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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 2024. 

 

In that year our headquarter of HUN-REN, i.e. Hungarian Research Network, organized an 

assessment with a broad international committee composed from distinguished scientist from 

disciplines which fit to the subject of our research centre. We had to submit them a self assessment, i.e. 

a long description of our activity including the history of our institute and give a lot of data on our 

publication, collected independent citations, international research cooperation. We had to provide 

specific data on homeland cooperation and even on common jobs within our HUN-REN network 

members. Foreign institutions with similar research activity were also named for benchmarking 

purposes. During the personnel visit we learned each other and we tried to give appropriate answers for 

the questions of the committee members. All of these gave us a lot of work, however, I believe it was 

very useful for us as we had to sum up the results we achieved and think over our strategic goals as 

well. Later when we receive the written opinion and suggestions of the committee we accepted their 

suggestions and answered their further questions. 

 

After this we were involved into the planned transition of our research network, which however, 

will be realized in 2025. The same is true for raising the salaries of our colleagues, we have a good hope 

and a promise to get that in 2025. This is essential to keep our team and to be able to attract new young 

researchers.  

 

It was a pleasure for us to receive more foreign researchers than before including PhD students from 

Italy and Spain, but also one senior researcher from Jülich Forschungszentrum, Germany. 

 

Unfortunately, we lost some of our colleagues: Dr. Gábor Vértessy (who died at the very end of 

2023) and István Borsos, whom we lost in 2024 December both of them happened very suddenly and 

not expected although we knew that they were ill - the loss is very painful for us.  

 

We could modernize the electrical network of our clean room facility and later we were very happy 

to learn that by an application they also get the Outstanding research facility Hungary title. By now we 

run two of them: Micro and Nanotechnology Research Laboratory and Aberration corrected 

transmission electron microscopy Laboratory.  

 

Between September 1 and 4, 2024, the 36th EUROSENSORS Conference was held in Debrecen. 

The conference was co-organized by our institute, under the co-chairmanship of Dr. Gábor Battistig 

(Scientific Advisor at the Nano-sensors Laboratory of HUN-REN EK MFA and Head of the Department 

of Electrical Engineering at the Faculty of Science and Technology, University of Debrecen) and Dr. 

Péter Fürjes (Head of the Microsystems Laboratory of HUN-REN EK MFA), with the University of 

Debrecen providing the venue. Nearly 300 researchers attended the conference to discuss leading topics 

in materials science and technology, as well as sensor research, with a particular focus on physical, 

chemical, and biomedical sensors and their integration challenges. Accompanying events included more 

than 120 posters, industry exhibition stands, and a mini photo exhibition showcasing sensors developed 

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

test prototypes of the latest sensors developed in the Microsystems and Nano-sensors Laboratories. 

These results are related to the recently completed Moore4Medical project, as well as to our ongoing 

projects TKP2021-EGA-04, TKP2021-NVA-03, and UNLOOC.  https://akcongress.com/eurosensors/  

 

Another international event the 14th International Conference on Ceramic Materials and 

Components for Energy and Environmental Systems (CMCEE14) was held in Budapest, between 18-

22 August 2024 - truly one of the most important world ceramic events organized by our colleagues. 

https://akcongress.com/eurosensors/
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https://akcongress.com/cmcee14/ This year there were closely 550 participants from more than 35 

countries. The extensive scientific program consisted of 4 plenary lectures, 42 keynote, 215 invited and 

160 oral presentations divided into 9 parallel sessions. 42 posters have been presented in digital poster 

sessions.  

 

The World Academy of Ceramics (WAC) induction ceremony took place on August 19 where 

newly elected Academicians were presented and awarded with the WAC Diploma: 

www.waceramics.org I was very happy to learn that our Dr. Katalin Balázsi received the academic title 

from the World Academy of Ceramic for her outstanding contributions to ceramic science for 

biomedical applications, international collaborations and promotion of under-represented groups.  

 

Although the R&D spending in Hungary was not increased in 2024, thanks to our projects we 

gained before, we could work without any big obstacles. Furthermore, an Excellence and a Starting 

Grant form the Hungarian Research office was gained by colleagues. We learned that also the HCHIP 

project will start in 2025 providing good research and development opportunity for two of our research 

groups.  

 

In 2024 some of our colleagues achieved successful scientific qualification.  Levente Tapasztó got 

the Prize of the Hungarian Academy of Sciences, and we had also three successful PhD candidates, 

namely: Péter Kun, Timea Török, Géza Szántó, we are very proud of them and congratulate to the 

supervisors as well. Ildikó Cora and Zsolt Fogarassy successfully fulfilled a habilitation process and 

became senior research fellow.  Our post-doc colleague, Marcell Gajdics gained the Outstanding Young 

researcher award of the Hungarian Academy of Sciences. MFA could continue to pay publication award 

for the young authors of the best publications. 

 

We are also proud of the scientific results achieved by our colleagues, 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 

  

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

 

Director: Prof. Béla Pécz  
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Infrastructure  

 
Excellent Research Infrastructures 

The Thin Film Physics Department is strong at national and even 

international level at transmission electron microscopy (TEM), what 

they use in order to determine relationships between the microstructure 

and other physical properties. They main facility the Aberration 

Corrected Transmission Electron Microscope Laboratory was selected 

as Excellent Research Infrastructure by the National Research and 

Innovation Office.  

 

The Microsystems and Nanosensors Laboratories run a unique 

semiconductor manufacturing facility in Hungary comprising two 

clean labs (300 m2 + 160 m2 ï Class 100-10000) with complete Si-

CMOS technology line together with a mask shop, the only complete 

Si CMOS technology. The laboratory was also selected as Excellent 

Research Infrastructure by the National Research and Innovation 

Office. 

 

Nondestructive characterization Laboratory: 

The Institute of Technical Physics and Materials Science of the Centre for Energy has decades of 

experience in non-destructive testing certified according to the ISO 9001: 2009 quality assurance 

system. 

Material characterization methods offered for external users and partners: Non-destructive optical and 

magnetic measurement of surface nanostructures and materials including: spectroscopy; magnetic 

material testing; biosensors; curvature of surfaces; surface contamination and quality; water pollution 

tests 

 

Sample properties to characterize: 

¶ layer thickness (0.5-1000 nm); 

¶ optical refractive index (accuracy: ~ 0.001); 

¶ homogeneity; 

¶ quality of interfaces; 

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

¶ surface nanoroughness; 

¶ layer composition in some cases (e.g., Si nanoparticle content in silica); 

¶ measurement of carbon phases; 

¶ crystallinity (lattice disorder of single crystals, disintegration); 

¶ brittleness and material properties of steel structures 

¶ crystal and band structure of semiconductors 

  

 

Other main facilities and equipments: 

¶ Electron Microscopy, Auger and Scanning Probe Lab 

¶ Thin film, Surface Physics and Structures 

¶ Ion Implantation and Ion Beam Analysis 

¶ Semiconductor Lasers and different LPE Techniques 

¶ Porous silicon preparation and studies 

¶ Carbon nanotubes, preparation and studies 

¶ Ceramics, high pressure, high temperature press, refractory metals 
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Excellent Research Infrastucture - Aberration Corrected Transmission 

Electron Microscope Laboratory 
 

 

Description of the RI: 

New generation of aberration corrected electron microscope, the open laboratory of the Hungarian 

Materials Science. Sub-nanometer resolution in TEM imaging providing atomic arrangement and 

analytical (EDS) information on a few nanometer scale with the four EDS detectors built into the 

column. Elemental maps can be taken by EDS. Heating holder (with precise MEMS chip) and study of 

reactions inside the microscope. Helping the university teaching and partner in industrial development. 

 

Activitie s and Services: 

Research of thin films exploring the growth mechanism and properties. Materials science analysis using 

transmission electron microscopy (TEM). Sample preparation, atomic resolution images with a 

resolution below 0.1 nm in TEM mode thanks to the spherical aberration corrector built in. Several 

detectors in Scanning Transmission Electron Microscopy mode for example giving images in which the 

contrast is proportional with the (square) atomic number. Preparation of elemental maps taken by EDS 

detector based on characteristic X-Ray lines. Plan view and Cross sectional specimens, depth profiling. 

Determination of phases, failure analysis. Investigation of semiconductors, metals, insulators and 

alloys. 

 

Specification: 

FEI Titan THEMIS 200 200 kV aberration corrected TEM/STEM microscope with image corrector 

STEM modes: BF, DF, HAADF images 

4 SDD EDS detectors built into the column 

Image corrector energy spread: 0.8EV, information limit: 90pm, STEM resolution 164pm 

Specimen tilting in double tilt analytical holder:  X direction ± 35o, Y direction ±30o. 

Field emission gun 

CETA 16M camera 
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Excellent Research Infrastucture - Microsystems and Nanosensors 

Laboratories  
 

 

Description of the RI: 

The main tasks of the Departments and the RI are the research and development of physical, 

chemical/biochemical sensors and integrated systems:  

¶ Si Microtechnology with special emphasis on development of MEMS devices and related 

technologies, materials, structural and functional characterizations. 

¶ Development and fabrication of microfluidic systems, their application in new fields of medical 

diagnostics and lab-on-a-chip systems ï BioMEMS. 

¶ Sensor development with special emphasis on autonomous sensor systems, physical, chemical, 

mechanical, opical and thermal microsensors ï MEMS. 

¶ Development of semiconductor nanodevices, the sythesis and charactirization of quasi-one-

dimensional semiconducting nanostrucrures, their integratation into functional sensoric, 

optoelectronic and photovoltaic devices ï NEMS. 

