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Directorôs foreword 
 

 

As the director of MFA, it is my pleasure to welcome the reader. I recommend browsing the present 

yearbook which continues the series of the former ones and contains results achieved in 2023. 

 

2023 was the fourth whole year what we spent as the member of Eötvös Loránd 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 tasks during the year. 

The administration rules and the ñequationò via the next year budget support is calculated was changed in 

the central administration, but being members of the Centre for Energy Research (CER) we always benefit 

of the synergy and of the complementary behaviour of the three member institutes of CER.  

 

Although we observed and felt that the R&D costs in Hungary were substantially lowered down to 

1.38% of GDP, thanks to our projects we gained before, we could work without any big obstacles. 

Furthermore 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 work started 

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 pay publication award for the young authors of the 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 that will bring at least a modest salary increase for our staffé  

 

In 2023 some of our colleagues achieved successful scientific qualification.  Levente Tapasztó got the 

Doctor of Academy title, and we had also five successful PhD candidates, namely: Márton SzendrŖ, 

Nikolett HegedŤs, Mohamed Arfaouri, Klára Hajagos Nagy, György Benjámin Kalas, we are very proud 

of them and congratulate to the supervisors as well. Péter Beatrix and Zámbó Dániel successfully fulfilled 

a habilitation process and became senior research 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 physics. I am also pleased to inform 

you that the  Officer's Cross of the Hungarian Order of Merit was donated to our Péter Barna, who is our 

research professor emeritus. Parallel to that our Katalin Balázsi received the Hungarian Gold Cross of 

Merit. The Széchenyi Prize (the highest scientific prize in Hungary) was donated to Professor Katalin 

Kamarás who 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, I hope you will enjoy 

learning them in this book. Here I 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 BALÁZSI, Ph.D. 

Complex Systems Department Géza ÓDOR, D.Sc. 

Photonics Department Péter PETRIK, D.Sc. 

Nanobiosensorics Department Róbert HORVÁTH, Ph.D. 

Microsystems Department Péter FÜRJES, Ph.D. 

Nanosensorics Laboratory János VOLK, Ph.D. 

Nanostructures Department 

and "Lendület" group - 2D Materials 
Levente TAPASZTÓ, Ph.D. 

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

 

Directly supervised functions 

 

Head of Scientific Advisory Council Levente TAPASZTÓ,  Ph.D. 

Scientific secretary, projects and PR Krisztina SZAKOLCZAI, Ph.D. 

Quality control, patents, MTMT, REAL admin Andrea BOLGÁR 

Technical support Károly BODNÁR 

Financial administration Zsuzsanna KELEMEN 

Innovation manager, patents Valéria OSVÁTH 

Technology transfer (IPR) Antal GASPARICS, Ph.D. 
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Key Figures of MFA 
 

MFA budget 2003-2023 (million HUF)  

 

You can follow the budget of MFA in the last 20 years in the chart below. Basic subsidy is growing 

slightly, but far from following inflation. The periodicity of large calls for tenders - eg. EU grants and 

domestic innovation grants from different ministrys- can be observed in the evolution of the institute's 

budget. These have major effect on our everyday life. Fortunatelly the last few years were successful in 

terms of grant applications. Three Themateic Excellence Programmes (TKP2021) projects have started in 

the beginning of 2022. Also the EU Key Digital Technology project, the ECSEL JU project, MSCA 

fellowships, and a Pathfinder project, together with ERA-NET grants provided international visibility and 

utilization of the results. These gave stability for major research lines in our laboratories for 3-4 years.   

 

 
 

MFA and its predecessorôs publications and citations per year since 1998 

 

According to the Thomson-Reuters ISI "Web of Knowledge", and MTMT2 databases, the Institute has 

an average publication activity of ca. 110 scientific papers in IF journals a year (link). Recently MFA 

researchers tend to publish in journals with higher impact factors and the number of citations are constantly 

increasing. 
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Prizes and Distinctions 
 

 

 

 

Katalin KAMARÁS Széchenyi Prize 

 

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

 

Katalin Balázsi Hungarian Gold Cross of Merit 

 

Attila SZOLNOKI Physics Prize at the Hungarian Academy 

 

Gábor PISZTER Róbert Bárány Prize of the the Hungarian Academy 

 

Juhász Zoltán Pima Prize 

 

Gábor PISZTER 
Tibor Jermy Prize of the Hungarian Museum of Natural 

Sciences 

 

György SÁFRÁN MFA institute prize 

 

András DEÁK MFA institute prize 



 

 

 

 

MFA Yearbook 2023  10 

 

 

 

Dániel ZÁMBÓ 
MFA postdoc researchers prize 

 

 

Gábor PISZTER 
MFA postdoc researchers prize 

 

 

M§rton SZENDRŕ 
MFA young researchers prize 
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Gábor Piszter receives the Tibor Jermy Prize at the Hungarian Museum of Natural Sciences 

 

 

 
 

The 115 km race length of the 5th Ultrabalaton 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 result. The team members: Barbara Beiler, Dóra Bereczki, Ferenc 

Braun, Péter Fürjes, Levente Illés, Zsombor Szomor and János Volk. 
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1 - Nanostructures Laboratory  
 

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

 

 

Research Staff: 

¶ Prof. László Péter BIRÓ, Member of the 

HAS  

¶ Zsolt Endre HORVÁTH, D.Sc., Deputy 

Head of Laboratory 

¶ Gergely DOBRIK, Ph.D. 

¶ Krisztián KERTÉSZ, Ph.D.  

¶ Antal Adolf KOÓS, Ph.D. 

¶ Géza István MÁRK, Ph.D.  

¶ Péter NEMES-INCZE, Ph.D.  

¶ Zoltán OSVÁTH, Ph.D.  

¶ András PÁLINKÁS, Ph.D.  

¶ Gábor PISZTER, Ph.D. 

¶ Péter SÜLE, Ph.D.  

¶ Péter VANCSÓ, Ph.D. 

 

M.Sc./Ph.D. students:  

¶ Konrád KANDRAI, Ph.D. student 

¶ Soma KESZEI 

¶ Péter KUN, Ph.D. student 

¶ Krisztián MÁRITY, Ph.D. student 

¶ Márton SZENDRŕ, Ph.D. student 

¶ György KÁLVIN, Ph.D. student  

 

The research activity of the Nanostructures Laboratory is based on the two-decade-long expertise in 

the synthesis, characterization and engineering of various nanostructures using scanning probe microscopy 

as the main experimental technique. Since more than a decade, our research efforts are focused on the 

investigation of two-dimensional materials. Besides graphene, in the last couple of years, novel 2D 

materials, mainly form the family of transition metal chalcogenides (TMC) have been intensely studied. 

Recently, we have further extended our activity with the investigation of layered topological insulator 

crystals. We have also successfully continued our research on bioinspired photonic nanoarchitectures. 
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Identification of graphite with perfect rhombohedral stacking 

by electronic Raman scattering 

 
OTKA KKP 138144, TKP2021-NKTA-05, OTKA K 146156, OTKA PD 146479, OTKA K 134258, 

OTKA K 132869, OTKA FK 142985, 2022-1.2.5-TÉT-IPARI-KR-2022-00006 

 

A. Pálinkás, K. Márity, K. Kandrai, Z. Tajkov, M. Gmitra (CLTP SAS, SK),  

P. Vancsó, L. Tapasztó, and P. Nemes-Incze 
 

 

There are two energetically favorable configurations for stacking graphene layers in graphite: the stable 

and most common hexagonal (or AB), and the naturally rare, metastable rhombohedral (or ABC) stackings 

(Fig. 1.1.a). While the hexagonal phase has well-known properties, the latter is now receiving significant 

interest. That is because rhombohedral graphite (RG) is one of the simplest systems that can host a 

multitude of emergent, strongly correlated electronic phenomena. In recent years, state-of-the-art 

measurements have demonstrated, for example, unconventional superconductivity in 3-layer, correlated 

insulators in 4-layer, and fractionalization of the Hall resistance in 5-layer 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 thicker, perfect (defect-

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. 

 

 
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. c) Extracting 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 phonon-originated 2D peak in the Raman spectrum alongside a broad ERS 

response for a 7- and 8-layer 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 excitation 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 becomes Ḑ10% of 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 

peaks 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 signal. We fit 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. 



 

 

MFA Yearbook 2023                 16 

 

 

 

 
Figure 1.2. (a) Left: Band structure around the K point of a 7-layer RG slab. Energy is with respect to the Fermi 

level (EF). 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 between 3 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 the literature [Ref. 1.1 and Ref.1.2]. 

 

This procedure is applied to defect-free 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 layer count. A clear trend can be observed in Fig. 1.2.c: with increasing layer number 

the ī1 Ÿ +1 and ī2 Ÿ +2 peaks continuously shift to lower energy (lower Raman shift). The ERS 

measurements directly reveal the energy of the electron-hole excitations related to the DOS peak 

separations (ī1 Ÿ +1 and ī2 Ÿ +2) of the bulk band edges (Fig. 1.2.a). 

 

The introduction of ERS as a fast and accessible optical characterization method to identify 

rhombohedral graphite without stacking faults, breaks down a major hurdle in exploring the 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 identifications and the further examinations of perfect, thick RG, represent a great step forward 

over the state-of-the-art, and thus would play a role in exploring the myriad of strongly-correlated electronic 

phenomena.  
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Stabilizing giant moiré superlattices in twisted bilayer graphene  
 

OTKA KKP 138144, TKP2021-NKTA-05, OTKA K 132869,  

OTKA FK 142985, 2022-1.2.5-TÉT-IPARI-KR-2022-00006 

 

G. Dobrik, P. Kun, M. SzendrŖ, P. Vancs·, R. Csan§di, P. Nemes-Incze, and L. Tapasztó 

 

 

Realizing moiré superlattices with small twist angles 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 in the so-called magic angle 

graphene with a twist angle of about 1.1 , and moir® wavelength of about 13 nm. Moreover, theory predicts 

that four more magic angles are expected at lower twist angles, hence larger moiré wavelengths. However, 

the experimental realization of twisted bilayer graphene samples with twist angles smaller than 1  turned 

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

 

Unfortunately, these reconstructions destroy the flat band, and hence no correlated electronic 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, their effect 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 angles remained 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 can further increase 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). 

