a
resolution below 0.1 nm in TEM mode thanksthe spherical aberration corrector built in. Several
detectors in Scanning Transmission Electron Microscopy mode for example giving images in which the
contrast is proportional with the (square) atomic number. Preparation of elemental maps taken by EDS
detector based on characteristieRéy lines. Plan view and Cross sectional specimens, depth profiling.
Determination of phases, failure analysis. Investigation of semiconductors, metals, insulators and
alloys.

Specification:

FEI Titan THEMIS 200 200 kV abeation corrected TEM/STEM microscope with image corrector
STEM modes: BF, DF, HAADF images

4 SDD EDS detectors built into the column

Image corrector energy spread: 0.8EV, information limit: 90pm, STEM resolution 164pm
Specimen tilting in double tilt analgal holder: X direction * 350, Y direction £300.

Field emission gun

CETA 16M camera
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Excellent Research Infrastucture- Microsystems and Nanosensors
Laboratories

Description of the RI:
The main tasks of the Departmerdad the Rlare the researchnd development of physical,
chemical/biochemical sensors and integrated systems:

1 Si Microtechnology with special emphasis on development of MEMS devices and related
technologies, materials, structural and functional characterizations.

1 Development and falzation of microfluidic systems, their application in new fields of medical
diagnostics and labn-a-chip system$ BioMEMS.

1 Sensor development with special emphasis on autonomous sensor systems, physical, chemical,
mechanical, opical and thermal microsersi MEMS.

1 Development of semiconductor nanodevices, the sythesis and charactirization afnguasi
dimensional semiconducting nanostrucrures, their integratation into functional sensoric,
optoelectronic and photovoltaic devideSIEMS.

1 Development andmsall scale production of NIR LEDs of unique physical parameters

Activities and Services

The Department runs two clean labs (300 m2 + 160 @ass 10a10000) comprising a complete-Si

CMOS processing line and a mask shop, unique facility in Hungary.té&dimology allows to
manufacture layers, patterned structures and devices with line resolution of 1 um by optical and down

to 410 -bremanbyl i hography on 3 Gompetedcesdaailalle as servide gl as
for partners:

1 High temperature amaling, diffusion and oxidation; Rapid Thermal Treatment;

1 Low Pressure Chemical Vapour Deposition of pBlySiO2 and Si3N4 layers;

1 Low Temperature Chemical Vapour Deposition;

1 Plasma Enhanced Atomic Layer Deposition;

1 Physical Thin Film Depositioris Electron beam evaporation, DC and RF Sputtering;

1 lon implantation;

1 Reactive lon Etching, Deep Reactive lon Etching;

1 Photolithography with baeg&ide alignment and Nanoimprinting;

1 E-beam lithography;

1 Nanopatterning, deposition and etching by FocusedBkam

1 Waferbonding;

1 Wet chemical treatments;

1 Electrochemical porous Si formation;

1 Liquid Phase Epitaxy of HV compound semiconductors;

1 Mask design, laser pattern generator;

1 Polymer (PDMS, SU8, Polyimide) structuring by photolithography and mmwlling
techniques,

1 Chip dicing, packaging especially for sensor applications;

1 Materials and structural analysis & characterization:, SEM, FIB, EDX, Atomic Force

Microscopy, Electrochemical Impedance Spectroscopy, Stylus Profiler;
9 Electrical and functional modellirand characterization.
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Key Figures of MFA

You can follow the budget of MFA in the last 20 years in the chart below. Basic subsidy is growing
slightly, but far from following inflation. The periodicity of large calls for tendegg. EU grants and
domestic innovation grants from different ministrgsn be observed in the evolution of the institute's
budget. These have major effect on our everyday life. Fortunatelly the last few years were successful in
terms of grant applications. Three Themateic Be&nee Programmes (TKP2021) projects have started
in the beginning of 202&nd last till the end of 2025. The government supports our research in ceramics,
dedicated for the chips industf@HIPCER).Also the EU Key Digital Technology project, the ECSEL
JU project, MSCA fellowships, and a Pathfinder project, together with -EIEA grants provided
international visibility and utilization of the results. Thesantsgavelegalstability for major research
lines in our laboratories for-8 years however, theprefinancing from the Hungarian grant office
(NKFIH) stopped for the large projects, which causes noticable cashflow.issues

MFA budget 20032024 (million HUF)

2200

2000 ¢

M Investment Subsidy
1800 +

M Misc.
1600 +
- W Pilot production
= | ]
1400 + u
WR & D contracts
1200 i '
L] i I - ® International Grants
1000 + ‘ BB

i Dom estic Grants
300
wSubsidies (for institute and

central administration)

600

400 A

200 4
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According to the ThomseReuters ISI "Web of Knowledge", and MTMT2 databases, the Itestitu
has an average publication activity of c20 kcientific papers in IF journals a ye#inK). Recently
MFA researchers tend to publish in journals with higkeand the number of citations are constantly
increasingThe total IF in 2024 was approx §1fle independent citatismreover 7200

MFA and its predecessoro6s publications
8000 180

7000 160

6000

5000
4000
3000
2000
1000
0 ]

1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024

=

20

8

-]
o

8

8

1]
o

mm MFA and its predecessors' publications publications in peer-reviewed journals

= MFA and its predecessors' publications independent citation

and


https://m2.mtmt.hu/gui2/?type=institutes&mode=browse&sel=institutes14680
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Prizes and Distinctions

Levente TAPASZTO Prize of the Hungarian Academy of Sciences

Katalin BALAZS Academic title from the World Academy of Ceramic

Young researcher award of the Hungarian Academy ¢

Marcell GAJDICS .
Sciences

— P
@ D> . .
( 2 Inna SZEKACS MFA postdoc researchers prize

‘-: :L MFA postdoc researchers prize

2 Andras PALINKAS

MFA prize for excellent research support
Antal GASPARICS

Janos FERENCZ MFA prize for excellent research support
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Lilia BATO

Gyorgy KALVIN

MFA young researchers prize

E-MRS Young researcher award
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Highlights of the year

14TH INTERNATIONAL CONFERENCE ON
CERAMIC MATERIALS AND COMPONENTS

The participants of the 14th International Conference on Ceramic Materials and Components for Energy and
Environmental Systems (CMCEE14), Budapest

(B e SR
EUROSENSORS XXXVI

The participants of the 36th EUROSENSORS Conference, Debrecen
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®

WORLD ACADEMY OF CERAM 20" Election

Dr. Katalin Balazsi
HUN-REN Centre for Energy Research, Budapest,
Hungary

For her ing contributi to i i for
bi dical licath f forad oo

inter { and pr
of under-represented groups.

https://www.waceramics.org/

TAPASZTO LEVENTE

az MTA doktora

Dr. Levente Tapaszté got the Prize of the Hungarian Academy of Sciences
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2024 5prin
Mee’ringg

May 27 [ May 31
Strasboury
Lonvention Centre

.....

" The Ultrabalaton trai running competition wasmplete

S\ i
i Ymposiym |
H 2024 . Analyticas technigues for accur,

dvanceqd Materials

:haraclenzallon of a

Young Researcher Award Winners

Angelica Petrongari
Gydrgy Kalvin

| (& 4
d by 2 teams and 10 members

of the Microsystems and Nanosensors Laboratory
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SCIENTIFIC REPORTS
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Nanostructures Department

Head: Dr. Levente TAPASZTO, D.Sc., research advisor

Research Staff:
Prof. Laszl6 Péter BIRO, Member of the
HAS
Zsolt Endre HORVATH, D.Sc., Deputy
Head of Laboratory
Matyas DABOCZI, Ph.D.
Gergely DOBRIK, Ph.D.
Krisztian KERTESZ, Ph.D.
Antal Adolf KOOS, Ph.D.
Péter KUN, Ph.D.
Géza Istvan MARK, Ph.D.
Péter NEMESNCZE, Ph.D.
Zoltan OSVATH, Ph.D.
Andras PALINKAS, Ph.D.
Gabor PISZTER, Ph.D.
Péter SULE, Ph.D.
Zoltan TAJKOV, Ph.D.
Péter VANCSO, Ph.D.

Students:
Konrad KANDRALI, Ph.D. student
Soma KESZEI, Ph.D. student
Krisztian MARITY, Ph.D. student
M8&8rton SZENDRCYf ,
Gyorgy KALVIN, Ph.D. student

Ph.

The research activity of the Nanostructures Laboratory is based on tded¢addong expertise in
the synthesis, characterization and engineering of various nanostructures using spaoimgng
microscopy as the main experimental technique. Since more than a decade, our research efforts are
focused on the investigation of tvdimensional materials. Besides graphene, in the last couple of years,
novel 2D materials, mainly form the family ¢fansition 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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Mapping all possible graphene stacking configurations by electronic
Raman scattering

TKP2021NKTA-05, Elvonal KKP 138144, Lendiilet LP20247, NKFIH K 146156, PDL46479,
FK 142985, 2022..2.5TET-IPARI-KR

A.Palinkas, Z. Tajkov, K. Mdty, P. Vancso, L. Tapaszt6, and P. Neiimeze

After the isolation of monolayers of 2D materials, it was apparent that the stacking order of the
subsequent | ayers can be tuned as a new degree
In natural graphite, the great majority of the layers are in hexagonal stacking, aka. ABAB sequence,
and the ABC ordering, the rhombohedral phase only came up as stackingFayulte (.1a). This
unusual stacking has gained mioence recently, as in thin layers with rhombohedral ordering
superconductive, magnetic and Charsulating phases have been found. Importantly, this
rhombohedral ordering is far more robust for exploring correlated phases, than the twisted graphene
layers owing to the lack of twist angle inhomogeneity. Moreover, some combinations of partly
rhombohedral and partly hexagonal ordered stacking sequences (as an exarjglereek1c) are
weak ferroelectric materials.