¶ Development and small scale production of NIR LEDs of unique physical parameters 

 

Activities and Services: 

The Department runs two clean labs (300 m2 + 160 m2 ï Class 100-10000) comprising a complete Si-

CMOS processing line and a mask shop, unique facility in Hungary. The technology allows to 

manufacture layers, patterned structures and devices with line resolution of 1 µm by optical and down 

to å10 nm by e-beam lithography on 3ò and 4ò Si and glass wafers. Competences available as service 

for partners: 

¶ High temperature annealing, diffusion and oxidation; Rapid Thermal Treatment;  

¶ Low Pressure Chemical Vapour Deposition of poly-Si, SiO2 and Si3N4 layers;  

¶ Low Temperature Chemical Vapour Deposition;  

¶ Plasma Enhanced Atomic Layer Deposition;  

¶ Physical Thin Film Depositions ï Electron beam evaporation, DC and RF Sputtering;  

¶ Ion implantation; 

¶ Reactive Ion Etching, Deep Reactive Ion Etching; 

¶ Photolithography with back-side alignment and Nanoimprinting; 

¶ E-beam lithography; 

¶ Nanopatterning, deposition and etching by Focused Ion-Beam; 

¶ Wafer-bonding; 

¶ Wet chemical treatments; 

¶ Electro-chemical porous Si formation; 

¶ Liquid Phase Epitaxy of III-V compound semiconductors; 

¶ Mask design, laser pattern generator; 

¶ Polymer (PDMS, SU8, Polyimide) structuring by photolithography and micro-molding 

techniques, 

¶ Chip dicing, packaging especially for sensor applications; 

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

Microscopy, Electrochemical Impedance Spectroscopy, Stylus Profiler; 

¶ Electrical and functional modelling and characterization. 
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Key Figures of MFA 

 
 

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

slightly, but far from following inflation. The periodicity of large calls for 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 and last till the end of 2025. The government supports our research in ceramics, 

dedicated for the chips industry (CHIPCER). 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 grants gave legal stability for major research 

lines in our laboratories for 3-4 years, however, the prefinancing from the Hungarian grant office 

(NKFIH) stopped for the large projects, which causes noticable cashflow issues.  

 

MFA budget 2003-2024 (million HUF) 
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According to the Thomson-Reuters ISI "Web of Knowledge", and MTMT2 databases, the Institute 

has an average publication activity of ca. 120 scientific papers in IF journals a year (link). Recently 

MFA researchers tend to publish in journals with higher IF and the number of citations are constantly 

increasing. The total IF in 2024 was approx 610, the independent citations are over 7200.  

 

MFA and its predecessorôs publications and citations per year since 1998 

 

  

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

 

 

 

 

Levente TAPASZTÓ 
Prize of the Hungarian Academy of Sciences  

 

 

Katalin BALÁZS 
Academic title from the World Academy of Ceramic  

 

 

Marcell GAJDICS 
Young researcher award of the Hungarian Academy of 

Sciences 

 

Inna SZÉKÁCS MFA postdoc researchers prize 

 

András PÁLINKÁS 
MFA postdoc researchers prize 

 

 

Antal GASPARICS 
MFA prize for excellent research support 

 

 

János FERENCZ MFA prize for excellent research support 
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Lilia BATÓ 

 

MFA young researchers prize 

 

 

György KÁLVIN E-MRS Young researcher award 
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Highlights of the year 

 

 

The participants of the 14th International Conference on Ceramic Materials and Components for Energy and 

Environmental Systems (CMCEE14), Budapest 

 

 

The participants of the 36th EUROSENSORS Conference, Debrecen 



 

 
MFA Yearbook 2024  18 

 

 
 

 

Dr. Katalin Balázsi received the academic title from the World Academy of Ceramic (August 19, 2024) 

 

 

Dr. Levente Tapasztó got the Prize of the Hungarian Academy of Sciences 
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György Kálvin receives the E-MRS Young researcher award 

 

 
The Ultrabalaton trail running competition was completed by 2 teams and 10 members  

of the Microsystems and Nanosensors Laboratory  
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SCIENTIFIC REPORTS  
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Nanostructures Department  
 

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

 

 

Research Staff: 

Prof. László Péter BIRÓ, Member of the 

HAS  

Zsolt Endre HORVÁTH, D.Sc., Deputy 

Head of Laboratory 

Mátyás DABÓCZI, Ph.D. 

Gergely DOBRIK, Ph.D. 

Krisztián KERTÉSZ, Ph.D.  

Antal Adolf KOÓS, Ph.D. 

 Péter KUN, 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.  

Zoltán TAJKOV, Ph.D. 

Péter VANCSÓ, Ph.D. 

 

Students: 

Konrád KANDRAI, Ph.D. student 

Soma KESZEI, Ph.D. student 

Krisztián MÁRITY, Ph.D. student 

M§rton 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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Mapping all possible graphene stacking configurations by electronic 

Raman scattering 
 

TKP2021-NKTA-05, Élvonal KKP 138144, Lendület LP2024-17, NKFIH K 146156, PD 146479, 

FK 142985, 2022-1.2.5-TÉT-IPARI-KR 

 

A. Pálinkás, Z. Tajkov, K. Márity, P. Vancsó, L. Tapasztó, and P. Nemes-Incze 

 

 

After the isolation of monolayers of 2D materials, it was apparent that the stacking order of the 

subsequent layers can be tuned as a new degree of freedom to engineer the crystalôs physical properties. 

In natural graphite, the great majority of the layers are in hexagonal stacking, aka. ABAB sequence, 

and the ABC ordering, the rhombohedral phase only came up as stacking faults (Figure 1.1.a). This 

unusual stacking has gained prominence recently, as in thin layers with rhombohedral ordering 

superconductive, magnetic and Chern-insulating phases have been found. Importantly, this 

rhombohedral ordering is far more robust for exploring correlated phases, than the twisted graphene 

layers owing to the lack of twist angle inhomogeneity. Moreover, some combinations of partly 

rhombohedral and partly hexagonal ordered stacking sequences (as an example see Figure 1.1.c) are 

weak ferroelectric materials. 

 

Beyond the defect free hexagonal and rhombohedral stackings there is an exponentially increasing 

number stacking configurations, which are yet to be explored. To explore the correlated electronic 

phenomena in these stackings of graphite first and foremost we need to be able to identify them. Until 

now there were no fast and reliable methods to exactly determine a given sample ordering of 5+ layers. 

Last year, we showed the electronic Raman scattering (ERS) can be used to directly identify defect free 

rhombohedral graphite (RG) from 3 to 12 layers, and beyond [Ref.1.1.]. 

 

 
Figure 1.1  (a) Schematic structure of the perfect hexagonal and rhombohedral stackings of 5 layer 

graphite. (b) ERS signal of perfect rhombohedral 8 (orange) and 7 (blue) layers, and a mixed 

stacking (green) in an 8-layer thick stack. The first order peak in the ERS signal is at 3328, 3586 

and 4005 cmī1, respectively. (c) Structure of the identified mixed stacking, green ERS signal on 

(b). 

 

This year we started to extend this method to every possible (mixed) configuration by predicting 

their ERS peaks by tight-binding calculations. We successfully identified various mixed stackings 

experimentally. This is particularly challenging because the number of possible stacking configurations 

grows exponentially with layer number.  
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Figure 1.2 Calculated ERS peak energies in every possible stacking sequence of graphene layers up 

to 15 layers. The size and color of the circles corresponds to the relative ABC stacking content 

(ñabcnessò) of the given sequence. Experimentally identified perfect RG stacks of 3-12 layers 

marked with red, and the mixed stackings with purple triangles. 

 

The ERS process is an inelastic scattering event of photons, in which the photon loses energy solely 

due to electronic excitations of the given crystal, following specific selection rules determined by 

symmetry, without involving lattice vibrations (phonons). Despite being of very small probability, this 

process enables us to map the high density of states points in the electronic dispersion relation of various 

graphite structures. By tight-binding and subsequent ERS calculations we were able to predict the ERS 

signal of every possible layer sequence. For example, in the case of N=15 layers we examined 4160 

configurations and more than 8300 in total. Whereas the hexagonal graphiteôs ERS spectrum is rather 

featureless, full or partial rhombohedral ordering results in peaks in the ERS spectrum. We 

demonstrated the validity of the calculations by experimentally identifying the structure of mixed 

stackings in the 6- and 7-layer system and narrowing down to a few candidates in the 8 and 9 layer case.  

 

We have shown that the ERS process can directly fingerprint not only the perfectly stacked 

rhombohedral graphite, but also mixed stackings. This method offers the capability to unambiguously 

identify specific graphite stackings, thereby facilitating their detailed examination. Since rhombohedral 

graphite is one of the simplest crystals exhibiting strong electronic correlations, these findings could 

play a crucial role in advancing our understanding of the rich physics associated with electronic 

correlation phenomena.  
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Biomimetic hydrogen evolution with 2D MoS2 crystals  
 

Élvonal KKP 138144, Korea-Hungary bilateral TÉT-IPARI-KR-2022-00006, TKP2021-NKTA-05 

 

S. Keszei, P. Vancsó, G. Dobrik, A. Koós, M. Németh, J.S. Pap, L. Tapasztó 

 

 

Electrochemical hydrogen production can only be a possible alternative for hydrogen production if 

low-cost and efficient electrocatalysts are prepared. In the pursuit of new catalysts, it is beneficial to 

explore natural hydrogen production systems and take inspiration from their mechanisms. 

Hydrogenases are a class of metalloenzymes, that play crucial roles in the metabolism of certain 

microorganisms and well-known for their activity in hydrogen evolution reaction (HER), although no 

noble metals can be found in the active sites.  

 

MoS2 is considered a suitable catalyst in HER, reasoning that the edge-site sulphur atoms behave 

similarly to the bridge-positioned ones, found in hydrogenase and nitrogenase enzyme models. This 

resemblance may be used to build bioinspired catalysts by chemical modification of the basal plane 

sulphur atoms of MoS2. Recently, we have shown that heteroatoms in the vicinity of metal centres can 

fundamentally influence the performance of biomimetic organoiron catalysts. In this work we present 

a convenient method to fabricate Mo-S-Fe structural moieties by combining a selected iron complex 

with the basal plane of MoS2, thus creating highly active catalytic sites with atomic configuration 

mimicking those that can be formed at the edges. 

