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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 achievdd in 202

2023 was thefourth whaoe year what we spent as the member of E6tvos Lorand Research Network
(ELKH) I wanted to write, but this is wrong. The name of our research network was changed for HUN
REN, i.e. Hungarian Research Network, that caused us some extra administrative tagkbelyear.
The administration rules and the fAequationd via
the central administration, but being members of the Centre for Energy Research (CER) we always benefit
of the synergy and of the compientary behaviour of the three member institutes of CER.

Although we observed and felt that the R&D costs in Hungary werstamtially lowered down to
1.38% of GDP, thanks to our projects we gained before, we could work without any big obstacles.
Furthemore 5 new OTKA projects were gained by colleagues.

Already in 2022 we faced a new challenge, what was the elevated price of gas heating increased by a
magnitude of order. The appropriate heat pumps were immediately selected, the installation wdrk starte
and was successfully finished in 2023. As a result, both buildings of MFA are heated (the technology
building is even cooled) by those devices. MFA does not use anymore gas for heating.

MFA could continue to paypublication awardor the young authorsf éhe best publications.

The salaries are still very low, what we also pointed out in the self assessment which we had to write
and submit to our central administration. An assessment of an international committee is expected next
Spring and hopefully tha wi | | bring at | east a modest salary i

In 2023 some of our colleagues achieved successful scientific qualification. Levente Tapaszt6 got the
Doctor of Academy title, and we hadlso five successful PhD candidates, nam®grton & e n,d r R
Nikolett He g e ,dViblamed ArfaouriKlara Hajagos NagyGyorgy Benjamirkalas we are very proud
of themand congratulate to the supervisors as vifgdter Beatrix andambé Daniebuccessfully fulfilled
a habilitation process and became seniagaeh fellow.

Our Attila Szolnoki was awarded by the highest Physics Prize at the Hungarian Academy, Physics
Section of Sciences for his work and results he achieved in statistical phgsitalso pleased to inform
you that theOfficer's Cross of thélungarian Order of Meritvas donated to our Péter Barna, who is our
research professor emeritus. Parallel to that our Katalin Balazsi receivelinigarian Gold Cross of
Merit. The Széchenyi Prize (the highest scientific prize in Hungary) was etbmaProfessor Katalin
Kamaradswho is our colleague via a part time contract, we enjoy the common work with her and
congratulate warmly.

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

Prof.Béla Pécz
Director
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Organizational structure

Director: Prof. Béla Pécz

Scientific departments

Thin Film Physics Department

Katalin BALAZSI, Ph.D.

Complex Systms Department

Géza ODORD.Sc.

Photonics Department

Péter PETRIK, D.Sc.

NandiosensoricDepartment

Rébert HORVATH Ph.D.

Microsystems Department

Péter FURJESPh.D.

Nanosensorics Laboratory

Janos VOLK Ph.D.

Nanostructures Department
and "Lendulet'group- 2D Materials

Levente TAPASZTQPh.D.

"Lendulet" group- Topological Nanostructures

Péter NEMESNCZE, Ph.D.

Directly supervised functions

Head of Scientific Advisory Council

Levente TAPASZTQ Ph.D.

Scientific secretary, projects and PR

Krisztina SZAKOLCZAI, Ph.D.

Quality control patentsMTMT, 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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Key Figures of MFA
MFA budget 20032023 (million HUF)

You can follow the budget of MFA in tHast 20 years in the chart beloBasicsubsidyis growing
slightly, but far from following inflation The periodicity of large calls for tenderseg. EU grantsand
domestic innovatiormgrants from different ministryscan be observed in the eutibn of the institute's
budget. These have major effect on our everydayHiéetunatelly the last few years wesaccessful in
terms of grant applications. Three Themateic Excellence Programmes (TKP2021) projects have started in
the beginning of 2022. Also the EU Key Digital Technology project, th&€HCJIU project MSCA
fellowships,and a Pathfindgproject togetter with ERANET grants provided international visibility and
utilization of the results. These gastability for majorresearcHines in our laboratorie®r 3-4 years.
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According to the ThomsoiReuters ISI "Web of Knowledge", and MTMT2 databases, the Institute has
an average publication activity of calQlscientific papers in IF journals a ygénk). Recently MFA
researchergend topublish in journals with higher impact facsnd the number of citations are constantly
increasing.
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Prizes and Distinctions

Katalin KAMARAS Széchenyi Prize

Péter B BARNA Officer's Cross of the Hungarian Order of Merit

Katalin Balazsi Hungarian Gal Cross of Merit

Attila SZOLNOKI Physics Prize at the Hungarian Academy

Gabor PISZTER Roébert Barany Prize of thbe Hungarian Academy

Juhész Zoltan Pima Prize

Tibor Jermy Prize of thelungarian Museum of Natural

Gabor PISZTER Sciences

Gyorgy SAFRAN MFA institute prize

Andras DEAK MFA institute prize
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Daniel ZAMBO

M8r t on

Gabor PISZTER

SZENEL

MFA postdoc researchers prize

MFA postdoc researchers prize

MFA young researchers prize
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The 115 km race length of th& Bltrabalaton Trail running race was completed by our collegues.
The team of 7 completed the extreme distance in 12 hours and 35 minutes in a relay, finishing in 113th
place out of 204 teams with this time restilhle team members: Barbara Beiler, Dora Bereczki, Ferenc
Braun, Péter Furjes, Levente lllés, Zsombor Szomor and Janos Volk.
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1 - Nanostructures Laboratory

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

Research Staff: M.Sc./Ph.D. students:

1 Prof. Laszl6 Péter BIRO, Member of the I Konrad KANDRAI, Ph.D. student
HAS T Soma KESZEI

f  Zsolt Endre HORVATH, D.Sc., Deputy 9 Péter KUN, Ph.D. student
Head of Laboratory § Krisztian MARITY, Ph.D. student

1 Gergely DOBRIK, Ph.D. 1 Marton SZENDRf, Ph. D. studer

1 Krisztian KERTESZ, Ph.D. 1 Gyorgy KALVIN, Ph.D. student

i Antal Adolf KOOS, Ph.D.

! Géza lstvan MARK, Ph.D.

1 Péter NEMESINCZE, Ph.D.

{ Zoltan OSVATH, Ph.D.

1 Andras PALINKAS, Ph.D.

9 Gabor PISZTER, Ph.D.

 Péter SULE, Ph.D.

f Péter VANCSO, Ph.D.

The research activity of the Nanostructures Laboratory is based on Huetaddong expertise in
the synthesis, characterization and engineering of various nanostructures using scanning probe microscopy
as the main experimental technique. Since more than a decade, our research efforts are focused on the
investigation of twedimensional materials. Besides graphene, in the last couple of years, novel 2D
materials, mainly form the family of transition metdlalcogenides (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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Identification of graphite with perfect rhombohedral stacking
by electronic Raman scattering

OTKA KKP 138144, TKP202NKTA-05, OTKA K146156, OTKA P[146479, OTKA K134258,
OTKA K132869, OTKA FK142985,20221.2.5TET-IPARI-KR-202200006

A. Palinkas, KMarity, K. Kandrai, Z. Tajkov, M. Gmitra (CLTP SAS, SK),
P. Vancso, L. Tapasztd, and P. Nefireze

There are two energetically favorable configurations for stacking graphene layers in graphite: the stable
and most common hexagonal (or AB), and theradly rare, metastable rhombohedral (or ABC) stackings
(Fig. 1.1.a). While the hexagonal phase has-lsdwn properties, the latter is now receiving significant
interest. That is because rhombohedral graphite (RG) is one of the simplest systems tust @an
multitude of emergent, strongly correlated electronic phenomena. In recent yearsf-ttedmrt
measurements have demonstrated, for example, unconventional superconductiviyein 8orrelated
insulators in 4ayer, and fractionalization @ahe Hall resistance in-Biyer RG. The strength of electronic
interactions, which drive these phenomena, increases with the addition of more rhombohedrally stacked
graphene layers. However, until now, there were no reliable methods to identify thickes{ (oefect
free) rhombohedral graphite layers. We have shown that perfect RG with 3 to 12 layers has a unique
fingerprint owing to the Electronic Raman Scattering (ERS) process, which can be harnessed to overcome
the identification challenge.

a b . c : :
Raman spectra: crossed polarizer 8 layer - extracting the ERS signal
hexagonal 500 - 7 layer hex. 5 2.5} parallel polarizer
A = [ 125 g .
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B " = L 8l hex. =207 difference =
A B SN E 400 0 — I:iz: r::m. 1100 2 T crossed - parallel
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Figure 1.1 a) Schematic representation of the hexagonal and rhombohedral stackings of graphite layers. b) Raman

spectra of the 7 and 8 layer regions of hexagonal or rhombohedral stackings, measured using crossed polarization.

Arrows mark the ERS signal. ¢) Extrigt the ERS signal. This is achieved by subtracting the spectrum measured
with parallel polarization from the one measured, using the crossed polarizer configuration.

Fig. 1.1.b displays the phonamiginated 2D peak in the Raman spectrum alongside al E&S
response for a-and 8layer thick graphite sample, having perfectly stacked rhombohedral and hexagonal
regions. Note, a polarizer is positioned in the path of the scattered light, oriented perpendicularly to the
polarization of the incoming excitah laser. This "crossed polarizer" setup amplifies the visibility of the
ERS signal, which otherwise is only ~1% of the 2D peak intensity, therefore cannot be detected in most
measurements. Thanks to this "crossed polarizer" arrangement it bdad@3éf the 2D peak intensity,
as shown in Fig. 1.2.b. The polarization dependence of the scattered light also confirms that the broad peaks
stem from ERS. If the polarizer in the path of the scattered light is in the parallel configuration, the broad
peals are absent, whereas they are clearly present in the crossed polarizer setup (Fig. 1.1.c). This
comparison can also be used to separate the ERS peaks from phonon peaks of graphite. Subtracting the
parallel polarized spectra, leaves us with the ERS sigvelfit the resulting ERS peaks by Gaussians to
determine the Raman shift of the peaks. The result of this procedure is shown in Fig. 1.1.c.
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a b c ERS peak positions from 3 to 12 layers
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Figure 1.2.(a) Left: Band structure around the K point of da§er RG slab. Energy is with respect to the Ferm
level (B). Right: density of states (DOS) at selected RG thicknesses. The transitions between the DOS peaks, which
result in the ERS signal, are shown by arrows. (b) Difference of crossed/parallel spectra for perfect RG with
graphene layer numbers betwve3 and 12. Positions of the ERS peaks are shown by red and green triangles. (c)
ERS peak positions for the first and second transitions are showing a clear trend on layer number. Blue crosses
show the previously calculated ERS peak positions from #natlire[Ref. 1.1 and Ref.1.2]

This procedure is applied to defdote RG samples with thicknesses varying from 3 to 12 graphene
layers (Fig. 1.2.b). Each sample undergoes meticulous examination using atomic force microscopy (AFM)
to ensure accurate laycount. Aclear trend can be observed in Fig. 1.2.c: with increasing layer number
the 71 Y +1 and 172 Y +2 peaks continuously shif
measurements directly reveal the energy of the eletion excitations related to thed$ peak
separations (1711 Y +1 and 172 Y +2) of the bulk bal

The introduction of ERS as a fast and accessible optical characterization method to identify
rhombohedral graphite without stacking faults, breaks down a major hurdle iniegple properties of
RG. ERS characterization of RG samples is expected to enable a consistent comparison of results from
different samples and research groups, which is essential for the development of the field. These findings
enable the identificatiorend the further examinations of perfect, thick RG, represent a great step forward
over the statef-the-art, and thus would play a role in exploring the myriad of strengtyelated electronic
phenomena.
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Stabilizing giant moiré superlattices in twistedbilayer graphene

OTKA KKP 138144, TKP202NKTA-05, OTKA K132869,
OTKA FK 142985.20221.2.5TET-IPARI-KR-202200006

G. Dobri k, P. Kun, M. Szendnc#,andR.Tapdsztdc s - , R.
Realizing moiré superlattices with small twastgles in bilayer graphene, corresponding to large moiré

wavelengths (> 10 nm) is required for engineering a flat band, which in turn can give rise to various
correlated electronic states at low temperatures. This has been demonstrated-oalleel soagc angle

graphene with a twist angle of about 1.1 , and ma
that four more magic angles are expected at lower twist angles, hence larger moiré wavelengths. However,
the experimental realization of twise d bi | ayer graphene samples with

out highly challenging, due to the strong structural reconstruction emerging at such small twist angles.

Unfortunately, these reconstructions destroy the flat band, and hence natedregtctronic states are
expected for reconstructed moiré superlattices. In fact, it has been shown that even at the first magic angle,
structural reconstructions are already present, and they are increasing the dispersion of the flat band,;
however, theieffect is not strong enough to fully destroy the flatness of the band. This is not the case for
twist angles around 0.5 degrees, corresponding to the second predicted magic angle, hence the experimental
realization and investigation of lower magic angie®ained elusive. This is even more regrettable, as it
has been predicted that the correlation effects become stronger at lower magic angles. Therefore, stabilizing
moiré superlattices against structural reconstructions is highly desirable, as it ban ffuictease the
correlation effects at the first magic angle, and it can also enable the realization and study of the predicted
lower magic angles in twisted bilayer graphene (TBG).

