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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 2022. 

 

2022 was the third whole year what we spent as the member of Eötvös Loránd Research Network 

(ELKH). As previously the network administration set up a system which provided financial support to 

member institution not only to cover the running cost, but also a part of the budget was distributed based 

on the qualification of the staff, based on the publication and citation records. The whole Centre for Energy 

Research and MFA as one of its member institutions gained increased support via that system. I used to say 

to my colleagues already science became a production income. After I reported on that a year ago, in 2022 

we could buy some scientific instruments from which the most valuable one was a new XPS photoelectron 

spectrometer. A Thermo Fisher Scientific Escalab Xi+ system was selected and installed with XPS, UPS, 

ISS, EELS and IPES (inverse photoelectron spectroscopy) options equipped with a cluster ion gun. In the 

same year another attachment of an electron gun for making Auger electron spectroscopy was bought and 

installed. 

 

Unfortunately we lost couple of our former colleagues, Dr. P§l Sviszt,  Dr. Andr§s HegedŤs and emeritus 

professor György Kozmann. For the memory of Prof. József Gyulai our former institute director, we could 

set up a relief with his face at the gate of our main building in which he did work. 

In 2022 we faced a new challenge, what was the elevated price of gas heating increased by a magnitude 

of order. Therefore, we started to select and order heat pumps for the two buildings of MFA, the investment 

will be finished in 2023. 

MFA could continue to pay publication award for the young authors of the best publications. 

 

After the pandemic period already in 2022 some of our colleagues achieved successful scientific 

qualification.  György Sáfrán and András Deák got the Doctor of Academy title, and we had also three 

successful PhD candidates, namely: Dániel Szekrényes, Ágoston Nagy and Tamás Gerecsei. We are very 

proud of them.  

 

I congratulate to my colleagues Prof. István Bársony (our former director) who got the honorary 

professor title at Debrecen University and Prof. Miklós Fried who became professor at Óbuda University. 

Our Róbert Horváth was awarded by the Physics Prize Hungarian Academy, Physics Section of Sciences 

for his development of the label free biophysics methods, while Péter Vancsó got the Zoltán Gyulai prize 

from Eötvös Loránd Physics Society for his results achieved in the field of 2D materials. I am also pleased 

to inform you that the Officer's Cross of the Hungarian Order of Merit was donated to our Péter Petrik and 

to Tivadar Lohner as well. Our Attila Szolnoki received already fourth time the Highly Cited Researcher 

title from Clarivate. The World Academy of Ceramics recognized the outstanding scientific contribution of 

our Dr. Csaba Balázsi by the academician title.  

 

The home applications of MFA were successful and the institute could gain three TKP (Thematic 

Excellence Programme) projects in the following subjects: new semiconductors, innovative biosensing 

processes for health applications and emergency monitoring sensors.  

 

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.  

 

Béla Pécz, corr. member of HAS., deputy general director of Centre for Energy Research, MFA director   

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

  

 

 Director: Dr. Béla Pécz, corr. member of HAS 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scientific departments 

 

Thin Film Physics Department Katalin BALÁZSI, Ph.D. 

Complex Systems Department Géza ÓDOR, D.Sc. 

Photonics Department Péter PETRIK, D.Sc. 

Nanobiosensorics Department Róbert HORVÁTH, Ph.D. 

Microsystems Department Péter FÜRJES, Ph.D. 

Nanosensorics Laboratory János VOLK, Ph.D. 

Nanostructures Department 

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

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

 

Directly supervised functions 

 

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

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

Quality control, patents, MTMT, REAL admin Andrea BOLGÁR 

Technical support Károly BODNÁR 

Financial administration Zsuzsanna KELEMEN 

Informatics Gergely TAMÁS 

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

The domestic subsidies changed in 2020, not long after the centre left the MTA network and became 

part of the Loránd Eötvös Research Network (ELKH). It has been adjusted partly to the number and salary 

of the researchers as well as excellence and output of the centre. Moreover, thanks to the excellence and 

output indicators of the centre it was further increased. Since 2015 MFA is part of the Centre of Energy 

Research. The financial operation is only partly transparent, therefore the data shown here for 2015-2022 

for MFA are based upon our own estimates.  

 

The subsidy of the institute is still around 40% of the annual budget. It means strong financial 

dependence on the amount of income the research grants could provide.  The number of researchers together 

with the research supporting staff dropped from ca. 140 to 100, but started to raise a bit after COVID, 

currently around 120. The fluctuation is although still high because of the brain drain and also double 

payment from industrial partners. 

 

MFA budget 2003-2022 (million HUF)  

 
 

The institute and its administration handles approximately 50 grants and 25 other R&D contracts each 

year. Exactly half of the project are fundamental research grants (NKFIH OTKA), rest implements 

industrial and application driven ideas. Despite all the efforts of colleagues R&D grants require stable 

strong and research motivated SMEs, which is hard to find in Hungary. Three new and large thematic 

excellence grants (TKP2021) started from the first months of 2022, which provides some sort of stability 

for the upcoming 3 years. Also after few years of break new MSCA fellowship and Korean R&D grant 

started at the end of the year. The excellence ñLend¿letò grants ran out in 2022, so our researchers are 

aiming for Horizon Europe proposals. 

 

The Research Centre used part of the increased support for investment. For MFA (and other Labs in the 

Centre) Escalab Xi+ XPS surface chemical analysis instrument was purchased.  
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MFA 2003-2022 restoration and investment spendings (million HUF) 

 

 
 

 

Publications and Citations of MFA 
 

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

publication activity of ca. 100 scientific papers in IF journals a year. The number decreased a bit in the last years, but 

recently MFA researchers publich in journals with higher impact factor.  

 

MFA and its predecessorôs publications per year since 1998 

 

 
 

MFA and its predecessorôs independent citations number per year 
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Prizes and Distinctions 
 

 

 

 

PETRIK, Péter Officer's Cross of the Hungarian Order of Merit 

 

LOHNER, Tivadar  Officer's Cross of the Hungarian Order of Merit 

 

HORVÁTH, Róbert  Physics Prize from Hungarian Acadaemy of Sciences 

 

BÁRSONY, István honorary professor at Debrecen University 

 

VANCSÓ, Péter Zoltán Gyulai prize from Eötvös Loránd Physics Society 

 

SZOLNOKI, Attila  Top 1% Highly Cited Researcher at Clarivate 

 

BALÁZSI, Csaba academician  of the World Academy of Ceramics 

 

NEMES-INCZE, Péter 
MFA institute prize 

 

 

KOVÁCSNÉ  

KIS Viktória  

MFA postdoc researchers prize 
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SZABÓ, Zoltán 
MFA postdoc researchers prize 

 

 

BÁNYAI , Anita 
MFA young researchers prize 

 

 

FARKAS, EnikŖ 
MFA young researchers prize 

 

 

SZÁSZ, Noémi 
MFA research support prize 
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Prof. István Bársony was awarded with Honorary Doctor title by the rector of the University Debrecen (image 

source: unideb.hu)  

 

 

 
Dr. Csaba Balázsi was elected as academician of World Academy of Ceramics.  