 

 
Figure 1.3 DFT structure of iron(III) complex anchored to a basal plane S atom of the 2D MoS2 

crystal (left). Experimental evidence for the presence of the iron(III) complex on the MoS2 surface 

STM (right) 

 

MoS2 basal plane is generally considered rather inert towards chemical functionalization, however 

the weak nucleophilic character of the surface sulphur atoms enables to react with electron-rich reagents 

(eg.: organic halides, diazonium salts or maleimide derivatives) to form covalent bonds. It is also known 

that these sulphur atoms can act as electron donating ligands towards metal ions. We exploited this 

feature of basal plane sulphur atoms in few-layer MoS2 nanostructures, utilizing them as binding sites 

for the immobilization of an iron(III) complex with the structurally rigid and redox-mediating 1,3-

bis(2ô-thiazolylimino)isoindolinate(ī) (thia-BAIī) ancillary ligand. The complex is attached to the MoS2 

by a coordinative bond between the surface sulphur atom and the Fe(III) centre, resulting Mo-S-Fe 

structural motifs. DFT-optimized geometries suggest high-spin tetrahedral iron(III) species, in 

consistence with the experiments. The Fe(thia-BAI) could be detected on the surface by IR and Raman 

spectroscopy, as well as XPS. STM confirmed the presence and stable binding of Fe(thia-BAI) moieties 

on the surface, corroborating with the DFT-derived DFT-derived adsorption energy of 1.6 eV (Figure 

1.3). 
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The catalytic properties in HER of the novel hybrid materials were also investigated. Polarization 

curves (Figure 1.4.a) reveal an enhanced catalytic activity of the iron-decorated MoS2, revealing a Tafel 

slope of 152 mV/dec. Surface modification resulted in a drastically lowered overpotential (from 1.24 to 

0.2 V) and an increased turnover frequency for the HER. Constant potential electrolysis at the higher, 

as well as the lower overpotentials resulted an increased amount of hydrogen production with high 

Farradic efficiencies (91.2 and 83% for ɖ = 1.54 and 0.2 V, respectively, Figure 1.4.c). EIS analysis 

showed a substantially decreased charge transfer resistance (Rct), compared to the bare MoS2 sample 

(Figure 1.4.d) and suggested multiple charge transfer processes taking place parallel during the catalytic 

reaction of the modified MoS2 sample. 

 

 
Figure 1.4 (a) HER polarization curves of MoS2/Fe(thia-BAI)@MoS2/ Fe(thia-BAI)@HOPG and 

HOPG in 0.1 M NaClO4 (b) Tafel plots of of MoS2/Fe(thia-BAI)@MoS2/ Fe(thia-BAI)@HOPG 

and HOPG in 0.1 M NaClO4 (c) Gas chromatogram of derected hydrogen after 1 hour of constant 

potential electrolysis (ɖ = 1.54 V) (d) EIS responses at the overpotential of 1.14 V  

 

It is well-known feature of MoS2 that the catalytically relevant sites are the edge site sulphur atoms, 

however, based on our findings, the confinement of iron coordination compounds to the surface can 

lead to the establishment of new active sites for catalysis, therefore the activation of the basal plane of 

MoS2. Based on our results, other transition metals with various organic ligands, bound to the MoS2 

surface are feasible, enabling the precise tuning of the chemical structure and behaviour of the resulting 

active sites, that may be the subject of our further research. 
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Engineering strain in MoS2 monolayers using gold nanoparticles 
 

OTKA K 134258  

 

Z. Osváth, A. Pálinkás, Gy. Molnár, P. Kun, A. A. Koós 

 

 

The study of strain-induced effects in monolayer molybdenum disulfide (MoS ) is essential for 

tailoring its physical properties. For example, tensile strain can significantly reduce the direct bandgap 

of MoS2 monolayers, which can enhance photogenerated charge carriers in photodetectors. In this work 

we applied gold nanoparticles (NPs) to induce local strain in MoS2 monolayers. A thin gold film, with 

a nominal thickness of 15 nm, was first deposited onto a Si/SiO  (285 nm) substrate, followed by the 

mechanical exfoliation of MoS  onto the gold-coated surface (Figure 1.5.a and Figure 1.5.b). The 

sample was subsequently annealed in an electric furnace at 400 °C under an argon atmosphere. During 

the annealing process, the gold film restructured into flat NPs exhibiting lateral dimensions on the order 

of several hundred nanometres and heights typically ranging between 50 and 100 nm (Figure 1.5.c). 

 

 
Figure 1.5 (a) Optical microscopy image of MoS2 layers exfoliated on thin gold film. (b) AFM 

topography measured on the area marked with black square in a), showing two overlapping MoS2 

monolayers. (c)-(d) AFM topography and phase images measured simultaneously on the same 

area as in b) after annealing at 400 °C, showing that the thin gold film transformed into 

nanoparticles. The region with phase values > 15 degrees (light toned) corresponds to bare Au 

NPs on the SiO2 substrate, while the region with values < -10 degrees (dark toned) corresponds to 

a double layer (overlapped monolayers) suspended on the gold NPs. Suspended monolayer parts 

are marked with ellipses in c)-d). 
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The AFM measurements showed that the MoS2 monolayers do not cover perfectly the SiO2 substrate 

and the Au NPs. There are extended regions where the MoS2 monolayers are suspended between Au 

NPs (see for example the region marked with ellipses in Figure 1.5.c and Figure 1.5). 

The annealed samples were investigated by confocal Raman spectroscopy using excitation laser of 

488 nm with power of 0.5 mW and beam diameter of å1 Õm2. Raman maps were recorded in areas that 

were already characterized by AFM (shown for example in Figure 1.5) to study the space dependence 

of the MoS2 A1g and E1
2g modes. The analysis of Raman maps revealed areas with reduced A1g and E1

2g 

peak frequencies (data presented with blue symbols in Figure 1.6). Comparing the Raman maps with 

the AFM topographic images we found that these spectra correspond to the MoS2 monolayer parts 

suspended between Au NPs. 

 

 
Figure 1.6 Correlative plot of Raman A1g and E1

2g peak frequencies showing the peak positions 

measured on MoS2 monolayers covering the nanoparticle-decorated SiO2 substrate (green 

symbols), and on MoS2 monolayers suspended between Au NPs (blue symbols). The corresponding 

averages are marked with black and red symbol, respectively. The slopes denoting strain (black 

line) and doping (red line) are also plotted. The yellow symbol indicates the reference values of 

undoped and unstrained MoS2 monolayer. 

 

The correlative analysis of the A1g and E1
2g peak frequencies (Figure 1.6) demonstrated significant 

strain in the MoS2 monolayer regions suspended over Au NPs. The local strain in these suspended areas 

ranged from 0.38% to 1.26%, with an average strain of 0.73% and n-type doping of 1.24×1013 cm-2. In 

contrast, the MoS2 regions conformally coating the nanoparticle-decorated SiO2 substrate exhibited 

lower average strain and doping levels of 0.18% and 0.86×1013 cm-2, respectively.  
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Photocatalytic bioheteronanostructures by integrating multicomponent 

Cu2O-Au nanoparticles into ZnO-coated butterfly wings colored by 

photonic nanoarchitectures 
 

OTKA PD 142985, TKP2021-NKTA-05 

 

G. Piszter, K. Kertész, G. Nagy, D. Kovács, D. Zámbó, Zs. Baji, J. S. Pap, and L. P. Biró 

 

 

A systematic study is reported on biotemplated heteronanostructures produced by coating blue-

colored male Polyommatus icarus butterfly wings using ZnO thin films and depositing hybrid 

nanoparticles (NPs) from the Cu2OïAu heteronanostructures family. The resulting composite material 

is designed to enhance the efficiency of photocatalysis using the visible part of the solar spectrum. The 

effect of various NPs (Cu2O octahedra, Cu2O octahedra with Au nanograins grown on their facets, Cu2O 

octahedra with a centrally incorporated Au nanorod, and spherical Au NPs) was thoroughly tested and 

compared (Figure 1.7). 

 

 
Figure 1.7 Morphology of the used NPs: (a) SEM image of Cu2O NPs; (b) SEM image of Au@Cu2O 

NPs, note in the right lower corner inset the rough surface of the facets due to the Au nanograins 

grown on the Cu2O NPs; (c) and (d) two Au NPs shown in high-resolution TEM images; (e) TEM 

image of AuR@Cu2O NPs, note the contrast difference due to the Au nanorod inside the Cu2O 

octahedra; (f) HAADF image; (g) Cu, (h) O, and (i) Au distribution of a AuR@Cu2O NP 

measured with EDS, scale bars: 5 nm; and (j) TEM image of spherical Au NPs. 
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Cu2O has the advantage of being abundant, environmentally safe, and minute amounts of Au can be 

efficiently used to tune its properties. Au decoration of the Cu2O NPs can enhance their structural 

stability even during long-time light exposure in aqueous environment. When aiming at environmental 

protection applications, and water remediation in particular, the immobilization of the NPs on an 

appropriate substrate is of great importance. Due to their complex hierarchical structure from tens of 

nanometers to centimeters, butterfly wings are particularly well suited for this purpose and an important 

question is to what extent and in which ways the properties of the hybrid photocatalytic NPs are affected 

by the interaction with such substrates. 

 

 
Figure 1.8 Schematic sample structure (a) without or (b) with ZnO adlayer; (c) average reaction 

rates after three consecutive photocatalytic tests on reference samples (orange), samples without 

post-deposition of 5 nm of ZnO (green), and samples with post-deposition of 5-nm ZnO (purple) 

after the deposition of the NPs. 

 

We used butterfly wing-based substrate i) to immobilize the NPs, ii)  to provide increased contact 

surface between the solute and the photocatalytic surface, and iii ) to exploit structural complexity by 

using the hierarchical nanoarchitecture. The chemical and plasmonic complexity are provided by the 

conformal ZnO adlayer and the deposited NPs used for doping. After the deposition of the different 

NPs, the photocatalytic performance of the samples under visible light illumination was tested by the 

photodegradation of methyl orange dye in aqueous solution monitored continuously by an immersion 

probe. It was found that the components of the biological hetero-nanoarchitecture, ZnO-coated wings 

and wings without ZnO with deposited NPs (Figure 1.8.a), exhibited poor catalytic performance. But 

the combined system, ZnO-coated wings with NPs deposited onto them (Figure 1.8.b), exhibited a 

sixfold to eightfold increase in their catalytic performance (Figure 1.8.c). This increase is attributed to 

the extension of the ZnO absorption into the visible range and to the formation of the heterojunction 

between the n-type ZnO and the p-type Cu2O NPs which resulted in the charge transfer of the 

photogenerated carriers. As the samples exhibited good stability under the continuous magnetic stirring, 

they can be used in real-world applications as prototypes, e.g., in flow-through systems suitable for 

wastewater remediation using sunlight illumination. 
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Head: Dr. Peter PETRIK, D.Sc., scientific advisor 
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Miklós Fried, D.Sc., Head of Ellipsometry 
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András Deák, Ph.D., Head of Chemical 

Nanostructures Laboratory 

Antal Gasparics, Ph.D. 