A=65nm, 0= 0.2° =02 d=45A

y (Ang)
E (eV)

-200 0 200 400 600 800 1000
x (Ang)

-

Flgure 1.3 a) Strongly reconstructed moiré superlattice in a twistiéayer graphene (TBG) W|th a twist angle of

0.5 , measured by conductive AFM. b) Mol ecul ar dynami
t wist angle of 0.2 . c¢)Simulated | att i ciegthetveakesitgur es o
of the structural reconstructions with increasing int

increased interlayer distance preserving the flat band

After accidentally realizing an unreconstructed moiré supiegattvith 65 nm wavelength,
corresponding to a twist angle of 0.2 degrees, we have been systematically investigated by simulations,
which effects could be responsible for stabilizing such small twist angle superlattices, against structural
reconstructionsWe have investigated various factors such as heterostrain, or substrate pinning, but found
that only increasing the interlayer distance will enable avoiding the reconstructions and preserving the flat
band at lower (magic) twist angles. Indeed, we were hineasure an increased interlayer distance in our
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sample displaying reconstructifree moiré superlattice corresponding to 0.2~ twist angle. Next, we have
investigated by systematic simulations, what can cause an increased interlayer distance. We have
investigated the effect of corrugation both induced by the Si@port, as well as induced into the bottom
graphene sheet (by cyclic thermal annealing); however, none of these factors could assure an increased
interlayer separation. Intercalating atoméétween the two graphene layers would obviously increase the
interlayer distance. However, there are two problems with this approach: (1) unless the intercalation is done
by a fully continuous and ordered atomic intercalant layer, the interlayer sepanaiidd not be
homogeneous, resulting in samples of poor quality, and (2) intercalating even a single atom (eg. Ar), will
separate the layers further apart than needed, in order to avoid mechanical coupling, but preserve the
electronic coupling between Vaus stacking configurations. We observed experimentally an interlayer
separation of about 0.7 A, by AFM measurements, yet still the (unreconstructed) moiré superlattice has
been observed in topographic STM images, due to electronic effects, as wdlatband has been
observed in tunneling spectroscopy measurements.

di/dV(a.u.)

oL lae. lae. ae ae lae lae ae la

-1l‘0 -()(‘5 070 0?5 1?0
: & Bias voltage (V)
Figure 1.4 a) STM image of a reconstructidree TBG superlattice with a periodicity of 65 nm, corresponding to a
twist angle of 0.2 degrees. b) Tunneling spectra revealing the peséfiat band in the form of a peak in the local
density of states, near the Fermi level. c) Structural model from molecular dynamics simulations of a TBG with a
spacer layer of selbrganized alkane molecules intercalated between the graphene layers.

What is a suitable spacer molecule that is capable to form a continueogyselized molecular layer
in between the two graphene layers? Recently we have shown that such continuougasigiéd layers
can indeed spontaneously form on top of graphederuambient exposure, consisting of simple alkanes.
We have run the simulations to see if such aagjanized alkane layer would indeed be suitable to act a
spacer layer, and decouple mechanically the two graphene layers. Our MD simulations shasvithat th
indeed the case, since the interlayer separation is increased to about 0.8 A in good quantitative agreement
with the measurements. The important question remaining is, how can the two layers be still electronically
coupled at such large separatio@sir detailed calculations revealed that thgnaphene orbitals decay
much slower in the van der Waals (vdW) gap when the alkane layer is present in the vdW gap,
corresponding to an effective distance of about 0.4 A in vacuum, which indeed nicely reprtueic
formation of the flat bands without structural reconstructions. The next step is to develop a sample
preparation method when such TBLG samples with acsgtinized alkane spacer layer can be fabricated
with a good yield in order to enable the sysidic study of lower magic angles and stronger correlations
in twisted bilayer graphene samples
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2D MoS: crystals can stabilize semiconducting Pt structures
OTKA KKP 138144, OTKA 132869, TKP202NKTA-05, GrapheneCore3 Flagship

T. Ollér, P. Kun, P. Varso0, A. Kods, P. Nemérscze, J.S. Pap, L. Tapaszté

Decreasing the size of the metal nanopatrticles is a viable route to improve the noble metal utilization
efficiency in catalysts. As the metal particle size is reduced, besides increasing the fraatiogseible
surface atoms, an energy gap is also expected to open, below a critical size, due to quantum confinement
effects. However, experimentally realizing and studying an energy gap in metal nanoparticles, turned out
highly challenging. An energy gapas been observed in small Au nanocrystals, particularly, when their
thickness has been reduced to one or two atomic layer. The observation of an energy gap in Pt
nanostructures turned out even more challenging. Recent studies report the opening @yagapnef
about 0.2 eV in thiol capped, small (< 2.5 nm) Pt nanoparticles, based on NMR studies. However, the
catalytic properties of nonmetallic Pt nanocrystals remained largely unexplored. We emphasize that here
we focus on unoxidized, elemental Pt naamtigles, as opposed to oxidized Pt structures that have been
studied before, and are often also referred to as nonmetallic Pt.

Figure 1.5 a) STM image of Pt nanoclusters of about 1 nm diameter and 0.3A height electrochemically deposited
on 2DMo$ crystals. The flattened geometry corresponding to two Pt atom thickness, indicates a strong metal
support interaction. The smaller bright and dark features in the STM image correspond to S atom vacancy defects of
the 2D Mo%support that can act as ahors for stabilizing ultrafine Pt clusters. b) Simulated (DFT) structure of a
Pti5 cluster anchored to a S atom vacancy of the 2D Moftal, reproducing the experimentally observed bilayer
Pt structure.

Metal-support interaction is a powerful toorfengineering the atomic and electronic structure of metal
nanoparticles. While MaSs regarded as a rather weakly interacting support, the chemical affinity between
Pt and S holds the potential for a strong interaction.

However, unleashing the full strgthh of PtM0S; interactions for Pt nanocrystals is hindered by their large
(> 10%) lattice mismatch with MeSA better interface matching can be achieved for small (< 1 nm) Pt
clusters, due to their higher plasticity. However, we show that under progticldeposition conditions,

a strongly enhanced adhesion can be realized between small (~1nm) Pt clusters and QRXads
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Gaining information on the electronic structure of Pt nanoparticles is of key importance for
understanding and optimizing theatalytic performance. This, is of particular importance in our case,
since both the flattened morphology (quantum size effects), and the enhancesupedat interaction are
expected to have a strong influence on the electronic structure. Whilérigrapectroscopy measurements
can directly probe the electronic structure of metal nanostructures, the available data on catalyst
nanoparticles is very scarce. This is mainly due to charging effects, owing to the weak electronic coupling
to the support. De to the enhanced coupling emerging from the stronger Pifktegaction, we were able
to resolve the fine details of the local density of states (LDOS) of small Pt clusters by tunneling
spectroscopy, within the energy windovt.8 eV to + 0.3 eV), opedeby the band gap of the 2D MpS
support. The most striking feature, is a sizeable energy gap of about 0.3 eV, with fully suppressed Pt LDOS
near the Fermi energy (0 V), evidencing the semiconducting nature of bilayer Pt clusters (Fig.1.6.a).

di/dV(a.u.)
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Figure 16. a) Tunneling spectra recorded on a Pt cluster at the positions marked in the right inset, revealing a
bandgap of ~300 meV. Left inset shows the tunneling spectra araMa from Pt clusters, with a single peak
characteristic to sulphur vacancies. balCulated (DFT) local density of states (LDOS) of & Pluster, anchored
by an Sicto the 2D Mogsupport. Red and blue areas represent contributions from the Pt cluster and the MoS
support, respectively.

To compare with the measured STM data, we lealeulated the topographic STM images of the
simulated bilayer Pt cluster structures, and found their heights to be adodit B good quantitative
agreement with the experimentally measured cluster heights. To directly compare with our tunneling
spectoscopy measurements, we have calculated by DFT the local density of states (LDOS) of such bilayer
Pt clusters adsorbed on 2D Mp8omprising 10, 13 and 27 Pt atoms. We found that all the investigated
bilayer Pt clusters are characterized by a sizeableyemgap at the Fermi level, in good agreement with
the experimental findings. The calculated LDOS of thedRisters (Fig. 1.6.b) displays the best agreement
with tunneling spectroscopy measurements (Fig. 1.6.a), which also matches the size of thedmeasur
clusters most closely.
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Hybrid Bio -Nanocomposites by Integrating Nanoscale Au
in Butterfly Scales Colored by Photonic Nanoarchitectures

K. Kertész, G. Piszter, A. Beck, A. Horvath, G. Nagy, Gy. Molnar, Gy. Z. Radndczi, Zs. E. Horvéth, L.
[llés and L. P Bir6

Plasmonic metallic nanopatrticles, like Au, can be used to tune the optical properties of photonic
nanoarchitectures occurring in butterfly wing scales possessing structural color. The effect of the nanoscale
Au depends on the location and the amtaldeposited in the chitibased photonic nanoarchitecture. The
following three types of Au introduction methods were compared regarding the structural and optical
properties of the resulting hybrid bimnocomposites: (i) growth of Au nanoparticles ingieeenanopores
of butterfly wing scales by a lighhduced in situ chemical reduction of HAuGh aqueous solution
containing sodium citrate, as a hew procedure we have developed, (idirghog onto the wing of the
aqueous Au sol formed during procegl(i) in the bulk liquid phase, and (iii) physical vapor deposition of
Au thin film onto the butterfly wing. We investigated all three methods at two different Au concentrations
on the wings of laboratofgred, bluecolored malePolyommatus icarubutterfies and characterized the
optical properties of the resulting hybrid Bianocomposites.
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Figure 1.7 a) Evolution of thebsorbance spectra of the reaction medium on the addition of the reactants and
during 30min of illumination, b) TEM image, and cysihistogram of prepared Au nanoparticles

Starting with ultrapure water, sodium citrate and HAu@lecursors in a cuvette with white light
illumination first, gold seed nucleation occurs followed by growth, and this process can be observed with
naked eg: the solution turns from pale yellow to light red. The formation of the nanoparticles was followed
by spectral analysis of the solutionbés absorbanc
the same time, the peak of the plasmonicmasoe of the spherical nanoparticles appears at arourd 580
590 nm (Fig. 1.7.a). Using this protocol, we obtained spherical Au nanoparticles (Fig. 1.7.b) with size
distribution shown in Fig. 1.7.c.

When Au nanoparticles are grown inside the nanoporeg ofitig scales (by placing as a piece of wing
in the cuvette under illumination) or are deposited by -digng Au sol on the wing, the original optical
properties of the biological photonic nanoarchitecture are tuned by the integration of the Au re®parti
into the photonic nanoarchitecture. As shown by the spectra in Fig. 1.8.d and 1.8.e, the spectral properties are
borrowed both form the pristine chitin photonic nanoarchitecture and the Au nanoparticles as modificatory
components. Opposite to this, evhthe wing is coated by physical vapor deposition by 5 nm or 15 nm Au,
no shift is seen in the spectral position of the reflectance maxima (Fig. 1.8.f) for any of the two gold
thicknesses used.
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Figure 1.8 Top view SEM images of tRelyommatus icarusing scales decorated with Au hanopatrticles using a) in
situ growth, b) drogdrying and c) physical vapor deposition methods. Reflectance spectra of the ethanol pretreated
wings before and after d) in situ growing using 1 and 4 doses of Au precursorp el of sols prepared in d),

and d) physical vapor deposition of 5 and 15 nm of Au.

The reduction in the amplitude of the reflectance maximum is associated with the reduced transmittance
of the Au layers; the effect is that of a filter placed intolitpet path between the illuminating sourice
wing, wingi detector system. In all cases, the magnitude of the observed effect scales with the amount of
the Au used to alter the properties of the butterfly wing. When comparing the in situ growth withpthe d
dying of Au sol, the former is more advantageous for the production of samples with uniform and deep

penetration of the Au nanoparticles into the original biological photonic nanoarchitecture than the drop
drying method.

The increased amount of Au rggrarticles incorporated in the hybrid photonic nanoarchitecture
increased the magnitude of the spectral shift, but at the same time reduced the amplitude of the reflectance
maximum associated with the initial biological photonic nanoarchitecture. Therefwéias to balance
these two effects. Fortunately, nature has devel
nanoarchitectures in butterfly wings, which can be produced in a cheap and environmentally friendly

process. Thus, by selecting \ggwith suitable physical color, the desired spectral modifications can be
easily achieved.
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Photocatalytic dye degradation with biotemplated ZnO photonic
nanoarchitectures based oMorpho butterfly wings

OTKA PD 143037TKP202ENKTA-05

G. Piszter, GNagy, K. Kertész, Zs. Baji, K. Kovacs, Zs. Balint, Zs. E. Horvath, J. S. Pap, and L. P. Bir6

Photonic nanoarchitectures of butterfly wings can serve as biotemplates to prepare semiconductor thin
films by atomic layer deposition. The resulting biotemplatanoarchitecture preserves the structural and
optical properties of the natural system, while it also has the features of the deposited functional material.
When photocatalytic thin films are applied, such as ZnO os, @ coated wings can be usecedily in
heterogeneous photocatalysis to decompose pollutants dissolved in water upon visible light illumination.
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Figure 1.9. Photographs of malslorphospecimens in dorsal viea) M. rhetenor helend) M. sulkowskyj c) M.

menelausd) M. portisare shown.e) Schematics of Blorphotype nanostructure crossection with lhe asdeposited

ZnO thin film.f) X-ray diffractogram shows a nanocrystalline, wurtzitpe structure of 20 nm ZnO deposited on the
Morphowing.
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In the present work, we utilized ptonic nanoarchitectures dMorphobutterflies as biotemplates for
ZnO thin films. According to our previous studies, Merpho-based templates were the most effective
photocatalysts. Therefore, we extended our investigations to four species représisnbinigerfly genus,
with similar photonic nanoarchitectures in their wing scales, but with different structural colors (Fig. 1.9.a
d, from deep blue to greenish blue). To our best knowledge, it is for the first time that biotemplates with
similar nanostictures, but with different optical properties are used within the same experimental setup to
test the relation of the different optical properties with the photocatalytic performance.