Beyond tle defect free hexagonal and rhombohedral stackings there is an exponentially increasing
number stacking configurations, which are yet to be explored. To explore the correlated electronic
phenomena in these stackings of graphite first and foremost wembedble to identify them. Until
now there were no fast and reliable methods to exactly determine a given sample ordering of 5+ layers.
Last year, we showed the electronic Raman scattering (ERS) can be used to directly identify defect free
rhombohedral gphite (RG) from 3 to 12 layers, and bey¢Ref.11.].

(a) Hexagonal (b)
Ase
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. 8 layer: perfect RG
—— 8 layer: Mixed

(C) Mixed stacking in 8 layers:
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Figure 1.1 (a) Schematic structure of the perfect hexagonal and rhombohedral stackings of 5 layer
graphite. (b) ERS signal of perfect rhombohedral 8 (orange) and 7 (blue) layers, and a mixed
stacking (greenin an 8layer thick stack. The first order peak in the ERS signal is at 3328, 3586
and 4005 cm? respectively. (c) Structure of the identified mixed stacking, green ERS signal on

(b).

This year we started to extend this method to every possible (ndgatiyuration by predicting
their ERS peaks by tightinding calculations. We successfully identified various mixed stackings
experimentally. This is particularly challenging because the number of possible stacking configurations
grows exponentially withayer number.

(0]
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Figure 1.2 Calculated ERS peak energies in every possible stacking sequence of graphene layers up
to 15 layers. The size and color of the circles corresponds to the relative ABC stacking content
(Aabcnesso) of the gi v eified pedegtRE stacks of RHayepse r i ment al |
marked with red, and the mixed stackings with purple triangles.

The ERS process is an inelastic scattering event of photons, in which the photon loses energy solely
due to electronic excitations of the given crysfallowing specific selection rules determined by
symmetry, without involving lattice vibrations (phonons). Despite being of very small probability, this
process enables us to map the high density of states points in the electronic dispersion redaitus of v
graphite structures. By tighiinding and subsequent ERS calculations we were able to predict the ERS
signal of every possible layer sequence. For example, in the case of N=15 layers we examined 4160
configurations and more than 8300 in total. Whese t he hexagonal graphiteos
featureless, full or partial rhombohedral ordering results in peaks in the ERS spectrum. We
demonstrated the validity of the calculations by experimentally identifying the structure of mixed
stackings inlte 6 and #layer system and narrowing down to a few candidates in the 8 and 9 layer case.

We have shown that the ERS process can directly fingerprint not only the perfectly stacked
rhombohedral graphite, but also mixed stackings. This method offecaphaéility to unambiguously
identify specific graphite stackings, thereby facilitating their detailed examination. Since rhombohedral
graphite is one of the simplest crystals exhibiting strong electronic correlations, these findings could
play a crucial rte in advancing our understanding of the rich physics associated with electronic
correlation phenomena.
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Biomimetic hydrogen evolution with 2D MoS crystals

Elvonal KKP 138144, Koreddungary bilateral TET-IPARI-KR-202200006, TKP202INKTA-05

S. KeszeP. Vancso, G. Dobrik, A. Koos, M. Németh, J.S. Pap, L. Tapaszto

Electrochemical hydrogen production can only be a possible alternative for hydrogen production if
low-cost and efficient electrocatalysts are prepared. In the pursuit of new cataligskerieficial to
explore natural hydrogen production systems and take inspiration from their mechanisms.
Hydrogenases are a class of metalloenzymes, that play crucial roles in the metabolism of certain
microorganisms and welinown for their activity in idrogen evolution reaction (HER), although no
noble metals can be found in the active sites.

MoS; is considered a suitable catalyst in HER, reasoning that thesgdggulphur atoms behave
similarly to the bridgepositioned ones, found in hydrogenasd aitrogenase enzyme models. This
resemblance may be used to build bioinspired catalysts by chemical modification of the basal plane
sulphur atoms of MoS Recently, we have shown that heteroatoms in the vicinity of metal centres can
fundamentally influene the performance of biomimetic organoiron catalysts. In this work we present
a convenient method to fabricate Nd~e structural moieties by combining a selected iron complex
with the basal plane of MaSthus creating highly active catalytic sites witiloraic configuration
mimicking those that can be formed at the edges.

Figure 1.3 DFT structure of iron(lll) complex anchored to a basal plane S atom of the 2 MoS
crystal (left). Experimental evidence for the presence of the iron(lll) complex on thesittz®e
STM (right)

MoS; basal plane is generally considered rather inert towards chemical functionalization, however
the weak nucleophilic character of the surface sulphur atoms enables to react with-gldcteagents
(eg.: organic halides, diazonium saitsnaleimide derivatives) to form covalent bonds. It is also known
that these sulphur atoms can act as electron donating ligands towards metal ions. We exploited this
feature of basal plane sulphur atoms in-fayer MoS nanostructures, utilizing them binding sites
for the immobilization of an iron(lll) complex with the structurally rigid and redeediating 1,3
b i sthigdylimino)isoindolinaté( (thiaBAI") ancillary ligand. The complex is attached to the MoS
by a coordinative bond between the surface sulphur atom and the Fe(lll) centre, resulfiiigeMo
structural motifs. DFoptimized geometries suggest higpin tetrahedral iron(lll) spees, in
consistence with the experiments. The Fe{BAd) could be detected on the surface by IR and Raman
spectroscopy, as well as XPS. STM confirmed the presence and stable binding olBAdjtmaieties
on the surface, corroborating with the DB@&rived DFT-derived adsorption energy of 1.6 eMdure

1.3.
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The catalytic properties in HER of the novel hybrid materials were also investigated. Polarization
curves Figure 1.4a) reveal an enhanceatalytic activity of the irordecorated Mogrevealing a Tafel
slope of 152 mV/dec. Surface modification resulted in a drastically lowered overpotential (from 1.24 to
0.2 V) and an increased turnover frequency for the HER. Constant potential elecablys higher,
as well as the lower overpotentials resulted an increased amount of hydrogen production with high
Farradic efficiencies (91.2 and 83% fip= 1.54 and 0.2 VrespectivelyFigure 1.4c). EIS analysis
showed a substantially decreased charge transfer resistafcedRpared to the bare Mp&mple
(Figure 1.4d) and siggested multiple charge transfer processes taking place parahel the catalytic
reaction of the modified MaSample.
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Figure 1.4 (a) HER polarization curves of M@&e(thiaBAl)@Mo$S/ Fe(thiaBA)@HOPG and
HOPG in 0.1 M NaClO4 (b) Tafel plots of of MffSe(thia-BAl)@MoS2/ Fe(thilBAI)@HOPG
and HOPG in 0.1 M NaClg(c) Gas chromatogram of derected hydrogen after 1 hour of constant
pot ential electrolysis (d = 1.54 V) (d) EIS res

It is well-known feature of Mo&that the catalytically relevant sites are the edge site sulphur atoms,
however, based on our findings, the confinement of iron coordmatimpounds to the surface can
lead to the establishment of new active sites for catalysis, therefore the activation of the basal plane of
MoS,. Based on our results, other transition metals with various organic ligands, bound to the MoS
surface are fedsle, enabling the precise tuning of the chemical structure and behaviour of the resulting
active sites, that may be the subject of our further research.
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Engineering strain in MoS monolayers using gold nanoparticles

OTKA K 134258

Z. Osvéth, APalinkés, Gy Molnéar, P. Kun, A A. Kods

The study of strah nduced effects in monol ayer mol ybdent
tailoring its physical properties. For example, tensile strain can significantly reduce the direct bandgap
of MoS; monolayerswhich can enhance photogenerated charge carriers in photodetectors. In this work
we applied gold nanopatrticles (NPs) to induce local strain in aBolayers. A thin gold film, with
a nominal thickness of 15 nm, )wuabstratd, followed bydhe pos i t
mechani cal exf ol i at icoated sorfacefpors 1.5a and Figoire 1.9)eTheg o | d
sample was subsequently annealed in an electric furnace at 400 °Guadgon atmosphere. During
the annealing process, the gold film restructured into flat NPs exhibiting lateral dimensions on the order
of several hundred nanometres and heights typically ranging between 50 and Figunenl(.5c).

22 nm

a)

13

25 deg

10

Figure 1.5 (a) Optical microscopy image of Mplayers exfoliated on thin gold film. (b) AFM
topography measured on the area marked with black square in a), showing two overlapping MoS
monolayers. (¢)d) AFM topography and phase images measured simultaheon the same
area as in b) after annealing at 400 °C, showing that the thin gold film transformed into
nanoparticles. The region with phase values > 15 degrees (light toned) corresponds to bare Au
NPs on the Si@substrate, whiléhe region with values -10 degrees (dark toned) corresponds to
a double layer (overlapped monolayers) suspended on the gold NPs. Suspended monolayer parts
are marked with ellipses in-@).
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The AFM measurements showed that the Ma8nolayers do not cover perfectly B, substrate
and the Au NPs. There are extended regions where the Ma$layers are suspended between Au
NPs (see for example the region marked with ellips&sgare 1.5c andFigure 1.5.