 

 

Oxygan workshop 

Álmok álmodói 
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Dr. Miklós Fried accepted his appointment as a university professor at Óbuda University from the president of 

Hungary Katalin Novák. 
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 Nanostructures Laboratory  
 

 

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

 

 

Research Staff: 

¶ Zsolt Endre HORVÁTH, D.Sc., Deputy 

Head of Laboratory 

¶ Prof. László Péter BIRÓ, Member of the 

HAS  

¶ Gergely DOBRIK, Ph.D. 

¶ Krisztián KERTÉSZ, Ph.D.  

¶ Antal Adolf KOÓS, Ph.D. 

¶ Géza István MÁRK, Ph.D.  

¶ Péter NEMES-INCZE, Ph.D.  

¶ Zoltán OSVÁTH, Ph.D.  

¶ András PÁLINKÁS, Ph.D.  

¶ Gábor PISZTER, Ph.D. 

¶ Péter SÜLE, Ph.D.  

¶ Péter VANCSÓ, Ph.D. 

 

Ph.D. students:  

¶ Konrád KANDRAI, Ph.D. student 

¶ Soma KESZEI 

¶ Péter KUN, Ph.D. student 

¶ Krisztián MÁRITY,  Ph.D. student 

¶ M§rton SZENDRŕ, 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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Ultra -small Pt nanoclusters on 2D MoS2 for highly efficient hydrogen 

evolution 

 
OTKA KKP 138144, OKTA 132896, TKP2021-NKTA-05, H2020-SGA-FET-GRAPHENE-2019-

881603 Graphene Flagship Core3 

 

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

 

 

Large-scale and environmentally friendly production of hydrogen requires highly active, stable and cost-

efficient catalysts. While platinum is known as the most efficient catalyst for hydrogen evolution, its high 

costs and scarcity strongly limit its practical use in large-scale applications. To overcome this, extensive 

efforts have been focused on replacing platinum with cheaper, more abundant materials, as well as on 

reducing the Pt content of catalysts, while maintaining the outstanding activity and stability. Among the 

most successful approaches are those based on improving Pt atom utilization efficiency through improving 

dispersion, which is maximized in Pt single atom catalysts (SACs). Indeed, such catalysts were able to 

reach the activity of commercial Pt/C catalysts, with two orders of magnitude lower Pt loadings of order of 

mg/cm2. However, SACs represent the end of the road in terms of catalyst design for approaches relying on 

dispersion. To further reduce the Pt loading, without losing activity, one needs to design Pt structures that 

outperform the intrinsic activity of conventional Pt nanoparticles and Pt SACs.  

 

   
Figure 1.1. Scanning tunneling microscopy images of small (~ 1 nm) Pt clusters (bright dots) deposited on 2D MoS2 

crystals. The dark spots in the atomic resolution STM images correspond ot S atom vacancies of the MoS2 support, 

acting as anchor sites for Pt clusters. 
 

Distorted Pt structures were shown to host reaction sites of increased intrinsic activity. However, this 

comes at the price of a substantially reduced stability. Therefore, engineering novel Pt structures is a 

continuous compromise between increasing activity and preserving stability. Metal-support interaction 

emerged as an efficient tool for engineering catalytic performance. Enhanced metal-support interactions 

clearly boost the stability and durability of supported metal catalysts, and it can also substantially influence 

their activity and selectivity. Pt/MoS2 systems emerge as a promising candidate for realizing an increased 

metal-support interaction, due to the strong affinity between Pt and S. This, combined with a relatively 

large lattice mismatch can give rise to novel Pt structures emerging from the competition of adhesion (Pt-

S) and cohesion (Pt-Pt) that holds the promise for a simultaneous enhancement of activity and stability. We 

have observed that the catalytic performance of the Pt/MoS2 system can be substantially improved by 

realizing small Pt clusters that interact more strongly with the MoS2 support. Such small Pt clusters were 

grown by an electrochemical deposition on CVD grown MoS2 single and few layers, grown on graphite. 

STM investigation reveal a high-density decoration of MoS2 surface by ultra-small (~1 nm) Pt clusters, as 

well as a high density of sulphur vacancy type defects in the 2D MoS2 crystals. Such defect sites act as 
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anchors for Pt clusters hindering their aggregation and enabling the stabilization of ultra-small Pt clusters 

at high density (Fig. 1.1).  

 

 
Figure 1.2. Linear sweep voltammetry measurements on various samples revealing the Pt nanoclusters on MoS2 can 

closely approach the activity of commercial Pt-C catalysts at orders of magnitude lower Pt content (left). Theoretical 

model of Pt nanoclusters on MoS2 and the corresponding H adsorption free energies, indicating the presence of highly 

active sites at the interface/perimeter of the Pt cluster. 

 

2D MoS2 crystals decorated with such small Pt clusters display exceptionally high catalytic activity 

towards hydrogen evolution. Such ultra-fine clusters perform much better than larger (~5 nm) Pt 

nanoparticles deposited on MoS2, even though the Pt content is three orders of magnitude lower for samples 

comprising small Pt clusters (Fig 1.2.a). Most importantly small Pt clusters on MoS2 samples closely 

approach the activity of commercial Pt-C catalysts, again a three orders of magnitude lower Pt content. We 

attribute the observed outstanding efficiency of our catalyst to a strongly increased Pt/MoS2 interaction, 

leading to: (1) the stabilization of ultra-fine Pt clusters all over the MoS2 basal plane, (2) deformation of Pt 

clusters morphology into a quasi-flat (bilayer) structure, in order to take better advantage of Pt-S 

interactions, and (3) a spectacular increase of the intrinsic activity of Pt sites, allowing a four orders of 

magnitude reduction of Pt loading, compared to commercial Pt/C catalysts, without losing activity or 

stability. Detailed simulations of hydrogen adsorption free energies revealed that the most active sites are 

on the Pt atoms directly adhering to the MoS2 surface (Fig 1.2b), indicating strong synergistic effects at the 

origin of the outstanding catalytic performance. 
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Identifying stacking faults and domain walls in rhombohedral graphite by 

scanning tunneling microscopy 
 

LP2017-9/2017, OTKA  KKP 138144, TKP2021-NKTA-05, H2020-SGA-FET-GRAPHENE-2019-

881603 Graphene Flagship Core3 
 

K. Kandrai, K. Márity, Z. Tajkov, M. SzendrŖ, A. Pálinkás, P. Kun, P. Vancsó,  

L. Tapasztó and P. Nemes-Incze 

  