ZnO is one of the semiconductors that can be grown on the surface bialbgical photonic
nanoarchitectures using lemperature atomic layer deposition. This way, the miaral nanoscale
features of the chitinous cover scales are well preserved by the thin films without the need fer a post
annealing process which woulthmage the biological material-rdy diffraction measurements showed
that the asleposited ZnO had a nanocrystalline, wurtijtge structure on the butterfly wings (Fig. 1.9.f).

a 1.6 { MO dye degradation rate b 1.6 | RhB dye degradation rate
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Figure 1.10 Reaction rate versus ZnO layer thickness for glass slid&rsis andvlorphobutterfly wings whea)
methyl orange ob) rhodamine B test dyes were decomposed upon visible light illumination.

We examined how the decomposition rate of methyl orange (MO) and rhodamine B (RhB) dyes
depends on the structural coloir the biotemplates and the thickness of the applied ZnO coating upon
visible light illumination. Using methyl orange, we measured dd&hincrease in photodegradation rate
when the 20 nm Zn@oated wings were compared to similarly coated glass sudss{Fiy. 1.10.a). Using
rhodamine B, a saturating relationship was found between the degradation rate and the thickness of the
deposited ZnO on butterfly wings (Fig. 1.10.b). We concluded that the enhancement of the catalytic
efficiency can be attributed tthe slow light effect due to a spectral overlap between thecoatd
Morphobut t er fly wingso reflectance with the absorpt
could be changed by the tuning of the structural color of the butterflyniyiteaées.

Our findings may facilitate the application of biotemplated semiconductor photonic nanoarchitectures
as a bioinspired testing platform of photocatalysts, where evolutionary adjustments in the structural color
can tune the activity of the surfatteachieve a selective catalytic degradation of different pollutants.
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2 - Photonics Department

Head: Dr. Peter PETRIK, D.Sc., scientific advisor

Research Staff: Students:

1 Miklés FRIED, D.Sc., Head of i Deshabrato MUKHERJEE, Ph.D.
Ellipsometry Laboratory 1 Berhane NUGUSSE, Ph.D.

1 Andras DEAK, Ph.D., Head of M Noor TAHA ISMAEL, Ph.D.
Chemic&Nanostructures Laboratory 1 Géza SZANTO

1 Antal GASPARICS, Ph.D. 1 Aron FOGARASY,

1 Norbert NAGY, Ph.D. T Noémi JAKAB,

§ Zoltan LABADI, Ph.D. f David KOVACS,

1 Boglarka NYERGES 1 Rita NEMEDI,

i Ferenc RIESZ, C.Sc. 1 Maté STIFT

1 Déaniel ZAMBO, Ph.D.

1 Alekszej ROMANENKO

1 Miklés SERENYI, D.Sc., retired

f Gébor VERTESY, D.Sc., Prof.
emeritus

1 Gyorgy KADAR, D.&., Prof. emeritus

9 Tivadar LOHNER, D.Sc., Prof. emeritus

M Janos MAKAI, C.Sc., retired

1 Andras HAMORI, dr. univ., retired

1 Gyorgy JUHASZ, dr. univ., retired

The Photonics Department develops unigue methods and tools fdeatinctive optical and magnetic
measurement of surface nanostructures and materials (spectroscopy; magnetic materibiosstisgrs;
surface curvature measurement; surface testing; water contamination). One of the most important tasks of
the Department is patenting and application of the methods in international projects with partners
representing the industry and the higbhnology.

Key achievements of the Photonics Department in @28iled summaries of the research results can
be found in thdollowing project descriptions
1 experimental and theoretical study of the sal§embly of gold nanoprisms and nanospheres in
bulk phase
91 Determination of the photophysical and photocatalytic properties of Cu20/Au multicomponent
systems
1 Combined ion beam analytical and spectroscopic ellipsometric investigation of the transformation
o f-Gal03 during heat treatment
1 progress in the Hungarian and international acceptance and industrial utilization of ttigusiolid
adhesion work patent
91 further development of the evaluation of the Makyoh topographic measurement by comparing the
visual image of the back side and the projected image of the front side
development of gallium oxide and gallium oxynitride sputtering process from a liquid source
development of an isitu test method for testing the electrochromic properties of combinatorial
TiO2-Sn02 layers
9 microscopic ellipsometer patent from a prodfconcept application

= =
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patent process for determining thin layer phase diagram in progress
Daniel Zambd's senioresearchequalification

Andras Dedk MFA research award

Daniel Zzd&mbé MFA postdoctoral award
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Contact angle determination by the Capillary Bridge Probe and
Sessile Drop method on PTFE surfaces

OTKA FK 128901

N. Nagy

The developed indire@apillary Bridge Probe method combines the accuracy of the Wilhelmy method
and the general usability of the sessile drop method without their limitalibesnethod is based on the
use of a liquid bridge as a probe: the capillary bridge of the test iggitletched between the base of a
cylinder and the investigated surface under equilibrium conditions. The advancing contact angle on the
sample can be measured during sepwise or slow (quastatic) decrease of the bridge length. The
receding contaangle is determined during the retraction of the cylir{Bay. 2.1)

(a) (b)

L 2o
Figure 2.1 a) Recordedmage (colored) of a water capillary bridge on a PTFE surface. The blue and red arrows
indicate the advancing and receding phaseSchematics of an'r type liquid bridge with all parameters necessary
for the analytical evaluation: capillary force (F), neck/haunch radigls @nd surface radius {. The radius of the
upper contact line is constant{r 1 mm) due to the contact line pinningonthécgpld er 6 s r i m.

The <contact angle is <calculated f theemec&salyaunay
parameters are the measured capillary fOFge the radius of neck or haunchy)( and the radius of the
contact line i) on the investigatedusface. The latter two parameters are obtained ftemautomated
analysis of the captad image of the liquid bridge. The radius of the upper contactljnie €onstant since
it pins on the rim of the cylinder.

Fig. 2.2a shovs the measured capillafgrce as a function of the bridge length recorded on a PTFE
surface. The bridge volume was {l7. The graptshows hysteresisAfter the snagn, the capillary force
increases with the decreasing bridge length. It changes its sign during the cycles thefe=0 uN
transition in the approaching phase and in the retraction phase, after tidéunegative (attractive) force
has a minimum value in the retraction phase. After this point, the magnitude of the capillary force decreases
until the pultof. The insets show typical bridge shapes during the measurement cycle.

In Fig. 2.2.b, hhe lower drawings show the idea to find identical complete bridge shapes corresponding
to the different classe$he determined contact angle as a function of the coratditts () are plotted in
Fig. 2.3.aPlotting contact angles vs. contact radius is a useful representation because the change of the
radius indicates that the angle actually corresponds to advancing or receding state of the contact line. The
contact anglesn Fig. 2.3.awere calculated based on the measured data oRF@The insets show
characteristic evaluated profiles for different classes. It can be seen that the captured profiles are in
remarkable agreement with the calculated ones. Contact aysgfierdsis can be observed during the
approackretraction cycle
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Figure 2.2 a) Capillary force as a function of the bridge length measured on a PTFE surface. The insets show

typical equilibrium states of water capillary bridges during the measurememésRoman numbers refer taet
class of the incompleferm b)Schematics of the classification of incomplete capillary bridges
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Figure 2.3.a) Contact angle as a function of the contact radius determined on a PTFE surface. The insets show the
ewaluated profiles of theapillary bridges b) Advancing and receding contact angles determined by the capillary
bridge probe (CBP) and the sessile d(@b) methods

Sessile drop measurements were carried out on theEsBERfesurfacefor comparison. Thadvancing
and receding contact angles were determined applying the dropupuiggthnique in the range GfZ) uL
at five different measuring positiomhe comparison chart is shown in Fy3.h The results of the sessile
drop method practically do nehow any contact angle hysteresis, while the magnitude of the standard
deviation refers to the presence of surface imperfections. However, according to the capillary bridge probe
method the hysteresis is considerable {»18he shorter length of the contdine can explain the higher
sensitivity of this method on surface imperfectidagtthermore, the AFM analysis revealed micrometer
size granular regions between large smooth plateaus. These deeper imperfections are not wetted during the
sessile drop mearements, but a Casadenzel wetting transition was occurred due to high capillary
pressures during the capillary bridge probe measureriesit®.1, Ref. 2.
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Surface sodification and seHassembly of gold nanoprisms
OTKA FK FK128327

D.Zambo6 D. Kovacs,G. Sudi,Z. Zolnai, A. Dedk

Nanosized gold nanopartisl@re of interest in many research fields as they have a large optical
extinction crosssection at specific wavelength due to the excitation of localized surface plagkhaimes.
wavelength (pbton energy) of these sharp resonant peaks the optical spectrum is determined primarily by
the shape and size of the particles, allowing the design of nanoparticles for a specific application in
sensorics, photothermal or energy harvesting applicatiomse@y application, however, the surface
ligand layer of the particles is of crucial importance, as its presence is always necessary to ensure
processability and functionality of the particles.

Our recent research focused on the latter aspect of thds rfi@mely the formation of a composite
ligand layer on the surface of gold nanoprigRsf. 2.3] The importance of composite ligand layers lies
in their ability to combine different molecular functionalities at the same time, e.g. particle stability and
specific functional groups. In our study we relied on the subtle changes in the plasmon resonance peak of
the nanoprisms upon exposing them to a combination of different thiolated molecules. When these
mol ecul es bind to the iptwaofddi Firdt ehseywill snfluenceatieeaesondnth e i r
energy as it depends on the dielectric propertie
bound molecules induce image dipoles at the surface, that leadsrioceeel scattering of #helectrons.
This additional plasmon decay channel leads to broadening of the plasmon peak and is referred to as
chemical interface damping. Detailed analysis of the simultaneous change of the plasmon energy (energy
shift) and damping change (peak broadghican help to clarify the buddp and structure of mixed ligand
layers. To access these values, however, the optical changes have to be monrsitueid ithe liquid
environment and the level of individual particles, otherwise inhomogeneous peakrbingaithherently
present in an ensemble measurements does not allow to extract the necessary information.
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Figure 2.4.Typical optical darkfield microscopy image of a nanoprism sample for sipglicle spectroscopy
a). The inset shows the TEM imadéete particles.
In b) the timedependent scattering spectra of a single nanoprism is shown upon exposingit0 0 € M aqueou
MPEGSH solution. The spectra are evaluated with by fitting a intraktasuusition corrected damped oscillator
mod el (solid lines) to obtain resonance energy
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For this purpose, we performed our measurésen individual gold nanoprisms in a liquid flow cell
combined with a laboratorgeveloped microspectroscopy setup that allows to investigate the scattering
spectra of individual nanoparticle with high confidence and accisaey Fig. 2.4.)The thiol nolecules
used for the mixed ligand shell preparation were (MTAB), a positively charged thiol which is the thiolated
analogue of the original capping ligand of the prisms, &@08 Da largeeutral polymer (thiolated PEG
- MPEGSH).