The anneled samples were investigated by confocal Raman spectroscopy using excitation laser of
488 nm with power of 0. 52 RaMarenmaps wéreracorded in areasthae r o f
were already characterized by AFM (shown for examplegare 1.9 to study the space dependence
of the MoS Aigand B,y modes. The analysis of Raman maps revealed areas with rediyyee A&,,
peak frequencies (data presented with blue symbdtigire 1.§. Compaing the Raman maps with
the AFM topographic imagese found that these spectra correspond toMb&, monolayer parts
suspended between Au NPs.
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Figure 1.6 Correlative plot of Ramanfand B,y peak frequencies showing the peak positions
measured on MaSnonolayes covering the nanoparticléecorated Si@substrate (green
symbols), and on Me®nonolayers suspended between Au NPs (blue symbols). The corresponding
averages are marked with black and red symbol, respectively. The slopes denoting strain (black

line) anddoping (red line) are also plotted. The yellow symbol indicates the reference values of
undoped and unstrained Mp®onolayer.

The correlative analysis of theifand E,q peak frequencies={gure 1. demonstrated significan
strain in the Mosmonolayer regions suspended over Au NPs. The local strain in these suspended areas
ranged from 0.38% to 1.26%, with an average strain of 0.73%-gmemoping of 1.24xXcm?. In
contrast, the MoSregions conformally coating theanoparticledecorated Si@substrate exhibited
lower average strain and doping levels of 0.18% and 0.88sf¥, respectively.
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Photocatalytic bioheteronanostructures by integrating multicomponent
Cu20-Au nanopatrticles into ZnO-coated butterfly wings colored by
photonic nanoarchitectures

OTKA PD 142985 TKP202ENKTA-05

G. Piszter, K. Kertész, G. Nagy, D. Kovacs, D. Zambo, Zs. Baji, J. S. Pap, and L. P. Bir0

A systematic study is reported on biotemplated heteronanostructures produced by caating bl
colored malePolyommatus icarudutterfly wings using ZnO thin films and depositing hybrid
nanoparticles (NPs) from the €i Au heteronanostructures family. The resulting composite material
is designed to enhance the efficiency of photocatalysis usinggible part of the solar spectrum. The
effect of various NPs (GO octahedra, GO octahedra with Au nanograins grown on their facetsQCu
octahedra with a centrally incorporated Au nanorod, and spherical Au NPs) was thoroughly tested and
comparedfigure 1.7.

- i T R
200 nm % % _"

Figure 1.7 Morphology of the used NP&) SEM image of GO NPs; (b) SEM image of Au@&u
NPs, note in the right lower corner inset the rough surface of the facets due to the Au nanograins
grown on the C¢O NPs; (c) and (djwo Au NPs shown in higesolution TEM images; (e) TEM
image of AUR@GCO NPs, note the contrast difference due to the Au nanorod inside $e Cu
octahedra; (f) HAADF image; (g) Cu, (h) O, and (i) Au distribution of a AUR@CAP
measured with EDS, scabars: 5 nm; and (j) TEM image spherical Au NPs.
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CwO has the advantage of being abundant, environmentally safe, and minute amounts of Au can be
efficiently used to tune its properties. Au decoration of theOCNPs can enhance their structural
stability even during longime light exposure in agueous environment. When aiming at environmental
protection applications, and water remediation in particular, the immobilization of the NPs on an
appropriate substrate is of great importance. Due to their corhjgeaechical structure from tens of
nanometers to centimeters, butterfly wings are particularly well suited for this purpose and an important
guestion is to what extent and in which ways the properties of the hybrid photocatalytic NPs are affected
by theinteraction with such substrates.
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Figure 1.8 Schematic sample structure (a) without or (b) with ZnO adlayer; (c) average reaction
rates after three consecutive photocatalytic tests on reference samples (orange), samples without
postdeposition of 5 nm of ZnO (gmee and samples with pedeposition of 51m ZnO (purple)

after the deposition of the NPs.

We used butterfly windpased substrati¢ to immobilize the NPsj) to provide increased contact
surface between the solute and the photocatalytic surfacdj Jatadexploit structural complexity by
using the hierarchical nanoarchitecture. The chemical and plasmonic complexity are provided by the
conformal ZnO adlayer and the deposited NPs used for doping. After the deposition of the different
NPs, the photocataig performance of the samples under visible light illumination was tested by the
photodegradation of methyl orange dye in aqueous solution monitored continuously by an immersion
probe. It was found that the components of the biological hetemoarchitettire, ZnOGcoated wings
and wings without ZnO with deposited NASgure 1.8a), exhibited poor catalytic performance. But
the combined system, Zna€ated wings with NPs deposited onto thdfiggre 1.8b), exhibited a
sixfold to eightfold increase in their catalytic performarfégyre 1.8c). This increase is attributed to
the extension of the ZnO absorption into the visible range and to the formation of the heterojunctio
between the 4iype ZnO and the -fype CuO NPs which resulted in the charge transfer of the
photogenerated carriers. As the samples exhibited good stability under the continuous magnetic stirring,
they can be used in reabrld applications as prototypes.g., in flowthrough systems suitable for
wastewater remediation using sunlight illumination.
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Deshabrato Mkherjee Ph.D. student
Berhane NgussePh.D. student
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The Photonics Department develops unique methods and tools fatestractive optical and
magnetic measurement of surface nanostructures and materials (sppgtrasagnetic 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 represing the industry and the high technology.

Key achievements of the Photonics Department in 2024 (detailed summaries of the research results
can be found in the following project descriptions):
Creation of multicomponent, multhetal nanoparticles for optieetronic, photocatalytic, and

A

ToPoToToe To  Tole Io  IoIo  I»

electrocatalytic applications

Investigation of the formation and properties of nmiet@amiconductor and copper oxide shell

structured nanoparticles

Advancement in the industrial application of sbliguid adhesion work
Furthe development of Makyoh topography evaluation using the Schlieren setup, and by
comparing the reagide visual image with the froside projected image
Development of an #situ investigation method for studying the electrochromic properties of

combinator al T9n @

|l ayers

Combinatorial deposition of metal oxides for electrochromic applications
Development of sputtering techniques for the fabrication of gallium oxide and aluminum

oxynitride layers

Qualification of sensetargeted layers using simultansallipsometric and electrochemical

methods

Microscopic ellipsometer patent from a pradfconcept grant

Development of materials for nuclear applications

Formation and sensoric properties of combinatorial plasmonic nanopatrticles
Daniel Zambo received thHeK Youth Award

Antal Gasparics received the MFA Science Support Award
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Cryoaerogel electrodes from Pd/Pt nanoparticles for electrocatalytic
application

OTKA FK 142148

D. Zambo

In general, platinum has been considered as one of thé bestven theébesti electrocatalyst in
hydrogen evolution reaction and fuel eadlated reactions. The main challenge in this field is to reduce
the use of this precious metal, however, its total exclusion is not a technically promising concept. In
contrast, partialubstitution of Pt with other elements, such as Pd opened new ways in the preparation
of nanocatalysts. Electronic properties, resistance against CO poisoning, oxophilicity as wéll as C
bond cleavage can be positively modified by adding palladium toyterss containing reduced
amount of Pt.

In this work, a novel electrode preparation concept called cryogelation was employed to fabricate
nanocrystal gel structures from mixed Pd and Pt colloidal solutions. Prior to the gel formation, Pd and
Pt nanoparties (diameter of 6.2 and 3.8 nm) were synthesized in aqueous medium. Based on the
important findings regarding the correlation between the gelation parameters and the gel structures in
the recent years, pure and mixed Pd/Pt cryogels were prepared bpdrdezicolloidal solution in
isopentane medium (at60 °C) after drojcasting onto the substrate. This had a positive impact both
on the attachment and stability of the porous gel network on the conductive ITO substrate as well as on
its pore structureFigure 2.). [Ref.21]

— \
o) oo Il
Figure 2.1 Structure of the cryogel electrode on ITO and its dendritic, guee structure (a,b).

Elemental mapping proving the homogeneous distribution of the small Pd and Pt nanopatrticles
(c). [Ref.2.1]

Cryogéd structures were characterized by scanning and transmission electron microscopy as well as
their exact compositions were determined by atomic absorption spectroscopy. Mixing of the colloidal
solutions were prepared in different Pt:Pd ratios: 1:0, 1:1,1t2and 0:1. A nevapproachfurther
increased the applicability of the cryogels: the frozen gel structures were stored in liquid nitrogen
overnight and then thawed in the electrochemical cell without freeze drying. Thus, the gels can be
transferred to th cell in the form of cryohydrogels, which have the satngctureand composition as
their dried counterparts. The thickness of the cryogels have a profound impact on the structural and
catalytic properties, hence it was also optimized during the preparptocess just like the
concentration of the ethanol. The catalytic performance of the strustasigvestigated in a three
electrode configuration using the ITsdipported gels as working electron in the electrooxidation of
ethanol (EOR). The measurethss activity highly depended on the mixing ratio of the initial metal
colloidal solutions and the highest value belongs to the Pt:Pd=1:4 mixing ratio (345 mA/mg).
Overpotential of the ethanol oxidation decreased with increasing Pd content. The cattytjcad
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all bimetallic cryogelver performedhat of the pure metal (Pd or Pt) gels which justifies the use of
the mixing approach to increase the performance of the gel netvagkse 2.3.