 

Materials having a flat band [Ref. 1.1] at the Fermi level can host a variety of emergent many body 

ground states. One such system is rhombohedral graphite (RG), which is a rare form of graphite (Figure 

1.3.a). Previously we have shown that rhombohedral graphite hosts strong interactions [Ref. 1.2], in its 

surface flat band. Being one of the simplest materials with a flat surface band, we have a chance to 

understand the complete defect structure of the material. In most experiments one can disregard vacancies 

and other point defects [Ref. 1.3], because their density is smaller than 109 cm-2. This leaves lateral domains 

walls and stacking faults as the main defects we need to consider. 

 

We have explored both types of defects using scanning tunneling microscopy (STM) measurements on 

thick (>6 graphene layers) RG samples. In Figure 1.3 we present a representative measurement on a 17-

layer thick sample showing a domain wall between the hexagonal and rhombohedral areas. The 

rhombohedral region is apparent only if we measure the tunneling conductance at the Fermi level and plot 

it on a map (Figure 1.3.d). 

 

 
Figure 1.3 (a) Stacking arrangement of the graphene layers in hexagonal and rhombohedral graphite. (b) 

Characteristic tunneling spectroscopy measurements of the LDOS on the surface of the two graphite phases. 

The surface flat band shows up as a large LDOS peak at 0 V sample bias and hosts a gapped and gapless, 

degenerate ground state at low temperature (9 K). (c) STM topographic map of a 17-layer RG surface. (d) 
Map of the surface state peak intensity in the same area as (c). The surface shows a lateral domain wall 

between rhombohedral / hexagonal regions, made clear by the presence / absence of the surface state. 

 

 

Besides lateral domain walls, graphite samples can have stacking faults, where one layer switches the 

stacking configuration of the crystal, from hexagonal to rhombohedral or vice versa. Raman spectroscopy 

is well suited [Ref. 1.3, Ref. 1.4] to identify areas of RG in exfoliated samples, but is not particularly 

sensitive to small perturbations of the stacking sequence, such as twins.  

 

In our STM investigation of RG we have identified that the bulk bands of RG can be used to identify 

the number of rhombohedrally stacked graphene layers in a sample. By measuring the top surface of an RG 

crystal, the bulk bands show up as peaks in the dI/dV signal, which is a measure of the local density of 
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states (LDOS). The energy spacing between these peaks decreases monotonically as the number of 

graphene layers increases in the crystal. An example of this can be seen in Figure a, with the calculated 

LDOS in Fig.1.4.b. Thus, by measuring the LDOS of the top layer we gain information on the crystal 

structure deep inside the sample. This allows us to ensure that the sample we are measuring does not contain 

stacking faults within the measured area, because such a defect will change the energy of the bulk bands in 

a stepwise fashion. In the area presented in Fig. 1.4.d, the bulk band shows a smooth modulation over the 

surface, in correlation with the local doping (Fig.1.4.c). 

 

These results are the starting point to explore the local electronic structure of lateral domain walls. 

Furthermore, STM measurements of the bulk bands in the surface LDOS will allow for an unprecedented 

understanding of the defect structure of RG, aiding further exploration of this exciting quantum material.  

 

 
Figure 1.4. (a) Tunneling spectroscopy measurement on an 8-layer and 10-layer RG crystal on SiO2. (b) Calculated 

LDOS. (c) Map of the spectral weight below the Fermi level (0 sample bias), as a measure of the local doping of the 

sample. (d) Position in sample bias of the first bulk state of the sample, tracked across the same area as in (c), 

shows no step-like changes. Individual spectra shown in (e, f) are marked by red crosses. The spectra in (e) and (f) 

show a 20 mV shift in the first bulk state due to changes in the local doping. 
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Topological phase diagram of ZrTe5 mono and bilayers 

 
LP2017-9/2017, OTKA KKP 138144, TKP2021-NKTA-05, H2020-SGA-FET-GRAPHENE-2019-

881603 Graphene Flagship Core3 

 

Z. Tajkov, D. Nagy (ELTE), K. Kandrai, J. Koltai (ELTE), L. Tapasztó and P. Nemes-Incze 

  

 

The concept of time reversal invariant topological insulators has been a paradigm shift in solid-state 

physics and the controllable topological phase transition in two-dimensional materials has been a long-

sought goal. The transition-metal pentatelluride ZrTe5 lies at the boundary of the weak and strong 

topological phases, making tuning by mechanical deformation a viable avenue to realizing transitions 

between topological phases. This material has received substantial interest due to its numerous exotic 

properties, such as the planar Hall effect, anomalous Hall effect and chiral magnetic effect. However, most 

studies have focused on the bulk material, with very few [Ref. 1.5] experimental results on monolayers, 

even though in the single layer the crystal is predicted to be a large gap 2D topological insulator.[Ref. 1.6] 

 

 
Figure 1.5. Topological phases of mono and bilayer ZrTe5. (a) Crystal structure of ZrTe5, showing two van der 

Waals monolayers, extending along the x, y plane. (b) Band structure of the monolayer and bilayer. Density 

plot of the band gap for the monolayer (c) and bilayer (d). Red and blue colors represent the topological 

character of the gap (see also ref. Error! Bookmark not defined.) as a function of biaxial in plane (Ůxx) and 
out of plane (Ůxy) strain. 

 

Previously, we have examined the topological phase transition in a bulk crystal, via STM measurements 

and ab initio calculations. [Ref. 1.7]  Here we explore the topological phase diagram of monolayer and 

bilayer ZrTe5 crystals under mechanical deformations, using ab initio calculations. The band structure of 

mono- and bilayers of ZrTe5 is plotted in Figureb, showing a 70 meV topological gap for the monolayer, in 

agreement with the previous prediction by Weng et alError! Bookmark not defined. . In the bulk, changes to the 

interlayer spacing are a key parameter in shaping the topology of the band structure. This is reflected in the 

topological phase diagrams shown in Figure.5, where the gap closes for modest strain in the van der Waals 
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interlayer separation. As a function of in-plane biaxial deformation, the bilayer shows a transition from a 

trivial insulator to a topological insulator at experimentally achievable strains of a few %. At the same time, 

in the monolayer case there is no trivial-topological phase transition, only a closure of the topological gap 

for small (<1%) compressive strain. Thus, from a perspective of tuning topological phases via strain, 

bilayers of ZrTe5 represent a unique platform realizing the topological-trivial insulator transition. 