Zoltán Lábadi, Ph.D. 

Norbert Nagy, Ph.D. 

Boglárka Nyerges 
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Dániel Zámbó, Ph.D. 

Géza Szántó, Ph.D. 
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Tivadar Lohner, D.Sc., Prof. Emeritus 
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Students: 

Noor Taha Ismael, Ph.D. student 

Noémi Jakab, 

Dávid Kovács, Ph.D. student 

Deshabrato Mukherjee, Ph.D. student 

Berhane Nugusse, Ph.D. student 

Máté Podráczki 

Alekszej Romanenko, Ph.D. student 

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 2024 (detailed summaries of the research results 

can be found in the following project descriptions): 

Å Creation of multicomponent, multi-metal nanoparticles for optoelectronic, photocatalytic, and 

electrocatalytic applications 

Å Investigation of the formation and properties of metalïsemiconductor and copper oxide shell-

structured nanoparticles 

Å Advancement in the industrial application of solidïliquid adhesion work 

Å Further development of Makyoh topography evaluation using the Schlieren setup, and by 

comparing the rear-side visual image with the front-side projected image 

Å Development of an in-situ investigation method for studying the electrochromic properties of 

combinatorial TiOïSnO  layers 

Å Combinatorial deposition of metal oxides for electrochromic applications 

Å Development of sputtering techniques for the fabrication of gallium oxide and aluminum 

oxynitride layers 

Å Qualification of sensor-targeted layers using simultaneous ellipsometric and electrochemical 

methods 

Å Microscopic ellipsometer patent from a proof-of-concept grant 

Å Development of materials for nuclear applications 

Å Formation and sensoric properties of combinatorial plasmonic nanoparticles 

Å Dániel Zámbó received the EK Youth Award 

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

application 
 

OTKA FK 142148 

 

D. Zámbó 

 

 

In general, platinum has been considered as one of the best ï or even the best ï electrocatalyst in 

hydrogen evolution reaction and fuel cell-related reactions. The main challenge in this field is to reduce 

the use of this precious metal, however, its total exclusion is not a technically promising concept. In 

contrast, partial substitution of Pt with other elements, such as Pd opened new ways in the preparation 

of nanocatalysts. Electronic properties, resistance against CO poisoning, oxophilicity as well as C-C 

bond cleavage can be positively modified by adding palladium to the systems containing reduced 

amount of Pt. 

 

In this work, a novel electrode preparation concept called cryogelation was employed to fabricate 

nanocrystal gel structures from mixed Pd and Pt colloidal solutions. Prior to the gel formation, Pd and 

Pt nanoparticles (diameter of 6.2 and 3.8 nm) were synthesized in aqueous medium. Based on the 

important findings regarding the correlation between the gelation parameters and the gel structures in 

the recent years, pure and mixed Pd/Pt cryogels were prepared by freezing the colloidal solution in 

isopentane medium (at -160 °C) after drop-casting onto the substrate. This had a positive impact both 

on the attachment and stability of the porous gel network on the conductive ITO substrate as well as on 

its pore structure (Figure 2.1). [Ref.2.1] 

 

 
Figure 2.1 Structure of the cryogel electrode on ITO and its dendritic, open-pore structure (a,b). 

Elemental mapping proving the homogeneous distribution of the small Pd and Pt nanoparticles 

(c). [Ref.2.1] 

 

Cryogel structures were characterized by scanning and transmission electron microscopy as well as 

their exact compositions were determined by atomic absorption spectroscopy. Mixing of the colloidal 

solutions were prepared in different Pt:Pd ratios: 1:0, 1:1, 1:2, 1:4 and 0:1. A new approach further 

increased the applicability of the cryogels: the frozen gel structures were stored in liquid nitrogen 

overnight and then thawed in the electrochemical cell without freeze drying. Thus, the gels can be 

transferred to the cell in the form of cryohydrogels, which have the same structure and composition as 

their dried counterparts. The thickness of the cryogels have a profound impact on the structural and 

catalytic properties, hence it was also optimized during the preparation process just like the 

concentration of the ethanol. The catalytic performance of the structures was investigated in a three-

electrode configuration using the ITO-supported gels as working electron in the electrooxidation of 

ethanol (EOR). The measured mass activity highly depended on the mixing ratio of the initial metal 

colloidal solutions and the highest value belongs to the Pt:Pd=1:4 mixing ratio (345 mA/mg). 

Overpotential of the ethanol oxidation decreased with increasing Pd content. The catalytic activity of 
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all bimetallic cryogels over performed that of the pure metal (Pd or Pt) gels which justifies the use of 

the mixing approach to increase the performance of the gel networks (Figure 2.2). 

 

 
Figure 2.2 Cyclic voltammograms of the cryogels as a function of the mixing ratio (a). Summarized 

results on the EOR mass activities of the synthesized model systems (b). [Ref.2.1]  

 

Comparing the mass activity of these novel mixed noble metal cryogels with the previously reported 

ones revealed that Pd/Pt mixed nanocrystal cryogels show higher activity than Pt/ɔ-Fe2O3, Pd/ɔ-Fe2O3, 

monometallic Pd and PtxPdy alloys. Nevertheless, the performance might be able to be further boosted 

by incorporating a third metal (e.g. Au or Ag) into the gel matrix. This study showed the importance of 

multielemental synergy in gel structures and offered a simple and straightforward preparation method 

for multicomponent metal working electrodes. The work was published in ChemElectroChem. [Ref.2.1] 
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Porous tetrametallic nanorods for catalytic applications 
 

OTKA FK 142148, TKP2021-NKTA-05 

 

D. Kovács, Gy. Z. Radnóczi, Zs. E. Horváth, A. Sulyok, I. Tolnai, A. Deák, D. Zámbó 

 

 

Noble metal (especially Au, Pd, Pt and Ir) nanoparticles are widely used in various applications in 

the field of optics, sensing and catalysis. Although platinum is one of the benchmark catalysts for 

hydrogen evolution and water splitting, the use of precious metals is intended to be reduced in the recent 

decade. A promising strategy to decrease the amount of noble metals used as catalyst is (i) to prepare 

nanoparticles with highly accessible surface sites and (ii)  to combine more than one metal into a 

multimetallic system. Synergistic properties between the elements are able to extend the functionalities 

of the synthesized nanocatalyst by altering the electronic properties of the incorporated metals. 

Moreover, preparation of porous nanoparticles with proper morphological control enables achieving 

significantly higher surface area, where interfacial catalytic transformations can take place. 

 

Integration of more than two metals into a tailored nanoparticle matrix is a synthetic challenge. 

Reduction potentials determine the elemental structure of the built-up nanoparticles, while the direct 

contact between the metals has an impact on the overall electronic properties. Our aim was to utilize 

the multielemental synergy in tetrametallic nanoparticles consisting of a gold nanorod core and a 

trimetallic PdPtIr shell. To enhance the specific surface area of the particles, the shell was constructed 

to be micro- and mesoporous (Figure 2.3). 

 

 
Figure 2.3 TEM-EDX elemental maps of the Au@mPdPtIr nanorods (left), and the catalyzed test 

reaction on the surface of their porous shell (right). [Ref.2.2] 

 

We demonstrated that the conditions of the particle synthesis (i.e. pH, temperature, order of 

chemical additions, micellar template) are critical for ensuring the robust preparation of the particles 

with excellent shape, size and elemental uniformity. The multielemental composition and the position 

of the Fermi levels of the metals ensure the formation of a negatively charged particle surface which 

was found to be active in various catalytic reactions such as N-demethylation, nitro group reduction and 

ethanol electrooxidation. Nanocatalyst electrodes were successfully fabricated by depositing the porous 
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particles onto a conductive substrate in a straightforward manner at room temperature. The 

multimetallic nanoparticles possess outstanding morphological stability and reusability in the 

investigated test reactions. The particles can act as catalyst in p-nitrophenol amination, methylene blue 

degradation reaction, as well as in a direct liquid fuel cell-related application (ethanol electrooxidation, 

EOR). For the former, the particles contributed in the preparation of OH radicals, while in the latter, 

electrodes with low catalyst loading enabled the decrease of the overpotential in alkaline medium. 

 

 
Figure 2.4 Performance of the porous tetrametallic nanorods in p-nitrophenol to p-aminophenol 

conversion (a), N-demethylation of methylene blue dye (b) and EOR (c).[Ref.2.2]  

 

The work was selected as the ñPublication of the monthò by the Hungarian Academy of Sciences ï 

VII. Section of Chemical Sciences in March, 2024. The paper was published in Small as a part of the 

Hot Topic: Mesoporous materials. [Ref.2.2] 
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Enhancing the catalytic activity of multimetallic nanoparticles by 

symmetry breaking 
 

OTKA FK 142148, TKP2021-NKTA-05 

 

A. S. Omondi, D. Kovács, Gy. Z. Radnóczi, Zs. E. Horváth, I. Tolnai, A. Deák, D. Zámbó* 

 

 

The library of noble metal nanoparticles has been expanded in the recent decade by elaborating 

their synthesis in numerous morphology such as spheres, rods, prisms, octahedra, stars and bipyramids. 

Symmetry breaking (i.e. preparation of anisometric particles) enables the tuning of their optical 

properties and catalytic activity due to the presence of crystal planes with different surface energies. 

Complementing this strategy with the integration of various noble metals as well as with improved 

accessibility of surface sites by preparing porous metal particles can further enhance their catalytic 

performance in heterogeneous catalysis and electrocatalysis. 

 

The work aimed for the robust synthesis of tetrametallic Au@PdPtIr (core@shell) nanoparticles with 

excellent morphological purity to monitor the effect of the core morphology on the optical and catalytic 

properties. Proper synthetic control and symmetry breaking procedures during the particle growth 

ensured the preparation of novel porous tetrametallic nanocatalysts with spherical, rod-shaped, prism-

shaped, octahedral and bipyramidal morphology (Figure 2.5). 