350

2 [ --ee- PtPd1-4 , a) b)
£ %0|--=-PtPd 12| | 2o 1 4 s 3604
0 | o | ple
S 207|=-= PtPd 11 o7y P ,‘ o
£ mil|ow PtPd 2-1 -~ £ s
> el \k £
> 150 i =
© £’ 250
@ 100+ 7 %
w d
8 50 ol g
= @ 200+

0 =

= 05 00 05 10 Lo

. : Pt PtPd PtPd PtPd PtPd  Pd
Potential (V) vs Ag/AgCI (3 M NaCl) 21 (1) (12) (14)

Figure 2.2 Cyclic voltammograms of ¢hcryogels as a function of the mixing ratio (a). Summarized
results on the EOR mass activities of the synthesized model systemRef(2)][

Comparing the mass activity of these novel mixed noble metal cryogels with the previously reported
onesreveak t hat Pd/ Pt mi xed nanocryst a&bOscrBa@®® | s s ho
monometallic Pd and fRd, alloys. Nevertheless, the performance might be able to be further boosted
by incorporating a third metal (e.g. Au or Ag) into the gel mafrhis study showed the importance of
multielemental synergy in gel structures and offered a simple and straightforward preparation method
for multicomponent metal working electrodes. The work was published in ChemElectrd@eéfh1]
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Porous tetramdallic nanorods for catalytic applications

OTKA FK 142148 TKP202ENKTA-05

D. Kovécs, Gy. Z. Radnéczi, Zs. E. Horvéth, A. Sulyok, I. Tolnai, A. Deak, D. Zambé

Noble metal (especially Au, Pd, Pt and Ir) nanoparticles are widely used in various appsiaati
the field of optics, sensing and catalysis. Although platinum is one of the benchmark catalysts for
hydrogen evolution and water splitting, the use of precious metals is intended to be reduced in the recent
decade. A promising strategy to decredseamount of noble metals used as cataly§} te prepare
nanoparticles with highly accessible surface sites (@pdo combine more than one metal into a
multimetallic system. Synergistic properties between the elements are able to extend theafiiestion
of the synthesized nanocatalyst by altering the electronic properties of the incorporated metals.
Moreover, preparation of porous nanoparticles with proper morphological control enables achieving
significantly higher surface area, where interfacahlytic transformations can take place.

Integration of more than two metals into a tailored nanoparticle matrix is a synthetic challenge.
Reduction potentials determine the elemental structure of theupuilenoparticles, while the direct
contact baween the metals has an impact on the overall electronic properties. Our aim was to utilize
the multielemental synergy in tetrametallic nhanoparticles consisting of a gold nanorod core and a
trimetallic PdPtIr shell. To enhance the specific surface ardeegddrticles, the shell was constructed
to be micre and mesoporous-igure 2.3.

Multimetallic nanorods

Figure 2.3 TEM-EDX elemental maps of the Au@mPdPtIr nanorods (left), and the catalyzed test
reaction on the surface of their porous shell (right). [Ref.2

We demonstrated that the conditions of the particle synthesis (i.e. pH, temperature, order of
chemical additions, micellar template) are critical for ensuring the robust preparation of the particles
with excellent shape, size and elemental uniforniite multielemental composition and the position
of the Fermi levels of the metals ensure the formation of a negatively charged particle surface which
was found to be active in various catalytic reactions suchdenethylation, nitro group reduction and
ethanol electrooxidation. Nanocatalyst electrodes were successfully fabricated by depositing the porous
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particles onto a conductive substrate in a straightforward manner at room temperature. The

multimetallic nanoparticles possess outstanding morphologitaility and reusability in the
investigated test reactions. The particles can act as catalysitiopghenol amination, methylene blue

degradation reaction, as well as in a direct liquid fuelreddited application (ethanol electrooxidation,
EOR). For the former, the particles contributed in the preparation of OH radicals, while in the latter,
electrodes with low catalyst loading enabled the decrease of the overpotential in alkaline medium.
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VII. Section of Chemical Sciences in March, 2024. paper was published in Small as a part of the
Hot Topic: Mesoporous materials. [Ref.2.2]
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Enhancing the catalytic activity of multimetallic nanoparticles by
symmetry breaking

OTKA FK 142148 TKP202:NKTA-05

A. S. Omondi, D. Kovacs, Gy. Z. RadndcziEZ$dorvath, I. Tolnai, A. Deék, D. Zambé*

The library of noble metal nanoparticles has been expanded in the recent decade by elaborating
their synthesis in numerous morphology such as spheres, rods, prisms, octahedra, stars and bipyramids.
Symmetry breking (i.e. preparation of anisometric particles) enables the tuning of their optical
properties and catalytic activity due to the presence of crystal planes with different surface energies.
Complementing this strategy with the integration of various notgtals as well as with improved
accessibility of surface sites by preparing porous metal particles can further enhance their catalytic
performance in heterogeneous catalysis and electrocatalysis.

The work aimed for the robust synthesis of tetrametalli@®RaPtlr (core@shell) nanoparticles with
excellent morphological purity to monitor the effect of the core morphology on the optical and catalytic
properties. Proper synthetic control and symmetry breaking procedures during the particle growth
ensured the pparation of novel porous tetrametallic nanocatalysts with sphericahegkd, prism
shaped, octahedral and bipyramidal morpholdggure 2.5.

1. Seed mediated colloidal synthesis of core NPS

.~ N @

4. (Electro)catalytic test measurements ¢ g

ep-nitrophenol degradat'lon e < 0
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Figure 2.5 Schematics on the synthesis and application of morphologicafijrolled terametallic
nanoparticles. [Ref. 3]

Spherical and symmetfyroken gold nanoparticles cores where fysithetically covered by a
trimetallic (PdPtlr) porous shell to obtain the different model systems. As a key novelty, the work
intended to compare thaatalytic performance of such model systems by keeping the volume of the
seed particle, the composition of the shell as well as the surface chemistry and catalysideiiliad)
Tetrametallic nanoparticles possess highly negatively charged surfacestbeentraparticle charge
transfer. Dispersed nanoparticles were used as catalysitiophenol conversion in agueous medium
without applying external trigger (e.g. heat or light). Moreover, electrodes were fabricated by depositing
the particles ontglassy carbon electrode (GCE) to compare their activity in alcohol and formic acid
oxidation reactions (direct liquid fuel cetlevantmodel reactions). Electrode preparation neither
involved binding agent nor Nafion as additive, thus, it is a clearstadjhtforward procedure. All
particle types catalyzed the model reactions, however, symimetken morphologiesperformed
significantly better Eigure 2.5. This can be attributed to the higher electrochemically activacirf
areas as well as the presence of different facets on the gold cores.
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AuNS@ AuR@ AuPrism@ AuOCT@ AuBP@
mPdPtir mPdPtir mPdPtir mPdPtIr mPdPtir

l

Degradation rate of 4-nitrophenol Electrocatalytic activity

Figure 2.6 Synthesized model systems with different morphologies and their elemental maps (top).
Performance of the particles inritrophenol degradation and electrooxidation accordingtteir
shape. Ref.23]

Importantly, all tetrametallic particles significantly outperforms their monometallic counterparts
highlighting the importance of proper compositional control and the intraparticle charge transfer upon
constructing multielemental apticles. These novel nanocaty show excellent morphological
robustness down to the fine structural level. This work sheds light on the correlation between the
morphology and the application potential underlining the importance of the proper setédtien
particle shape for a specific catalytic reaction. This study was publishgdnioscaleof the Royal
Society of Chemistry as an invited pag&ef.23]
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The growth and structure of cuprous oxide shell of gold nanoprisms

TKP2021:NKTA-05, OTKA FK142148

D. Zambd, D. Kovac\. Deak

Hybrid nanostructures derived from semiconductors and noble metals can show improved charge
generation and separation properties, that are useful for various catalytic and optoelectronic
applications. The combinatiarsf cuprous oxide (CGID) with gold is especially interesting, as such a
nanostructure unites the easthundance of copper with the outstanding stability and inertness of gold,
whereas CiD is a ptype semiconductor with its optical bagdp located in theisible wavelength
range. Additionally, both materials can be used to prepare size and shape controlled nanmparticles
wet-chemical synthetic routes. In one of our earlier works we have shown that separation and
localisation of photogenerated chargerieas in a CeO/gold heteroparticles depend heavily on the
morphology of the particlgfRkef 2.4. Up to now, various shapes of £igold core/shell nanoparticles
have been reported in the literature, where as a general rule the gold core morphologychiag mat
the symmetry of the G@ shell grown around the particles.

In our recent work we were investigating in detail how cuprous oxide shells can be grprisnon
shaped gold nanoparticldRef.2.9. As there is an inherent mismatch between favoured atryst
structure and she shape of the gold core, the ev
in detail.