Fig. 2.5. shows thehanges of the resonance energy and plasmon damping as a function of time upon
thiol addition. When the two thiols are introduced sequentially into the flow cell (Fig. 2.5.a and Fig. 2.5.b),
the resonance energy change for the MTAB/PEG sequence (Fig.i2dicates that PEG can bind to the
surface even when MTAB is already present: there is an additional significastiife@p ks decrease
upon introducing PEG after 30 minutes which cannot be observed for opposite order of addition. This also
means that already surface bound neutral polymer (PEG) might block the adsorption of the second, charged
thiol (MTAB). Interestingly, vihen the two molecule types are applied simultaneously (Fig. 2.5.c), both the
damping and resonance energy changes are significantly larger. This means a ligand layer that is more
dense than in the previous two cases. This can be interpreted as the foahatammposite ligand layer,
where the MTAB molecules occupy the surface area between the PEG anchoring points, the latter being
inherently further away from each other due to the steric repulsion between the polymer chains.
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Figure 2.5.Resonance engry «)pEa nd da mp i nfgrindigaia naropaticiegvben exposed to two

thiol molecules of different types. For a) and b) the two thiols are applied sequentially as indicated by the colour

bar in the top of the figures. For ¢) the mixture af ttvo molecules is applied. For all cases the concentration is
10e M MT A B, M 1InOPFHG

Besides the fundamental character of the results of this study, their practical implication are that when
two molecules of different size are to be used for sunfie@dification in order to dress the particles with
different functionalities, the following should to be considered: sequential adsorption with the smaller sized
thiol added first is to be used when accessibility of this surface modified particle swipoe is of
importance but the simultaneous addition of the molecules should be preferred when the goal is to achieve
highest molecular loading.
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Multicomponent heteronanopatrticles for photocatalytic application
TKP2021:NKTA-05, OTKA FK 142148

D. Kovacs, A. Deék, Gy. Z. Radndczi, Zs. E. Horvéth, A. Sulyok, R. Schiller, D. Z&mbo6*

Multicomponent nanoparticles are in the spotlight of the nanoscience owing to the synergistic
properties emerging between components at the nanoscale. Especially in sectaronetal
heteronanosystems, the combination of the nanoparticle building blocks enables the utilization of novel
photophysical processes. Exciting the charge carriers in the semiconductor component generates electrons
and holes being relevant in phatdven applications such as photocatalysis. Nevertheless, metal
nanoparticles or domains being in direct contact with the semiconductor acts as an efficient electron
reservoir due to the larger work function of most of the metals compared to that ofhgitomametal
chalcogenide semiconductors. This is not only advantageous in the separation of the photogenerated charge

carriers, but also expands the lifetime of the electrons, thus, they can be utilized in a wider timescale in
reduction reactions.
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Figure 2.6. TEM images and the corresponding photographs of the pristig® &), CuO@Au (b) and
AUuR@CuO (c) nanoparticles. Photocatalytic degradation of methyl orange by using the different
heteronanoparticles as catalyst (d). Extinction (e) and absogph s pectra of the heteropar

at identical CuO concentrationgRef. 2.4

Copper(lYoxide is an abundant, ecofriendly, and emsgynthesize fiype semiconductor, whichin
a form of a nanoparticle shows tunable optical andeetronic properties depending on its morphology.
Although it had been demonstrated recently thatOCoanoparticles are promising photocatalysts, its
potential is significantly limited due to the intraparticle photophysical properties. Despite the high car
density, the low mobility, short diffusion length of the minority carrier and the-eftesiing defects in the
crystal structure restrict the utilization of the generated carriers upon illumination. Our aim was to
circumvent this limitatiorvia combhning the CuO with gold nanopatrticles.
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Figure 2.7 Published cover artwork for our article in The Journal of Materials Chemistry [Ref. 2.5]

While gold had already demonstrated the capability of enhancing the photocatalytic properti€s of Cu
it was stil unclear how the form and the location of the gold governs the underlying processes. Thus, we
designed model systems, in which the morphology, concencentration and the composition g0 thiedCu
Au were kept identical while the form of the gold was edriWe compared the optical, photophysical and
photocatalytic properties of pristine £uoctahedra with that of G0/Au heteronanoparticles, where the
gold was introduced in two different ways: gold nanorods were embedded into octaheGrgla@ticles
(AUR@CuO) or small Au nanograins were deposited onto the surface of the octahe@(@®u). It was
an important aspect of the work to demonstrate that the photophysical properte® eb@upe improved
upon lowpower UV illumination being offesonant vith the plasmon modes of the gold components, thus,
we were able to investigate the processes from the semiconductor point of view instead of utilizing any
plasmongenerated processes such asdiettron injection or plasmeassisted charge transfer.

We showed that the radative recombination of the photogenerated excitons are suppressed in the
heteronanoparticles, however, this does not directly imply their better spatial separation. Therefore, the
energy landscape of the particles was revealed by gioght Kelvin probe and a major difference in the
Schottkybarriers was identified: in the AUR@& particles, only the photogenerated electrons could
reach the particles outer surface, while in it@@AuU counterpart, both generated carriers can be
available for chemical reactions. This also manifested in the photocatalytic activity of the particles, namely
the pristine CeO was found to be inactive in the degradation of a model pollutant (methyl orange),
however, the CiO/Au systems showed enhanced attiiRef. 24]. It is important to note that
AuR@CuO0 particles can suffer from significant photocorrosion, whilgdi@Au particles preserved their
moprhology and showed even higher activity (80% of dye degradation). The work has been published in
The Joural of Materiak Chemistry (Ref. 24] and we also provided a cover artwork for the issue (Fig.
2.7)[Ref. 2.5]. The work underlined the role of the position and form of the gold in the multicomponent
CwO/Au heteronanoparticles and paved to way towarelptbparation of novel photocatalysts.
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3-color ellipsometric mapping tool without moving components
VOC-DETECT M-era-Net project OTKA NNE 131269

B.Nugugs&wh's§s ®ajlo.PRrtit i. K81y iG@yHor V8§ tRir % d

nstitute of Technical Physi@nd Materials Science, Centre for Energy Reseaffistitute of Microelectronics and Technology, Obuda
University, Institute for Solid State Physi€sOptics, Wigner Research Centre for PhysiBgpartment of Electrical Engineieg,
University of Debrecen

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-destmictive, noninvasive and ron
intrusive optical techue. It is a technique that measures the change in polarization state of the
measurement beam induced by reflection from or transmission though the ddfigdemetry measures
the amplitude ratio (tan y) and phase difference
During data analysis, information about the system under the study is obtained by fitting measured
ellipsometric spectra to tipal and structural models, as ellipsometry does not give a direct information of
the sample in consideration.

Generally, the aim of this research is to make a prototype optical mapping tool for materials using only
cheap parts such as a tablet, monibig, screen TV (LCD or LED) and a pinhole cam@Raf. 26-2.8
with CMOS Sensor with Integrated-Directional Wire Grid Polarizer Array (Sony's IMX250MYR
CMOS), shown in Fig.2.8. Our arrangement shows similarity to the solution of BakkejRetf.aP.9],
using a computer screen as a light source and a webcam as a detector in an imaglhgligfsometer.
The new concept of the nallimated beam ellipsometer prototype is set up as shown in Fig. 2.8.

A LED-LCD monitor (or a TV), see Fig. 2.8.a (@&rges the polarized RGB colored light (see the built
in polarizer sheet, number 4 in Fig. 2.8.b) and a polarization sensitive camera behind a pinhole (7&8)
together. The LCD moni t or-LED)Dsauset in a4Begrear&atea popitton, U2 4 1 2
measured by a digital angle gauge with 0.1 deg precision. In sttargldgh position, we can detect the
extinction of the polarization sensitive camera better that TBe polarization sensitive camera sensor
(The I maging Sour ce OUSB3P®Polayséns cadefd, seg B BiX 2.8.80(A) and in
Fig. 2.9, serves the polarization state data, from 0, 45, 968Jd@®e rotation positions (plus 3 RGB colors
in each position). This arrangement is equal to a conventional static photometricg raiadityzer
ellipsometer. The sample is illuminated by a+ootlimated light through a fixed polarizer at an azimuth
of 45 degrees to the plane of incidence. The refl
the intensity is captured hy twodimensional position sensitive photodetector system at four different
angular positions of the analyzer. Minimum 3 different analyzer positions are required. These four
polarization states (intensity) data (at 0, 45, 90;d&§ree rotation positiah are enough (the fourth date
is good to reduce the error) to determine the el
3 colors, so we have 3x2 measur-iadh Sopny GMOE Pregius Sch
Polarsens sensor (IMX60MZR) is shown in Fig. 2.9.b and Fig. 2.9.c. The main advantage of the assembly
is thatthere are no moving parts in the system

We used a Woollam M000DI Rotating Compensator Spectroscopic Ellipsometer as a control
measuring device. The M2000 SE systeith the CompleteEASE software is used to serve the optical
properties, layer thicknesses and other related parameters of the samplinciple, as the angle of
incidence varies along the surface, a pbipoint angle of incidence calibration (deig. 2.8b) is needed
using a welknown silicondioxide-silicon (SiO2/Si) sample. Each pixel gets a calibrated angle value. The
procedure is similar to a conventional ellipsometric measurement. The refractive indices are known, only
the angle of incidencand the thickness of the SiO2 layer are the unknown parameters, where they can be
calculated from the measured ellipsometric parameters.



MFA Yearbook 2023 34

I?

LCD Monitor (Side View) Polarization
Sensitive Camera

Figure 2.8 (a) Experimental setip: A) Polarization sensitive camera B) Sample + Sample holder C) LCD monitor
rotated into 45° positioii Upperleft: the pinhole in front of the camera (b) Schematics of thecoimated beam
ellipsometer: 1) Light source 2) Vertical polarizer 3) Liquid crystal cell 4) Horizontal polarig€) 5) Sample
(B) 6) Sample holder Binhole (submm size) 8) Camera sensor (A)

a) c)

a=0 a=135

IIIIIIIQ

7 —
8% =
a=45 o=90

Figure 2.9. Schematic structure of a 2/3 inch Sony CMOS Pregius Polarsens sensor (IMX250MZR)
a). Camera sensdy). Polarizer array matched to detector pixels c). Unit cell (Super pixel
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A 20 cm diameter, nominally 60nm thick SiO2/Si sample ugesl to determine the angle of incidence

pointby-point. We put the sample different positions (see the photos i2.Eig.

and one can se

areas from the Mean Squared Error (MSE) maips.second step was choosing the points of lowest MSE
values fom the experimental results of these three different positions and developing corresponding single
map calibration of the MSE and actual angle of incidence calibration for each coordinates. The results are

shown in Fig2.11below.

SiO, Angle of Incidence Vs Position

e -

Figure 2.11. MSE anl corresponding angle of
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Figure 2.12. Determined thickness maps from M2000 ellipsometer (left) and the corresponding measurements from

t ool

can
tool assembly maps bigger area than the actual size of the measwefkiSisee Fig2.10 The more

interesting part is only the centizart of the map, a region that shows the thickness of the sample, about
60-61 nm, which is close to the other (to the left) map from the conventional M2000 ellipsometer. The two
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reshiftecebm®d3nym. (ri ght) .
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only 15 c¢cm di ame

Degtoe ri miamge ch gt hiook n e

The pinhole camera couple the sample points directly to the pixels of the sensor mahyxooee
This detection system is almost without background. The measured area is detegnimedibe of the
monitor and the sens@inhole, pinholesample and sample monitor distama#gos. The lateral resolution
is also determined by the distance ratios and the pinhole diameter. The pinhole diameter (presently 0.2 mm)
is a compromise betwedhe detected intensity (measuring time, presendyseconds) and the lateral
resolution. One can see the illustration of the resolution (presently better than 5 mm)2h3ighere a

chessboardike etched silicon dioxide over ed

S i

| i-comt wad ted

piidetl trae c a

bright parts are the original (nominally 200 nm thick) oxide layer, the dark squares are the 4x4 mm sized
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etched native oxide covered silicon surface. The MSE shaws where the sample is (low MSE, blue

part) and one casee the squares in the thickresp, too, see Fig. 2.13 centgef. 2.10]

., W0-0.05
3
8
=0.05-0.1
jes22 0.1-0.15

0.15-0.2

1 4 7 10 13 16 19 22 25 28 31 34 37 40 43 46 49

Chessboard-like oxide MISE

B Series31

1 4 7 1013 16 19 22 25 28 31 34 37 40 43 46 49

H0-1 m12 m2-3

Figure 2.13 lllustration of the resolution, which is better than 5 mm. This is a silicon diaadered silicon afer
fidet domat r ast 0) The lrighupareare the ariginal (nominally 100 nm thick) oxide layer, which is
shown in the thicknessap, too (center). The dark squares are the 4x4 mm sized etched native oxide covered silicon

surface
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Nanoscale Monitoring of Water Condensation in Electrochemical Mjration-
Induced PCB Failure

TKP2021EGA-04, OTKA K 131515

A. Romanenko, AGharaibeh, BMedgyes, PPetrik

Electrochemical migration (ECM), triggered by humidity in condudietectricconductor systems,
poses a reliability challeng® iminiature eletronic systemsThis studyfocusedon the inadequacy of
existing methods to monitor nanoscale water buildup during E® experiments utilized an FRboard
with Sn electrodes, subjected to controlled cooling by a Peltier module-spaiainsitu ellipsometry,
electrical measurements, and optical imaging were employed (Fig 2.14). The ellipsometry setup, provided
high sensitivity to nanoscale changes in the adsorbed water layer. The experiment involved shifting the
light spot between the Sn film and tkelder mask surface, ensuring comparability under the same
environmental conditions. The initial adsorption phase, not visible by optical microscopy, was revealed,
and the growth of droplets was tracked. Ellipsometry spectra were analyzed to separaiertiayer
thickness and volume fraction, providing nanoscale insights into water condensation.

The results showed differences in water condensation behavior between the solder mask and Sn surface,
influencing the ECM process. This research highlights timique capabilities of ellipsometry in
characterizing nanoscale films during ECM. The study identifies the-gtai limit as a critical factor
influencing ellipsometry measurements during droplet formation. Differences in droplet size and density
betveen the solder mask and Sn surface were observed, shedding light on the water condensation dynamics
at a molecular level.
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Figure 2.14.a) Topdown image of the sample and the condensed water layer. b) Sematic imageaafile
layout. c) The measurement setw). Theshortcut currente) Typical measured (solid lines) and fitted (dashed
lines) ellipsometry spectra on the Sn film of the sample at 7mifjuBsmonstration of the twohannel
simultaneous irsitu measurement46 by mogithe focused light spot back and forth between the Sn film and the
FR-4 board.
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Investigation of Electrochromic, Combinatorial TiO>-SnO, Mixed Layers

OTKA NN 131269 OTKA K 128319, OTKA KL.31515

N. T. Ismaeel, ZLabadi, P Petrik, M. Fried

Electrodromic films have been used as smart windows for preservation of buildings from extra heating
materials and also applied in enesgfjective glassing, automobile sunroofs, smart windows and mirrors.
Metal oxides are widely studied with respect to theictebehromic behavior and properties for the
applications as display devices and smart windows. Transition metal oxides such as titanium, tungsten,
nickel, vanadium and molybdenum oxides have been considered as promising electrochromic materials

Ref. 2.11. The colored state of pure TiQoatings is gray and this oxide was not used alone in
electrochromic devices because its coloration is not very strong. Chronoamperometric experiments
associated with transmittance spectra in Ligb@pylene carbonate sdions were carried out and
compared with the optical properties of titanium oxide films with different stoichiometries. Whike TiO

was investigated as electrochromic material, S0 TiO.,-SnQ mixtures were studied only as
photocatalytic material. Duringpis work, reactive magnt r on s p ut jpasma)have feénmusedr O
to produce all combinations of TiSnG mixed layers on silicon wafers. The object of this study was to
investigate the properties of T#3nG mixed layers as electrochromic materials, to compare thdrgss'

of the diverse Spectroscopic Ellipsometry optical models, and to find the optimal composition of mixed
metal oxides deposited by reactive sputtering.