 

Since the preparation of monolayers and bilayers is still a challenge, we also examine the exfoliation of 

ZrTe5 onto gold substrates (see Fig. 1.6.). We conclude that this method is unviable, as opposed to other 

2D tellurides [Ref. 1.8] due to strong attraction of the first layer to gold which destroys its crystalline 

structure. Thus, in future experiments it is worth exploring the exfoliation of ZrTe5 onto other clean metal 

surfaces [Ref. 1.9] , where the adhesion to the metal does not compromise the crystal structure of the 

material. 

 
Figure 1.6. (a) Optical microscopy image of exfoliated ZrTe5 on a gold substrate. Red arrows mark areas with the 

smallest optical contrast, possibly monolayers. (b) Representative STM topographic image of a low contrast area, 

showing a disordered structure with only slight hints of unit cell periodicity. (c) STM topographic image of a few-

layer area, showing a well resolved atomic contrast on top of the crystal. (d) Relaxed ab-initio model of an 

adsorbed ZrTe5 layer on a gold (111) surface. (e) Calculation for a bilayer ZrTe5. The crystalline structure of the 

monolayer is destroyed by the strong adhesion to the gold substrate, while in the bilayer case the top monolayer is 

unaffected. 
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Graphene-encapsulated silver nanoparticles for plasmonic 

vapor sensing 
 

OTKA K134258, MTA János Bolyai Research Scholarships 

 

G. Piszter, Gy. Molnár, A. Pálinkás, Z. Osváth 

 
 

Noble metal nanoparticles (NPs) are widely used for chemical and biological sensing because of their 

local surface plasmon resonance (LSPR) and surface-enhanced Raman scattering properties. The LSPR 

produces sharp spectral absorption, which can be used to detect changes in the molecular environment near 

the surfaces of NPs by spectral shift detection. In this work, we fabricated Ag NPs and grapheneïsilver 

nanoparticle hybrids directly on highly oriented pyrolytic graphite (HOPG) substrates as follows. Ag films 

of 7 nm thickness were evaporated onto HOPG and then covered with CVD-grown graphene. The transfer 

process yielded a graphene coverage of 40-50%. To form nanoparticles, both bare and graphene-covered 

Ag thin films were annealed at 400 °C under an inert gas atmosphere for 1.5 h. The obtained samples 

(samples #1 and #2) were characterized by tapping-mode atomic force microscopy (AFM), as well as 

scanning electron microscopy (SEM), see Fig. 1.7. 

 
Figure 1.7 (a) SEM image of bare Ag NPs (left) and Ag NPs covered with graphene (right). The edge of graphene is 

marked with a blue dashed line as a guide for the eye. (b) AFM image of graphene-encapsulated Ag NPs. 

Discontinuities in the graphene overlayer and areas with bare Ag NPs are demarcated with blue dashed lines. 

Several graphene-covered nanoparticles are demarcated with a white square and shown in the enlarged image in 

(c). Here, wrinkling of the graphene overlayer is observed (arrows). (d) The mean height distribution of graphene-

covered (green) and bare Ag NPs (red) was measured on 142 NPs in both cases. 
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We investigated the effect of point defects on the sensing properties of graphene-covered Ag NPs. 

Therefore, we introduced defects in sample #2 by exposing it to O2 plasma for 5 seconds. Such plasma 

treatment induced individual, point-like defects (vacancies) in the graphene overlayer, located several 

nanometers apart from each other. UV-Visible reflectance spectroscopy was used to measure the shift of 

the LSPR upon exposure to acetone, ethanol, 2-propanol, toluene, and water vapors. Since the LSPR shifts 

are rather small changes compared to the LSPR intensity, it is more convenient to use the reflectance change 

spectra (Fig. 1.8) defined as æR = (R/R0)×100%, where R0 is the initial reflectance in synthetic air. 

 

 
Figure 1.8. Maximal peak intensities in the reflectance change spectra as a function of vapor concentration. For 

each applied vapor, the optical responses of samples #1 and #2 are compared. (a) acetone, (b) ethanol, (c) 2-

propanol, (d) toluene, and (e) water vapors were applied. 

 

We showed that the prepared hybrid nanostructures displayed pronounced optical responses upon 

exposure to organic vapors. The observed concentration-dependent shifts in the LSPR were substance-

specific, as demonstrated in Figure 2. One can observe that there are differences in the maximal responses 

of the two samples, especially for acetone, water, and toluene. The defected graphene overlayer (sample 

#2) increases the sensitivity to water and toluene. This agrees with recent calculations showing that toluene 

and water molecules adsorb better to graphene with defects. In comparison, exposure to ethanol and 2-

propanol results in similar optical responses, while acetone even gives a reduced signal on defected 

graphene. These findings can be useful in tuning the selectivity in sensing volatile organic compounds. 

The paper was published in Nanomaterials 12, 2473 (2022). 
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Spectral Engineering of Hybrid Biotemplated Photonic/Photocatalytic 

Nanoarchitectures 
 

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

Zs. Bálint, and L. P. Biró 
 
 

Heterogenous photocatalysis is a light driven process that enables transformation of the abundant and 

environmentally safe sunlight into much needed chemical processes to achieve, for example, water 

purification. For this purpose, supported catalysts are needed, which can be used in a continuous-flow 

regime. To enhance the efficiency of the purification process, the properties of the used catalysts have to 

be tunable in a way to fit the characteristics of the pollutant to be removed. For this type of application, the 

photocatalyst has to be cheap and, in order to allow avoidance of the use of UV transparent materials with 

prohibitive prices, preferably, able to operate with visible light. 

 

Due to their nanostructure, butterfly wings offer a support with a large specific surface that can be 

produced in a cheap and environmentally safe way, onto which different nanoparticles (NP) can be 

immobilized and eventually coated by a few nanometers of semiconductor material to enhance their 

photocatalytic effect. An additional benefit may arise from the photonic-crystal-type (PhC) structures in 

the butterfly wings. 