 

 
Figure 1.3. a) Strongly reconstructed moiré superlattice in a twisted bilayer graphene (TBG) with a twist angle of 

0.5 , measured by conductive AFM. b) Molecular dynamics simulations of structural reconstructions in TBG for a 

twist angle of 0.2 . c)Simulated lattice structures of TBG for different interlayer distances revealing the weakening 

of the structural reconstructions with increasing interlayer gap. The electronic structure of a 0.2  rotated TBG at an 

increased interlayer distance preserving the flat band 

 

After accidentally realizing an unreconstructed moiré superlattice with 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 

reconstructions. We 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 able to measure an increased interlayer distance in our 
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sample displaying reconstruction-free 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 SiO2 support, 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 atoms in between 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 separation would 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 various 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 well as a flat band has been 

observed in tunneling spectroscopy measurements.  

 

 
Figure 1.4  a) STM image of a reconstruction-free TBG superlattice with a periodicity of 65 nm, corresponding to a 

twist angle of 0.2 degrees. b) Tunneling spectra revealing the presence of flat 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 self-organized alkane molecules intercalated between the graphene layers. 

 

What is a suitable spacer molecule that is capable to form a continuous self-organized molecular layer 

in between the two graphene layers? Recently we have shown that such continuous, self-organized layers 

can indeed spontaneously form on top of graphene under ambient exposure, consisting of simple alkanes. 

We have run the simulations to see if such a self-organized alkane layer would indeed be suitable to act a 

spacer layer, and decouple mechanically the two graphene layers.  Our MD simulations show that this is 

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 separations. Our detailed calculations revealed that the pz graphene 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 reproduces the 

formation of the flat bands without structural reconstructions. The next step is to develop a sample 

preparation method when such TBLG samples with a self-organized alkane spacer layer can be fabricated 

with a good yield in order to enable the systematic study of lower magic angles and stronger correlations 

in twisted bilayer graphene samples 

  



 

 

MFA Yearbook 2023                 19 

 

 

2D MoS2 crystals can stabilize semiconducting Pt structures 
 

OTKA KKP 138144, OTKA K 132869, TKP2021-NKTA-05, GrapheneCore3 Flagship 

 

T. Ollár, P. Kun, P. Vancsó, A. Koós, P. Nemes-Incze, J.S. Pap, L. Tapasztó 

 
 

Decreasing the size of the metal nanoparticles is a viable route to improve the noble metal utilization 

efficiency in catalysts. As the metal particle size is reduced, besides increasing the fraction of accessible 

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 gap has 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 of an energy gap of 

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 nanoparticles, 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 2D MoS2 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 MoS2 support that can act as anchors for stabilizing ultra-fine Pt clusters. b) Simulated (DFT) structure of a 

Pt13 cluster anchored to a S atom vacancy of the 2D MoS2 crystal, reproducing the experimentally observed bilayer 

Pt structure. 

 

Metal-support interaction is a powerful tool for engineering the atomic and electronic structure of metal 

nanoparticles. While MoS2 is 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 strength of Pt-MoS2 interactions for Pt nanocrystals is hindered by their large 

(> 10%) lattice mismatch with MoS2. A better interface matching can be achieved for small (< 1 nm) Pt 

clusters, due to their higher plasticity. However, we show that under proper kinetic deposition conditions, 

a strongly enhanced adhesion can be realized between small (~1nm) Pt clusters and 2D MoS2 crystals. 

  



 

 

MFA Yearbook 2023                 20 

 

 

Gaining information on the electronic structure of Pt nanoparticles is of key importance for 

understanding and optimizing their catalytic performance. This, is of particular importance in our case, 

since both the flattened morphology (quantum size effects), and the enhanced metal-support interaction are 

expected to have a strong influence on the electronic structure. While tunneling spectroscopy 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. Due to the enhanced coupling emerging from the stronger Pt/MoS2 interaction, 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 window (-1.8 eV to + 0.3 eV), opened by the band gap of the 2D MoS2 

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). 

 

 
Figure 1.6. 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 on MoS2 away from Pt clusters, with a single peak 

characteristic to sulphur vacancies. b) Calculated (DFT) local density of states (LDOS) of a Pt13 cluster, anchored 

by an Svac to the 2D MoS2 support. Red and blue areas represent contributions from the Pt cluster and the MoS2 

support, respectively. 

 

To compare with the measured STM data, we have calculated the topographic STM images of the 

simulated bilayer Pt cluster structures, and found their heights to be about 3-4 Å, in good quantitative 

agreement with the experimentally measured cluster heights. To directly compare with our tunneling 

spectroscopy measurements, we have calculated by DFT the local density of states (LDOS) of such bilayer 

Pt clusters adsorbed on 2D MoS2, comprising 10, 13 and 27 Pt atoms. We found that all the investigated 

bilayer Pt clusters are characterized by a sizeable energy gap at the Fermi level, in good agreement with 

the experimental findings. The calculated LDOS of the Pt13 clusters (Fig. 1.6.b) displays the best agreement 

with tunneling spectroscopy measurements (Fig. 1.6.a), which also matches the size of the measured 

clusters most closely.  

Eg ~ 0.3 eV 
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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. Horváth, G. Nagy, Gy. Molnár, Gy. Z. Radnóczi, Zs. E. Horváth, L. 

Illés and L. P. Biró 

 
 

Plasmonic metallic nanoparticles, 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 amount deposited in the chitin-based photonic nanoarchitecture. The 

following three types of Au introduction methods were compared regarding the structural and optical 

properties of the resulting hybrid bio-nanocomposites: (i) growth of Au nanoparticles inside the nanopores 

of butterfly wing scales by a light-induced in situ chemical reduction of HAuCl4 in aqueous solution 

containing sodium citrate, as a new procedure we have developed, (ii) drop-drying onto the wing of the 

aqueous Au sol formed during procedure (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 laboratory-bred, blue-colored male Polyommatus icarus butterflies and characterized the 

optical properties of the resulting hybrid bio-nanocomposites. 

 

 
Figure 1.7 a) Evolution of the absorbance spectra of the reaction medium on the addition of the reactants and 

during 30-min of illumination, b) TEM image, and c) size histogram of prepared Au nanoparticles. 

 

Starting with ultrapure water, sodium citrate and HAuCl4 precursors in a cuvette with white light 

illumination first, gold seed nucleation occurs followed by growth, and this process can be observed with 

naked eye: the solution turns from pale yellow to light red. The formation of the nanoparticles was followed 

by spectral analysis of the solutionôs absorbance; the characteristic peak of the precursor decreases, and at 

the same time, the peak of the plasmonic resonance of the spherical nanoparticles appears at around 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 nanopores of the wing scales (by placing as a piece of wing 

in the cuvette under illumination) or are deposited by drop-drying Au sol on the wing, the original optical 

properties of the biological photonic nanoarchitecture are tuned by the integration of the Au nanoparticles 

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, when the 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 the Polyommatus icarus wing scales decorated with Au nanoparticles using a) in 

situ growth, b) drop-drying 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 precursor, e) drop drying 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 into the light path between the illuminating source ï 

wing, wing ï 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 with the drop-

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 nanoparticles 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. Therefore, one has to balance 

these two effects. Fortunately, nature has developed a very large ñlibraryò of precisely tuned photonic 

nanoarchitectures in butterfly wings, which can be produced in a cheap and environmentally friendly 

process. Thus, by selecting wings with suitable physical color, the desired spectral modifications can be 

easily achieved. 
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Photocatalytic dye degradation with biotemplated ZnO photonic 

nanoarchitectures based on Morpho butterfly wings 

 
OTKA PD 143037, TKP2021-NKTA-05 

 

G. Piszter, G. Nagy, K. Kertész, Zs. Baji, K. Kovács, Zs. Bálint, Zs. E. Horváth, J. S. Pap, and L. P. Biró 
 
 

Photonic nanoarchitectures of butterfly wings can serve as biotemplates to prepare semiconductor thin 

films by atomic layer deposition. The resulting biotemplated nanoarchitecture 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 or TiO2, the coated wings can be used directly in 

heterogeneous photocatalysis to decompose pollutants dissolved in water upon visible light illumination. 

 

 
Figure 1.9. Photographs of male Morpho specimens in dorsal view. a) M. rhetenor helena, b) M. sulkowskyi, c) M. 

menelaus, d) M. portis are shown. e) Schematics of a Morpho-type nanostructure cross-section with the as-deposited 

ZnO thin film. f) X-ray diffractogram shows a nanocrystalline, wurtzite-type structure of 20 nm ZnO deposited on the 

Morpho wing. 
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In the present work, we utilized photonic nanoarchitectures of Morpho butterflies as biotemplates for 

ZnO thin films. According to our previous studies, the Morpho-based templates were the most effective 

photocatalysts. Therefore, we extended our investigations to four species representing this butterfly 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 nanostructures, 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 of the biological photonic 

nanoarchitectures using low-temperature atomic layer deposition. This way, the micro- and nanoscale 

features of the chitinous cover scales are well preserved by the thin films without the need for a post-

annealing process which would damage the biological material. X-ray diffraction measurements showed 

that the as-deposited ZnO had a nanocrystalline, wurtzite-type structure on the butterfly wings (Fig. 1.9.f). 

 

 
Figure 1.10. Reaction rate versus ZnO layer thickness for glass slide substrates and Morpho butterfly wings when a) 

methyl orange or b) 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 color of the biotemplates and the thickness of the applied ZnO coating upon 

visible light illumination. Using methyl orange, we measured a ten-fold increase in photodegradation rate 

when the 20 nm ZnO-coated wings were compared to similarly coated glass substrates (Fig. 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 to the slow light effect due to a spectral overlap between the ZnO-coated 

Morpho butterfly wingsô reflectance with the absorption band of dyes, thus the photocatalytic performance 

could be changed by the tuning of the structural color of the butterfly biotemplates. 