TiO-SnQ mixed layers were deposited in a reactive (Ar 2 @as mixture at ~I6 mbar process
pressure. 30 sccm/s Ar and 30 sccnmyvy@umetric flow rates have been applied inside the chamber. The
substrates were-hch diameter IQgrade and3 nch di ameter hi ghl ywatesnduct i
The linear walking speed was 5 cm/s (back and fatlthe geometry which can be seen in Rig5.50-
50 % composition can be expected in the middle of the specimen.-WadeBs and control Sitripes were
placed on a 30 cm x 30 cm glass, see Eit5.The power of the plasma was in the range of il kW
for the two targets autonomously. 300 walking cycles were applied2 Hifpresents that the sputtering
targets have been placed at 35 cm from each ot hi
streamsd® have be e n nter of¢he dulasipare gldss. ahe Metal/xygernatomic ratio of
the layers was 1:2 at the applied oxygen partial pressure according to thE[3&EMeasurements.

Argon
Oxygen ] ’ Glass substrate

> Pumps

Figure 2.15.Arrangements of the two targets in closer position (35 cm from each other).

Optical mapping was performed by a Woollam M2000 SE equipment; the measurements were
evaluated with the CompleteEASE software. To obtain the mapping parameters, oscillator functions and
compact optical model s have be e isdaepsndirdontielvadued g o od:
the Mean Squared Error (MSE), so the lower MSE refers to the better fit because of the difference between
curves. The silicon wafers and-Sripes (Fig2.16.3 have been used for Scanning Electron Microscopy
(SEM, DuatbeamSEM+FIB Thermo Scientific Scios2) with Energy Dispersive Spectroscopy (EDS)
measurements.
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Figure 2.16.a) Combinatorial TiQ-SnQ layer on a 4inch Siwafer in the SEMchamber b) Electrochemical fluid
cell for in-situ, realtime SE measurements.

In order to characterize the coloration process electrochemical Li injection was carried out on layers
deposited onto the-Bnch di amet er hi ghl y -wafers dribecelectreceemi¢aD . 0 0 1
measurements were performed in a kaoell filled with 1 M lithium perchlorate (LiCIO4) / propylene
carbonate electrolyte, and a Pt wire counter electrode was placed into the electrolyte alongside with a
reference electrode, see FRJ16.b Controlled potential was applied through the criting a 4 min
coloration. After the coloration process, the whole sample (in dry state) was mapped by Spectroscopic
Ellipsometry. | n order to evaluate the SE spectra we
substrate/interfhcecle $ImOxad Tl dyeri/Osur face roughnes
dispersion relations: a., the Bruggeman Effective Medium Approximation (Edlallation, and h.The
TaucLorentz (T-L) oscillator model. Details of the calculation can be foungRef. 2.2]. Both models
give good results, however, the MSHegan Squared Error) is significantly lower for thd 2 model
especially around the 88D % compositionAfter the coloration process, we could map the colorized layer
using a simple onkayer Cauchy dispersion optical model. We see a maximum value (maximum light
absorption) around 0.5 cm. Comparing this results with the composition curganwstate that the optimal
composition is 370 % for TiIO2Sn02.
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Figure 2.17. Imaginary part of the refractive index (k Amplitude) as a function of time for haginiguctiveSi in
liquid-cell during coloration (timescan, simple Cauchyodel). Here w can mention that from{@®) mi nut eds t
is low absorption butfrom¢(8@) mi nut ebés there is a growing absorption

(simple Cauchymodel)



MFA Yearbook 2023 41

Reactive Sputter Deposition of GgOs Thin Films Using Liquid Ga Target
TKP2021:NKTA-05

M. Gajdics, M. Serényi, T. Kolonits, A. Sulyok, Zs. E. Horvath and B. Pécz

GaO0s;, as an ultrawide bandgap semiconductor has numerous potential applications in the field of
optoelectronics, higipower electronics and gas sensing. Gallaxmle thin films can be grown by a variety
of methods, among them, sputtering is a commonly used technique. In most cases, a ceGtacygsa
is used for sputtering of @as. In our work, we demonstrate an alternative method, i.e. reactive sputtering
of a liquid Ga target. Modeling of this reactive sputtering process was performed based on the Berg model

Ref. 2.13].

Liguid gallium was placed in a circular crucible fabricated from a 0.2 mm Ni plate. The diameter of
the container was 75 mm and the Iheigf its side wall was about 3 mm. This target was reactively sputtered
in a radio frequency sputtering device. Different samples were prepared by varying the oxygen flow and
the DC target potential. The composition of the samples was analyzed by eispergide spectroscopy
and Xray photoelectron spectroscopy, respectively. The optical parameters and the thickness of the films
were determined by spectroscopic ellipsometry.

It was shown that using high enough oxygen flow rate (32 dcatandard cubicentimeter per
minute), it is possible to achieve higher oxygen atomic ratios than for a film sputtereshictively using
a ceramic G#Ds target. Although, the DC target potential has only a minor effect on the average oxygen
atomic ratio of the layersising higher potentials can be detrimental to the surface quality of the films as
little Garich droplets can form on the surface. Ellipsometry measurements have shown that the extinction
coefficient of the films prepared at higher oxygen flow rates besarero in the UV wavelength range
(Fig. 2.18.a), thus they have the potential for sblard optoelectronic applications. It was also found that
the refractive index (at 632.8 nm) of the layers tend to decrease as the oxygen atomic ratio increases
(Fig 2.18.b).
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Figure 2.18 a) The refractive indicesj and extinction coefficient&)as a function of the wavelength for the
samples sputtered at a 1400 V DC target potential. b) The refractive indices (at 632.8 nm) of the gallium oxide films
as a funcin of the oxygen atomic ratio
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The thickness of the films was also determined by ellipsometry (see Fig. 2.19). Significantly higher
deposition rates were found for the samples prepared using the liquid target compared to the ceramic one.
For example, 9.44m/min growth rate was achieved at2@m oxygen flow rate (0.113 Pa @essure) for
the liquid target, while only 5.3 nm/min for the ceramic one (using 1400 V DC target poieri@h
cases). The upgraded Berg model was used to model the reaatiegisg process and the thickness data
were fitted based on this model (Fig. 2.19., solid lines). As a result, different sputtering parameters such as
the sputtering yields and the sticking coefficient were determined. The fitted parameters sugdest that t
preferential sputtering of Ga becomes more significant as the DC target potential increases.
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Figure 2.19.The film thickness at different oxygen partial pressures and DC target potentials, as measured by
ellipsometry, and the fit to the data poingsl{d lines) using the Berg model.
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Resonancebased KretschmannRaether ellipsometry utilizing plasmonic and
periodic nanostructures at solidliquid interfaces

TKP202:EGA-04, EMPIR POLight 20FUN02, OTKAK 146181

D. Mukherjee, BKalas, SBurger, Gy. Safran, M Serényi, MFried, P. Petrik

Because of their beneficial and adaptable characteristics, nanostructures have been the subject of
extensive investigation for a long time. One of the many avenues of scientific and medical inquiry that
nanostructtes have opened up is plasmonic nanostructures. Research and technology in the subject of
plasmonics, in general, rely on the collectogeillation of free electrons in metallic thin films or other
metallic nanostructures in response to electromagnetiatian [Ref. 2.14]Plasmonic nanostructures are
those that have the ability to produce and regulate light at the nanoscale. These nanoscale devices' small
size and form allow them to manipulate light waves in a variety of ways. The interafctil@smonswith
light causes surface plasmon polariton (SPP) resonance to be seen at the interface of metal layers and
dielectrics (such as air or liquids). This is the result of an intensely restricted surface wave that spreads over
the interface and decays expotialy in the dielectric ambient and the metal layBo. subtly customize
the ideal wavelength range for SPP, several metals are alloyed together to change the plasmonic material's
chemicalmakeup[Ref. 2.15]. It works well for adjusting metallic nanostituces and thin films' optical
response. Noble metals like Ag, Au, and Pt have been favored for SPP applications because of their
abundance of free electrons, despite the-ledwn optical losses caused by interband optical transitions.

Ag is the most redly available material in the Vi8lIR range and has the finest properties for plasmonic
applications. Moreover metal alloys and intermetallics are interesting possibilities for alternative
plasmonic materials due to their high free electron dengRieis 2.16]

In SPR spectroscopy, a thin Au film is commonly used as the sensing layer. When surface plasmons
are presenincoming light can couple with them to produce a dip in the reflectance spectrum. The precise
wavelength (&) value of this dip is determined i
the Au | ayer, t he an gbeam, tlefoptitanpmpedies ofe¢he coffiguration,fandt h e |
most importantly- the optical properties of the investigated ambient close to the Au surface. Developing
original layer designs can also help to boost sensitivity. Using one or more 2D layeras(suahhene or
molybdenum disulfide) on top of the Au film in addition to the naked Au layer might result in improved
sensing performance.

The KretschmaniRaether configuratiofRef. 2.17], which enables the study of the optical
characteristics of mateits, is based on the concepts of ellipsometry, in which light is reflected at an
interfae between a solid and a liquithe use of nanostructures teditu surfaceenhanced Kretschmann
Raether ellipsometry has proven successful. Using this kind oflaigio$ technology, ellipsometric
measurements may be performed by -immasively transducing evanescent fields to surface plasmon
polariton.Using a Woollam M2 0 0 0 D | rotating compensator spectro
1700 nm wavelength rangmnd adjusment using the KretschmarRaether (KR) geometnthe d was
alowedt o be extended up to 75U f oetry(KRSE)emfigwatidnean si on .
enhanced hemisphere has been utilized to provide an ideatsigrase ratio in the critical spectral band
below 300 nm.

Micro combinatory was used to deposit a combinatorial film at room temperature on a tigimds/
FSsubstrate measuring 25 mm by 10 mm (l ength by
composition of AgxAll1lix, spanning from 0 < x < 1
substrate, a gradient track of 20 mm is bounded by 2.5 mmdadgn portions of one target's fluxthe
setup moves a shutter with a 1 mm by 10 mm slot above the substrate in tiny increments, and the power of
the two magnetrons is controlled in time with the slot movement. As the slot passes over the substrate, the
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Ag fluence progressively drops from 100 to 0 and the Al fluence gradually increases from oetsulity
in the required composition gradiefihe variable thickness, which may be used to modify the wavelength
of maximum sensitivity, was made possiblethe exact control of the slot movement (Fi@Q2

Principal advantages of the combinatorial deposition medhed

0] When the deposited layer is created in a single process step, all sample preparation
parameters and substrate properties are guaxhinebe the same, with the exception of
the modulated parameter (the composition and/or thickness).

(ii) They are also easier to use and more efficient since the optical measurement and
assessment may be automatically carried out by a lateral scan. Thdiewaparoach
also supports an interpretation based on a single process. This method allows for the
characterization of more substantial modulations and unanticipated fluctuations of the
qualities, without assuming any lateral dependency.
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The generated sensor structure's compositions with x = 0 (pure Al) andpurelAg) had optimal
thicknesses because the optical properties of these pure phases were believed to be more reliable than those
of mixed phase references. This esanple combinatorial device is now tuned only for linearly graded
compositions and thiclesses, but it would be feasible to tweak the lateral thickness profile after finding
the optical properties for al e~ Y0attranses matriX methedx a mi n
(TMM) computations were performed. These statistics cleaohy shat the lower AOI valuér1°), which
is the closest to the comparable value of the total internal reflection angle, is where the highest sensitivity
may be attained.

It was demonstrated that the phase information obtained from ellipsometry, in atmmuwith
variable resonant features, can be applied to periodic Au grating structure.F)jgas well as
combinatorial AgAl1 1 structures made by sputtering on glass plates connected to @ieér in the
KR geomet r yr)is the phaseameas(rement formula, wherand g are the polarized light
reflection coefficients parallel and perpendicular to the planecadénce, respectively.
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Figure221lp el |l i psometric angle calculated for different c
configuration for a gold layer on glass with a thickness and period of 200 nm and 100 nm, respectively.