 

 
Figure 1.9. Common Blue butterfly and typical sample structures used. (a) Dorsal wing surfaces of a male specimen; 

(b) Type-1 sample structure without 15 nm ZnO layer on the butterfly wing before the Cu2O deposition; (c) Type-2 

sample structure with 15 nm ZnO layer deposited by ALD on the butterfly wing before the Cu2O deposition. 

 

Here, photonic nanoarchitectures of biological origin with hierarchical organization from nanometers to 

centimeters were applied as biotemplates. The blue wing surface of laboratory reared male Common Blue 

(Polyommatus icarus) butterflies were used in combination with atomic layer deposition (ALD) of 

conformal ZnO coating and deposited octahedral Cu2O NPs to explore the possibilities of engineering the 

optical and photocatalytic properties of hybrid photonic nanoarchitectures (Fig. 1.9). 

 

Type-1 and type-2 samples were prepared similarly, the only difference was the additional base layer of 

15 nm ZnO under the Cu2O NPs: the wings were glued to glass substrates, were pretreated in ethanol 

overnight, then the different amounts of Cu2O sols were added carefully to the dry samples. Half of the 

samples were coated with an additional 5 nm ZnO cover layer to immobilize the Cu2O NPs. 
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Figure 1.10. (a) Reflectance spectra of the wing samples used in the photocatalytic experiments in as prepared 

state: (1) type-1 sample, without ethanol pretreatment; (2) type-1 sample with ethanol pretreatment; (3) type-1 sample 

with 120 µl of Cu2O sol drop dried; (4) type-2 sample with 120 µl of Cu2O sol drop dried; (5) type-1 sample with 120 

µl of Cu2O sol drop dried followed by the deposition of 5 nm of ZnO; (6) type-2 sample with 120 µl of Cu2O sol drop 

dried followed by the deposition of 5 nm of ZnO. The grey-shaded area marks the rhodamine B absorption band. (b) 

Absolute and relative reaction rates of the samples used to characterize the photocatalytic efficiency of the 

biotemplated photonic/photocatalytic nanoarchitectures. 

 

The samples were characterized by UV-visible reflectance spectroscopy, and their photocatalytic 

performance was benchmarked by comparing the initial decomposition rates of rhodamine B (Fig. 1.10) 

under visible light illumination. The relative reaction rates may be helpful in comparing the individual 

effects of the various components of the more complex biotemplated photonic nanoarchitectures that 

proved to have the best efficiency in the photodegradation of the dye. The reaction rate on bare glass was 

taken as unity. 

 

Cu2O NPs alone or on the butterfly wings, covered by 5 nm thick layer of ZnO, showed poor 

performance. Butterfly wings, or ZnO coated butterfly wings with 15 nm ALD layer showed a 3 to 3.5 

times enhancement as compared to bare glass. The best performance of almost 4.3 times increase was 

obtained for the conformally coated wings by 15 nm ZnO, deposited with Cu2O NPs followed by conformal 

coating with an additional 5 nm of ZnO by ALD. The above results demonstrate that properly chosen 

photonic nanoarchitectures of biologic originðfrom the large ñlibraryò of such structuresðin combination 

with well-chosen photocatalyst(s) can significantly enhance the efficiency of complex, hybrid biotemplated 

photonic/photocatalytic surfaces. Taken together, our findings suggest that the reason for the enhanced 

efficiency is complex; both the fast carrier separation at Cu2OïZnO p-n heterojunctions and the slow light 

effect of the photonic nanoarchitecture are contributors. 

  



 

 

 

 

MFA Yearbook 2022          28 

 

 

 

Effect of Plasmonic Au and Ag/Au Nanoparticles and Sodium Citrate on the 

Optical Properties of Chitin-Based Photonic Nanoarchitectures in Butterfly 

Wing Scales 

 
K. Kertész, G. Piszter, Z. E. Horváth, D. Zámbó, A. Deák, and L. P. Biró 

 
 

Photocatalysis on non-toxic, stable metallic nanoparticles (NPs) such as Au or Ag/Au alloys, which 

offer the possibility to tune the wavelength range where photoexcitation is occurring, is ideal to be used for 

clean and safe technology. To be able to exploit this advantage, the metallic NPs must be supported on a 

substrate which will provide a large specific surface area, possibly by micro- and nanostructuring, and can 

be produced in a cheap and environmentally friendly way. Photonic-crystal-type (PhC) structures, in 

particular inverse opal type nanoarchitectures, are used to host various catalytic NPs. These hybrid 

nanoarchitectures (PhC + NP) exhibit a lot of potential for harnessing solar radiation for catalytic purposes. 

PhC-type nanoarchitectures of biologic origin can be found on the wings of butterflies exhibiting structural 

coloration. Using this cheap substrate, the simplest way of producing nanocomposites of metallic NPs in 

PhC nanoarchitectures in butterfly wing scales is the application of colloidal sols of metallic NPs on the 

flat butterfly wing. In this process, the effect of three major sol components has to be taken into account: 

the effect of water, the metallic Au and alloyed Ag/Au NPs, and the sodium citrate used for the 

formation/stabilization of the NPs. Here, the impact of these three components on the optical properties of 

the natural photonic nanoarchitectures is discussed. 

 

 
Figure 1.11 (a) Integrating sphere reflectance measurements of the Polyommatus icarus wing in pristine state before 

the application of the sol and after the application of 120 µL of Au sol and complete drying; (b) Scanning electron 

micrograph of a scale of the Polyommatus icarus wing after the application of 120 µL of Au NP sol and complete 

drying. One may note the presence of bright dots in the image, which represent the Au NPs. 

 

The butterfly wing scales, with the NPs, integrated into the photonic nanoarchitecture, as seen in Fig. 

1.11.b, behave like a complex nanocomposite which inherits its properties from both components. As the 

composite is made up dominantly of the chitin-based biologic photonic nanoarchitecture, its properties are 

primarily determined by photonic nanoarchitectures of the butterfly wing scales. See pristine and shifted 

reflectance in Fig. 1.11.a. 

 

For a detailed analysis, a total of 40 samples were prepared and subjected to different treatments. One 

may observe that PLA gluing produced a slight blueshift in the spectral position of the reflectance 

maximum, but on average, the amplitude of the reflectance maximum in normal incidence did not change 

significantly (Fig. 1.12.b). The subsequent water immersion for 8 h, followed by overnight drying, did not 
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produce modifications of the spectral position and the amplitude of the reflectance maximum. The drop-

drying of sodium citrate solution returned the spectral position of the reflectance maximum to that of the 

pristine state (redshift) but produced a significant increase in the amplitude of the normal incidence 

reflectance. The removal of the dried citrate by immersing the samples for 8 h in water and measuring them 

after overnight drying in air eliminated the redshift in the spectral position but preserved the increased 

amplitude of the reflectance. 
 