 

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 surface to achieve a selective catalytic degradation of different pollutants. 
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2 - Photonics Department  
 

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

 

Research Staff: 

¶ Miklós FRIED, D.Sc., Head of 

Ellipsometry Laboratory 

¶ András DEÁK, Ph.D., Head of 

Chemical Nanostructures Laboratory 

¶ Antal GASPARICS, Ph.D. 

¶ Norbert NAGY, Ph.D. 

¶ Zoltán LÁBADI, Ph.D.  

¶ Boglárka NYERGES 

¶ Ferenc RIESZ, C.Sc. 

¶ Dániel ZÁMBÓ, Ph.D.  

¶ Alekszej ROMANENKO 

¶ Miklós SERÉNYI, D.Sc., retired 

¶ Gábor VÉRTESY, D.Sc. , Prof. 

emeritus 

¶ György KÁDÁR, D.Sc., Prof. emeritus 

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

¶ János MAKAI, C.Sc., retired 

¶ András HÁMORI, dr. univ., retired 

¶ György JUHÁSZ, dr. univ., retired 

Students: 

¶ Deshabrato MUKHERJEE, Ph.D. 

¶ Berhane NUGUSSE, Ph.D. 

¶ Noor TAHA ISMAEL, Ph.D.  

¶ Géza SZÁNTÓ 

¶ Áron FOGARASY, 

¶ Noémi JAKAB, 

¶ Dávid KOVÁCS, 

¶ Rita NÉMEDI, 

¶ Máté STIFT 

The Photonics Department develops unique methods and tools for non-destructive optical and magnetic 

measurement of surface nanostructures and materials (spectroscopy; magnetic material testing; biosensors; 

surface curvature measurement; surface testing; water contamination). One of the most important tasks of 

the Department is patenting and application of the methods in international projects with partners 

representing the industry and the high technology.  

 

Key achievements of the Photonics Department in 2023(detailed summaries of the research results can 

be found in the following project descriptions): 

¶ experimental and theoretical study of the self-assembly of gold nanoprisms and nanospheres in 

bulk phase 

¶ Determination of the photophysical and photocatalytic properties of Cu2O/Au multicomponent 

systems 

¶ Combined ion beam analytical and spectroscopic ellipsometric investigation of the transformation 

of Ů-Ga2O3 during heat treatment 

¶ progress in the Hungarian and international acceptance and industrial utilization of the solid-liquid 

adhesion work patent 

¶ 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 in-situ test method for testing the electrochromic properties of combinatorial 

TiO2-SnO2 layers 

¶ microscopic ellipsometer patent from a proof-of-concept application 
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¶ patent process for determining thin layer phase diagram in progress 

¶ Dániel Zámbó's senior researcher qualification 

¶ András Deák MFA research award 

¶ Dániel Zámbó 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 indirect Capillary Bridge Probe method combines the accuracy of the Wilhelmy method 

and the general usability of the sessile drop method without their limitations. The method is based on the 

use of a liquid bridge as a probe: the capillary bridge of the test liquid is stretched between the base of a 

cylinder and the investigated surface under equilibrium conditions. The advancing contact angle on the 

sample can be measured during the stepwise or slow (quasi-static) decrease of the bridge length. The 

receding contact angle is determined during the retraction of the cylinder (Fig. 2.1). 

 

 
Figure 2.1. a) Recorded image (colored) of a water capillary bridge on a PTFE surface. The blue and red arrows 

indicate the advancing and receding phase. b) Schematics of an r-  ᵻtype liquid bridge with all parameters necessary 

for the analytical evaluation: capillary force (F), neck/haunch radius (r0), and surface radius (rs). The radius of the 

upper contact line is constant (rc ſ 1 mm) due to the contact line pinning on the cylinderôs rim. 

 

 

The contact angle is calculated from Delaunayôs analytical solution, while the three necessary 

parameters are the measured capillary force (Fc), the radius of neck or haunch (r0), and the radius of the 

contact line (rs) on the investigated surface. The latter two parameters are obtained from the automated 

analysis of the captured image of the liquid bridge. The radius of the upper contact line (rc) is constant since 

it pins on the rim of the cylinder. 

 

Fig. 2.2.a shows the measured capillary force as a function of the bridge length recorded on a PTFE 

surface. The bridge volume was 1.7 µL. The graph shows hysteresis. After the snap-in, the capillary force 

increases with the decreasing bridge length. It changes its sign during the cycle: there is an F=0 µN 

transition in the approaching phase and in the retraction phase, after the turn. The negative (attractive) force 

has a minimum value in the retraction phase. After this point, the magnitude of the capillary force decreases 

until the pull-of. The insets show typical bridge shapes during the measurement cycle.  

 

In Fig. 2.2.b, the lower drawings show the idea to find identical complete bridge shapes corresponding 

to the different classes. The determined contact angle as a function of the contact radius (rs) are plotted in 

Fig. 2.3.a Plotting 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 angles in Fig. 2.3.a were calculated based on the measured data of Fig. 2.2.a.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 angle hysteresis can be observed during the 

approach-retraction 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 measurements. The Roman numbers refer to the 

class of the incomplete form b) Schematics of the classification of incomplete capillary bridges. 

. 

 

 
Figure 2.3. a) Contact angle as a function of the contact radius determined on a PTFE surface. The insets show the 

evaluated profiles of the capillary bridges. b) Advancing and receding contact angles determined by the capillary 

bridge probe (CBP) and the sessile drop (SD) methods. 

 

Sessile drop measurements were carried out on the same PTFE surfaces for comparison. The advancing 

and receding contact angles were determined applying the drop build-up technique in the range of 6ï20 µL 

at five different measuring position. The comparison chart is shown in Fig. 2.3.b. The results of the sessile 

drop method practically do not show 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 (>18°). The shorter length of the contact line can explain the higher 

sensitivity of this method on surface imperfections. Furthermore, the AFM analysis revealed micrometer 

size granular regions between large smooth plateaus. These deeper imperfections are not wetted during the 

sessile drop measurements, but a Cassie-Wenzel wetting transition was occurred due to high capillary 

pressures during the capillary bridge probe measurements [Ref.2.1, Ref. 2.2]. 

(a) (b) 
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Surface sodification and self-assembly of gold nanoprisms 
 

OTKA FK FK128327 

 

D. Zámbó, D. Kovács, G. Südi, Z. Zolnai, A. Deák* 

 

 

Nanosized gold nanoparticles are of interest in many research fields as they have a large optical 

extinction cross-section at specific wavelength due to the excitation of localized surface plasmons. At the 

wavelength (photon 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 applications. For every 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 this field, namely the formation of a composite 

ligand layer on the surface of gold nanoprisms [Ref. 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 

molecules bind to the particlesô surface, their impact is twofold. First, they will influence the resonant 

energy as it depends on the dielectric properties of the particlesô optical near field. Second, the surface-

bound molecules induce image dipoles at the surface, that leads to an enhanced scattering of the electrons. 

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 broadening) can help to clarify the build-up and structure of mixed ligand 

layers. To access these values, however, the optical changes have to be monitored in-situ in the liquid 

environment and the level of individual particles, otherwise inhomogeneous peak broadening inherently 

present in an ensemble measurements does not allow to extract the necessary information. 

 

 
Figure 2.4. Typical optical dark-field microscopy image of a nanoprism sample for single-particle spectroscopy  

a). The inset shows the TEM image of the particles.  

In b) the time-dependent scattering spectra of a single nanoprism is shown upon exposing it to 100 ɛM aqueous 

mPEG-SH solution. The spectra are evaluated with by fitting a intraband-transition corrected damped oscillator 

model (solid lines) to obtain resonance energy (ȹEres) and damping (ȹũ) changes 
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For this purpose, we performed our measurements on individual gold nanoprisms in a liquid flow cell 

combined with a laboratory-developed microspectroscopy setup that allows to investigate the scattering 

spectra of individual nanoparticle with high confidence and accuracy (see. Fig. 2.4.). The thiol molecules 

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, and a 5000 Da large neutral polymer (thiolated PEG 

- mPEG-SH).  

 

Fig. 2.5. shows the changes 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. 2.5.a) indicates that PEG can bind to the 

surface even when MTAB is already present: there is an additional significant red-shift (ȹEres 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, when 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 formation of a composite 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. 

 

 
Figure 2.5. Resonance energy (ȹEres) and damping (ȹũ) changes for individual nanoparticle when 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 c) the mixture of the two molecules is applied. For all cases the concentration is 

10 ɛM MTAB, 100 ɛM mPEG-SH. 

 

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 surface modification 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 surface region 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 heteronanoparticles for photocatalytic application 
 

TKP2021-NKTA-05, OTKA FK 142148 
 

D. Kovács, A. Deák, Gy. Z. Radnóczi, Zs. E. Horváth, A. Sulyok, R. Schiller, D. Zámbó* 

 

 

Multicomponent nanoparticles are in the spotlight of the nanoscience owing to the synergistic 

properties emerging between components at the nanoscale. Especially in semiconductor-metal 

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 photo-driven 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 of the transition metal-

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.  

 

  
Figure 2.6. TEM images and the corresponding photographs of the pristine Cu2O (a), Cu2O@Au (b) and 

AuR@Cu2O (c) nanoparticles. Photocatalytic degradation of methyl orange by using the different 

heteronanoparticles as catalyst (d). Extinction (e) and absorption spectra of the heteroparticlesô aqueous solutions 

at identical Cu2O concentrations. [Ref. 2.4] 

 

Copper(I)-oxide is an abundant, ecofriendly, and easy-to-synthesize p-type semiconductor, which ï in 

a form of a nanoparticle ï shows tunable optical and electronic properties depending on its morphology. 