High-purity gold nanoprisms were obtained by whemical synthesis and depletimtieraction
mediated possynthetic purification ppcess. The cuprous oxide shell growth was carried out in alkaline
agueous media from CuClsing either hydrazine or hydroxylamine as reducing agent. Both reducing
agents are known from the literature to be able to deliver Cu20/Au core/shell nanopastitles
hydrazine is a stronger reducing agent usually leading to shell formation with faster kinetics. To
characterize the morphology and optical properties of the particles, electron microscopy (SEM, TEM),
an optical spectroscopyasemployed. To obtain nme detailed information about the development of
the cuprous oxide shell morphology, the growth reaction was deliberately quenched at different time
instances and correlative electron microscopy/single nanoparticle spectroscopy experiments were
carried out

a) [e7)

Figure 2.7 TEM images and elemental map of the Cu20/Au nanoparticles prepared suing hydrazine
as reducing agen(@a). TEM and SEM pictures of the particles when hydroxylamine was
introduced to initiate the shell growth (b).
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Both hydrazine and hydroxylamine able to produce core/shell type particlegy(re 2.7, but
there is an inherent difference between the shell structures. While hydrazine results in twidiiesl slab
Cu20 coating, where the slabs run parallel to the flateslari the gold nanoprisms, hydroxylamine
produces a muHgjrain shell, which (especially on the SEM images) features a complex 3D structure. It
can be inferred, t hat whil e hydrazine i nduces
hydroxylamine thehell deposition starts in the curved regions of the core particles (tips and edges) and
as the reaction commences, it transforms into the observed complex 3D structure. This would also imply
that some degree of regismlective growth takes place in theesence of hydroxylamine. This has
been investigated in detail and confirmed by looking at the-éwnodution of the optical and structural
properties of the core/shell particles. The spectra recorded during the growth show a fast shell deposition
(Figure 2.8a), and the 2D projection in the TEM indicate a menjistalline, but conformal shell growth
with some structural inhomogeneity developing at later stdgigsré 2.8b). From the SEM image
(Figure 2.8c) it is also obvious that in reality the shell starts to grow at the tips and edges of the particles,
and the faces are covered only at later growth stage. This leads to a complex 3D shell morphology
observed at théinal stages of the growtlir{gure 2.7).
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Figure 2.8 Ensemble optical spectra of the nanoprisms during the Cu20 shell growth using
hydroxylamine in the first 90 seconds (a). The {ewelution of the shell morphology as observed
in TEM (b). Correlative SEM/singiparticle spectroscopy of the particles as a function so shell
growth time (spectra have been vertically shifted for clarity) (c).
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Determination of solid-liquid adhesion work in a direct and absolute
manner by the Capillary Bridge Probe

OTKA FK 128901 TKP202tEGA-04

N. Nagy

The need of the determinationof selid qui d adhesi on work is as ol d
reversible work of adhesion. In addition to its scientific importance, this quantity is a datited
affecting product quality and performance in many industrial fields. In general, it plays crucial role if
the liquid should completely cover a solid surface (e.g. coatings, paints, inks, lubricants, adhesives,
pesticides) or, on the contrary, theguid should not remain on the surface at all (liquid repellency, anti
icing, etc.).

According to Dupr®b6s definition, the adhesion
to separate unit area of two phases in contact. Applying this defihitisolid and liquid phases, the
solid-liquid adhesion work\Ws) can be written as

w kT r r 1)
whereayvi s | i qui d 6 s osdswsolidtliguad enterfaeiah terisionnandsy is the surface free
energy of the solidThe last two quantities cannot be measured directly. However, their difference is
included in the Young equation, which describes the condition for equilibrium of the contact line at the
solidliquid-vapor interface:

f f r AlITO m (2)
where! is the contact angle at the contact line. The combination of these two equations eliminates the
unknown difference term and results in the Ydubigpré equation:

© [ 2p ATO (3)
which relates the measured contact angladbesion work. Traditionally, the work of scliduid
adhesion has been determined through the measurement of contact angle. This contact angle based
approach is very convenient and effective, however, it raises several theoretical and practicasquestion

During a measurement cycle of capillary bridge probe, the capillary force is measured as a function

of the change of bridge length that is as a function of the vertical displacement of the cylinder.
This work is only spent on changing the interfacia@as, if gravitational force is negligible. During
approach and retraction, both the area of the ligajubr interface &) and that of the solitiquid
interface B) change. Consequently, the energy balance can be written as

o Y0 D yoor 1 (4)
where"®@is the measured capillary foro@,is the displacement of the cylindepAis the change of
interfacial area between the liquid and vapor phasegaiiid the area change between the solid and
the liquid, sed-igure 2.9 (The value ofp Aandgp Bare also dependent on the start and end points of the
interval range), over which the integration is performed.)
After rearranging Equation (4), the difference term in the bracket campbeserd as:

. bbb 0

oo B (5)
One can substitute this experimentally otherwise unattainable term into the definition of adhesion work
(Eqg. (1)). Furthermore, considering that the net force and the displaceaveronly Zzomponent, the
vector notation can be omitted.
This resulting formula gives the value of the sdigpliid adhesion work without the need of including

any contact angle in the equation:

o 1 (6)
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Figure 2.9 (a) Schematics of the measurement steps. The liquid bridge is formed from a pedant
drop. The contact line advances and recedes on the investigated surface, as the bridge length is
decreased and then increased. During the length change, the imagdiqfiithéridge is
captured and the capillary force is measured. The z axis is the axis of cylindrical symmetry. (b)
Capillary force as a function of the bridge length measured on a hydrophiisSurface. The
insets show captured images of the watguiltary bridge. The diameter of the cylinder is 2 mm.

Integration between the start and end points of approach and retraction gives the mechanical work
done in the advancing and receding phases, respectively. The change of interfacial areas can be
determned by simple image analysis in cylindrically symmetric case. Therefore, theligoid
adhesion work can be calculated according to Equation (6) for both the advancing and receding contact
lines.

In conclusion, there is a centuwoyd need for directlyneasured adhesion work values. The method
determines the soliiquid adhesion work directly and both for advancing and receding scenarios
without any model assumptions. In advancing situation, the adhesion work quantifies the driving force
behind spreadiy while it gives the work required to remove the liquid from a unit of solid surface in
receding case. The presented method provides an absolute, thermodynamic quantity, hence it is
insensitive to the measurement parameters, and furthermore the regalitieg can be used directly
for further calculations, e.g. in the various surface free energy models. The method can be applied easily
using commercial tensiometers equipped with an optional commercial camera module or with a
laboratorybuilt one.[Ref.2.6Ref.2.8]
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Optical calibration of the ellipsometric mapping tool from cheap parts
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Non-destructive techniques are important methods to use during all stages of the thin film processes.
Spectroscopic Ellipsometry (SE) is one of such methods. SE is@estmctive, noninvasive and ron
intrusive optical technique. It is a technique that measures the change in polarization state of the
measurement beam induced by reflection from or transmission though the sample. Ellipsometry
measures the amplitude r at iweenthe mamallelyp) andnordal (5h as e
polarizations. During data analysis, information about the system under the study is obtained by fitting
measured ellipsometric spectra to optical and structural models, as ellipsometry does not give a direct
information of the sample in consideration.

The purpose of this work is to make a well calibrated prototype optical mapping tool for thin film
measurements using only cheap parts such as an LCD monitor and a pinhole ca&peith[CMOS
Sensor with Integrated-Birectional Wire Grid Polarizer Array (Sony's IMX250MYR CMOS), shown
in Figure 2.10 Our arrangement shows similarity to the solution of Bakker fReifl.2.12, using a
computer screen as a light source and a webcam as abdéteut imaging ofhull ellipsometer.

During the conventional ellipsometric mapping, the data collection is relatively slower and use a
scanned small spot, while our new optical mapping tool from cheap parts measures a big area in one
shot. Specifically in this paper the special focus is on a newly developed calibration method. The
thickness map result is independently cross checked using a commercial Woollam M2000 ellipsometer
and the agreement is within 1 nm, which makes our optical mapping toall zgiodidate for industrial
purposes.

We know two industrial systems which are capable to measure big (square meter size) samples:
Semilab FPT system (https://semilab.com/hu/product/799/fpt) and the Woollam AccuMap
(https://www.jawoollam.com/download/pdésicumapsebrochure.pdf) system. Both systems use
Atraditional 06 SE device (100 kUSD price)byin spec
point the big samples. The Woollam brochure writes that "Data Acquisition Rate: < 6 seconds per point
(includes time for movement to new point, automated alignment, and data collection)" so it can measure
one big area during several 10 minutes. Our system can measure within seconds during one shot. The
new concept of the necollimated beam ellipsometer protpgyis set up as shownkigure 2.10

A LED-LCD monitor (or a TV), sedigure 2.10a (C) servesas apolarized RGB colored light
source for the builin polarizer sheet, number 4 Figure 2.10b and a polarization sensitive camera
behind a pinhole (7&8) together. ThHED)IsQddimoni t or
a 45degree rotated position, measured by a digital angle gauge with 0.1 degpprdnistraight
through position, we can detect the extinction of the polarization sensitive camera better’than 10

The polarization sensitive camera sensor (The
3.0 Polarsens camera), sedrigure 2.10a(A) and inFigure 2.10 serves the polarization state data,
from 0, 45, 90, 13%legree rotation positions (plus 3 RGB colors in each position). This arrangement is
equal to a conventional static photorietotating analyzer ellipsometer.
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The sample is illuminated by a nanllimated light through a fixed polarizer at an azimuth of 45
degrees to the plane of incidence. The reflecte
the intensity isaptured by a twalimensional position sensitive photodetector system at four different

angular positions of the analyzer.

b

<4

A(fronf view)

Polarization
Sensitive Camera

6

Figure 2.10 (a) Experimental setip: A) Polarization sensitive camera B) Sample + Sample holder C)
LCD monitor rotated into 45° positichUpperleft: the pinhole in front of the camera (b)
Schematics of the nasollimated beam ellipsometer: 1) Light source 2) Vertical polarizer 3)
Liquid crystal cell 4) Horizontal polarizer(C) 5) Sample (B) 6) Sample holder 7) Pinhole (sub
mm size) 8) Qaera sensor (A)
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Figure 2.11 Schematic structure of a 2/3 inch Sony CMOS Pregius Polarsens sensor (IMX250MZR)
a). Camera sensor b). Polarizer array matched to detector pixels c). Unit cell (Super pixel)

Minimum 3 different analyzer positions are u@ed. These four polarization states (intensity) data
(at 0, 45, 90, 136egree rotation positions) are enough (the fourth date is good to reduce the error) to
determine the ellipsometric angles: y ae3d2 . Oul
measur ed §chematicd strugiure of a 2i8ch Sony CMOS Pregius Polarsens sensor
(IMX250MZR) is shown inFigure 2.11b andFigure 2.11c. The main advantage of the assembly is
that no meing parts in the system!).