 
Figure 1.12. Statistical presentation of the changes in optical properties of male Polyommatus icarus wings 

mounted on glass substrate by PLA. (a) Integrating sphere measurement of the spectral position of the blue reflectance 

maximum after the different treatments of the wings; (b) normal incidence measurement of the amplitude of the blue 

reflectance maximum after the different treatments of the wings. 

 

When Au NP sol in sodium citrate solution was applied on the water-immersed and dried butterfly 

wings, the observed effects presented the characteristics of the citrate solution application, but an additional 

redshift was produced, and the increase in the amplitude of the normal incidence reflectance maximum was 

slightly smaller. 

 

In addition, we used ethanol to facilitate the penetration of deionized water inside the photonic 

nanoarchitecture, the major effect measured after drying is the increase of normal incidence reflectance 

caused by the flattening of the wing scales towards the wing membrane which is a persistent effect. 
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Photonics Department  
 

 

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

Research Staff: 
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¶ András DEÁK, Ph.D., Head of Chemical 
Nanostructures Laboratory 

¶ Antal GASPARICS, Ph.D. 

¶ Norbert NAGY, Ph.D. 
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¶ Áron Fogarasy, 

¶ Dávid Kovács, 

¶ Rita Némedi, 

¶ ałǘŞ {ȊǼŎǎΣ 

¶ Gergely Südi, 

¶ Dániel Takács 

 

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 2022: 

 

- Non-destructive magnetic methods have been developed for the investigation of structural 

materials in nuclear power plants. A correlation is sought between the sample parameters 

determined by non-destructive magnetic measurements and the dose of neutron irradiation. It is 

extremely important that these tests can be performed on cladded surfaces. The measurements 

performed can play an important role in the non-destructive testing of the pressure tank of nuclear 

power plants, which is currently one of the most important tasks in nuclear technology. Their results 

make it possible in the future to replace the labor-intensive, costly and destructive testing with the 

magnetic method they have developed. 

- A micro-combinatorial mapping method was used for high-resolution composition-dependent 

optical analysis of materials used in solar cell technology and sensing. 

- Surface nanoparticles were generated in a controlled way that can be used in sensing, medicine, 

and solar cell technology, among others. Using a self-built single-particle spectrometer, we 

investigated the role of the exchange of molecules inherently present in the surface of gold nanorods 

(due to the synthesis method) in interactions by examining individual nanoparticles. 
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- We develop cryoaerogels electrochemical and catalitic applications. We have demonstrated the 

importnce of nanoscale design in the charge carrier transport properties of CdSe/CdS/metal 

cryoaerogels. 

- We developed a capillary probe method for high-precision testing of hydrophobic and hydrophilic 

surfaces. Computational and experimental investigation of hydrophobic surfaces based on previous 

measurements and in collaboration will be of paramount importance. We investigated the novel 

possibilities of the method for the determination of solid-liquid adhesion work and surface free 

energy. 

- Taking advantage of the high sensitivity and the nondestructive nature of spectroscopic 

ellipsometry, interface processes were investigated in highly relevant research topics. It has been 

shown that the hot electrons created by plasmon excitation in gold occupy the top few nanometers 

of the layer, and they have a different dispersion than the thermalized electrons of the bulk layer. 

Hydrocarbon adsorption on the surface of highly oriented pyrolytic graphite was measured by 

spectroscopic ellipsometry  

- on time scales of more than two months, showing the kinetics of monolayer adsorption. 

- We developed an optical sensor structure that shows resonant surface amplification in a 

controllable way, depending on the properties of the biological materials to be tested. We applied 

combinatorial plasmonic materials for Kretschmann-Raether sensing at solid-liquid 

interfaces.Electrochemically grown gold nanoparticles were used to create sensor surfaces suitable 

for electrochemical measurements. We optimized the adsorption of the filaments by monitoring 

optical measurements on the surface of the sensors. Cyclic voltammetry measurements detect 

contaminants in natural waters and drinking water.  

- We developed the method of Makyoh topography into new directions. It was also shown that front-

face deformations of semiconductor wafers induced by localised backside contamination particles 

during polishing can also be well approximated by the Gaussian curve, thus making the analysis 

more transparent. 
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Contact angle determination by the Capillary Bridge Probe method: 

from perfect wetting to hydrophobic surfaces 
 

OTKA FK 128901 

 

N. Nagy 

 

 

The developed indirect Capillary Bridge Probe method combines the accuracy of the Wilhelmy method 

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

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

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

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

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

 

 
Figure 2.1. a) Schematics of a capillary bridge (Fc: capillary force; r0: neck radius; rs: contact line radius on the 

sample surface). b) Captured and evaluated image of a water capillary bridge on a glass surface. The diameter of 

the glass cylinder is 2 mm. The blue crosses designate the corners of the bridgeôs silhouette, the red and green 

curves show calculated profile. 

 

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

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

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

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

it pins on the rim of the cylinder. 

 

A typical measured graph and determined contact angles are plotted in Fig. 2.2. The measurement was 

carried out on a clean stoichiometric Si3N4 surface. The attractive (negative) capillary force decreases with 

the decreasing bridge length, and it shows hysteresis (Fig. 2.2.a). This hysteresis results in the contact angle 

hysteresis in Fig. 2.2.b. The advancing contact angle is stable, while the receding values show decreasing 

character (similarly to the results of evaporating drop measurements). 

 

As a demonstration of a unique property of the method, perfect wetting situations were also 

characterized. The graphs shown in Fig. 2.3. were measured on a super hydrophilic acid-treated glass 

surface. The capillary force and the contact angle do not exhibit hysteretic character. However, a novel 

phenomenon can be observed in Fig. 2.3.b. The contact line starts to advance again during the retraction 

and the corresponding (readvancing) contact angles are much lower than the advancing and receding values. 
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In this phase, the readvancing contact line finds prewetted surface, this is the reason of the low determined 

values. [Ref. 2.1] 

 

 
Figure 2.2. (a) Capillary force as a function of bridge length measured on a hydrophilic Si3N4 surface.  

(b) Determined contact angles as a function of the contact radius. The force hysteresis results in contact angle 

hysteresis. 

 

 

 
Figure 2.3. (a) Capillary force as a function of bridge length measured on an acid-treated superhydrophilic  glass 

surface. (b) Contact angles vs. the contact radius. The contact line starts to advance again during the retraction and 

the readvancing contact angles are much lower. 