Although it had been demonstrated recently that Cu2O nanoparticles are promising photocatalysts, its 

potential is significantly limited due to the intraparticle photophysical properties. Despite the high carrier 

density, the low mobility, short diffusion length of the minority carrier and the often-existing defects in the 

crystal structure restrict the utilization of the generated carriers upon illumination. Our aim was to 

circumvent this limitation via combining the Cu2O with gold nanoparticles.  
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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 properties of Cu2O, 

it was still 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 of the Cu2O and 

Au were kept identical while the form of the gold was varied. We compared the optical, photophysical and 

photocatalytic properties of pristine Cu2O octahedra with that of Cu2O/Au heteronanoparticles, where the 

gold was introduced in two different ways: gold nanorods were embedded into octahedral Cu2O particles 

(AuR@Cu2O) or small Au nanograins were deposited onto the surface of the octahedra (Cu2O@Au). It was 

an important aspect of the work to demonstrate that the photophysical properteis of Cu2O can be improved 

upon low-power UV illumination being off-resonant with 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 

plasmon-generated processes such as hot-electron injection or plasmon-assisted 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 single-point Kelvin probe and a major difference in the 

Schottky-barriers was identified: in the AuR@Cu2O particles, only the photogenerated electrons could 

reach the particles outer surface, while in its Cu2O@Au counterpart, both generated carriers can be 

available for chemical reactions. This also manifested in the photocatalytic activity of the particles, namely 

the pristine Cu2O was found to be inactive in the degradation of a model pollutant (methyl orange), 

however, the Cu2O/Au systems showed enhanced activity [Ref. 2.4]. It is important to note that 

AuR@Cu2O particles can suffer from significant photocorrosion, while Cu2O@Au particles preserved their 

moprhology and showed even higher activity (80% of dye degradation). The work has been published in 

The Journal of Materials Chemistry C [Ref. 2.4] 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 

Cu2O/Au heteronanoparticles and paved to way towards the preparation 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. Nugusse1,2, Gy. Juh§sz1, Cs. Major1, P. Petrik1,4, S. K§lvin1, Z. Gy. Horv§th3, M. Fried1,2*   
 

1Institute of Technical Physics and Materials Science, Centre for Energy Research, 2Institute of Microelectronics and Technology, Obuda 

University, 3Institute for Solid State Physics & Optics, Wigner Research Centre for Physics, 4Department of Electrical Engineering, 

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 a non-destructive, noninvasive and non-

intrusive optical technique. It is a technique that measures the change in polarization state of the 

measurement beam induced by reflection from or transmission though the sample. Ellipsometry measures 

the amplitude ratio (tan ɣ) and phase difference (ȹ) between the parallel (p) and normal (s) polarizations. 

During data analysis, information about the system under the study is obtained by fitting measured 

ellipsometric spectra to optical and structural models, as ellipsometry does not give a direct information of 

the sample in consideration. 

 

Generally, the aim of this research is to make a prototype optical mapping tool for materials using only 

cheap parts such as a tablet, monitor, big screen TV (LCD or LED) and a pinhole camera [Ref. 2.6-2.8] 

with CMOS Sensor with Integrated 4-Directional Wire Grid Polarizer Array (Sony's IMX250MYR 

CMOS), shown in Fig.2.8. Our arrangement shows similarity to the solution of Bakker et al [Ref. 2.9], 

using a computer screen as a light source and a webcam as a detector in an imaging off-null ellipsometer.  

The new concept of the non-collimated beam ellipsometer prototype is set up as shown in Fig. 2.8. 

 

A LED-LCD monitor (or a TV), see Fig. 2.8.a (C) serves 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 monitor (Dell UltraSharpÊ U2412M, GB-LED) is used in a 45-degree rotated position, 

measured by a digital angle gauge with 0.1 deg precision. In straight-through position, we can detect the 

extinction of the polarization sensitive camera better than 10-2. The polarization sensitive camera sensor 

(The Imaging Source Companyôs DYK 33UX250 USB 3.0 Polarsens camera), see in Fig. 2.8.a (A) and in 

Fig. 2.9, serves the polarization state data, from 0, 45, 90, 135-degree rotation positions (plus 3 RGB colors 

in each position). This arrangement is equal to a conventional static photometric rotating analyzer 

ellipsometer. The sample is illuminated by a non-collimated light through a fixed polarizer at an azimuth 

of 45 degrees to the plane of incidence. The reflected light passes through a virtual ñrotating analyzerò and 

the intensity is captured by a two-dimensional 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, 135-degree rotation positions) are enough (the fourth date 

is good to reduce the error) to determine the ellipsometric angles: ɣ and ȹ. Our camera serves the data for 

3 colors, so we have 3x2 measured ɣ and ȹ.  Schematic structure of a 2/3-inch Sony CMOS Pregius 

Polarsens sensor (IMX250MZR) is shown in Fig. 2.9.b and Fig. 2.9.c. The main advantage of the assembly 

is that there are no moving parts in the system! 

 

We used a Woollam M-2000DI Rotating Compensator Spectroscopic Ellipsometer as a control 

measuring device. The M2000 SE system with the CompleteEASE software is used to serve the optical 

properties, layer thicknesses and other related parameters of the sample.  In principle, as the angle of 

incidence varies along the surface, a point-by-point angle of incidence calibration (see Fig. 2.8.b) is needed 

using a well-known silicon-dioxide-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 incidence and the thickness of the SiO2 layer are the unknown parameters, where they can be 

calculated from the measured ellipsometric parameters. 
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Figure 2.8. (a) Experimental set-up: A) Polarization sensitive camera B) Sample + Sample holder C) LCD monitor 

rotated into 45° position ï Upper-left: the pinhole in front of the camera (b) Schematics of the non-collimated beam 

ellipsometer: 1) Light source 2) Vertical polarizer 3) Liquid crystal cell 4) Horizontal polarizer - (C) 5) Sample - 

(B) 6) Sample holder 7) Pinhole (sub-mm size) 8) Camera sensor (A) 

 

     a)        b)    c) 

 
 

Figure 2.9. Schematic structure of a 2/3 inch Sony CMOS Pregius Polarsens sensor (IMX250MZR)  

a). Camera sensor b). Polarizer array matched to detector pixels c). Unit cell (Super pixel) 
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Figure 2.10. The Mean Squared Error (MSE) maps of the 20 cm diameter SiO2 samples in the case of different 

positions. The higher MSE values show the areas, where no sample. 
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A 20 cm diameter, nominally 60nm thick SiO2/Si sample was used to determine the angle of incidence 

point-by-point. We put the sample different positions (see the photos in Fig. 2.10) and one can see ñgoodò 

areas from the Mean Squared Error (MSE) maps. The second step was choosing the points of lowest MSE 

values from 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 Fig. 2.11 below. 

 

 
Figure 2.11. MSE and corresponding angle of incidence calibration for each coordinates, respectively. 

 

  
Figure 2.12. Determined thickness maps from M2000 ellipsometer (left) and the corresponding measurements from 

the ñCheapò imaging tool assembly (right). The two scale are shifted by 2.5 nm. 

 

Our M2000 ellipsometer can map only 15 cm diameter area in one cycle, while the ñCheapò imaging 

tool assembly maps bigger area than the actual size of the measured Si-wafer, see Fig. 2.10. The more 

interesting part is only the central part 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 

scales are shifted by 2.5 nm. Determined thickness differences between ñCheapò imaging tool and M2000 

measurements are about 2 nm, see Fig. 2.12. 

 

The pinhole camera couple the sample points directly to the pixels of the sensor matrix one-by-one. 

This detection system is almost without background. The measured area is determined by the size of the 

monitor and the sensor-pinhole, pinhole-sample and sample monitor distance-ratios. The lateral resolution 

is also determined by the distance ratios and the pinhole diameter. The pinhole diameter (presently 0.2 mm) 

is a compromise between the detected intensity (measuring time, presently 1-4 seconds) and the lateral 

resolution. One can see the illustration of the resolution (presently better than 5 mm) on Fig. 2.13, where a 

chessboard-like etched silicon dioxide-covered silicon wafer ñdelta-contrastò picture can be seen. The 

bright parts are the original (nominally 100 nm thick) oxide layer, the dark squares are the 4x4 mm sized 
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etched native oxide covered silicon surface. The MSE map shows where the sample is (low MSE, blue 

part) and one can see the squares in the thickness-map, too, see Fig. 2.13 center [Ref. 2.10]. 

 

  

  

 
Figure 2.13. Illustration of the resolution, which is better than 5 mm. This is a silicon dioxide-covered silicon wafer 

ñdelta-contrastò picture (top). The bright parts are the original (nominally 100 nm thick) oxide layer, which is 

shown in the thickness-map, 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 Migration-

Induced PCB Failure 
 

TKP2021-EGA-04, OTKA K 131515 

 

A. Romanenko, A. Gharaibeh, B. Medgyes, P. Petrik 

 

 

Electrochemical migration (ECM), triggered by humidity in conductor-dielectric-conductor systems, 

poses a reliability challenge in miniature electronic systems. This study focused on the inadequacy of 

existing methods to monitor nanoscale water buildup during ECM. The experiments utilized an FR-4 board 

with Sn electrodes, subjected to controlled cooling by a Peltier module. Dual-spot in-situ 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 the solder 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 separate the water layer 

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 the unique capabilities of ellipsometry in 

characterizing nanoscale films during ECM. The study identifies the quasi-static limit as a critical factor 

influencing ellipsometry measurements during droplet formation. Differences in droplet size and density 

between the solder mask and Sn surface were observed, shedding light on the water condensation dynamics 

at a molecular level. 

 

 
Figure 2.14. a) Top-down image of the sample and the condensed water layer. b) Sematic image of the sample 

layout. c) The measurement setup. d) The shortcut current. e) Typical measured (solid lines) and fitted (dashed 

lines) ellipsometry spectra on the Sn film of the sample at 7minutes. f) Demonstration of the two-channel 

simultaneous in-situ measurement46 by moving the focused light spot back and forth between the Sn film and the 

FR-4 board. 