It is a common scientific practice to check any device or a setup for an accuracy and precision and
trying to correct any errors or malfunctions on the setup through calibration and comparing with other
corresponding standardaatels. Accordingly, a direct monitor measurement is taken in our setup and
we noticed, rather confirmed, that we need error correction and calibration of the experiment setup.

<« 50cm »
Monitor o

67°

r N

60cm

230

Polarization Sensitive
Camera

Figure 2.12 Schematic drawing of the direct ellipsometric measurement of monitor
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measurement. Note that the x araxes of our figures represent the pixel group in the sample,
51x32 and the-axis (color band) shows the range of the measurerauaes in each
corresponding category, depending on the type of the map.

Theoretically, perfect linearly polarized light is coming from the monitor at 3 different (red, green,
blue) lightbands. We directed the camera to the monitor performing a dilipsbmetric measurement
without a sample, sdéigure 2.12 If we have an ideal sample which do not change the polarization
state then we measure tan y and cos ®@ values to
a pointby-p o i 4edrrection calibration is needed.

Figure 2.13hows theresultof direchboni t or measur ements, tan y and
Red, Blue and Green. The systematic alterations from 1 in the maps show systematic measurement
errors in our optical mapping tool that justifyetheed for a special calibratiorhree SiQ/Si samples
of nominally 40, 60 and 100 nm thickness were used for the calibration process and another nominally
80 nm SiQ/Si sample was analyzed using the calibration values from the three oxide samples. The
experimental data is collected for each three oxide samples and then, six different positions of each
sample was used in the calibration process. The experimental figures shown in this paper are mostly
deduced by excluding pixels with high MSE values thatale the results from the true expected
values, prioritizing points of only low MSEigure 2.14b shows the MSEnap of the central 20x15
cm part where the measurement proved to be reliable.
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Figure 2.14 (a). Merged MSE full mafand (b)bw MSE pixels map

Monitor-correction are calculated using the following equation:
T2LIT T YSEAF T Y2YAUG2NI ORAFTFSNBY G F2NJ S OK LAY

where} optis the measured value with perfect light souyeessis the actually measured value aR@hitor

i s tcdwrection. We measure three gi€) samples with different thickness&Ve determine 3*N*2

y and o (where N is the number of different wav
2* N+3+1 unknown <calibration vmigueand M) B (fjul | C
thicknesses + 1 actual angle afinlence in each points and eazivelength Each thickness and angle

ofi ncidence in the sampl e dceoprernedcshni.dpamd sycatf@aprandl oc at i

wavel engt h depe n-dogrectioss.givelnmoie énsightrap the natgre gtatus of the

sample measurement.

The result of the anglef-incidence calibration is shown Figure 2.15 Using the same criterions
(low MSE, smooth map), we refined the angféncidence mapRigure 2.17) from the angleof-
incidence full mapKigure 2.17a). As it can be seen iRigure 2.17, the angleof-incidence varies
smoothly across the surface, which agrees with the theoredilcads. This refined anglef-incidence
map was used later to evaluate the nominally 80 nre/Si®@ample thickness map.

Angle of incidence (deg)

Angle of incidence (deg) 16 90

87 14
80 12

\,
o
y-axis

5 101520 25 3035404550 5 10 15 20 25 30

Figure 2.15a). Angle of incidence full map b). Angle of incidence with high MSE pixels removed
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The same calibration process resulte@ thickness maps of our calibration oxide samples
(nominally 40, 60 and 100 nm thickness) which are shovigare 2.16

- Thickness (nm)

— 105
‘ 98.3
91.7

Figure 2.16 Thickness maps of nominally 40 nm, 60 nm and 100 nm of SiO2/Si samples (low MSE
areas) from the refinedentral 20x15 cm part.
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Figure2.17The calnmfrv atkedsy) Left c orightoolamn: phasesshift } moni t or |,
correction in rad. Upper row: blue (450 nm), Middle row: green (550 nm), Lower row: red (650
nm).

The calibrated jymonitor val uaesalsd mapped $se@urespeci f i
2.17 These values differ only by less than 0.3 from the ideal values, so we can use them to evaluate
independent measurements.



MFA Yearbook 2@ 48

Thickness (nm)

Total Thickness in nm vs. Position RS S, 85.0
9 85.00 845
84.0
6 84.00 835
83.0
)

3 83.00 X 825
'g cni 82.0
S0 82.00 81.5
> 81.0
-3 81.00 80.5
80.0
6 80.00 79.5
- . 79.0

9 | [ 4 8 12 16 20 24 28 32

9 B - X-axis
a) X (cm) b)

Figure 2.18 (a) Nominally 80 nm oxide sample thickness map by Wollam M2BEQ{0lote, that our
M2000 can map only the central 14 cm diameter area of the 20 cm diameter sample (b) Thickness
map of same SiO2/Si sample 20x15 cm area by theolbmated, calibrated mapping tool.

We used a nominally 80 nm thick, 20 cm diameter&0sample to check the results of the
calibration. Wemnid®REas tocdirect the anbasubed ellipserdetri¢ angles and used
the corrected values to determine the thickness map. The thickness map of the 80 nm oxide sample in
Figure 2.18& appears to be smooth enough. Note, that one cokigure 2.18s only 0.5 nm.

An independent checking measurement of the same sample was also made by the Wollam M2000
ellipsometer, as shown theFigure 2.18The agreement of the thickness measurement made between
our noncollimated ellipsometer after correction, and the conventional Wollam M2000 ellipsometer is
only within 1 nm, which is a good agreemdfef.29-Ref.2.11, Ref.2.13]
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Optimized Sensing on Gold Nanopatrticles Created by GradeHayer
Magnetron Sputtering and Annealing

TKP2021-EGA-04, OTKA K 131515, OTKA K 146181, EMPIR POLight 20FUNO2

D. Mukherjee, K. Kertész, Z. Zolnai, Z. Kovacs, A. Dedk, hnlgs, Z. Osvath, D. Olasz, A.
Romanenko, M. Fried, S. Burger, G. Séafran, P. Petrik

Gold nanoparticles (GNPs) possess optical properties making them especially suitable for
plasmonic sensing. They are less than pristine, however, when it comes tetlemmon methods
for fabricating them. These methodolod@ieslectrochemical deposition, chemical methods, and
physical vapor depositiénalmost always yield GNPs with a uniform layer of gold. We know from
working with metal nanopatrticles in general thatdpg@cal properties of a particle are not just a function
of the material, but also of its structure. That is why this work aims to methodically vary the deposition
thickness, and the subsequent annealing (heating) of the deposited material to explioreethe
dimensional structural evolution of GNHgef.2.14 Ref.2.15] The GNPs produced because of these
explorations have been used to perform a series of optical characterizations that themselves serve as a
basis for understanding the appearance andbsagnce of the GNPs' optical sensing capabilities.
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Figure 2.19 (a) Schematic view of the mieommbinatorial sputtering methd&ef.2.17](b)
Configuration of the optical transmission cell. (¢c) Thickness (red circles), effective thickness
[Ref.2.18]correspondingo the deposited amount of material (dotted line), and error of fit for the
asdeposited graded Au sample measured by ellipso
ellipsometry as a function of temperatwre during
mm on sample (e) Schematic, (f) SEM (at a position of 8 mm), and (g) optical images on the
sample after annealing. (h) and (i) show m33 spectra on sample over the range of positions from O
to 12 mm for the as depositveld and 300 UC an

A gradedlayer deposition approach was employed, where gold thickness varied from 0 to 20 nm
across the substrate. After thermal annealing, the gold layegsselinbled into nanoparticles, forming
distinct size and spacing distributions alongdhlestratéRef.2.16] At thin deposited layer®({i 2 nm),
the nanoparticles were small and waiBpersed. At 37 nm, the particles coalesced into interconnected
islandlike structures. Beyond 7 nm, a continuous gold film formed, and the plasmonic properties of the
system were reducelifure 2.19. Scanning electron microscopy (SEM) was used to confirm that the
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mass thickness of deposition affected particle shape: the particle shape transitioned from oblate to
hemispherical as thickness (and deposited mass) increasetingffiee neafield optics. The electron
oscillation that resulted in the appearance of the local surface plasmon resonance (LSPR) peak was
timelined to the onset of a hydrodynamic regime in finite element method (FEM) calculatibnd 9}

Ellipsomety and transmission spectroscopy were used to analyse the optical response of the layers.
The LSPR effect was observed, where electrons oscillated collectively at specific wavelengths
depending on nanoparticle size and spacing. The LSPR peak appear&@i &0851m for thinner
layers (24 nm effective thickness). For thicker layers (>7 nm), LSPR diminished, indicating a loss of
discrete plasmonic behaviouFigure 2.20. The experimental results were validated by FEM
simulationspredicting similar trends.
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Figure 2.20 Reflectance spectra measured along the sample and (b) simulated at normal incidence
using (c) a FEM model. (d) Reflectance spectra calculated for the same structure with (f) a model
using an overlayer with a thickness of 2andé= 1 . 4 5 +20whdelthe unit of is inem. The

differences between (b) and (d) are plotted in (e).