The elipsometer resolution in space (focused spot) and time is generally 0.3 mm by 0.9 mm and 1 s,
respectively. Sensitivities of 16and 10 pg/mrin refractive index and surface mass density units
respectively, may be reached at an ideal plasmonic setugrafings were designed and modeled utilizing
transfer matrix and finite element (JCMwavagthods in order to build phase retrieval and sample
parameter reconstruction method. They are mostly significant for determining which grating settings in
experimendl studies show the greatest promise.
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Makyoh imaging and topography

F. Riesz

Makyoh i maging, named after the Japanese Omagi
where a plane (or, more generally, a spherical) wave is reflected from ar fidightly convex mirror
having small height deviations, causing intensity variations in-figldrscreen image because of the local
ray deflections. The intensity distribution reflects somehow the mirror height map. The first application of
this prindple was probably the Oriental magic mirror; a modern application is Makyoh topography, used
mostly for the visualisation of surface defects or texture of semiconductor wafers.

The mainresult of the past year is the proposal of a novel approach fomtging of the ancient
mirror: thevisual imageof the back relief pattern, rather than its height topography is compared to the
reflected Makyoh imagdFig. 2.22) [Ref. 2.18] The visual image depends on the environmental
illumination conditions(light directionality and scattering degres)d surface reflection properties a
complex way but it can be stated the both images are essentially emphasise edges (gradient changes) of
the back relief, thus their correspondence can be established. Zghowsintensity profile calculations
of the Makyoh and the visual back images for three characteristic back patterns: a narrow and a wide mound
and a ridge for diffuse and directional (oblique) back illumination; back reflection is assumed mixed
(diffuse with wide specular component). Convolution with a Gaussian was used for pattern transfer
modeling to obtain the front surface profiles. For diffuse illumination, the correspondence of the two images
is striking; the specular component can relate to the maectifh peak for the narrow mound.
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Figure 2.22 Scheme of the traditional mechaaptical (left) and the proposed visual (right)
approaches of Makyoh imaging

Related to this, the various approximations of the Makyoh imaging were analyseohapaied. The
most popular is the Laplacian approximation introduced by Berry. We hypothesised that a certain class of
ancient mirrors (namely, Japanese mirrors) operate in the_ppkician regime, where stronger focusing
of the concave ares occur, l&zglnarrower and highentensity image regions (Fig. 2.24). This imaging
is characteristic to globally flat or less curved mirrors. These results have relevance to the modern
application of Makyoh as well, since the studied samples (mostly, semicondaétos) are usually also
globallyflat.
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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 modeends of material science with the respect to a 50 years
long history of the department. The development of the 2D semicondualticomponenthin films and
technical ceramics were the important base research fields supported by several internsiticataé bafic
projects and collaborations in 2023.

The uniqueness of the Department in national and international 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 optimal
structure can be directed in a controlled way. All topics were supported by methodical developments based
on electron diffractions.

In 2023, 59 scientifi publications (10pc D1, 27pc Q1) appeared in refereed journals with a cumulative
impact factor of 270. In addition, 22 papers were published with no impact factor conference proceedings.
Members of the group presented an invited lectures, oral talksiataleand international conferences.

The group received 3800 independent citations in the examined interval of the last two years. Research
members of the group lectured some courses at universities and held few laboratory practices. All courses
were fa full semester (E6tvos Lérand UniverstyELTE, and Budapest University of Technology and
Economics- BME, and University of PannoniaJP and Obuda University OE). In addition, 6 PhD
students were supervised.

The researchers of the Department orgashinajor national and international conferences in 2023:

1 Annual conference of the Hungarian Microscopic Society 2023 (MMT) Siéfok 2023 Nay 4
Pécz Béla, Labar Janos Radndczi Gy. Zoltan

9 47th International Conference and Expo on Advanced Ceramics angoSioes (ICACC2023)
USAI Balazsi Csaba, Balazsi Katalin (symposium lead org.) Daytona Beach, USA 2023 January
27-February 3

1 48th International Conference and Expo on Advanced Ceramics and Composites (ICACC2024)
USA' Balazsi Csaba, Balazsi Katalin (symposilead org.)) Daytona Beach, USA 2024 January
23-February 2

9 14th International Conference on Ceramic Materials and Components for Energy and
Environmental Systems (CMCEE14), HlBalazsi Csaba, Balazsi Katalin (conference chairs)
Budapest, 2024 August 182

1 Annual conference of the Hungarian Microscopic Society 2024 (MMT) Siéfok 2024iMécz
Béla, Labar Janos Radndczi Gy. Zoltan

1 2nd International Summit on Graphene & 2D Materials (ISG2DM2024) Germany Munich 2024
May 2071 Balazsi Katalin (conference chpi

9 Social activity of the group is landmarked by nearly 20 memberships in different committees of the
Hungarian Academy of Sciences and in boards of international societies (European and American
Ceramic Society, International Ceramic Society, Internation#&n for Vacuum Science).
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TEM of innovatively used of PtSi contact material
2019 2.1.7ERA-NET-202200032, QuantERA Il SIQUOS

J. Labar, B. Pécz, Y. YaD. F. Fernande's T . K dKubarh 2. ghang,
F. LeflocK, F. Gustavd A. Leblar?, S-L. Zhang

! Division of SolidState Electronics, Department of Electrical Engineering, Uppsala University, Sweden,
2 Université Grenoble Alpes, CEA, Grenoble, France

PtSi has long been used as contact material in microelectronics. It is ustrabyl by the seldligned
silicide (SALICIDE) process. Novel application of PtSi in cryogenic temperatures as superconducting
material of source and drain in silicbased Josephson fieddfect transistors (JOFETS) requires that the
thickness of the PtSayer is reduced considerably. Our SIQUOS project aims at manufacturing such
JoFETSs as part of Qubits. This reduction in thickness brought up new technological challenges that did not
exist in conventional microelectronics.

Current SALICIDE process inveés thermal oxidation at 600°C to protect the formed PtSi from being
etched off during the subsequent chemical etching in aqua regia aiming to selectively remove unreacted Pt
present on the surrounding oxide layers. Howeverl8ubm PtSi films tend togglomerate and even
break into discrete PtSi islands upon thermal treatments above 500°C. To mitigate this technical issue, an
innovative ambienrtemperature chemical oxidation step was introduced. The results below prove that this
change in technology wasuccessful. While 5 nm thick layers manufactured with the conventional
technology broke into islands (Fig.3.1), the new process flow resulted in homogeneous PtSi layers (Fig.
3.2) of the same thickness. All technology steps except the new oxidation deetidl, including
subsequent etching in aqua regia.

a : b

Figure 3.1.a). Planview HAADF image of 5 nm thick PtSi layer. Thermal oxidation and subsequent etching in

aqua regia. The layer is full of holes. b) Cressction BF image of 5 nm thick Pt&®yer. Thermal oxidation and
subsequent etching in aqua regia. The layer broke into islands.
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In contrast to the conventional-BALICIDE process involving thermal oxidation, the new process
flow with chemical oxidation produces continuous, uniforimt@cting oxide on top of PtSi, which protects
the ¢5nm thick PtSi from being etched away (when remaining Pt is removed). Superconductivity of the
layers is measured and slight dependence on both layer thickness and annealing temperature is determined

Ref. 3.1].

. & b) :
Figure 3.2 a) Planview HAADF image of 5 nm thick PtSi layer. New, ambient temperature, chemical oxidation
and subsequent etching in aqua regia. The layer is continuous, even pin holes cannot be observed in it. b) Cross
section BF imagef 5 nm thick PtSi layer. New, ambient temperature, chemical oxidation and subsequent etching in
aqua regia. The layer is continuous.
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Reactive Sputter Deposition of Ga203 Thin Films Using Liquid Ga Target
TKP2021NKTA-05

M. Gajdics, M. Serényi, Kolonits, A. Sulyok, Zs. E. Horvath and B. Pécz

G&0s, as an ultrawide bandgap semiconductor has numerous potential applications in the field of
optoelectronics, higpower electronics and gas sensing. Gallium oxide thin films can be grown by a variety
of methods, among them, sputtering is a commonly used technique. In most cases, a ce@técget
is used for sputtering of Gas. In our work, we demonstrate an alternative method, i.e. reactive sputtering
of a liquid Ga target. Modeling of this rea&t sputtering process was performed based on the Berg model

Ref. 3.2}

Liquid gallium was placed in a circular crucible fabricated from a 0.2 mm Ni plate. The diameter of the
container was 75 mm and the height of its side wall was about 3 mm. Thisvtaggeeactively sputtered
in a radio frequency sputtering device. Different samples were prepared by varying the oxygen flow and
the DC target potential. The composition of the samples was analyzed by energy dispersive spectroscopy
and Xray photoelectrospectroscopy, respectively. The optical parameters and the thickness of the films
were determined by spectroscopic ellipsometry.

It was shown that using high enough oxygen flow rate (32 dcatandard cubic centimeter per
minute), it is possible to aahie higher oxygen atomic ratios than for a film sputteredraaatively using
a ceramic G#Ds target. Although, the DC target potential has only a minor effect on the average oxygen
atomic ratio of the layers, using higher potentials can be detrimerite# 8urface quality of the films as
little Garich droplets can form on the surface. Ellipsometry measurements have shown that the extinction
coefficient of the films prepared at higher oxygen flow rates becomes zero in the UV wavelength range
(Fig. 3.3.3, thus they have the potential for seldind optoelectronic applications. It was also found that
the refractive index (at 632.8 nm) of the layers tend to decrease as the oxygen atomic ratio increases (Fig
3.3.b).

221 N a) 1oy v B Ceramic target
214 \ 1.890 ® Gatarget-1200V
c 1 | Ga target - 1300 V
2.0 v Gatarget - 1400 V
] _1.8751
1.9—_ c ]
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Figure 3.3 The refractive indicen] and extinction coefficients (k) as a function of the wavelength for the samples
sputtered at a 1400 V DC target potential a). The refractive indices (at 632.8 nm) of the gallium oxide films as a
function of the oxygen atomic ratio b).
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The thickness fothe films was also determined by ellipsometry (see Fig. 3.4). Significantly higher
deposition rates were found for the samples prepared using the liquid target compared to the ceramic one.
For example, 9.4 nm/min growth rate was achieved at 20 sccmroflggerate (0.113 Pa O2 pressure) for
the liquid target, while only 5.3 nm/min for the ceramic one (using 1400 V DC target potential in both
cases).

The upgraded Berg model was used to model the reactive sputtering process and the thickness data
were fited based on this model (Fig. 3.4, solid lines). As a result, different sputtering parameters such as
the sputtering yields and the sticking coefficient were determined. The fitted parameters suggest that the
preferential sputtering of Ga becomes moreifigant as the DC target potential increases.

500 .
j ®  Ceramic target
450 ® (Gatarget- 1200V
: Ga target - 1300V
400 v Ga target - 1400V
350 +
£ 300
- ]
2501
200
150 ™

T T T T T T T T T T T T T T T 1
0.00 0.03 0.06 0.09 012 0.15 0.18 0.21
p (Pa)

Figure 3.4.The film thickness at different oxygen partial pressures and DC target potentials, as measured by
ellipsometry, and the fit to the data points (solid lines) using the Berg model.
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Industria lly deposited hard and damage resistant \AB-C coatings
VEKOP-2.3.315-201600002, VEKOP2.3.216-201600011
Zs. Czigany, K. Balazsi, M. KrokkeP. Soucek P. Vasina

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

The study investigates the properties of depositeeBM¥ coatings, examining the influence of
chemical composition and deposition regimes on mechanical properties of -dpptisited coatings
composed of tungsten, boron and carlpg@ef. 3.3] The research guioys an industrial bateboater
equipped with a segmented target, examining the coatings under both lablikat@yd industrial
preparation conditions through stationary and shagie rotation depositions. The coatings are
systematically studied ag® a range of chemical compositions, revealing predominantly amorphous
structures (Fig3.5).

Intriguingly, specific compositions exhibit the formation of skrarige ordered tungsten borides or
nanocrystalline cubic tungsten carbide structures. Morgireabdifferences are observed, with stationary
coatings generally more compact and smoother, while rotation induces columnar growth. Surface roughness
varies across compositions and regimes, with -bigton coatings exhibiting rugged surfaces. Despite
inherent multilayer formation during industrial preparation with substrate rotation, the impact on structure
and composition is found to be minimal. The W2BC composition, in particular, displays a fully amorphous
structure and impressive mechanical propediespite the lack of internal stress. Mechanical properties,
including hardness and effective elastic modulus, range from 10 GPa to 29 GPa and 130 GPa to 440 GPa,
respectively. Higher boron content correlates with increased hardness and modulus. Ressd@aiaysis
reveals that nanocrystalline coatings exhibit higher internal compressive stress. Damage resistance
assessment based on elastic modulus reduction under indentation is generally used to ranks coatings. W2BC
demonstrates superior damage resise compared to nitrides (TiN, AICrN). No severe cracking or
chipping was caused by the load applied to the-colpeer indenter and the imprints exhibited a-pipeof
material. The study extends comparisons with-BAG coatings, highlighting similaritsein mechanical
properties despite structural differences:BAC emerges as a unique amorphous material with good
damage resistance and mechanical performance, offering potential applications in protective coatings.

w B, C

43 29

Stationary
1-axis rotation

a) iy : SN ) :
Figure 3.5 a) HRTEM imagesf WBC coatings deposited on stationary and b) rotating substrate. In figure b) the
film shows a slight multilayer character due to substrate rotation.
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Effect of Nb incorporation in Mo2BC coatings on structural and mechanical
properties - ab initio modelling and experiment

VEKOP-2.3.315201600002, VEKOP2.3.216-2016:00011
Zs. Czigany, K. Balazsi, Ge n 2%, eSkucek P. Vasina

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

This study [Ref. 3.4] investigates the structural and mechanical implications of niobium (Nb)
incorporation into magnetresputtered MegBC coatings, employing both theoretical ab initio modeling
and experimental approaches. The aim was to explore the stability of the orthorhombitNEBC
phase as molybdenum is gradually replaced by niobium.