 

 

MFA Yearbook 2023                 39 

 

 

Investigation of Electrochromic, Combinatorial TiO2-SnO2 Mixed Layers 
 

OTKA NN 131269 , OTKA K 128319, OTKA K 131515 

 
N. T. Ismaeel, Z. Lábadi, P. Petrik, M. Fried 

 

 

Electrochromic films have been used as smart windows for preservation of buildings from extra heating 

materials and also applied in energy-effective glassing, automobile sunroofs, smart windows and mirrors. 

Metal oxides are widely studied with respect to their electrochromic 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 TiO2 coatings 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 LiClO4-propylene carbonate solutions were carried out and 

compared with the optical properties of titanium oxide films with different stoichiometries. While TiO2 

was investigated as electrochromic material, SnO2 or TiO2-SnO2 mixtures were studied only as 

photocatalytic material. During this work, reactive magnetron sputtering (in Ar O2 plasma) have been used 

to produce all combinations of TiO2-SnO2 mixed layers on silicon wafers. The object of this study was to 

investigate the properties of TiO2-SnO2 mixed layers as electrochromic materials, to compare the 'goodness' 

of the diverse Spectroscopic Ellipsometry optical models, and to find the optimal composition of mixed 

metal oxides deposited by reactive sputtering.  

 

TiO2-SnO2 mixed layers were deposited in a reactive (Ar + O2) gas mixture at ~10ī3 mbar process 

pressure. 30 sccm/s Ar and 30 sccm/s O2 volumetric flow rates have been applied inside the chamber. The 

substrates were 4-inch diameter IC-grade and 3-inch diameter highly conductive (0.001 ɋcm) Si-wafers. 

The linear walking speed was 5 cm/s (back and forth) at the geometry which can be seen in Fig. 2.15. 50-

50 % composition can be expected in the middle of the specimen. The Si-wafers and control Si-stripes were 

placed on a 30 cm × 30 cm glass, see Fig. 2.15. The power of the plasma was in the range of 0.75ï1.5 kW 

for the two targets autonomously. 300 walking cycles were applied. Fig. 2.15 presents that the sputtering 

targets have been placed at 35 cm from each other. According to the measurements, the two ómaterial 

streamsô have been overlapped around the center of the substrate glass. The Metal/Oxygen atomic ratio of 

the layers was 1:2 at the applied oxygen partial pressure according to the SEM-EDS measurements. 
 

 
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 models have been used. The Ăgoodnessò of the optical model is depending on the value of 

the Mean Squared Error (MSE), so the lower MSE refers to the better fit because of the difference between 

curves. The silicon wafers and Si-stripes (Fig. 2.16.a) have been used for Scanning Electron Microscopy 

(SEM, Dual-beam SEM+FIB Thermo Scientific Scios2) with Energy Dispersive Spectroscopy (EDS) 

measurements. 
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    a                b  

Figure 2.16. a) Combinatorial TiO2-SnO2 layer on a 4-inch Si-wafer in the SEM-chamber b) Electrochemical fluid 

cell for in-situ, real-time SE measurements. 

 

In order to characterize the coloration process electrochemical Li injection was carried out on layers 

deposited onto the 3-inch diameter highly conductive (0.001 ɋcm) Si-wafers. The electrochemical 

measurements were performed in a liquid cell filled with 1 M lithium perchlorate (LiClO4) / propylene 

carbonate electrolyte, and a Pt wire counter electrode was placed into the electrolyte alongside with a 

reference electrode, see Fig. 2.16.b. Controlled potential was applied through the cell during a 4 min 

coloration. After the coloration process, the whole sample (in dry state) was mapped by Spectroscopic 

Ellipsometry. In order to evaluate the SE spectra we applied a multilayer optical model (Si

substrate/interface layer/T L(TiO2)+T L(SnO2) mixed layer/surface roughness layer), and compared two 

dispersion relations: a., the Bruggeman Effective Medium Approximation (EMA) calculation, and b., The 

Tauc-Lorentz (T-L) oscillator model. Details of the calculation can be found in [Ref. 2.12]. Both models 

give good results, however, the MSE (Mean Squared Error) is significantly lower for the 2-T-L model 

especially around the 50-50 % composition. After the coloration process, we could map the colorized layer 

using a simple one-layer Cauchy dispersion optical model. We see a maximum value (maximum light 

absorption) around 0.5 cm. Comparing this results with the composition curve, we can state that the optimal 

composition is 30-70 % for TiO2-SnO2. 

 
Figure 2.17.  Imaginary part of the refractive index (k Amplitude) as a function of time for highly-conductive-Si in 

liquid-cell during coloration (time-scan, simple Cauchy-model). Here we can mention that from (0-4) minuteôs there 

is low absorption but from (4-8) minuteôs there is a growing absorption. Map of the k parameter after coloration 

(simple Cauchy-model) 
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 Reactive Sputter Deposition of Ga2O3 Thin Films Using Liquid Ga Target 
 

TKP2021-NKTA-05 

 

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

 

 

Ga2O3, as an ultrawide bandgap semiconductor has numerous potential applications in the field of 

optoelectronics, high-power 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 ceramic Ga2O3 target 

is used for sputtering of Ga2O3. 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]. 

 

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. 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 energy dispersive spectroscopy 

and X-ray 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 sccm ï standard cubic centimeter per 

minute), it is possible to achieve higher oxygen atomic ratios than for a film sputtered non-reactively using 

a ceramic Ga2O3 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 detrimental to the surface quality of the films as 

little Ga-rich 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. 2.18.a), thus they have the potential for solar-blind 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). 

 

 
Figure 2.18. a) The refractive indices (n) and extinction coefficients (k) 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 function 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, 9.4 nm/min growth rate was achieved at 20 sccm oxygen flow rate (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 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 suggest that the 

preferential sputtering of Ga becomes more significant as the DC target potential increases.  

 
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 points (solid lines) using the Berg model. 
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Resonance-based Kretschmann-Raether ellipsometry utilizing plasmonic and 

periodic nanostructures at solid-liquid interfaces 
 

TKP2021-EGA-04, EMPIR POLight 20FUN02, OTKA K 146181 

 

D. Mukherjee, B. Kalas, S. Burger, Gy. Sáfrán, M. Serényi, M. Fried, 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 

nanostructures have opened up is plasmonic nanostructures. Research and technology in the subject of 

plasmonics, in general, rely on the collective oscillation of free electrons in metallic thin films or other 

metallic nanostructures in response to electromagnetic radiation [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 interaction of plasmons with 

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 exponentially in the dielectric ambient and the metal layer. To subtly customize 

the ideal wavelength range for SPP, several metals are alloyed together to change the plasmonic material's 

chemical makeup [Ref. 2.15]. It works well for adjusting metallic nanostructures 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 well-known optical losses caused by interband optical transitions. 

Ag is the most readily available material in the Vis-NIR 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 densities [Ref. 2.16] 

 

In SPR spectroscopy, a thin Au film is commonly used as the sensing layer. When surface plasmons 

are present, incoming light can couple with them to produce a dip in the reflectance spectrum. The precise 

wavelength (ɚ) value of this dip is determined in large part by the thickness (d) and optical properties of 

the Au layer, the angle of incidence (ɗ) of the light beam, the optical properties of the configuration, and - 

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 layers (such as graphene or 

molybdenum disulfide) on top of the Au film in addition to the naked Au layer might result in improved 

sensing performance.  

 

The Kretschmann-Raether configuration [Ref. 2.17], which enables the study of the optical 

characteristics of materials, is based on the concepts of ellipsometry, in which light is reflected at an 

interface between a solid and a liquid. The use of nanostructures to in-situ surface-enhanced Kretschmann-

Raether ellipsometry has proven successful. Using this kind of optofluidics technology, ellipsometric 

measurements may be performed by non-invasively transducing evanescent fields to surface plasmon 

polariton. Using a Woollam M-2000DI rotating compensator spectroscopic ellipsometer in the ɚ = 190-

1700 nm wavelength range and adjustment using the Kretschmann-Raether (KR) geometry, the ɗ was 

allowed to be extended up to 75Ǔ for focus extension. For the KR ellipsometry (KRSE) configuration, an 

enhanced hemisphere has been utilized to provide an ideal signal-to-noise ratio in the critical spectral band 

below 300 nm.  

 

Micro combinatory was used to deposit a combinatorial film at room temperature on a thin UV-grade 

FS substrate measuring 25 mm by 10 mm (length by width) and 150Ñ25 ɛm. A layer with a gradient 

composition of AgxAl1īx, spanning from 0 < x < 1, was generated by the deposition. On the 25 mm long 

substrate, a gradient track of 20 mm is bounded by 2.5 mm long lead-in portions of one target's flux. The 

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 0 to 100 resulting 

in the required composition gradient. The variable thickness, which may be used to modify the wavelength 

of maximum sensitivity, was made possible by the exact control of the slot movement (Fig. 2.20).  

 

Principal advantages of the combinatorial deposition method are:  

(i) When the deposited layer is created in a single process step, all sample preparation 

parameters and substrate properties are guaranteed to be 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. The evaluation approach 

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. 

 

 
Figure 2.20. Variation of the ellipsometric phase shift (ȹ = arg(rp/rs)) as a function of the thickness of the AgxAl1īx 

layer and the wavelength for angles of incidence of 71Ǔ (a) and 73Ǔ (b). 

 

The generated sensor structure's compositions with x = 0 (pure Al) and x = 1 (pure Ag) had optimal 

thicknesses because the optical properties of these pure phases were believed to be more reliable than those 

of mixed phase references. This one-sample combinatorial device is now tuned only for linearly graded 

compositions and thicknesses, but it would be feasible to tweak the lateral thickness profile after finding 

the optical properties for all values. To examine the change in ȹ for ȹnwater= 10ī4, transfer matrix method 

(TMM) computations were performed. These statistics clearly show that the lower AOI value (71°), 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 conjunction with 

variable resonant features, can be applied to periodic Au grating structures (Fig. 2.21) as well as 

combinatorial AgxAl1īx structures made by sputtering on glass plates connected to a hemi-cylinder in the 

KR geometry. ȹ = arg(rs/rp) is the phase measurement formula, where rp and rs are the polarized light 

reflection coefficients parallel and perpendicular to the plane of incidence, respectively. 
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Figure 2.21. ȹ ellipsometric angle calculated for different critical dimension (CD) and wavelength values in the KR 

configuration for a gold layer on glass with a thickness and period of 200 nm and 100 nm, respectively. 
 