We also conducted systematic evaluations of ethanol, water, and Raman reporter molecules as test
analytes, correlating sensing efficiency with theadied gold thickness and nanoparticle morphology.
Optical transmittance spectroscopy was used to show that the refractive index altered upon ethanol and
water adsorption, shifting the LSPR peak accordifighf.220]. The best performance was recorded
ata gold thickness of ~3.2 nm. This was the transition region where the nanoparticles were still discrete
but had strong plasmonic coupling. Above ~ 7 nm, the sensing capability declined, as we moved into a
region that behaved more like bulk gold and had pggsmonic enhancement.

Surfaceenhanced Raman Spectroscopy (SERS) was then used to probe our system and to see if we
could take advantage of the intense electric fields to observe molecular signals. The most intense signals
were recorded at 1-5 nm gadd thickness, under the same conditions where we were gettingjeldar
enhancement. The interparticle gap, most importantly its ratio to the particle size, was alsd=&hcal.
calculations were performed to model the optical responses of gold gnatideisvarious conditions.

We were able to successfully corroborate with the simulations the limits of detection based on the
geometry of the nanoparticles and the changes in refractive index.
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We confirmed the shifts in the LSPR peak as a functiomefstize, spacing, and environmental
refractive index of the nanoparticles, along with the surface coverage effects on resonance behaviour
and the enhancement factors for SERRSed molecular detection. This research demonstrated that the
combinatorial spering technique can theoretically be applied to the scalable, precise, and reproducible
fabrication of optimized gas and molecular sensors based on plasmonic structures. Optimized gold
nanoparticle thicknesses of abou® 2m offered the best overall panhance.

These research findings also have implications for bimolecular (virus, protein) detection
applications. Therefore, the anisotropic control of the GNPs along with the precise control of the gap
widths significantly enhances the gas and molea##ection capabilities of the plasmonic sensors.
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Optimization of SnO2/Zn0O Films for Electrochromic Coloration Efficiency

OTKA K143216,0TKA K146181and TKP2021EGA-04

Z. Labadi, N T. Ismae] P. Petrik, M. Fried

Electrochromic applications for metakides, such as smart windows and displays, have been
widely studied recently. Electrochromic films decrease the extra absorption of heat in buildings. The
electrochromic process is based on a reversible redox process and characterized by coloiation effic
(CE). Transition metal (titanium, tungsten, nickel, vanadium, molybdenum and others) oxide films are
the most interesting and most widely dind materials for this purpod&ef.2.21]. Nevertheless,
relatively few publications have studied the pdssilnlvantages (higher CE) of the mixtures of different
metal oxides as electrochromic materials. The change in light absorption for the same electric charge
represents the electrochromic effectiveness, and it can be higher in mixed metal oxide layers.
Spedroscopic Ellipsometry (SE) has been used as an investigation method for combinatorial or pure
materials since it is a cesffective, nordestructive and fast method for the mapping of mixed oxide
layers. A thickness map and a composition map have bééwvad by the developed optical models
of the sample layers.

The objective of this work was to determine the CE and to investigate the electrochromic
effectiveness of Sn&ZnO mixed layers in the full compositional range. Mixed oxide layers were
preparedby reactive DC magnetron sputtering. It should be noted that we apply a combinatorial
approach for compositiegraded layer deposition to allow study samples chosen from a full and
continuous Sng)y T ZnO( 17 ggmposition range. The deposited films welaracterized using
spectroscopic ellipsometry (SE), Scanning Electron Microscopy (SEM) with EDesggrsive Xray
Spectroscopy (EDS) and coloration efficiency (CE) measurements. We expected that mixing metal
oxides with different sizes in films can enbarthe CE.

Metallic Sn and Zn targets were placed separately from each other, andiiticiaride (ITO)
covered glass and-probes on a glass substrate (30 cm x 30 cm) were moved under the two separated
targets (Sn and Zn) in a reactive argoxygen (ArO;) gas mixture (se€igure 2.2). The tinzinc
oxide layers were deposited onto FbOvered 100 x 25 mm glass surfaces. Layer depositions were
carried out by reactive sputtering in an (Ar 3) @as mixture at a ~2 x T0Pa lase pressure and at a
~10* Pa process pressure. The tairgabstrate working distance was 6 cm. Volumetric flow rates of
30 sccm/s Ar and 70 sccm/s Were applied in the magnetron sputtering chamber. The plasma powers
of the Sn and Zn metal targets weet to 800 and 1000 W, respectively. The samples were moved back
and forth at a 25 cm/s walking speed between the Sn and Zn targets, and a mixed oxide film was
deposited onto the ITO surface. A 5 min cooling interruption was applied after every 50 wegttesy

350 mm
G U- U-T,
Sn : Zn | |
S~ S oD ,,,.V,: T
Argon [ /X o ;.‘.
Oxygen i Glass substrate ‘
i ‘_": {”‘, IVH"‘I .

Figure 2.21 Target arrangement for combinatorial deposition and an insight into the chamber
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Col oration Efficiency d is given by the foll owin
LY
3 1 |y
sl =
nj o 0
whereQi s t he el ectrical charge inserted into the

change in optical density,,Is the transmittance in the bleached state, amsltiie transmittance in the
colored state. The unit of CE is #@ (square centimeters per Coulomb).

The CE was determined in a transmission electrochemical ceFigpere 2.22. The cell was filled
with 1 M lithium perchlorate (LiCIG)/propylene carbonate electrolyte. A 5 mm width maskedZisn
oxide-free) ITO strip of the slides remained above the liquid level, allowing direct electric corttact wi
the cell. A Pt wire counter electrode was placed into the electrolyte alongside a reference electrode.
This arrangement was a fully functional electrochromic cell. The applied current was controlled through
the cell using a Farnell U2722 Source MeaswmamJnit (SMU). A constant current was applied
through coloration and bleaching cycles of the electrochromic layer, and simultaneous spectral
transmission measurements were performed by using a Woollam M2000 spectroscopic ellipsometer in
transmission mode.

Figure 2.22 Setup for transparenaypeasurementduring colorationi bleach cycles
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Figure 2.23 Threedimensional diagram of CE data of SAZnO vs. Zn % for wavelengths from 400
to 800 nm in visible spectral range.
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Figure 2.23hows the 3D repsentation of the calculated CE data as a function of the ZnO fraction
of the film and the wavelength. Individual points were calculated from the average of three independent
measurements. The error is estimated to be 3%, calculated based on the atsarapje positioning
in the measuring cell and the spot size of the optical beam.

The CE maximum was found to be 29% Zn for each wavelength between 20 andG0Tdris
29% is very close to the optimum value of 30% in the case of the-Si@2 mixture Wich was
investigated in our earlier papfRef.2.22]. We expected that mixing metal atoms with different
diameters in the layers can enhance the CE. Thi30§® mixture of different metal oxides seems to
be the optimum for Ldiffusion in these sputtelematerials.

The influence of mixing metal atoms with different diameters in the layers on EC behavior can be
attributed to several factors. Mixing can create new pathways for charge carriers, enhancing the overall
electrical conductivity. This increasedonductivity can support faster ion intercalation and
deintercalation processes, causing quicker color changes. Mixing can alter the electronic structure of
the layer, affecting the way it absorbs and transmits light. These factors can explain the eGkanced
values[Ref.2.23].
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Magic mirrors of the Orient: analogies and inspirations in optics

F. Riesz

Magic mirrors (in Japanese, Makyoh) are ancient metallic mirrors with a backside relief pattern,
originating from China and Japan. If a light beam falighe mirror surface, an image is projected on
a distant wall that resembles the back pattern as if the mirror was transpagerd 2.24 [Ref.2.24]
These mirrors fascinated laymen and scholars alike during centuridsp@nithe 19th century, when
Western scholars became aware of these mirrors, till recent days, they have been actively studied. It
was clarified that a nearly invisible surface relief is formed on the polished front face during
manufacturing by mechanicaleans of the back relief, and the image is created by the local deflection
of the reflected rays by this front religtef.2.24]

Figure 2.24 A Japanese magic mirror: backside and projected image (fReh2.24]public
domain).

Analogies to ancient, p#echnologyartifacts have always played a significant role in modern
scientific and technological advances by providing foundational insights, inspiring new ideas and
presenting complex problems in accessible ways. Magic mirror related phenomena also represent an
interesting chapter of optics: In addition to the vielh o wn 6 Makyoh topographyo
mostly for the visualisation of surface defects of semiconductor wafers, magic mirrors and their
fabrication method serve as analogies of several optical &ed mchnological phenomena. In the
following, we briefly review the most important analogies and connections to problems in optics and
other areas of technology.

Optical modulatord The traditional fields of optics deal with ray/wavefront propagatiorudjno
lenses and mirrors, that is, spherical surfaces/interfaces arranged in rotational symmetry along an axis.
However, areas of advanced optics aim at direct manipulation or structuring a wavefront, changing its
intensity, phase or polarisation in a sptiaddressed arbitrary manner. Magic mirror thus appears as
an ancient form of a 2D light modulator, as well as serves as a useful and illustrative el @y95]
It is not an exaggeration to state that the ancient magic mirror was the firgedigbptical device,
achieving spatially resolved control of wavefronts with phase changes in a wavebamgghprecision,
using the backside height relief as the O6input

Freeform opticd Magic mirrors satisfy the basic definition of freeform optidangents defined
most simply as having surface shape that lacks translational or rotational syfiReé®)26].
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Flat optic® Certain magic mirrors can be regarded as flat optical elements (although most magic
mirrors are convex, the convexity is not a prgrisite of operation and globally flat magic mirrors do
exist).

Mechanical fabrication meth@dBackside patterning and subsequent polishing of a metallic plate
can induce small deformations in the front surface, similarly to the ancient magic [Rief&.27].
With carefully chosen materials and processing parameters, reproduciblprétigion shaping in the
submicron range can be achieved.