Theoretical calculations, based on substigitvMo atoms in the orthorhombic M8C cell, predicted
the stability of the (Mo:Nby).BC solid solution up to 37.5% Nb substitution. At this point, the elastic and
shear moduli were maximized, and the enthalpy of formation suggested increased staljiléyedoim
common coatings like AITiN. However, experimental results unveiled the formation of an unexpected fcc
NbC-like structure at high Nb contents, challenging the theoretical predictions. All coatings exhibited a
columnar structure with nanometsized grains and amorphous regions, impacting the stability of the
orthorhombic MeBC-like phase compared to theoretical calculations. At the stability limit, coating
hardness increased by 25%, and the elastic modulus rose by 60%, attributed to latticerstratedyby
Nb substitution. The study concludes with an exploration of the mechanical properties; ohN)eBC
solid solutions. Theoretical predictions showcased alinear relationship with Nb content, explained by
microstrain within the nanolamired structure and crosslinking of boron chains. Theoretical stability
predictions aligned with experimental trends up to 37.5% Nb substitution, beyond which structural changes
led to decreased stability.

SAED investigation provides insights into the chadles of distinguishing between cubic and
orthorhombic structures, especially for small grain sizes. Diffraction analysis ##@®/&hed light on the
similarities of the two structures. Strong reflections in the SAED pattern gB®also can be indexed as
an fcc phase which has a 111 preferred orientation. However if we want to interpret all the reflections of
Mo.BC, the structure of orthorhombic MBC seems a proper choice. MB& can be better indexed as
orthorhombic MeBC, however, its strong reflectionsincide with allowed reflections of fcc structure,
and weak reflections coincide with cubic reflections forbidden in fcc system (Fig. 3.6).

Therefore, the orthorhombic cell can be interpreted as a supercell generated from the Te¢eecell.
orthorhombic pase contains alternating planes containing stiff carbidic and boridic bonds with a high
degree of ionicity and weaker metallic planes. Within the orthorhombic unit cell, the arrangement of heavy
metal atoms (Mo, Nb) preserve a cubic (fcc) arrangemenactasistic for cubic transition metal carbides.

In summary, this research contributes to the detailed understanding of Nb incorporatiegB@ddatings,
emphasizing the need for a holistic approach encompassing theoretical modeling and experimental
validation for informed coating design and development.
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Figure 3.6.Electron diffraction pattern of Mo2BC. Strong reflections can be indexed as an fcc phase which has a
111 preferred orientation. The strong reflections of orthorhombic structure coindid@Nowed reflections of fcc,
however weak reflections of orthorhombic structure coincide with cubic reflections forbidden in fcc system.
Therefore, the orthorhombic cell can be interpreted as a supercell generated from the fcc cell.
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Composition dependent structure, morphology and mechanical properties of
the Al1-xCux thin film system

Ministry of Culture and Innovation KDR2021 C1792954, OTKA K 143216

D. Olasz, G. Safran, N. Szasz, T. Kolonits, N.Q.Chinh

We continued the nanoindentation m@&asnents on the AICu thin film system (Fig. 3.7) with a
comprehensive TEM study to explore the correlations between mechamicphological and structural
properties. FIBcross e ct i onal |l amell ae were prepared from 1
compositions formed by DC sputtering representing the ful@lkc o mposi ti on range (0C
12 have alreadyden TEM examinefRef. 35].
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Figure 3.7.a) Indentation curves and b) hardness of AlCu thin films as a function of Cu alloying concentration

In Fig. 3.8, bright field TEM images show the morphological evolution of the layers at the indicated
copper cacentrations x (AlkCuy) with increasing alloying concentration. A drastic reduction in grain size
can be observed even with small amounts of Cu alloying. Using selected area electron diffraction (SAED)
techniques, we have shown thatintherangex=8.8 . 4 % -8l2Cu phiade eppe&drs in addition to
t h eAl pbase, which is in agreement with the predictions of the equilibrium phase difgeans.6]
Both the grain size decr edBet3.73lpadtor hignificanmipease ina n ¢ e
the strength and hardness of the layer, which can be clearly observed i7.FHiie3ayer containing 52.2
at % Cu sAMEW phase camposition, which is no longer consistent with the equilibrium phase
diagram- and this indicates thenenqu i | i bri um nature of the sputter
strength phase of ~ 15 GH#ef. 3.7] which is in good agreement with our measured hardness of ~ 16 GPa.
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100 %

Figure 3.8.BF TEM crosssection series showing the morphological evoluabAICu layers as a function of Cu
(x) alloying concentrations representing the full compositional range.
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Combinatorial characterisation of the complete ¥Ti-O thin layer system;
issues of DC and HIPIMS sputtering processes

Ministry of Culture andInnovation KDP-2021 C1792954, OTKA K 143216

D. Olasz, M. Serényi, M. Gajdics, V.K. Kis, I. Cora, M. Németh, G. Safran

The Y-Ti-O family of materials, which has several promising phases from a technological point of
view, offers an excellent opportunitjor a comprehensive microstructural characterisation by
microcombinatorial fabrication and testing techniques. The refdit$. 3.8 of the microstructural
investigation of the reactive DC magnetron sputtered variable composition coatings are summtreed i
phase map shown in Fi@.9 which covers the whole -Yi composition range up to 800 °C. A very
important result is that the pyrochlestructured Y2Ti207 phase could be produced under favourable
conditions at a significantly lower temperature, ag & 700 °C, compared to other methods.
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Figure 3.9.Phase map of the YXFXDy thin film system prepared by microcombinatorial DC magnetron
sputtering over the entire 00x0O1 compositio

High Power Impulse Magnetron Sputtering (HIFS) is a more stable and controllable growth
technique than DC, which offers an excellent opportunity to produce the desired perovskite latticg (YTIiO
phase with the right experimental parameters. When reactively sputtering two targets with veryt differen
sputteringoropertiesY and Ti- together, finding the right settings is a very difficult task, which is not well
discussed in the literature. The method used for combinatorial characterization via DC sputsgsimg
the power cannot be appliedhireactive sputtering due to its nlmear behaviour (Fig3.10.

In the experiments carried out in the last year, we have determined the fundamental parameters:
frequency and pulse length, optimal pulsation parameters of the reactive gas, optimaltéigsof the
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sample holder etc. The variation of the layer composition we made possible by using the "burst" mode: by
varying the number of bursts (N) separately for each target, it is possible to vary the composition of the
sputtered layer along the gh of the combinatorial sample (Tald4).

30

Ny | Nn | X YsTizOy (SEM EDS)
10 | 10 0.49
10 | 3 0.60
3 | 10 0.24

Table 3.1.Effect of the number of Y and Ti bursts (NY;NTi) on the composition of the layer.
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Figure 3.10. Features of Ul hysteresisluring reactive sputtering in 5 %-@as for (a) Y target (b) %Ti target.

Fig 3.11.ashows the the chamber during HIPIMS sputtering of Bi-O layer in burst mode, and Fig.
3.11b shows a combinatorial -Yi-O layer of varying composition deposited aloagSi substrate.
Understanding the further effects of the sputtering parameters, we plan to deposit combinatorial layers for
TEM analysis onto TEM grids so that comprehensive structural analysis can be efficiently performed.

a) b)

Figure 3.11.a) Y-Ti-O layer growth in bursHIPIMS sputtering mode. b) combinatoriaiTY-O thin film
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Catalytic Methane Pyrolysis Combined with
Microcombinatorial TEM Studies

OTKA K 143216, OTKA K 146032

A.Horvéath, M. Németh, A. Beck, Zs. Horvath, D. Olasz, Mer8erGy. Safran

Methane pyrolysis (Ck# C+2H,) yields extremely clean hydrogen gas and only solid carbon, without
the production of any CO2, but the process is not industrialized yet. Application of proper catalysts can
decrease the temperature requiretred the reaction and produce valuable nanostructured carbon beside
hydrogenRef. 3.9. Sample preparation was done by i) chemical deposition of Ni and Mo metal precursor

ions over the MgO support or ii) microcombinatorial TEM methgef. 3.3 using DC magnetron
sputtering over a TEM grid.
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Figure 3.12. CH4 conversion during the pyrolysis tests at 800 °C on the MgO supported samples (top); elemental
maps of the reduced MoNil1.2 sample (bottom).
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This latter method is able to produce thin lay#rsvo components with linearly changing composition
across a TEM grid, and these layers upon high temperature reduction transform into metallic particles or
islands. NiMo/MgO catalyst samples (7 wt% Ni and 4% or 12% Mo loading designated by MoNi0.4 and
MoNil1.2 atomic ratios, respectively) were reacted in 50% CH4/Ar stream using a horizontal reactor at 800
°C. The supported catalysts were investigated by XRD, TPR, XPS, HRTEM and-EDENprior to and
after the CH4 pyrolysi§Ref. 3.10. The microcombinatoal Ni-Mo samples were investigated by XPS,

TEM and STEMEDS before and after a reduction treatment and carbonization in a methane stream.

The bimetallic NiMo/MgO samples produced carbon nanotubes wit326@ vyield, while
monometallic NiMgO or Mo/MgO deativated fast The superiority of the MoNil.2 catalyst in terms of
activity, stability and carbon yield was explained by the presence of the equimolar alloyed NiMo particles
(Fig. 3.12) The novel microcombinatorial TEM method (TEM grid shown in Big.3a) resulted NiMo
alloy particles with different compositions (Fi§13b). It was ascertained that the Ni/Mo~1 alloy
composition (framed with yellow in Fi§.13b) did not seem to segregate during the carbonization process.
The existence, the reasons astductural background of the synergetic interaction between nickel and
molybdenum were revealed.

The microcombinatorial TEM method was first applied for catalytic purposes. The most prominent
novelty of our work was the disclosure of the nanoscale se@greg# bimetallic MoNi particles during
carbon deposition process depending on the Mo/Ni atomic ratio and affecting the catalyst lifetime.

a)
Figure 3.13.a) Scheme of TEM grid with Ni and Mo depositetinearly changing atomic ratio. 3 TEMEDS
elemental maps of a representative area of the grid after reduction at 80Qtf€omie equimolar alloys framed
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Reductive Treatment of Ti0.8Sn0.202C Composite Supported Pt
OTKA K 143216

E. Dédony C. Silva? K. Salmanzadel. Borbathi, D. Olasz Gy. SafranA. Kuncset, E. PasztiGeré,
A. Tompos, Z. Paszfi

Nnstitute of Materials and Environmental Chemistry, Research Centre for Natural Sciences, Hungary
“Department of Physical Chemistry and Materials Science, Faculty of Chemical Teghaotbg
Biotechnology, Budapest University of Technology and Economics, Hungary
*National Institute of Materials Physics, Magurele, Romania
“* Department of Pharmacology and Toxicology, University of Veterinary Medicine, Hungary

Transition metatoped titaia and carbon composites have emerged as highly effective supports for
platinum (Pt) electrocatalysts in proton exchange membrane (PEM) fuel cells. These advanced supports
utilize the oxide component to stabilize Pt particles, while the dopants serveasalydic role. Among
various dopants, tin (Sn) stands out as a particularly valuable addition. A notable featuresofpfi@ted
Pt catalysts is the strong megalpport interaction (SMSI), which involves the migration of partially
reduced oxide speciéi®m the support to the Pt surface during reductive treatment. To assess how SMSI
affects the stability and performance of Pi£Bin 2O,-C catalysts, the structural and catalytic properties of
freshly prepared samples were analyzed uskngydiffraction (XRD), transmission electron microscopy
(TEM), X-ray photoelectron spectroscopy (XPS), and electrochemical tests, and compared with those of
catalysts reduced in hydrogen at high temperatures.

Results indicated that the uniform oxide coverage ondhigon substrate promoted the formation of
high-density Pitoxide C triple junctions. The electrocatalytic behavior of the as prepared catalysts was
determined by the atomic closeness of Sn to Pt, while even a low temperature reductive treatment resulted
in Sri Pt alloying. The segregation of tin oxide on the surface of the alloy particles, a characteristic material
transport process in BRt alloys after oxygen exposure, contributed to a better stability of the reduced
catalysts.

As part of our laboratory laboration, we conducted investigations on the structure, morphology, and
elemental composition of the catalysts using the THEMIS TEM of the Thin Films Department. This
involved obtaining and analyzing highsolution and lowesolution images, as well alement mapping
with transmission electron microscopyef. 3.11.
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Figure 3.14.TEM micrographs and elemental maps for (a) the as prepared Pt/Ti0.8SRC.2@2trocatalyst and
(b) the Pt/Ti0.8Sn0.20C electrocatalyst reduced at 200 °C. The locatiohthe details A and B are indicated by
yellow rectangles in the micrographs. The STEM/EDS elemental maps correspond to the area of the red rectangle in
(a) and to the entire image area in (b). Color code: red: Pt, green: Ti, blue: Sn.
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Microstructure and g r o wt HVn(€d) solil solution films
OTKA K 143216

K. HajagosNagy, Zs. Czigany, Gy. Radnéczi

Bulk Mn-Cu alloys are welknown magnetic and shapee mory al | oy s, whi ch ar
Mn(Cu) solid solution by martensitic (fc4 fct) transformatio. The stable form of Mn at room
temper-Mnures tonsidered probl emat i-Mnstucteredomtainst s br
many promising properties, such as paaatiferrec and weakly ferromagnetic behaviour, anomalous Hall
effect andhigh pressure (22GPa) stability. The reason behind these properties isryiséal structure of
UMn, which is considered unigue among the el ement
systems. The stability of Mn atoms in 3 differefgctron configurations is almost the same; therefore, Mn
is able to create an elementary cell in which atoms of different valence/size are present in different
crystallographic positions.