 

The ellipsometer resolution in space (focused spot) and time is generally 0.3 mm by 0.9 mm and 1 s, 

respectively. Sensitivities of 10ī6 and 10 pg/mm2 in refractive index and surface mass density units, 

respectively, may be reached at an ideal plasmonic setup. Au gratings were designed and modeled utilizing 

transfer matrix and finite element (JCMwave) methods in order to build phase retrieval and sample 

parameter reconstruction method. They are mostly significant for determining which grating settings in 

experimental studies show the greatest promise. 
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Makyoh imaging and topography 
 

F. Riesz 

 

 

Makyoh imaging, named after the Japanese ómagic mirrorô, denotes an optical imaging mechanism, 

where a plane (or, more generally, a spherical) wave is reflected from a flat, or slightly convex mirror 

having small height deviations, causing intensity variations in a far-field screen image because of the local 

ray deflections. The intensity distribution reflects somehow the mirror height map. The first application of 

this principle 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 main result of the past year is the proposal of a novel approach for the imaging of the ancient 

mirror: the visual image of the back relief pattern, rather than its height topography is compared to the 

reflected Makyoh image (Fig. 2.22) [Ref. 2.18]. The visual image depends on the environmental 

illumination conditions (light directionality and scattering degree) and surface reflection properties in 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. Fig. 2.22 shows intensity 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 main reflection peak for the narrow mound. 

 

         
 

Figure 2.22. Scheme of the traditional mechano-optical (left) and the proposed visual (right)  

approaches of Makyoh imaging. 

 

Related to this, the various approximations of the Makyoh imaging were analysed and compared. 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 post-Laplacian regime, where stronger focusing 

of the concave ares occur, leading narrower and higher-intensity 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, semiconductor wafers) are usually also 

globally flat. 
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Figure 2.23. Calculated intensity profiles of the Makyoh and the reflection visual back images for three 

characteristic back relief patterns. 

 
Figure 2.24. Makyoh image intensity profiles produced by a one-dimensional abrupt back surface step (after 

convolution with a Gaussian with d = 1 mm, resulting 1-ɛm height in the front face) at various screen distances, 

calculated using the Laplacian aproximation and the complete model. 
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The scientific results of the Thin Film Physics Department are related to thin film and ceramic fields.  

The main research topics are in line with modern trends of material science with the respect to a 50 years 

long history of the department.  The development of the 2D semiconductor, multicomponent thin films and 

technical ceramics were the important base research fields supported by several international basic scientific 

projects and collaborations in 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 scientific 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 talks at national and 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 for full semester (Eötvös Lóránd University - ELTE, and Budapest University of Technology and 

Economics - BME, and University of Pannonia- UP and Óbuda University - OE). In addition, 6 PhD 

students were supervised.  

 

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

¶ Annual conference of the Hungarian Microscopic Society 2023 (MMT) Siófok 2023 May 4-6 ï 

Pécz Béla, Lábár János Radnóczi Gy. Zoltán 

¶ 47th International Conference and Expo on Advanced Ceramics and Composites (ICACC2023) 

USAï Balázsi Csaba, Balázsi Katalin (symposium lead org.) Daytona Beach, USA 2023 January 

27-February 3 

¶ 48th International Conference and Expo on Advanced Ceramics and Composites (ICACC2024) 

USA ï Balázsi Csaba, Balázsi Katalin (symposium lead org.)) Daytona Beach, USA 2024 January 

23-February 2 

¶ 14th International Conference on Ceramic Materials and Components for Energy and 

Environmental Systems (CMCEE14), HU - Balázsi Csaba, Balázsi Katalin (conference chairs) 

Budapest, 2024 August 18-22 

¶ Annual conference of the Hungarian Microscopic Society 2024 (MMT) Siófok 2024 May  ï Pécz 

Béla, Lábár János Radnóczi Gy. Zoltán 

¶ 2nd International Summit on Graphene & 2D Materials (ISG2DM2024) Germany Munich 2024 

May 20 ïBalázsi Katalin (conference chair) 

¶ 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, International Union for Vacuum Science).  
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TEM of innovatively used of PtSi contact material 
 

2019 2.1.7-ERA-NET-2022-00032, QuantERA II SIQUOS 

 

J. Lábár, B. Pécz, Y. Yao1, D. F. Fernandes1, T. Koġutov§1, T. Kubart1, Z. Zhang1,  

F. Lefloch2, F. Gustavo2, A. Leblanc2, S.-L. Zhang1 

 
1 Division of Solid-State 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 usually formed by the self-aligned-

silicide (SALICIDE) process. Novel application of PtSi in cryogenic temperatures as superconducting 

material of source and drain in silicon-based Josephson field-effect transistors (JoFETs) requires that the 

thickness of the PtSi layer is reduced considerably. Our SIQUOS project aims at manufacturing such 

JoFETs as part of Qubits. This reduction in thickness brought up new technological challenges that did not 

exist in conventional microelectronics. 

 

 Current SALICIDE process involves 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.  However, sub-10 nm PtSi films tend to agglomerate and even 

break into discrete PtSi islands upon thermal treatments above 500°C. To mitigate this technical issue, an 

innovative ambient-temperature chemical oxidation step was introduced. The results below prove that this 

change in technology was successful. 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 were identical, including 

subsequent etching in aqua regia. 

 

a)    b)  
Figure 3.1. a). Plan-view HAADF image of 5 nm thick PtSi layer. Thermal oxidation and subsequent etching in 

aqua regia. The layer is full of holes. b) Cross-section BF image of 5 nm thick PtSi layer. Thermal oxidation and 

subsequent etching in aqua regia. The layer broke into islands. 
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In contrast to the conventional Pt-SALICIDE process involving thermal oxidation, the new process 

flow with chemical oxidation produces continuous, uniform protecting 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]. 

 

a)    b)  
Figure 3.2. a) Plan-view 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 image of 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 Ga2O3 Thin Films Using Liquid Ga Target 
 

TKP2021-NKTA-05 

 

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

 

 

Ga2O3, as an ultrawide bandgap semiconductor has numerous potential applications in the field of 

optoelectronics, high-power 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 ceramic Ga2O3 target 

is used for sputtering of Ga2O3. 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. 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. 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 energy dispersive spectroscopy 

and X-ray 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 sccm ï standard cubic centimeter per 

minute), it is possible to achieve higher oxygen atomic ratios than for a film sputtered non-reactively using 

a ceramic Ga2O3 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 detrimental to the surface quality of the films as 

little Ga-rich 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.a), thus they have the potential for solar-blind 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). 

 

 
Figure 3.3. The refractive indices (n) 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 of the 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 sccm oxygen flow rate (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 fitted 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 more significant as the DC target potential increases.  

 

 
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 W-B-C coatings 
 

VEKOP-2.3.3-15-2016-00002, VEKOP-2.3.2-16-2016-00011 

 

Zs. Czigány, K. Balázsi, M. Krokker1, P. Soucek1, P. Vasina1 

 

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

 

 

The study investigates the properties of deposited W-B-C coatings, examining the influence of 

chemical composition and deposition regimes on mechanical properties of sputter-deposited coatings 

composed of tungsten, boron and carbon [Ref. 3.3]. The research employs an industrial batch-coater 

equipped with a segmented target, examining the coatings under both laboratory-like and industrial 

preparation conditions through stationary and single-axis rotation depositions. The coatings are 

systematically studied across a range of chemical compositions, revealing predominantly amorphous 

structures (Fig. 3.5).  

 

Intriguingly, specific compositions exhibit the formation of short-range ordered tungsten borides or 

nanocrystalline cubic tungsten carbide structures. Morphological differences are observed, with stationary 

coatings generally more compact and smoother, while rotation induces columnar growth. Surface roughness 

varies across compositions and regimes, with high-boron 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 properties despite 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. Residual stress analysis 

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 resistance compared to nitrides (TiN, AlCrN). No severe cracking or 

chipping was caused by the load applied to the cube-corner indenter and the imprints exhibited a pile-up of 

material. The study extends comparisons with Mo-B-C coatings, highlighting similarities in mechanical 

properties despite structural differences. W-B-C emerges as a unique amorphous material with good 

damage resistance and mechanical performance, offering potential applications in protective coatings. 

 

a)   b)  
Figure 3.5.  a)  HRTEM images of 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-2.3.3-15-2016-00002, VEKOP-2.3.2-16-2016-00011 

 

Zs. Czigány, K. Balázsi, J. Ģen²ġek 1, P. Soucek1, P. Vasina1 

 

1 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 magnetron-sputtered Mo2BC coatings, employing both theoretical ab initio modeling 

and experimental approaches. The aim was to explore the stability of the orthorhombic (Mo1īxNbx)2BC 

phase as molybdenum is gradually replaced by niobium. 

 

Theoretical calculations, based on substituting Mo atoms in the orthorhombic Mo2BC cell, predicted 

the stability of the (Mo1īxNbx)2BC 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 stability compared to 

common coatings like AlTiN. 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 nanometer-sized grains and amorphous regions, impacting the stability of the 

orthorhombic Mo2BC-like phase compared to theoretical calculations. At the stability limit, coating 

hardness increased by 25%, and the elastic modulus rose by 60%, attributed to lattice strain generated by 

Nb substitution. The study concludes with an exploration of the mechanical properties of (Mo1īxNbx)2BC 

solid solutions. Theoretical predictions showcased a non-linear relationship with Nb content, explained by 

microstrain within the nanolaminated 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 challenges of distinguishing between cubic and 

orthorhombic structures, especially for small grain sizes. Diffraction analysis of Mo2BC shed light on the 

similarities of the two structures. Strong reflections in the SAED pattern of Mo2BC also can be indexed as 

an fcc phase which has a 111 preferred orientation. However if we want to interpret all the reflections of 

Mo2BC, the structure of orthorhombic Mo2BC seems a proper choice. Mo2BC can be better indexed as 

orthorhombic Mo2BC, however, its strong reflections coincide 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 fcc cell. The 

orthorhombic phase 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) arrangement characteristic for cubic transition metal carbides. 