Deformation induced by buried stressdrSubsurface (or interface) inclusions or voids induce a
surface deformadh of a plate or layered system, especially if the surface is machined in some way.
This effect, which is basically the main principle of the magic mirror operation, is frequently observed
in machining and technology. Notable examples are backside (diag#e contaminant particles in
wafer polishing (wafer bonding), and surface bulging in metal foams asndace porefRef.2.28].

Nortvisible and nofphotonic imaging Analogies to magic mirror imaging extend beyond light
optics to other fields wherfaié same governing laws are in effect. Mirror electron microscopy is such
a methodRef.2.29]here, the object is illuminated by an electron beam, and the sample is electrically
biased to reflect the electrons before reaching the sample. Variations ckduefght and chemical
composition cause variations of the equipotential surfaces, causing reflection of different angles across
the sample, similarly to a magic mirror surface, thus the reflected beam then forms an image. Another
analogous method is thegpagatiorbased Xray phasecontrast imagingRef.2.30] used as an
extension of traditional radiography. The studied object is illuminated-tgyX and the transmitted
beam is imaged by a screen placed some distance away. The beam, in addition toptierglssiffers
local deflections due to changes in the net refractive index of the material alongaheath due to
changes in density and chemical compositieigue 2.25. The mechanism of image forming is thus
similarto that of the magic mirror, improving the imaging of weakly absorbing samples.

Optics educatiod the catchy and intriguing principles of magic mirrors aid in understanding

of ray optics and image formation princip[&ef.2.31].

|

]

X-ray
source object _NI™\image
screen  intensity

Figure 2.25 Propagationbased Xray phasecontrast imaging: traditional method; weak absorption
contrast (left), improved imaging due to edge enhancéimemha gi ¢ mi rror &8 ef fect
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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.

The develoment of the 2D semiconductor, multicomponent thin films and technical ceramics were
the important base research fields supported by several international basic scientific projects and

collaborations in 2024.

The uniqueness of the Department in natiomal eternational level as well was the structural
investigation of various materials by transmission electron microscopy (TEM). The effect of the
structure on the developed material’s properties was demonstrated by TEM. It was demonstrated that
the optimalstructure can be directed in a controlled way. All topics were supported by methodical

developments based on electron diffractions.

In 2024, 66 scientific publications (17 pc D1, 26 pc Q1) appeared in refereed journals with a
cumulative impact factor &09. In addition, 5 papers were published with no impact factor conference
proceedings. Members of the group presented invited lectures, oral talks at national and international
conferences. The group received000 independent citations in the examiirgdrval 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 Lérand UniversiEy TE, and Budapest
University of Technology and Econorsiec BME, and University of PannonidJP and Obuda
University- OE). In addition, 4 PhD students were supervised.
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A few national and international conferences were organized by Thin Film Physics group members:

A

A

A
A
A

48th International Conference and Expo on &atved Ceramics and Composites (ICACC2024)
USA i Baldzsi Csaba, Balazsi Katalin (symposium lead org.)) Daytona Beach, USA 2024
January 23-ebruary 2

14th International Conference on Ceramic Materials and Components for Energy and
Environmental Systems (CME&H4), HU- Balazsi Csaba, Balazsi Katalin (conference chairs)
Budapest, 2024 August 12

Annual conference of the Hungarian Microscopic Society 2024 (MMT) Si6fok 2024 May
Pécz Béla, Labar Janos Radndczi Gy. Zoltan

European Microscopy Congress, Copemm024. August 280, International committee
member, Kovacsné Kis Viktoria

2ND International Summit on Graphene & 2D Materials (ISG2DM2024) Germany Munich
2024 May 20 Balazsi Katalin (conference chair)

Social activity of the group is landmarked by mg20 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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Laser annealing impoves quality of thin superconducting CoSi2 films

2019 2.1.7ERA-NET-202200032(QuantERA Il SIQUOS

J. L. Labar, B. Pécz, Dumad., F. Gustavol, M. Oppre¢hG. Freychet P. Gergaud, S. Kerdile§
S. Guilleminl, F. Leflocrand F. Nemouchi

! Université Grenoble Alpes, CEA LETI, 38000 Grenoble, France
2 Université Grenoble Alpes, CEA IRIG, 38000 Grenoble, France

Quantum technology is regarded as a great promise for revolutionizing computational power. Its
cornerstone is the practical realizatmfrQubits, the basic parts of guantum computers and additionally
promising units as new type of sensors. Out of the many physically very different realizations of Qubits,
solid state electronic devices using superconducting elements seem to be the ehgs¢deVhe most
serious question from the point of view of future applications is if mass production of reliable Qubits
can be realized. The SIQUOS project promises to bring this goal closer by manufacturing Qubits
compatible with standard Silicon CMO&kmology. For that reason, only-&mpatible materials and
technologysteps are used in the project. The Qubit developed in SIQUOS is a gatemon, which contains
a single gateontrolled Josephson junction (JJ) with superconductor/semiconductor hybrid
nanosructure. Such a JJ follows the geometry of a matade-semiconductor (MOS) fiel@ffect
transistor (FET) with superconducting source and drain (S/D) contacts. When transparency is good
between the S/D contacts and the semiconductor channel and ttedetigt gate is short enough, a
nontdissipative super current flows in the device whose amplitude can be controlled by the gate. This
is the working principle of a JOFET.

SIQUOS project experiments are carried out with different superconducting matedbtain the
best performance JOFET. One of those superconductors is CoSi2. Best parameters reqdifmth)n (
CoSi2 films with uniform thickness and as smooth Si/CoSi2 interface as possible. Stanegirseelf
silicidation (SALICIDE) process is bad on a twestep rapid thermal annealing (RTA) of the layer first
at 500°C (to form CoSi) and the second at 700°C (to transform CoSi to CoSi2). Although this process
is good for standard transistors with thicker layers, the wavy Si/CoSi2 interface amdtiey varied
layer thickness formed by this process is unfavourable for the JOFET. The new laser annealing heat
treatment developed in the project solves this problem by producing smoother interface and more
uniform layer thickness [Ref.3.1]. Electricaleasurements proved better superconductivity, too. The
improvement is explained by singdtep formation of CoSi2 (skipping CoSi phase). Hgure 3.1
illustrates this improvement. SREF: CoSi2 layer made by standard SALICU2ESs; S1: CoSi2 layer
made by a single laser shot; S100: CoSi2 layer made by 100 laser shots.

The SIQUOS project (grant no. 2029L. 7ERA-NET-202200032) was supported by the National
Research, Development and Innovation Fund.
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Figure 3.1 Crosssectional STEMmage and EDS element profiles related to SREF, S1 and S100.
The depth origin in EDS profiles is situated at the TiN surface.
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Synthesis and Properties of GiHf-Mo-Ta-W Multicomponent Carbide
Thin Films

Zs. Czigany, T. Stasigks. DebnarovaS Lin', N. Koutn&1l, K., Bal §zsi,
P. VagiPna'Soul ek

! Department of Physical Electronics, Faculty of Science, Masaryk University, Brno, Czech Republic

This study demonstrates the synthesis of multicomponent carbides witktyigaG@tcstructures
using reactive DC magnetron sputtering and explores the influence of deposition conditions on the
structural and mechanical properties of thin films in theHEMo-Ta-W system [1]. The deposition
process was conducted in an argon atmosphehevaitying acetylene flows (@2 sccm) at ambient
and elevated temperatures (700 °C). These conditions either hindered or promoted adatom diffusion,
significantly affecting the resulting film structures and phases.

Structural analysis (XRD; TEM in Fig.3)2evealed that films deposited without acetylene formed
a bce metallic phase with lattice parameters ranging fber8.188 3.209 A, in agreement with density
functional theory (DFT) calculations of lattice parameters as a function of carbon conteotoXdr
phase transition occurred with increasing acetylene flow, facilitated by the formation of an amorphous
intermediate phase likely caused by limited a mobility. At higher acetylene flows, an fcc multielement
carbide phases grew with lattice paraengifd= 4.33 4.49 A. Crystalline films exhibited a columnar
morphology, whereas amorphous films were dense and featureless.

Mechanical testing revealed exceptional properties, with hardness values reaching 25 + 1 GPa and
indentation moduli up to 319 + 6 GP@&hese results were consistent with DFT predictions,
demonstrating the correlation between carbon content and mechanical performance. The ca@lulated
and’G/Crratios indicated superior wear resistance, positioning these materials as promisidgteandi
for demanding applications.

The study highlights the possibility to synthesizeHEfMo-Ta-W multicomponent thin films with
either bcc or fcc structures by controlling the acetylene flow. Notably, the films maintained high
deposition rates (384 nnimin) under all tested conditions. The successful preparation of fcc carbide
phases at intermediate acetylene flows6(3ccm) underscores the versatility of this multielement
system in forming stable singphase carbides.

In conclusion, this work demotmates the potential of hybrid PVBECVD magnetron sputtering
for fabricating highentropy carbide thin films. These materials combine advanced microstructural
characteristics with excellent mechanical properties encouraging further exploration andiapmlfca
Cr-Hf-Mo-Ta-W multicomponent carbides for higierformance applications in harsh environments.
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Figure 3.2 High-resolution TEM images of samples prepared at 2.5 sccm and 3 sccm of acetylene at
ambient room temperature (RT) and high temperature (HT). Th®$aEerns are shown as
insets of the images of the corresponding coatings. The sample prepared at 2.5sscm at RT sample
is amorphous, while all the others are polycrystalline with fcc crystal structure

































































































































































































