 

 
Figure 2.5 Schematics on the synthesis and application of morphologically-controlled tetrametallic 

nanoparticles. [Ref. 2.3]  

 

Spherical and symmetry-broken gold nanoparticles cores where post-synthetically covered by a 

trimetallic (PdPtIr) porous shell to obtain the different model systems. As a key novelty, the work 

intended to compare the catalytic performance of such model systems by keeping the volume of the 

seed particle, the composition of the shell as well as the surface chemistry and catalyst loading identical. 

Tetrametallic nanoparticles possess highly negatively charged surfaces due to the intraparticle charge 

transfer. Dispersed nanoparticles were used as catalyst in p-nitrophenol conversion in aqueous medium 

without applying external trigger (e.g. heat or light). Moreover, electrodes were fabricated by depositing 

the particles onto glassy carbon electrode (GCE) to compare their activity in alcohol and formic acid 

oxidation reactions (direct liquid fuel cell-relevant model reactions). Electrode preparation neither 

involved binding agent nor Nafion as additive, thus, it is a clean and straightforward procedure. All 

particle types catalyzed the model reactions, however, symmetry-broken morphologies performed 

significantly better (Figure 2.5). This can be attributed to the higher electrochemically active surface 

areas as well as the presence of different facets on the gold cores. 
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Figure 2.6 Synthesized model systems with different morphologies and their elemental maps (top). 

Performance of the particles in 4-nitrophenol degradation and electrooxidation according to their 

shape. [Ref.2.3]  

 

Importantly, all tetrametallic particles significantly outperforms their monometallic counterparts 

highlighting the importance of proper compositional control and the intraparticle charge transfer upon 

constructing multielemental particles. These novel nanocatalysts show excellent morphological 

robustness down to the fine structural level. This work sheds light on the correlation between the 

morphology and the application potential underlining the importance of the proper selection of the 

particle shape for a specific catalytic reaction. This study was published in Nanoscale of the Royal 

Society of Chemistry as an invited paper. [Ref.2.3] 
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The growth and structure of cuprous oxide shell of gold nanoprisms 
 

TKP2021-NKTA-05, OTKA FK 142148 

 

D. Zámbó, D. Kovács, A. Deák 

 

 

Hybrid nanostructures derived from semiconductors and noble metals can show improved charge 

generation and separation properties, that are useful for various catalytic and optoelectronic 

applications. The combination of cuprous oxide (Cu2O) with gold is especially interesting, as such a 

nanostructure unites the earth-abundance of copper with the outstanding stability and inertness of gold, 

whereas Cu2O is a p-type semiconductor with its optical band-gap located in the visible wavelength 

range. Additionally, both materials can be used to prepare size and shape controlled nanoparticles via 

wet-chemical synthetic routes. In one of our earlier works we have shown that separation and 

localisation of photogenerated charge carriers in a Cu2O/gold heteroparticles depend heavily on the 

morphology of the particles [Ref 2.4]. Up to now, various shapes of Cu2O/gold core/shell nanoparticles 

have been reported in the literature, where as a general rule the gold core morphology was matching 

the symmetry of the Cu2O shell grown around the particles. 

 

In our recent work we were investigating in detail how cuprous oxide shells can be grown on prism 

shaped gold nanoparticles [Ref.2.5]. As there is an inherent mismatch between favoured crystal 

structure and she shape of the gold core, the evolution of the deposited shellôs structure was investigated 

in detail. 

 

High-purity gold nanoprisms were obtained by wet-chemical synthesis and depletion-interaction 

mediated post-synthetic purification process. The cuprous oxide shell growth was carried out in alkaline 

aqueous media from CuCl2, using either hydrazine or hydroxylamine as reducing agent. Both reducing 

agents are known from the literature to be able to deliver Cu2O/Au core/shell nanoparticles, but 

hydrazine is a stronger reducing agent usually leading to shell formation with faster kinetics. To 

characterize the morphology and optical properties of the particles, electron microscopy (SEM, TEM), 

an optical spectroscopy was employed. To obtain more detailed information about the development of 

the cuprous oxide shell morphology, the growth reaction was deliberately quenched at different time 

instances and correlative electron microscopy/single nanoparticle spectroscopy experiments were 

carried out. 

 

 
Figure 2.7 TEM images and elemental map of the Cu2O/Au nanoparticles prepared suing hydrazine 

as reducing agent (a). TEM and SEM pictures of the particles when hydroxylamine was 

introduced to initiate the shell growth (b). 
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Both hydrazine and hydroxylamine are able to produce core/shell type particles (Figure 2.7), but 

there is an inherent difference between the shell structures. While hydrazine results in twisted slab-like 

Cu2O coating, where the slabs run parallel to the flat planes of the gold nanoprisms, hydroxylamine 

produces a multi-grain shell, which (especially on the SEM images) features a complex 3D structure. It 

can be inferred, that while hydrazine induces the shell growth on the prismsô face region, for 

hydroxylamine the shell deposition starts in the curved regions of the core particles (tips and edges) and 

as the reaction commences, it transforms into the observed complex 3D structure. This would also imply 

that some degree of region-selective growth takes place in the presence of hydroxylamine. This has 

been investigated in detail and confirmed by looking at the time-evolution of the optical and structural 

properties of the core/shell particles. The spectra recorded during the growth show a fast shell deposition 

(Figure 2.8.a), and the 2D projection in the TEM indicate a multi-crystalline, but conformal shell growth 

with some structural inhomogeneity developing at later stages (Figure 2.8.b). From the SEM image 

(Figure 2.8.c) it is also obvious that in reality the shell starts to grow at the tips and edges of the particles, 

and the faces are covered only at later growth stage. This leads to a complex 3D shell morphology 

observed at the final stages of the growth (Figure 2.7.b). 

 

 

 
Figure 2.8 Ensemble optical spectra of the nanoprisms during the Cu2O shell growth using 

hydroxylamine in the first 90 seconds (a). The time-evolution of the shell morphology as observed 

in TEM (b). Correlative SEM/single-particle spectroscopy of the particles as a function so shell 

growth time (spectra have been vertically shifted for clarity) (c). 
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Determination of solid-liquid adhesion work in a direct and absolute 

manner by the Capillary Bridge Probe 

 

OTKA FK 128901, TKP2021-EGA-04 
 

N. Nagy 

 

 

The need of the determination of solid-liquid adhesion work is as old as Dupr®ôs definition of the 

reversible work of adhesion. In addition to its scientific importance, this quantity is a critical factor 

affecting product quality and performance in many industrial fields. In general, it plays crucial role if 

the liquid should completely cover a solid surface (e.g. coatings, paints, inks, lubricants, adhesives, 

pesticides) or, on the contrary, the liquid should not remain on the surface at all (liquid repellency, anti-

icing, etc.). 

 

According to Dupr®ôs definition, the adhesion work is the reversible thermodynamic work required 

to separate unit area of two phases in contact. Applying this definition to solid and liquid phases, the 

solid-liquid adhesion work (Wa) can be written as 

ὡ ḳ‎ ‎ ‎   (1) 

where ɔLV is liquidôs surface tension, ɔSL is solid-liquid interfacial tension, and ɔSV is the surface free 

energy of the solid. The last two quantities cannot be measured directly. However, their difference is 

included in the Young equation, which describes the condition for equilibrium of the contact line at the 

solid-liquid-vapor interface: 

‎ ‎ ‎ ϽÃÏÓ‮ π   (2) 

where ᵻ  is the contact angle at the contact line. The combination of these two equations eliminates the 

unknown difference term and results in the YoungïDupré equation: 

ὡ ‎ Ͻρ ÃÏÓ(3)  ‮ 

which relates the measured contact angle to adhesion work. Traditionally, the work of solid-liquid 

adhesion has been determined through the measurement of contact angle. This contact angle based 

approach is very convenient and effective, however, it raises several theoretical and practical questions. 

 

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

of the change of bridge length that is as a function of the vertical displacement of the cylinder. 

This work is only spent on changing the interfacial areas, if gravitational force is negligible. During 

approach and retraction, both the area of the liquid-vapor interface (A) and that of the solid-liquid 

interface (B) change. Consequently, the energy balance can be written as 

Ὂ᷿ᴆὨᾀᴆ ЎὃϽ‎ ЎὄϽ‎ ‎  (4) 

where Ὂ ᴆ is the measured capillary force, ᾀ ᴆ is the displacement of the cylinder, ȹA is the change of 

interfacial area between the liquid and vapor phase, and ȹB is the area change between the solid and 

the liquid, see Figure 2.9. (The value of ȹA and ȹB are also dependent on the start and end points of the 

interval (z-range), over which the integration is performed.) 

After rearranging Equation (4), the difference term in the bracket can be expressed as: 

‎ ‎
᷿  ᴆ ᴆ Ͻ

Ў
. (5) 

 

One can substitute this experimentally otherwise unattainable term into the definition of adhesion work 

(Eq. (1)). Furthermore, considering that the net force and the displacement have only z-component, the 

vector notation can be omitted.  

This resulting formula gives the value of the solid-liquid adhesion work without the need of including 

any contact angle in the equation: 

ὡ ‎
᷿  ЎϽ

Ў
. (6) 
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Figure 2.9  (a) Schematics of the measurement steps. The liquid bridge is formed from a pedant 

drop. The contact line advances and recedes on the investigated surface, as the bridge length is 

decreased and then increased. During the length change, the image of the liquid bridge is 

captured and the capillary force is measured. The z axis is the axis of cylindrical symmetry. (b) 

Capillary force as a function of the bridge length measured on a hydrophilic (Si3N4) surface. The 

insets show captured images of the water capillary bridge. The diameter of the cylinder is 2 mm. 

 

Integration between the start and end points of approach and retraction gives the mechanical work 

done in the advancing and receding phases, respectively. The change of interfacial areas can be 

determined by simple image analysis in cylindrically symmetric case. Therefore, the solid-liquid 

adhesion work can be calculated according to Equation (6) for both the advancing and receding contact 

lines. 