In summary, this research contributes to the detailed understanding of Nb incorporation in Mo2BC coatings, 

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 coincide with allowed 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 KDP-2021 C1792954, OTKA K 143216 

 

D. Olasz, G. Sáfrán, N. Szász, T. Kolonits, N.Q.Chinh  

 

 

We continued the nanoindentation measurements on the AlCu thin film system (Fig. 3.7) with a 

comprehensive TEM study to explore the correlations between mechanical, morphological and structural 

properties. FIB cross-sectional lamellae were prepared from 15 layers of ~ 1.7 ɛm thickness of different 

compositions formed by DC sputtering representing the full Al1-xCux composition range (0ÒxÒ1), of which 

12 have already been TEM examined [Ref. 3.5]. 

 

 
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 concentrations x (Al1-xCux) 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 that in the range x = 3.6 - 17.4 % Cu, the ɗ-Al2Cu phase appears in addition to 

the Ŭ-Al phase, which is in agreement with the predictions of the equilibrium phase diagram [Ref. 3.6]. 

Both the grain size decrease and the appearance of the ɗ phase [Ref. 3.7], lead to a significant increase in 

the strength and hardness of the layer, which can be clearly observed in Fig. 3.7. The layer containing 52.2 

at% Cu shows a ɔ-Al4Cu9 phase composition, which is no longer consistent with the equilibrium phase 

diagram - and this indicates the non-equilibrium nature of the sputtered thin film. The ɔ phase is a high 

strength phase of ~ 15 GPa [Ref. 3.7], which is in good agreement with our measured hardness of ~ 16 GPa.  
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Figure 3.8. BF TEM cross-section series showing the morphological evolution of AlCu layers as a function of Cu 

(x) alloying concentrations representing the full compositional range. 
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Combinatorial characterisation of the complete Y-Ti -O thin layer system; 

issues of DC and HIPIMS sputtering processes 
 

Ministry of Culture and Innovation KDP-2021 C1792954, OTKA K 143216 

 

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

 

 

The Y-Ti-O family of materials, which has several promising phases from a technological point of 

view, offers an excellent opportunity for a comprehensive microstructural characterisation by 

microcombinatorial fabrication and testing techniques. The results [Ref. 3.8] of the microstructural 

investigation of the reactive DC magnetron sputtered variable composition coatings are summarized in the 

phase map shown in Fig. 3.9, which covers the whole Y-Ti composition range up to 800 °C. A very 

important result is that the pyrochlore-structured Y2Ti2O7 phase could be produced under favourable 

conditions at a significantly lower temperature, as low as 700 °C, compared to other methods. 

 

 
 

Figure 3.9. Phase map  of the YxTi1-xOy thin film system prepared by microcombinatorial DC magnetron 

sputtering over the entire 0ÒxÒ1 composition range up to 800 ÁC. 
 

 

High Power Impulse Magnetron Sputtering (HIPIMS) is a more stable and controllable growth 

technique than DC, which offers an excellent opportunity to produce the desired perovskite lattice (YTiO3) 

phase with the right experimental parameters. When reactively sputtering two targets with very different 

sputtering properties -Y 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 sputtering - varying 

the power - cannot be applied in reactive sputtering due to its non-linear behaviour (Fig. 3.10).  

 

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, optimal bias voltage of 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 length of the combinatorial sample (Table 3.1). 

 

NY NTi x; YxTi1-xOy (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. 

 

 

a)  b)   

Figure 3.10.  Features of U-I hysteresis during reactive sputtering in 5 % O2 gas for (a) Y target (b) %Ti target. 

 

 

Fig 3.11.a shows the the chamber during HIPIMS sputtering of a Y-Ti-O layer in burst mode, and Fig. 

3.11.b shows a combinatorial Y-Ti-O layer of varying composition deposited along a Si 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 burst-HIPIMS sputtering mode. b) combinatorial Y-Ti-O thin film   
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Catalytic Methane Pyrolysis Combined with 

Microcombinatorial TEM Studies 
 

OTKA K 143216, OTKA K 146032 

 

A. Horváth, M. Németh, A. Beck, Zs. Horváth, D. Olasz, M. Serényi, Gy. Sáfrán 

 

 

Methane pyrolysis (CH4ᵶC+2H2) 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 requirement of the reaction and produce valuable nanostructured carbon beside 

hydrogen [Ref. 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 method [Ref. 3.5] using DC magnetron 

sputtering over a TEM grid.  

 

 
 

 
Figure 3.12.  CH4 conversion during the pyrolysis tests at 800 °C on the MgO supported samples (top); elemental 

maps of the reduced MoNi1.2 sample (bottom). 
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This latter method is able to produce thin layers of two 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 

MoNi1.2 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 STEM-EDS prior to and 

after the CH4 pyrolysis [Ref. 3.10]. The microcombinatorial Ni-Mo samples were investigated by XPS, 

TEM and STEM-EDS before and after a reduction treatment and carbonization in a methane stream. 

 

The bimetallic NiMo/MgO samples produced carbon nanotubes with 50-320% yield, while 

monometallic Ni/MgO or Mo/MgO deactivated fast. The superiority of the MoNi1.2 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 Fig. 3.13.a) resulted NiMo 

alloy particles with different compositions (Fig 3.13.b). It was ascertained that the Ni/Mo~1 alloy 

composition (framed with yellow in Fig. 3.13.b) did not seem to segregate during the carbonization process. 

The existence, the reasons and structural 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 segregation of bimetallic MoNi particles during 

carbon deposition process depending on the Mo/Ni atomic ratio and affecting the catalyst lifetime. 

 

a)  b)  
Figure 3.13. a) Scheme of TEM grid with Ni and Mo deposited in linearly changing atomic ratio. b) STEM-EDS 

elemental maps of a representative area of the grid after reduction at 800 °C with some equimolar alloys framed 
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Reductive Treatment of Ti0.8Sn0.2O2-C Composite Supported Pt 
 

OTKA K 143216 

 

E. Dódony, C. Silva1,2, K. Salmanzade1, I. Borbáth2, D. Olasz, Gy. Sáfrán, A. Kuncser3, E. Pászti-Gere4, 

A. Tompos1, Z. Pászti1 
 

1Institute of Materials and Environmental Chemistry, Research Centre for Natural Sciences, Hungary, 
2Department of Physical Chemistry and Materials Science, Faculty of Chemical Technology and 

Biotechnology, Budapest University of Technology and Economics, Hungary 
3National Institute of Materials Physics, Magurele, Romania 

4 Department of Pharmacology and Toxicology, University of Veterinary Medicine, Hungary 

 

 

Transition metal-doped titania 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 serve a co-catalytic role. Among 

various dopants, tin (Sn) stands out as a particularly valuable addition. A notable feature of TiO2-supported 

Pt catalysts is the strong metal-support interaction (SMSI), which involves the migration of partially 

reduced oxide species from the support to the Pt surface during reductive treatment. To assess how SMSI 

affects the stability and performance of Pt/Ti0.8Sn0.2O2-C catalysts, the structural and catalytic properties of 

freshly prepared samples were analyzed using X-ray diffraction (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 on the carbon substrate promoted the formation of 

high-density PtïoxideïC 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 SnïPt alloying. The segregation of tin oxide on the surface of the alloy particles, a characteristic material 

transport process in SnïPt alloys after oxygen exposure, contributed to a better stability of the reduced 

catalysts. 

 

As part of our laboratory collaboration, 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 high-resolution and low-resolution images, as well as element mapping 

with transmission electron microscopy [Ref. 3.11]. 
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Figure 3.14. TEM micrographs and elemental maps for (a) the as prepared Pt/Ti0.8Sn0.2O2-C electrocatalyst and 

(b) the Pt/Ti0.8Sn0.2O2-C electrocatalyst reduced at 200 °C. The locations of the 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 a nd growth of Ŭ-Mn(Cu) solid solution films 
 

OTKA K 143216 

 

K. Hajagos-Nagy, Zs. Czigány, Gy. Radnóczi  

 

 

Bulk Mn-Cu alloys are well-known magnetic and shape-memory alloys, which are created from ɔ-

Mn(Cu) solid solution by martensitic (fcc Ą fct) transformation. The stable form of Mn at room 

temperature, Ŭ-Mn, is considered problematic due to its brittleness; even though the Ŭ-Mn structure contains 

many promising properties, such as para-, antiferro- and weakly ferromagnetic behaviour, anomalous Hall 

effect and high pressure (220 GPa) stability. The reason behind these properties is the crystal structure of 

Ŭ-Mn, which is considered unique among the elements. It is analogous to the ɢ phase found in intermetallic 

systems. The stability of Mn atoms in 3 different electron 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. 

 

 
Figure 3.15. Microstructure of Mn-Cu films with Cu content of 10 at% (a), 20 at% (b) and 0-60 at% (c) on dark 

field TEM images. 

 

A possible way of minimizing the brittleness of bulk Ŭ-Mn is to use thin film deposition techniques and 

alloying. In our previous work, we mapped the Cu-Mn thin film system from the point of view of its use in 

very-large-scale integrated circuits. We discovered that, contrary to our expectations, Ŭ-Mn could dissolve 

at least 10 at% Cu content and the Ŭ-Mn(Cu) solid solution was present up to 30 at% Cu. In the current 

work, we investigated the microstructure and growth of the Ŭ-Mn(Cu) layers. 