 

Hydrophobic surfaces can be characterized with high sensitivity, as it was demonstrated on PTFE 

surfaces. The graphs in Fig. 2.4 show hysteresis of capillary force and contact angle, as well. Sessile drop 

measurements did not show any contact angle hysteresis. [Ref. 2.2] 

 

    
Figure 2.4. (a) Capillary force vs. bridge length measured on a hydrophobic PTFE surface. The capillary force 

changes its sign during the approach and retraction. (b) Contact angles as a function of the contact radius. 

(a) (b) 

(a) (b) 

(a) (b) 
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Mapping and modeling of the optical properties of thin films  

developed on ferrite grains by color etching 
 

TKP2021-EGA-04, OTKA K 131515, EMPIR POLight 

 

J. B. Renkó, A. Romanenko, P. J. Szabó, A. Sulyok, P. Petrik, A. Bonyár 

 

 

Etching methods in metallography are used to develop the grain structure at the surface. The etchant 

reacts with the material at the surface to change its topography, making individual grains visible. Color 

etchants are less common than chemical etchants, mainly because the saline solutions used in color etching 

are less aggressive. The layer grows in both directions relative to the original plane of the sample. As the 

film grows, each grain undergoes a cyclic color change. Although these color etching methods are widely 

used, the chemical processes involved are not or only partially explored. In this investigation we have 

mapped the individual grains using focused-beam ellipsometry, and compared the results with 

complementary methods (Fig. 2.5). We have shown that the refractive index varies depending on the 

crystallographic orientation of the grains in the same way as the etching speed. The refractive index is 

inhomogeneous in depth with larger values at the interface between the layer and the substrate. This finding 

correlates well with compositional depth profile revealed by X-ray photoelectron spectroscopy. This work 

was a significant contribution to relate the colors to the crystallographic orientations of the individual 

grains. [Ref. 2.3] 

 

 

 
Figure 2.5. a) Optical microscope image of the color etched ferritic steel specimen (60 s in Beraha-I). The numbers 

represent labels of the grains for further investigation. b) The layer thickness map determined by spectroscopic 

ellipsometry (using a Cauchy dispersion). c) The inverse pole figures of the same area from electron backscatter 

diffraction (EBSD). 
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High-sensitivity ellipsometry for in-situ characterization of interface 

phenomena 
 

TKP2021-EGA-04, OTKA K 131515, EMPIR POLight 
 

P. Petrik 

 

 

Taking advantage of the high sensitivity and the nondestructive nature of spectroscopic ellipsometry, 

interface processes were investigated in highly relevant research topics. It has been shown that the hot 

electrons created by plasmon excitation in gold (Fig. 2.6.a) occupy the top few nanometers of the layer, and 

they have a different dispersion than the thermalized electrons of the bulk layer [Ref. 2.4]. 

 

Hydrocarbon adsorption on the surface of highly oriented pyrolytic graphite was measured by 

spectroscopic ellipsometry on time scales of more than two months (Fig. 2.6.b) and a few hours (not shown 

here, see [Ref. 2.5]). It was shown that monolayer adsorption can be followed by this technique, as verified 

and analyzed by tapping mode methods. 

 
Figure 2.6. a) Experimental setup to measure hot electrons during plasmon excitation in a thin gold layer. The 

plasmons are generated by a laser illumination the layer from the substrate side, whereas the ellipsometry 

measurement it performed at the gold/air interface during the excitation. b) Ellipsometry measurement during 

hydrocarbon adsorption on highly oriented pyrolytic graphite. (Ɋ=tan-1(|rp/rs|), where rp and rs denote the complex 

reflection coefficients of light polarized parallel and perpendicular to the plane of incidence, respectively.) 
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Ellipsometry monitoring of sensor processes based on gold nanoparticle 

bonded proteins 
 

OTKA K 131515 and OTKA NNE131269 

 

Z. Labadi, C. Bakos, M. Szucs, A. Bonyar, D. Mukherjee, H. Jankovics, F. Vonderviszt and P. Petrik 
 

 

Monitoring and reducing pollution is one of the most important challenges. To achieve this goal, 

techniques that allow accurate and easy measurement of pollutants are essential. Unfortunately, in the case 

of heavy metal pollutants, there are currently no inexpensive, field-applicable methods available that let us 

easily and accurately determine the concentration of ions that pose a health risk.  

In this work we examine selective heavy metal sensor structures based on specific modified proteins 

deposited onto conductive surface and the sensing process itself is based on electrochemistry. Our previous 

results [Ref. 2.6-2.7] show the feasibility of the modified protein-based sensor structures for ppm range 

monitoring of Ni and As contaminations in natural waters. Combining SEM, and voltammetry data with 

in-situ Spectroscopic Ellipsometry (SE) measurements provides deeper understanding of the sensing 

processes.  

The first step of the process is the preparation of proteins with genetic modification that introduces 

selective nickel or arsenic binding domains. For this purpose, bacterial flagellar filaments were used. These 

are natural protein nanotubes, which are formed by self-assembly from thousands of flagellin subunits. 

Their variable middle portion that forms the D3 domain exposed on the surface of the filaments and was 

engineered to create a metal-binding site. This work was done at University of Pannonia, and details are 

given in [Ref. 2.6] 

SE is a sensitive non-destructive method to monitor interfaces. Three consecutive steps of the building 

of the sensor structure are monitored by SE: (1) the deposition of gold nanoparticles onto a gold substrate, 

(2) the binding of modified proteins on gold nanoparticles and (3) selective binding of Ni or As contaminant 

on the modified proteins. These processes are monitored by independent physical and chemical 

characterization methods (SEM, AFM, cyclic voltammetry) as well while SE gives independent in situ 

monitoring data. The main advantage of SE is its sub-nanometer thickness sensitivity together with 

spectroscopic data in the 190-1700 nm range (i.e., 0.7-6.5 eV photon energy), plus second-range time 

resolution.  