 

In conclusion, there is a century-old need for directly measured adhesion work values. The method 

determines the solid-liquid adhesion work directly and both for advancing and receding scenarios 

without any model assumptions. In advancing situation, the adhesion work quantifies the driving force 

behind spreading, while it gives the work required to remove the liquid from a unit of solid surface in 

receding case. The presented method provides an absolute, thermodynamic quantity, hence it is 

insensitive to the measurement parameters, and furthermore the resulting values can be used directly 

for further calculations, e.g. in the various surface free energy models. The method can be applied easily 

using commercial tensiometers equipped with an optional commercial camera module or with a 

laboratory-built one. [Ref.2.6-Ref.2.8] 
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Non-destructive techniques are important methods to use during all stages of the thin film processes. 

Spectroscopic Ellipsometry (SE) is one of such methods. SE is 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. 

 

The purpose of this work is to make a well calibrated prototype optical mapping tool for thin film 

measurements using only cheap parts such as an LCD monitor and a pinhole camera [1-3] with CMOS 

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

in Figure 2.10. Our arrangement shows similarity to the solution of Bakker et al [Ref.2.12], using a 

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

 

During the conventional ellipsometric mapping, the data collection is relatively slower and use a 

scanned small spot, while our new optical mapping tool from cheap parts measures a big area in one 

shot. Specifically, in this paper the special focus is on a newly developed calibration method. The 

thickness map result is independently cross checked using a commercial Woollam M2000 ellipsometer 

and the agreement is within 1 nm, which makes our optical mapping tool a good candidate for industrial 

purposes. 

 

We know two industrial systems which are capable to measure big (square meter size) samples: 

Semilab FPT system (https://semilab.com/hu/product/799/fpt) and the Woollam AccuMap 

(https://www.jawoollam.com/download/pdfs/accumap-se-brochure.pdf) system. Both systems use 

ñtraditionalò SE device (100 kUSD price) in special big moving/scanning system, measuring point-by-

point the big samples. The Woollam brochure writes that "Data Acquisition Rate: < 6 seconds per point 

(includes time for movement to new point, automated alignment, and data collection)" so it can measure 

one big area during several 10 minutes. Our system can measure within seconds during one shot. The 

new concept of the non-collimated beam ellipsometer prototype is set up as shown in Figure 2.10 

 

A LED-LCD monitor (or a TV), see Figure 2.10.a (C) serves as a polarized RGB colored light 

source for the built-in polarizer sheet, number 4 in Figure 2.10.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 Figure 2.10.a (A) and in Figure 2.10, 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. 
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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. 

 

 
 

 
Figure 2.10  (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) 
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a)    b)    c) 

Figure 2.11 Schematic structure of a 2/3 inch Sony CMOS Pregius Polarsens sensor (IMX250MZR) 

a). Camera sensor b). Polarizer array matched to detector pixels c). Unit cell (Super pixel) 

 

Minimum 3 different analyzer positions are 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 Figure 2.11.b and Figure 2.11.c. The main advantage of the assembly is 

that no moving parts in the system!). 

 

It is a common scientific practice to check any device or a setup for an accuracy and precision and 

trying to correct any errors or malfunctions on the setup through calibration and comparing with other 

corresponding standard models. Accordingly, a direct monitor measurement is taken in our setup and 

we noticed, rather confirmed, that we need error correction and calibration of the experiment setup. 

 

 
Figure 2.12 Schematic drawing of the direct ellipsometric measurement of monitor. 
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Figure 2.13 3D experimental results of tan ɣ and cos ȹ values for each color from the direct monitor 

measurement. Note that the x and y-axes of our figures represent the pixel group in the sample, 

51x32 and the z-axis (color band) shows the range of the measurement values in each 

corresponding category, depending on the type of the map. 

 

 

Theoretically, perfect linearly polarized light is coming from the monitor at 3 different (red, green, 

blue) light-bands. We directed the camera to the monitor performing a direct ellipsometric measurement 

without a sample, see Figure 2.12. If we have an ideal sample which do not change the polarization 

state then we measure tan ɣ and cos ȹ values to 1 in each point. This measurement shows the fact that 

a point-by-point ɟ-correction calibration is needed. 

 

Figure 2.13 shows the result of direct-monitor measurements, tan ɣ and cos ȹ values for each color, 

Red, Blue and Green. The systematic alterations from 1 in the maps show systematic measurement 

errors in our optical mapping tool that justify the need for a special calibration. Three SiO2/Si samples 

of nominally 40, 60 and 100 nm thickness were used for the calibration process and another nominally 

80 nm SiO2/Si sample was analyzed using the calibration values from the three oxide samples. The 

experimental data is collected for each three oxide samples and then, six different positions of each 

sample was used in the calibration process. The experimental figures shown in this paper are mostly 

deduced by excluding pixels with high MSE values that deviate the results from the true expected 

values, prioritizing points of only low MSE. Figure 2.14.b shows the MSE-map of the central 20x15 

cm part where the measurement proved to be reliable. 
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(a)                                     (b) 

Figure 2.14  (a). Merged MSE full map  and (b)low MSE pixels map 

 

Monitor-correction are calculated using the following equation: 

ˊƻǇǘҐˊƳŜŀǎϝˊƳƻƴƛǘƻǊ όŘƛŦŦŜǊŜƴǘ ŦƻǊ ŜŀŎƘ Ǉƻƛƴǘ ŀƴŘ ŜŀŎƘ ǿŀǾŜƭŜƴƎǘƘύ 

where ɟopt is the measured value with perfect light source, ɟmeas is the actually measured value and ɟmonitor 

is the ɟ-correction. We measure three SiO2/Si samples with different thicknesses. We determine 3*N*2 

ɣ and ȹ (where N is the number of different wavelengths, presently 3) and we should calculate (fit) 

2*N+3+1 unknown calibration values for a full calibration: N*real (ɟmonitor) and N*im(ɟmonitor) + 3 

thicknesses + 1 actual angle of incidence in each points and each wavelength. Each thickness and angle-

of-incidence in the sample depends only on location, but the ɟ-corrections (ɟmonitor) are location and 

wavelength dependents. This implies ɟ-corrections give more insight on the nature and status of the 

sample measurement. 

 

The result of the angle-of-incidence calibration is shown in Figure 2.15. Using the same criterions 

(low MSE, smooth map), we refined the angle-of-incidence map (Figure 2.17.b) from the angle-of-

incidence full map (Figure 2.17.a). As it can be seen in Figure 2.17.b, the angle-of-incidence varies 

smoothly across the surface, which agrees with the theoretical values. This refined angle-of-incidence 

map was used later to evaluate the nominally 80 nm SiO2/Si sample thickness map. 

a) b)  

Figure 2.15 a). Angle of incidence full map   b). Angle of incidence with high MSE pixels removed 
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The same calibration process resulted the thickness maps of our calibration oxide samples 

(nominally 40, 60 and 100 nm thickness) which are shown in Figure 2.16 

 

 
Figure 2.16 Thickness maps of nominally 40 nm, 60 nm and 100 nm of SiO2/Si samples (low MSE 

areas) from the refined central 20x15 cm part. 
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Figure 2.17 The calibrated ɟmonitor values. Left column: real ɟmonitor, right column: phase shift-

correction in rad. Upper row: blue (450 nm), Middle row: green (550 nm), Lower row: red (650 

nm).  

 

The calibrated ɟmonitor values for the specific setting of the device are also mapped, see Figure 

2.17. These values differ only by less than 0.3 from the ideal values, so we can use them to evaluate 

independent measurements. 
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a) b)  

Figure 2.18  (a) Nominally 80 nm oxide sample thickness map by Wollam M2000 SE (Note, that our 

M2000 can map only the central 14 cm diameter area of the 20 cm diameter sample (b) Thickness 

map of same SiO2/Si sample 20x15 cm area by the non-collimated, calibrated mapping tool. 

 

We used a nominally 80 nm thick, 20 cm diameter SiO2/Si sample to check the results of the 

calibration. We used the calibrated ɟmonitor values to correct the measured ellipsometric angles and used 

the corrected values to determine the thickness map. The thickness map of the 80 nm oxide sample in 

Figure 2.18.b appears to be smooth enough. Note, that one color in Figure 2.18 is only 0.5 nm. 

 

An independent checking measurement of the same sample was also made by the Wollam M2000 

ellipsometer, as shown in the Figure 2.18.a The agreement of the thickness measurement made between 

our non-collimated ellipsometer after correction, and the conventional Wollam M2000 ellipsometer is 

only within 1 nm, which is a good agreement. [Ref.2.9-Ref.2.11, Ref.2.13] 
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Gold nanoparticles (GNPs) possess optical properties making them especially suitable for 

plasmonic sensing. They are less than pristine, however, when it comes to the most common methods 

for fabricating them. These methodologiesðelectrochemical deposition, chemical methods, and 

physical vapor depositionðalmost always yield GNPs with a uniform layer of gold. We know from 

working with metal nanoparticles in general that the optical properties of a particle are not just a function 

of the material, but also of its structure. That is why this work aims to methodically vary the deposition 

thickness, and the subsequent annealing (heating) of the deposited material to explore the three-

dimensional structural evolution of GNPs [Ref.2.14, Ref.2.15]. The GNPs produced because of these 

explorations have been used to perform a series of optical characterizations that themselves serve as a 

basis for understanding the appearance and disappearance of the GNPs' optical sensing capabilities. 

 

 
Figure 2.19  (a) Schematic view of the micro-combinatorial sputtering method [Ref.2.17] (b) 

Configuration of the optical transmission cell. (c) Thickness (red circles), effective thickness 

[Ref.2.18] corresponding to the deposited amount of material (dotted line), and error of fit for the 

as-deposited graded Au sample measured by ellipsometry. (d) Change of æ measured by 

ellipsometry as a function of temperature during annealing at the ɚ = 632.9 nm and position of 8 

mm on sample (e) Schematic, (f) SEM (at a position of 8 mm), and (g) optical images on the 

sample after annealing. (h) and (i) show m33 spectra on sample over the range of positions from 0 

to 12 mm for the as deposited and 300 ǓC annealed state, respectively. 