';‘

60%.Cu .
b PP

30% Cu
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t

‘ h e Ry 100% Mn

10Dk  # H§ ' :

Figure 3.15.Microstructure of MaCu films with Cu content of 1% (a), 20at% (b) and 660 at% (c) on dark
field TEM images.

A possible way of minimizing the brittleness of bUuHMn is to use thin film deposition techniques and
alloying. In our previous work, we mapped theKgn thin film system from the point of view of its use in

verylarges cal e i ntegrated circuits. We dNncaubldissoive d t ha
at least 1@t% Cu content and tHgMn(Cu) solid solution was present up to &% Cu. In the current
work, we investigated t heMn@udayessst ruct ure and gr o\

We investigated the neequilibrium solubility of Cu indMn on a ® nm thick combinatorial sample
grown by DC magnetron sputtering, where the composition varied linearly between pure Mnad¥td 50
Cu content. The films contain a crystalline phase up @®t®0Cu content; the grain size varies between 2
10nm.Electrondi f racti on i ntensi t yMndandissalve 3a136tCu. ¥Wa exansned w e d
film growth on 0.51e m t hi ck f i |l ms, comparing discrete and
10at% Cu content a single h a sMn(CW) solid solution layer gwes with a columnar structure (Fig
3.15.3. As the Cu content increases, an amorphous minority phase appears and hinders the growth of the
U-Mn(Cu) grains (Fig 3.15.5. Examination of gradient films showed that the columnar structure
characteristic of sgle-phase growth can be maintained until the crystalline phase ceas&i50. This
can be beneficial in many applications where minimization of grain boundaries is required.
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Multifunctional biomineralized calcium phosphate-loaded biopolymer
compasites as biodegradable coatings on implants

OTKA FK 146141

M. Furké

Bioactive ceramics and scaffolds are extremely important in many biomedical or orthopedic
applications owing ttheir positive interactions with human tissu€kere are enormous effeito develop
bioceramic particles that meet the higimality standard in a cosffective way. Among the numerous
bioceramics, calcium phosphates are the most suitable since the main inorganic compound in human bones
is the hydroxyapatite which is a sgeciphase of the calcium phosphates (CaPs) or apatites. The CaPs can
be applied as bone substitutégpes of cement, drug carriers, implants, amatings. In addition,
bioresorlable bioceramics have great potential in tissue engineering since theyalheusad as scaffolds
that can advance the healing process of bones during the normal tissue repair mechanism. The newest
advancement in the CaPs is when they are incorporated with active biomolecules such as Mg, Zn, Sr, and
so on.The chemical compositip crystallinity, size, and morphology of the CaP particles and their
aggregates play a critical role in determining their properties and posgpiadations

Slow spin:
Composite suspension distribution

CaP — biopolymer

Fastspin:

Deposition of suspension :
solvent evaporation

Figure 3.16.Schematic illustration of spin coating method.

In our work, amorphous oramocrystalline alcium phosphates (ACPs) and their combination with
biopolymers are prepared as coatings or scaffold matrices. The innovative types of resorbable coatings for
load bearing implants that can promote ititegration of metallic implants into man bodiesOwing to
the bioactive mineral additions (Mg, Zn, Sr) in optimized concentrations, the base CP particles became
more similar to the mineral phase in human bones (dCP). The coatings were prepared by spin coating
technique (Fig3.16).

We invesigated and compared the surface roughness of the substrate and the coated substrate and the
result showed that the polymer composite decreased the roughness values. HREB QFdds sectional
cut revealed a very thin, arouneblrm layer. The thickness¢fhe | ayer was uneven du
rough surface. The GBlopolymer composite can be produced as fibres via electrospinning method (Fig
3.18. In this case, the resulting composites consist of spiderlikelentangled fibres with unevenly
incorporated calcium phosphate particles. The CaP particles are embedded between the fibres.
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Figure 3.17. Optical microscope an8EM images of calcium phosphd&€L thin layer,
as well as cross sectional FIB cut for thickness measurement
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Figure 3.18. Schematic illustration of electrospinning technique
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R+D+I development and utilization of high-performance electronic chips
"CHIPCER" Phase 1

GFM - AFF/96/1/2023.

K. Balazsi, Cs. Balazsi, T. Kolonits, K. Hajagdagy, E. Dédony, A. Jakab Femginé,
B. Erki, V. Varga, A. Kovacs

TheHungariangovernment has accepted the Ministry of Economic Development's proposal to launch
an R+D+l project for chiggarrying ceramic wafers, so Hungary is also starting to enter the semiconductor
manufacturingnarket.The project, whose partners are the Bay Zoltan Nonprofit Ltd. (P1), Neumann Ltd.,
Budapest Technical University (BME) and the Thin Film Physics Laboratory of-RBN EK MFA,
started from 2024 Januar$.1

Our task is to develop thin (several hugairmicrometers) ceramics as a chip substrate used in the
automotive industry and higberformance electronics and to facilitate their production on an industrial
scale.In the first year of the project, we determined the ceramic to be tested, silicde,ratmiimportant
parameter of which is that European suppliers provide the raw materials, thereby making the production
process independent of various external influences.

All novel results are confidential.
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Digitalization of Power Electronic Applications within
Key Technology Value Chains

20221.2.8KDT-202200001, Horizon EuropeKDT 101096387 PowerizeD

K. Balazsi, C. Balazsi, T. Kolonits, M. Furko, K. Hajadgéagy, E. Dédony, A. Fenyvesiné Jakab, V.
Osvath, V. Varga, A. Kovéacs, B. Erki

PowerizeD is an innovative EU fundgmoject aiming to develop breakthrough technologies of
digitized and intelligent power electronics to enable sustainable and resilient energy generation,
transmission and applications.The project is supported by the Chips Joint Undertaking and its members
including the topup funding by the national Authorities of Germany, Belgium, Spain, Sweden,
Netherlands, Austria, Italy, Greece, Latvia, Finland, Hungary, Romania and Switzerland, under grant
agreement number 10109638he project is o-funded by Europan Union.

The project focuses on improving the way energy is produced and transmitted through the use of
digitized and intelligent electronic energy, which will greatly contribute to the decarbonisation of European
society and the protection of our cliteaThe research results so far are not yet public, professional
publications can only be published after the permission of the project leader, Infineon.
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4 - Nanosensors Laboratory

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

Research Staff: Ph.D. students / Diploma workers:
1 Gé&or BATTISTIG, D.Sc. (60%) 1 Janos Mark BOZORADI (50%)
1 Zsofia BAJI, Ph.D. ! RolandKOVECS, B.Sc student
1 Szabolcs CSONKA (20%) 1 Anett SZELEDI, B.Sc student
Gyérgy MOLNAR, D.Sc.  Timea Néra TOROK, Ph.D. student
f  Nguyen Quoc KHANH, Ph.D. (20%)
1 Péter Lajos NEUMANN, PhD (50%) T Aron VANDORFFY, B.Sc student
 Léaszlé6 POSA, Ph.D. 1 Tamas ZEFFER, PhD student (50%)
1 Zsolt ZOLNAI, Ph.D.

Technical Staff:

1 Ferenc BRAUN, engineer

1 Janos FERENCZ, engineer

1 Levente ILLES, engineer

1 Attila NAGY, technician

 Zoltan KOVACS, Ph.D. engineer

Nanosensors Laboratory was established at the beginning of 2019 from the former Department of
Microtechnology. The core infrastructure, having two semiconductor clean rooms, is shared and operated
together with lhe Microsystems Laboratory. The mission of the Lab is to utilize the emerging results of
nanotechnology and materials science for novel physical sensors, particularly feramicrmnometer

sized electromechanical systems (MEMS/NEMS).
In the following ®ctions 8 selected topics are presented, which relate to

i) characterization of functional thin filmpdge72-);
i) nance and micrometer sized electronic and sensor deviageg2-);
iii) novel force sens@ystems fage86-), and

iv) first steps toward Kitaev tremon generatiorpfge8s).

These research topics are conducted mainly in the framework ofdineestic projectsTKP202%
NVA-03: Environmental monitoring sensors for emergency and extreme conditions; OTKA: Atomic layer
deposition and applications ddirfictional sulfide nanolayers; OTKA: Development of Nanometer Scale
Resistive Switching Memory Devices. Besides, the Nanosensors Laboratory provided electronmicroscopy
services for several industrial partners (Lighttectd., Technoorg Lindaltd.), nanofabication
infrastructure for the Quantum Information National Laboratory (QNL), and was engaged in university
education as well (Budapest University of Technology and Economic, University of Debrecen, and Obuda
University).
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Quantification of Piezoresponse Force Microscopy for Thin Al(2x)ScxN Film
TKP2021NVA-03

N. Q. Khanh, L. Pésa, and J. Volk

The most common methods used to study the piezoelectric properties of thin nitride films are those that
give the average value of the piezoelectric camistgs, such as the direct piezoelectric Berlincourt
piezometer or the inverse piezoelectric vibrometer. As the dimension of the device shrink, there is an
increasing need to determine the distributionsghitithe nanometer scale. Piezoresponse Forceobtiopy
(PFM) in principle can fulfill this demand, however, using sharp tip probe, differenrpieanelectric
interfering phenomena, for example electrostatic force, flexoelectricity, substrate clamping effect,
unexcited matrix material restraining effestc., make the quantification of PFM difficult.

To overcome the aforementioned problems we have applied high spring constant (nominally 42 N/m)
probe and top electrode for PFM measurement, as well as substrate clamping correctics thehsuded
on Al1»SGN films prepared by pulse DC reactive ion sputtering system (VAKSVBDAS). Fig. 4.1
shows the average effectivestletermined from tm? scans with and without Pd top electrode on AIN
films having different Sc content. The use of a toptetele results in highersg for each film, since the
restraining effect of the unexcited volume around tip/sample contact is decreasing rapidly with increasing
top electrode diameter, i.e. the contact perimeter to its area ratio decreases.

12 T T T T T T T T T g T

X PFM bare surf.
O PFM top elect.

O T T T T T T T T T T
0.0 0.1 0.2 0.3 04 05
Sc/cation fraction

Figure 4.1 Effective piezoelectric coefficiendzdmeasured by PFM on bare surface and with top electrode as a
function of Sc fractions in AkSaGN film. Lines are to guide the eyes.
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Figure 4.2 Corrected dscor Values of gk determined by PFM and Piezotesing top electrode as a function of Sc
fraction in nitride film deposited at 1.5 mTorr with 60%dss ratio. The DFT calculatedsls also shown.

To obtain a more correct resutl@corr), we have taken into account the effect of substrate for converse
piezoelectric ¢p) measurement,
) Q i i
R S R P
whereS;j are the elastic compliance constants of nitride film, 8pgl~ S33/2.

We used the values of the elastompliance constan®; calculated using density functional theory
(DFT) reported in literature for substrate effect correction of therdasured with top electrode. Fig2
shows the so corrected piezoelectric coefficients (opened triangle) oeteénnsing top electrode for films
deposited at 1.5 mTorr with 60% Nas ratio. The correctedsehrvalues are in good agreement with those
obtained from the Berlincourt piezometer (closed triangle) and from the reported DFT calculation (dashed
line) inthe range of Sc fractiox)up to ca. 0.35. At highet they differ significantly from each other. The
difference may be due to the fact that pure wurtzite crystal cell was used for DFT calculation, while the
piezoelectric and elastic properties of tleposited Al-wSGN films are effected by a number of factors at
highx, such as crystal softening, formation of mpliase etc.

For inhomogeneous sample, the correctgehds lower, as being an average, but using top electrode
for local calibratbn, one can obtainzglor image from g measured by PFM on bare film, where the
correction factor is
Q o i i Q h
Q 1 ¢
wheredssia is the aeraged effective piezoelectric coefficient measured with top eleculgge,anddssm
are the average and individual values measured on bare nitride, respectively. The first component is the
matrix effect correctin, and the second one is the clamp effect correction4Bghows escorimage of
samples having Sc fraction of about 0.24, but deposited under different conditions, namely 2 mTorr, 30%
N2 and 1.5 mTorr, 60% NOne can see that 30% &hd 2 mTorr togimer result in only few areas (~ 20%
of whole map) with ekcorvalues higher than 10.5 pm/V, compared to 50% areal ratio of suchsgighrd




MFA Yearbook 2023 74

other case. Furthermore, the fluctuation gt4is much stronger for higher working pressure, and lower
N2 gas ratio (see the liraut inFig. 4.3). [Ref. 4.1]

Figure 4.3 Morphology and ekcorr maps of nitride film deposited at 1.5mTorr, 60%(&ic) and 2 mTorr, 30% N
(b, d). White lines indicate the lirmits


































































































































