 

We investigated the non-equilibrium solubility of Cu in Ŭ-Mn on a 50 nm thick combinatorial sample 

grown by DC magnetron sputtering, where the composition varied linearly between pure Mn and 50 at% 

Cu content. The films contain a crystalline phase up to 30 at% Cu content; the grain size varies between 2-

10 nm. Electron diffraction intensity distributions showed that Ŭ-Mn can dissolve 30 at% Cu. We examined 

film growth on 0.5-1 ɛm thick films, comparing discrete and variable composition (gradient) layers. At 

10 at% Cu content a single-phase Ŭ-Mn(Cu) solid solution layer grows with a columnar structure (Fig. 

3.15.a). As the Cu content increases, an amorphous minority phase appears and hinders the growth of the 

Ŭ-Mn(Cu) grains (Fig. 3.15.b). Examination of gradient films showed that the columnar structure 

characteristic of single-phase growth can be maintained until the crystalline phase ceases (Fig. 3.15.c). This 

can be beneficial in many applications where minimization of grain boundaries is required. 
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Multifunctional biomineralized calcium phosphate-loaded biopolymer 

composites as biodegradable coatings on implants 

 
OTKA FK 146141 

 

M. Furkó 

 

 

Bioactive ceramics and scaffolds are extremely important in many biomedical or orthopedic 

applications owing to their positive interactions with human tissues. There are enormous efforts to develop 

bioceramic particles that meet the high-quality standard in a cost-effective 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 specific phase of the calcium phosphates (CaPs) or apatites. The CaPs can 

be applied as bone substitutes, types of cement, drug carriers, implants, or coatings. In addition, 

bioresorbable bioceramics have great potential in tissue engineering since they are usually used 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 composition, crystallinity, size, and morphology of the CaP particles and their 

aggregates play a critical role in determining their properties and potential applications. 

 

  
Figure 3.16. Schematic illustration of spin coating method. 

 

In our work, amorphous or nanocrystalline calcium 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 the integration of metallic implants into human bodies. Owing 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 (Fig. 3.16). 

 

We investigated and compared the surface roughness of the substrate and the coated substrate and the 

result showed that the polymer composite decreased the roughness values. The SEM-FIB cross sectional 

cut revealed a very thin, around 1-5 mm layer. The thickness of the layer was uneven due to the substrateôs 

rough surface.  The CP-biopolymer composite can be produced as fibres via electrospinning method (Fig. 

3.18). In this case, the resulting composites consist of spider web-like entangled fibres with unevenly 

incorporated calcium phosphate particles. The CaP particles are embedded between the fibres. 
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Figure 3.17. Optical microscope and SEM images of calcium phosphate-PCL 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 - ÁFF/96/1/2023. 

 

K. Balázsi, Cs. Balázsi, T. Kolonits, K. Hajagos-Nagy, E. Dódony, A.  Jakab Fenyvesiné,  

B. Erki, V. Varga, A. Kovács 

 

 

The Hungarian government has accepted the Ministry of Economic Development's proposal to launch 

an R+D+I project for chip-carrying ceramic wafers, so Hungary is also starting to enter the semiconductor 

manufacturing market. The project, whose partners are the Bay Zoltán Nonprofit Ltd. (PI), Neumann Ltd., 

Budapest Technical University (BME) and the Thin Film Physics Laboratory of HUN-REN EK MFA, 

started from 2024 January 1st. 

 

Our task is to develop thin (several hundred micrometers) ceramics as a chip substrate used in the 

automotive industry and high-performance electronics and to facilitate their production on an industrial 

scale. In the first year of the project, we determined the ceramic to be tested, silicon nitride, an important 

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 
 

2022-1.2.8-KDT-2022-00001, Horizon Europe KDT 101096387 PowerizeD 

 

K. Balázsi, C. Balázsi, T. Kolonits, M. Furkó, K. Hajagos-Nagy, E. Dódony, A. Fenyvesiné Jakab, V. 

Osváth, V. Varga, A. Kovács, B. Erki 

 

 

PowerizeD is an innovative EU funded project 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 top-up funding by the national Authorities of Germany, Belgium, Spain, Sweden, 

Netherlands, Austria, Italy, Greece, Latvia, Finland, Hungary, Romania and Switzerland, under grant 

agreement number 101096387. The project is co-funded by European 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 climate. The 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. János VOLK, Ph.D., senior research fellow 

 

Research Staff: 

¶ Gábor BATTISTIG, D.Sc. (60%) 

¶ Zsófia BAJI, Ph.D.  

¶ Szabolcs CSONKA (20%) 

¶ György MOLNÁR, D.Sc. 

¶ Nguyen Quoc KHÁNH, Ph.D. 

¶ Péter Lajos NEUMANN, PhD  (50%) 

¶ László PÓSA, Ph.D.  

¶ Zsolt ZOLNAI, Ph.D.  

 

Ph.D. students / Diploma workers: 

¶ János Márk BOZORÁDI (50%) 

¶ Roland KÖVECS, B.Sc student   

¶ Anett SZELEDI, B.Sc student  

¶ Tímea Nóra TÖRÖK, Ph.D. student 

(20%) 

¶ Áron VÁNDORFFY, B.Sc student    

¶ Tamás ZEFFER, PhD student (50%) 

 

Technical Staff: 

¶ Ferenc BRAUN, engineer 

¶ János FERENCZ, engineer 

¶ Levente ILLÉS, engineer 

¶ Attila NAGY, technician 

¶ Zoltán KOVÁCS, 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 the Microsystems Laboratory. The mission of the Lab is to utilize the emerging results of 

nanotechnology and materials science for novel physical sensors, particularly for micro- and nanometer 

sized electromechanical systems (MEMS/NEMS).  

In the following sections 8 selected topics are presented, which relate to  

i) characterization of functional thin films (page 72-);  

ii)  nano- and micrometer sized electronic and sensor devices (page 82-);  

iii)  novel force sensor systems (page 86-), and  

iv) first steps toward Kitaev transmon generation (page 88).  

 

These research topics are conducted mainly in the framework of three domestic projects: TKP2021-

NVA-03: Environmental monitoring sensors for emergency and extreme conditions; OTKA: Atomic layer 

deposition and applications of functional sulfide nanolayers; OTKA: Development of Nanometer Scale 

Resistive Switching Memory Devices. Besides, the Nanosensors Laboratory provided electronmicroscopy 

services for several industrial partners (Lighttech Ltd., Technoorg Linda Ltd.), nanofabrication 

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 Óbuda 

University).     
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Quantification of Piezoresponse Force Microscopy for Thin Al(1-x)ScxN Film 
 

TKP2021-NVA-03 

 

N. Q. Khánh, L. Pósa, 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 constant d33, 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 distribution of d33 at the nanometer scale. Piezoresponse Force Microscopy 

(PFM) in principle can fulfill this demand, however, using sharp tip probe, different non-piezoelectric 

interfering phenomena, for example electrostatic force, flexoelectricity, substrate clamping effect, 

unexcited matrix material restraining effect etc., 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 correction to the d33f measured 

on Al(1-x)ScxN films prepared by pulse DC reactive ion sputtering system (VAKSIS ï MiDAS). Fig. 4.1 

shows the average effective d33f determined from 1mm2 scans with and without Pd top electrode on AlN 

films having different Sc content. The use of a top electrode results in higher d33f 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. 

 

 
Figure 4.1. Effective piezoelectric coefficient d33f measured by PFM on bare surface and with top electrode as a 

function of Sc fractions in Al(1-x)ScxN film. Lines are to guide the eyes. 
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Figure 4.2. Corrected d33corr values of d33f determined by PFM and Piezotest using top electrode as a function of Sc 

fraction in nitride film deposited at 1.5 mTorr with 60% N2 gas ratio. The DFT calculated d33 is also shown. 

 

 

To obtain a more correct result (d33corr), we have taken into account the effect of substrate for converse 

piezoelectric (cp) measurement, 

Ὠ ͺ  
Ὠ ͺ ί ί
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                            ρ  

where sij  are the elastic compliance constants of nitride film, and  s13 ~ s33/2.  

 

We used the values of the elastic compliance constants sij  calculated using density functional theory 

(DFT) reported in literature for substrate effect correction of the d33f measured with top electrode. Fig. 4.2 

shows the so corrected piezoelectric coefficients (opened triangle) determined using top electrode for films 

deposited at 1.5 mTorr with 60% N2 gas ratio. The corrected d33corr values are in good agreement with those 

obtained from the Berlincourt piezometer (closed triangle) and from the reported DFT calculation (dashed 

line) in the range of Sc fraction (x) up to ca. 0.35. At higher x, 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 the deposited Al(1-x)ScxN films are effected by a number of factors at 

high x, such as crystal softening, formation of multi-phase etc.  

 

For inhomogeneous sample, the corrected d33corr is lower, as being an average, but using top electrode 

for local calibration, one can obtain d33corr image from d33f measured by PFM on bare film, where the 

correction factor is 
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where d33fta is the averaged effective piezoelectric coefficient measured with top electrode, d33fba  and d33fb 

are the average and individual values measured on bare nitride, respectively. The first component is the 

matrix effect correction, and the second one is the clamp effect correction. Fig. 4.3 shows d33corr image of 

samples having Sc fraction of about 0.24, but deposited under different conditions, namely 2 mTorr, 30% 

N2 and 1.5 mTorr, 60% N2. One can see that 30% N2 and 2 mTorr together result in only few areas (~ 20% 

of whole map) with d33corr values higher than 10.5 pm/V, compared to 50% areal ratio of such high d33corr in 
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other case. Furthermore, the fluctuation of d33corr is much stronger for higher working pressure, and lower 

N2 gas ratio (see the line-cut in Fig. 4.3). [Ref. 4.1] 

 
Figure 4.3. Morphology and d33corr maps of nitride film deposited at 1.5mTorr, 60% N2 (a,c) and 2 mTorr, 30% N2 

(b, d). White lines indicate the line-cuts 
 

 

  












































































