 

A graded-layer deposition approach was employed, where gold thickness varied from 0 to 20 nm 

across the substrate. After thermal annealing, the gold layers self-assembled into nanoparticles, forming 

distinct size and spacing distributions along the substrate [Ref.2.16]. At thin deposited layers (Ḑ1ï2 nm), 

the nanoparticles were small and well-dispersed. At 3ï7 nm, the particles coalesced into interconnected 

island-like structures. Beyond 7 nm, a continuous gold film formed, and the plasmonic properties of the 

system were reduced (Figure 2.19).  Scanning electron microscopy (SEM) was used to confirm that the 
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mass thickness of deposition affected particle shape: the particle shape transitioned from oblate to 

hemispherical as thickness (and deposited mass) increased, affecting the near-field optics. The electron 

oscillation that resulted in the appearance of the local surface plasmon resonance (LSPR) peak was 

timelined to the onset of a hydrodynamic regime in finite element method (FEM) calculations [Ref.2.19].  

 

Ellipsometry and transmission spectroscopy were used to analyse the optical response of the layers. 

The LSPR effect was observed, where electrons oscillated collectively at specific wavelengths 

depending on nanoparticle size and spacing. The LSPR peak appeared at ~550ï600 nm for thinner 

layers (2ï4 nm effective thickness). For thicker layers (>7 nm), LSPR diminished, indicating a loss of 

discrete plasmonic behaviour (Figure 2.20). The experimental results were validated by FEM 

simulations predicting similar trends. 

 

 
Figure 2.20 Reflectance spectra measured along the sample and (b) simulated at normal incidence 

using (c) a FEM model. (d) Reflectance spectra calculated for the same structure with (f) a model 

using an overlayer with a thickness of 2 nm and ὲ=1.45+0.01ù‗2, where the unit of ‗ is in ɛm. The 

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

 

We also conducted systematic evaluations of ethanol, water, and Raman reporter molecules as test 

analytes, correlating sensing efficiency with the deposited gold thickness and nanoparticle morphology. 

Optical transmittance spectroscopy was used to show that the refractive index altered upon ethanol and 

water adsorption, shifting the LSPR peak accordingly [Ref.2.20]. The best performance was recorded 

at a gold thickness of ~3.2 nm. This was the transition region where the nanoparticles were still discrete 

but had strong plasmonic coupling. Above ~ 7 nm, the sensing capability declined, as we moved into a 

region that behaved more like bulk gold and had less plasmonic enhancement.  

 

Surface-enhanced Raman Spectroscopy (SERS) was then used to probe our system and to see if we 

could take advantage of the intense electric fields to observe molecular signals. The most intense signals 

were recorded at 1.6-2 nm gold thickness, under the same conditions where we were getting near-field 

enhancement. The interparticle gap, most importantly its ratio to the particle size, was also critical. FEM 

calculations were performed to model the optical responses of gold gratings under various conditions. 

We were able to successfully corroborate with the simulations the limits of detection based on the 

geometry of the nanoparticles and the changes in refractive index.  
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We confirmed the shifts in the LSPR peak as a function of the size, spacing, and environmental 

refractive index of the nanoparticles, along with the surface coverage effects on resonance behaviour 

and the enhancement factors for SERS-based molecular detection. This research demonstrated that the 

combinatorial sputtering technique can theoretically be applied to the scalable, precise, and reproducible 

fabrication of optimized gas and molecular sensors based on plasmonic structures. Optimized gold 

nanoparticle thicknesses of about 2-3 nm offered the best overall performance.  

 

These research findings also have implications for bimolecular (virus, protein) detection 

applications. Therefore, the anisotropic control of the GNPs along with the precise control of the gap 

widths significantly enhances the gas and molecular detection capabilities of the plasmonic sensors. 
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Optimization of SnO2/ZnO Films for Electrochromic Coloration Efficiency 
 

OTKA K 143216, OTKA K 146181 and TKP2021-EGA-04 

 

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

 

 

Electrochromic applications for metal oxides, such as smart windows and displays, have been 

widely studied recently. Electrochromic films decrease the extra absorption of heat in buildings. The 

electrochromic process is based on a reversible redox process and characterized by coloration efficiency 

(CE). Transition metal (titanium, tungsten, nickel, vanadium, molybdenum and others) oxide films are 

the most interesting and most widely studied materials for this purpose [Ref.2.21]. Nevertheless, 

relatively few publications have studied the possible advantages (higher CE) of the mixtures of different 

metal oxides as electrochromic materials. The change in light absorption for the same electric charge 

represents the electrochromic effectiveness, and it can be higher in mixed metal oxide layers. 

Spectroscopic Ellipsometry (SE) has been used as an investigation method for combinatorial or pure 

materials since it is a cost-effective, non-destructive and fast method for the mapping of mixed oxide 

layers. A thickness map and a composition map have been achieved by the developed optical models 

of the sample layers. 

 

The objective of this work was to determine the CE and to investigate the electrochromic 

effectiveness of SnO2-ZnO mixed layers in the full compositional range. Mixed oxide layers were 

prepared by reactive DC magnetron sputtering. It should be noted that we apply a combinatorial 

approach for composition-graded layer deposition to allow study samples chosen from a full and 

continuous SnO2(x) ī ZnO(1īx) composition range. The deposited films were characterized using 

spectroscopic ellipsometry (SE), Scanning Electron Microscopy (SEM) with Energy-Dispersive X-ray 

Spectroscopy (EDS) and coloration efficiency (CE) measurements. We expected that mixing metal 

oxides with different sizes in films can enhance the CE. 

 

Metallic Sn and Zn targets were placed separately from each other, and indiumïtin-oxide (ITO)-

covered glass and Si-probes on a glass substrate (30 cm × 30 cm) were moved under the two separated 

targets (Sn and Zn) in a reactive argonïoxygen (Ar-O2) gas mixture (see Figure 2.21). The tin-zinc 

oxide layers were deposited onto ITO-covered 100 × 25 mm glass surfaces. Layer depositions were 

carried out by reactive sputtering in an (Ar + O2) gas mixture at a ~2 × 10ī4 Pa base pressure and at a 

~10ī1 Pa process pressure. The targetïsubstrate working distance was 6 cm. Volumetric flow rates of 

30 sccm/s Ar and 70 sccm/s O2 were applied in the magnetron sputtering chamber. The plasma powers 

of the Sn and Zn metal targets were set to 800 and 1000 W, respectively. The samples were moved back 

and forth at a 25 cm/s walking speed between the Sn and Zn targets, and a mixed oxide film was 

deposited onto the ITO surface. A 5 min cooling interruption was applied after every 50 walking cycles. 

 

  
Figure 2.21 Target arrangement for combinatorial deposition and an insight into the chamber 
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Coloration Efficiency ɖ is given by the following equation: 
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where Qi is the electrical charge inserted into the electrochromic material per unit area, ȹOD is the 

change in optical density, Tb is the transmittance in the bleached state, and Tc is the transmittance in the 

colored state. The unit of CE is cm2/C (square centimeters per Coulomb). 

 

The CE was determined in a transmission electrochemical cell (see Figure 2.22). The cell was filled 

with 1 M lithium perchlorate (LiClO4)/propylene carbonate electrolyte. A 5 mm width masked (Sn-Zn 

oxide-free) ITO strip of the slides remained above the liquid level, allowing direct electric contact with 

the cell. A Pt wire counter electrode was placed into the electrolyte alongside a reference electrode. 

This arrangement was a fully functional electrochromic cell. The applied current was controlled through 

the cell using a Farnell U2722 Source Measurement Unit (SMU). A constant current was applied 

through coloration and bleaching cycles of the electrochromic layer, and simultaneous spectral 

transmission measurements were performed by using a Woollam M2000 spectroscopic ellipsometer in 

transmission mode. 

 

 
Figure 2.22  Setup for transparency measurements during coloration ï bleach cycles 

 

 
Figure 2.23 Three-dimensional diagram of CE data of SnO2-ZnO vs. Zn % for wavelengths from 400 

to 800 nm in visible spectral range. 
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Figure 2.23 shows the 3D representation of the calculated CE data as a function of the ZnO fraction 

of the film and the wavelength. Individual points were calculated from the average of three independent 

measurements. The error is estimated to be 3%, calculated based on the accuracy of sample positioning 

in the measuring cell and the spot size of the optical beam. 

 

The CE maximum was found to be 29% Zn for each wavelength between 20 and 50 cm2/C. This 

29% is very close to the optimum value of 30% in the case of the TiO2-SnO2 mixture which was 

investigated in our earlier paper [Ref.2.22]. We expected that mixing metal atoms with different 

diameters in the layers can enhance the CE. This (70ï30)% mixture of different metal oxides seems to 

be the optimum for Li-diffusion in these sputtered materials. 

 

The influence of mixing metal atoms with different diameters in the layers on EC behavior can be 

attributed to several factors. Mixing can create new pathways for charge carriers, enhancing the overall 

electrical conductivity. This increased conductivity can support faster ion intercalation and 

deintercalation processes, causing quicker color changes. Mixing can alter the electronic structure of 

the layer, affecting the way it absorbs and transmits light. These factors can explain the enhanced CE 

values [Ref.2.23]. 
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Magic mirrors of the Orient: analogies and inspirations in optics 
 

F. Riesz 

 

 

Magic mirrors (in Japanese, Makyoh) are ancient metallic mirrors with a backside relief pattern, 

originating from China and Japan. If a light beam falls on the mirror surface, an image is projected on 

a distant wall that resembles the back pattern as if the mirror was transparent (Figure 2.24) [Ref.2.24]. 

These mirrors fascinated laymen and scholars alike during centuries, and from the 19th century, when 

Western scholars became aware of these mirrors, till recent days, they have been actively studied. It 

was clarified that a nearly invisible surface relief is formed on the polished front face during 

manufacturing by mechanical means of the back relief, and the image is created by the local deflection 

of the reflected rays by this front relief [Ref.2.24] 

 
Figure 2.24 A Japanese magic mirror: backside and projected image (from [Ref.2.24] public 

domain). 

 

Analogies to ancient, pre-technology artifacts have always played a significant role in modern 

scientific and technological advances by providing foundational insights, inspiring new ideas and 

presenting complex problems in accessible ways. Magic mirror related phenomena also represent an 

interesting chapter of optics: In addition to the well-known óMakyoh topographyô application, used 

mostly for the visualisation of surface defects of semiconductor wafers, magic mirrors and their 

fabrication method serve as analogies of several optical and other technological phenomena. In the 

following, we briefly review the most important analogies and connections to problems in optics and 

other areas of technology. 

 

Optical modulatorsðThe traditional fields of optics deal with ray/wavefront propagation through 

lenses and mirrors, that is, spherical surfaces/interfaces arranged in rotational symmetry along an axis. 

However, areas of advanced optics aim at direct manipulation or structuring a wavefront, changing its 

intensity, phase or polarisation in a spatially addressed arbitrary manner. Magic mirror thus appears as 

an ancient form of a 2D light modulator, as well as serves as a useful and illustrative analogy [Ref.2.25]. 

It is not an exaggeration to state that the ancient magic mirror was the first high-tech optical device, 

achieving spatially resolved control of wavefronts with phase changes in a wavelength-range precision, 

using the backside height relief as the óinput dataô. 

 

Freeform opticsðMagic mirrors satisfy the basic definition of freeform optical elements defined 

most simply as having surface shape that lacks translational or rotational symmetry [Ref.2.26]. 
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Flat opticsðCertain magic mirrors can be regarded as flat optical elements (although most magic 

mirrors are convex, the convexity is not a prerequisite of operation and globally flat magic mirrors do 

exist). 

 

Mechanical fabrication methodðBackside patterning and subsequent polishing of a metallic plate 

can induce small deformations in the front surface, similarly to the ancient magic mirror [Ref.2.27]. 

With carefully chosen materials and processing parameters, reproducible, high-precision shaping in the 

submicron range can be achieved. 

 

Deformation induced by buried stressorsðSubsurface (or interface) inclusions or voids induce a 

surface deformation of a plate or layered system, especially if the surface is machined in some way. 

This effect, which is basically the main principle of the magic mirror operation, is frequently observed 

in machining and technology. Notable examples are backside (or interface) contaminant particles in 

wafer polishing (wafer bonding), and surface bulging in metal foams at near-surface pores [Ref.2.28]. 

 

Non-visible and non-photonic imagingðAnalogies to magic mirror imaging extend beyond light 

optics to other fields where the same governing laws are in effect. Mirror electron microscopy is such 

a method [Ref.2.29] here, the object is illuminated by an electron beam, and the sample is electrically 

biased to reflect the electrons before reaching the sample. Variations of surface height and chemical 

composition cause variations of the equipotential surfaces, causing reflection of different angles across 

the sample, similarly to a magic mirror surface, thus the reflected beam then forms an image. Another 

analogous method is the propagation-based X-ray phase-contrast imaging [Ref.2.30] used as an 

extension of traditional radiography. The studied object is illuminated by X-rays and the transmitted 

beam is imaged by a screen placed some distance away. The beam, in addition to the absorption, suffers 

local deflections due to changes in the net refractive index of the material along the X-ray path due to 

changes in density and chemical composition (Figure 2.25). The mechanism of image forming is thus 

similar to that of the magic mirror, improving the imaging of weakly absorbing samples. 

 

Optics educationðthe catchy and intriguing principles of magic mirrors aid in understanding 

of ray optics and image formation principles [Ref.2.31]. 

 
Figure 2.25 Propagation-based X-ray phase-contrast imaging: traditional method; weak absorption 

contrast (left), improved imaging due to edge enhancementðómagic mirrorô effect (right). 
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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 2024.  

 

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 2024, 66 scientific publications (17 pc D1, 26 pc Q1) appeared in refereed journals with a 

cumulative impact factor of 309. In addition, 5 papers were published with no impact factor conference 

proceedings. Members of the group presented invited lectures, oral talks at national and international 

conferences. The group received ~ 4000 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, 4 PhD students were supervised. 
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A few national and international conferences were organized by Thin Film Physics group members: 

Å 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 

Å 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 

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

Pécz Béla, Lábár János Radnóczi Gy. Zoltán 

Å European Microscopy Congress, Copenhagen, 2024. August 25-30, International committee 

member, Kovácsné Kis Viktória 

Å 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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Laser annealing improves quality of thin superconducting CoSi2 films 
 

2019 2.1.7-ERA-NET-2022-00032 (QuantERA II SIQUOS) 

 

J. L. Lábár, B. Pécz, Dumas1, P., F. Gustavo1, M. Opprecht1, G. Freychet1, P. Gergaud1, S. Kerdilès1, 

S. Guillemin1, F. Lefloch2 and F. Nemouchi1 

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

 

 

Quantum technology is regarded as a great promise for revolutionizing computational power. Its 

cornerstone is the practical realization of Qubits, the basic parts of quantum computers and additionally 

promising units as new type of sensors. Out of the many physically very different realizations of Qubits, 

solid state electronic devices using superconducting elements seem to be the most developed. The most 

serious question from the point of view of future applications is if mass production of reliable Qubits 

can be realized. The SIQUOS project promises to bring this goal closer by manufacturing Qubits 

compatible with standard Silicon CMOS technology. For that reason, only Si-compatible materials and 

technology-steps are used in the project. The Qubit developed in SIQUOS is a gatemon, which contains 

a single gate-controlled Josephson junction (JJ) with superconductor/semiconductor hybrid 

nanostructure. Such a JJ follows the geometry of a metal-oxide-semiconductor (MOS) field-effect 

transistor (FET) with superconducting source and drain (S/D) contacts. When transparency is good 

between the S/D contacts and the semiconductor channel and the length of the gate is short enough, a 

non-dissipative super current flows in the device whose amplitude can be controlled by the gate. This 

is the working principle of a JoFET. 

 

SIQUOS project experiments are carried out with different superconducting materials to obtain the 

best performance JoFET. One of those superconductors is CoSi2. Best parameters require thin (¢10nm) 

CoSi2 films with uniform thickness and as smooth Si/CoSi2 interface as possible. Standard self-aligned-

silicidation (SALICIDE) process is based on a two-step rapid thermal annealing (RTA) of the layer first 

at 500°C (to form CoSi) and the second at 700°C (to transform CoSi to CoSi2). Although this process 

is good for standard transistors with thicker layers, the wavy Si/CoSi2 interface and the ensuing varied 

layer thickness formed by this process is unfavourable for the JoFET. The new laser annealing heat 

treatment developed in the project solves this problem by producing smoother interface and more 

uniform layer thickness [Ref.3.1]. Electrical measurements proved better superconductivity, too. The 

improvement is explained by single-step formation of CoSi2 (skipping CoSi phase). The Figure 3.1 

illustrates this improvement. SREF: CoSi2 layer made by standard SALICIDE process; S1: CoSi2 layer 

made by a single laser shot; S100: CoSi2 layer made by 100 laser shots. 

 

The SIQUOS project (grant no. 2019-2.1.7-ERA-NET-2022-00032) was supported by the National 

Research, Development and Innovation Fund. 
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Figure 3.1 Cross-sectional STEM image and EDS element profiles related to SREF, S1 and S100. 

The depth origin in EDS profiles is situated at the TiN surface. 
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Synthesis and Properties of Cr-Hf-Mo-Ta-W Multicomponent Carbide 

Thin Films 
 

Zs. Czigány, T. Stasiak1, S. Debnárová1, S. Lin1, N. Koutn§1, K. Bal§zsi, V. Burġ²kov§1, 

P. Vaġina1, P. Souļek1 

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

 

 

This study demonstrates the synthesis of multicomponent carbides with NaCl-type fcc structures 

using reactive DC magnetron sputtering and explores the influence of deposition conditions on the 

structural and mechanical properties of thin films in the Cr-Hf-Mo-Ta-W system [1]. The deposition 

process was conducted in an argon atmosphere with varying acetylene flows (0ï12 sccm) at ambient 

and elevated temperatures (700 °C). These conditions either hindered or promoted adatom diffusion, 

significantly affecting the resulting film structures and phases. 

 

Structural analysis (XRD; TEM in Fig.3.2.) revealed that films deposited without acetylene formed 

a bcc metallic phase with lattice parameters ranging from ὥ = 3.188ï3.209 Å, in agreement with density 

functional theory (DFT) calculations of lattice parameters as a function of carbon content. A bcc-to-fcc 

phase transition occurred with increasing acetylene flow, facilitated by the formation of an amorphous 

intermediate phase likely caused by limited a mobility. At higher acetylene flows, an fcc multielement 

carbide phases grew with lattice parameters of ὥ = 4.33ï4.49 Å. Crystalline films exhibited a columnar 

morphology, whereas amorphous films were dense and featureless. 

 

Mechanical testing revealed exceptional properties, with hardness values reaching 25 ± 1 GPa and 

indentation moduli up to 319 ± 6 GPa. These results were consistent with DFT predictions, 

demonstrating the correlation between carbon content and mechanical performance. The calculated Ὄ/Ὁ 

and Ὄ³/Ὁ² ratios indicated superior wear resistance, positioning these materials as promising candidates 

for demanding applications. 

 

The study highlights the possibility to synthesize Cr-Hf-Mo-Ta-W multicomponent thin films with 

either bcc or fcc structures by controlling the acetylene flow. Notably, the films maintained high 

deposition rates (38ï64 nm/min) under all tested conditions. The successful preparation of fcc carbide 

phases at intermediate acetylene flows (3ï6 sccm) underscores the versatility of this multielement 

system in forming stable single-phase carbides. 

 

In conclusion, this work demonstrates the potential of hybrid PVD-PECVD magnetron sputtering 

for fabricating high-entropy carbide thin films. These materials combine advanced microstructural 

characteristics with excellent mechanical properties encouraging further exploration and application of 

Cr-Hf-Mo-Ta-W multicomponent carbides for high-performance applications in harsh environments. 
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Figure 3.2 High-resolution TEM images of samples prepared at 2.5 sccm and 3 sccm of acetylene at 

ambient room temperature (RT) and high temperature (HT). The SAED patterns are shown as 

insets of the images of the corresponding coatings. The sample prepared at 2.5sscm at RT sample 

is amorphous, while all the others are polycrystalline with fcc crystal structure 

 

 

  






















































































































