 
Figure 2.7. Equivalent layer thickness of Au nanoparticles determined by SE as a function of time (red curve). Blue 

graph represents the applied potential as a function of time. 
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Deposition of gold nanoparticles took place from 0.2mmol/l HAuCl4 solution in 10mM/L HEPES (4-

(2-hidroxietil)-1-piperazin-ethaensulphonic acid) pH=7.0 buffer while the substrate electrode went through 

potential cycles between -0,6 and 1,2V versus saturated calomel electrode. Simultaneous SE spectra were 

measured throughout the cycles. Evaluation of SE spectra was made using a three-layer optical model 

(vacuum evaporated gold, followed by a surface roughness layer and a nanoparticle layer, both 

characterized as mixture of water and gold using the Sellmeier model). Fig. 2.7. shows the measured Au 

nanoparticle layer thicknesses. Golden nanoparticle deposition takes place in cycles synchronous with the 

potential change and the deposition takes place in the 0. ï 1V potential range. Fig. 2.8 shows the SEM 

micrographs of the surface after10 cycle deposition. Full coverage with an approx. 100nm surface 

roughness is observable. This surface was used to immobilize the protein filaments. 

 

 
Figure 2.8. SEM micrographs of golden nanoparticles deposited onto evaporated gold in 10 cycles and cross-

sectional view of sample 

 

Protein immobilization was carried out from 1mM/L protein solution in 10mM/L HEPES pH=7.0 buffer 

applying potential cycles between -0.6 ï 0.7V. Fig. 2.9. shows the protein filament coverage on the surface 

after 10 cycles. It has to be noted that the protein coverage remained relatively low, and preferably should 

be increased by the cycle number and/or the protein concentration. 

 
Figure 2.9. Protein filament coverage on the surface after 10 cycles 

 

The protein immobilization was also followed by SE using a three-layer model (gold nanoparticle layer, 

rough surface layer and a protein/solvent layer characterized by different Au, water and protein contents 

respectively. Fig 2.10. shows the amount of accumulated protein at the surface as a function of time (cycles). 

The protein irreversibly accumulates in the middle layer (rough gold) and its amount increases with time.  
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Figure 2.10. Protein content calculated from three-layer ellipsometry model (blue curves). Red curves represent the 

potential cycles 

 

The sensor surfaces prepared with immobilized protein were characterized for Ni ion interaction. 

150mM HEPES solution was contaminated with increasing concentration of Ni ions and cyclic 

voltammograms were measured on them using our electrode covered with filaments. Fig. 2.11. shows the 

voltammograms taken at increasing amount of Ni. As it can be seen in Fig. 2.11. a redox process is 

observable in the presence of Ni.  

 
Figure 2.11. Cyclic voltammograms of filament covered golden surfaces in the presence of Ni contamination. Ni 

concentrations are expressed in the multiples of 1ɛmol/L concentration (i.e at the EPA health limit for tap water) 
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Figure 2.12. shows the integral of the peaks as a function of the Ni concentration. (curve belonging to 

Ni free sample was chosen as baseline) The integral values show only slight increasing tendency with 

increasing Ni which can be explained by the low partial coverage of the surface and the saturation of Ni 

binding points.  

 
Figure 2.12. Integral of the curves measured on Ni contaminated samples as a function of the Ni concentration. 

 

Protein flagellar filaments were successfully immobilized on golden nanoparticle covered electrode 

surface. The golden nanoparticle formation and the protein binding was successfully monitored by in situ 

Spectroscopic Ellipsometry. Genetically engineered bacterial flagellar filaments were successfully tested 

as sensor layers for measuring Ni concentration in aqueous solution at 1ɛmol concentration. 
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Surface sodification and self-assembly of gold nanoprisms 
 

OTKA FK FK128327 

 

A. Deák 

 

 

Controlled surface modification of nanoparticles could enable the preparation of nanoscale objects that 

feature different surface-regions on the same particle, covered by different types of molecules. Such 

ñmultifunctionalò particles have application potential especially in the fields of biomedicine and sensorics. 

In our recent work we investigated the controlled surface modification of gold nanoprisms with the aim to 

cover the tip/edge and face regions of the particles with different types of molecules. [Ref 2.8] 

 

 
Figure 2.13. Sketch of the binary surface modified gold nanoprisms and the blueshift of the dipolar plasmon 

resonance mode upon sequentially adding the thiol and the thiolated PEG (left). Self-assembly of the MTAB/PEG 

binary surface modified nanoprisms with MUA coated nanospheres - only minor spectral changes are observed, but 

spheres accumulate at the prism edges (right) 

 

The prisms were prepared via a seed-mediated wet chemical synthesis route, surface modification was 

achieved using thiolated molecules, as thiols show high affinity towards gold surfaces. The original CTAC 

capping ligand layer is partially replaced by cysteamine or MTAB when their respective concentration is 

kept low. By monitoring the time-evolution of the dipolar plasmon resonance mode of the gold nanoprisms, 

concentration levels could be identified where the thiols preferentially bind to the edges/tips of the prisms. 

In a second step the remaining surface of the prisms was covered by a thiolated PEG moiety. Whereas the 

tip/edge replacement of the original CTAC capping layer by the thiols induced a significant blueshift of the 

dipolar plasmon resonance as a result of decreasing effective refractive index in the optical near-field, PEG 
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injected into the same system results only in a minor redshift. This indicates the successful preparation of 

binary, thiol/PEG surface modified nanoprisms.  

 

The self-assembly behavior of the prisms was also tested, using MUA surface modified nanospheres. 

MUA renders the nanospheres negatively charged, while both cysteamine and MTAB provide a positive 

surface charge. As PEG is a neutral polymer, it is expected that the oppositely charged nanoparticles will 

heteroaggregate as dictated by the electric double layer interaction between them. When performing such 

a heteroaggregatation experiment, no plasmon coupling related clear indication of the the heteroaggregation 

is found, but SEM images reveal that spheres preferentially accumulate at the sides of the prisms.  
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Importance of the nanoscale design on the charge carrier transport in 

CdSe/CdS/metal cryoaerogels 
 

TKP2021-NKTA-05 
 

D. Zámbó 

 

 

Beside the outstanding optical properties of cadmium chalcogenide nanocrystals closely related to the 

radiative recombination of the photoexcited electrons and holes, the separation of these carriers is also of 

great interest particularly in electrochemical processes. Combining CdSe quantum dots and CdS shell (as a 

form of a nanorod) endows the semiconductor with the possibility to separate the holes in the core QD, 

while the electrons are being immobilized in the elongated CdS shell. These electrons are able to be 

transferred towards other semiconductor nanorods or even metal domains/nanoparticles. The benefit of the 

accumulation of the electron in a metal domain lays in the fact that the radiative recombination pathways 

are suppressed and the electronôs lifetime can be extended. The latter technically means an enhanced 

efficiency to utilize them in catalytical processes. Due to the nonradiative nature of these processes, 

spectroelectrochemical techniques need to be applied to monitor them. 

 

In case of CdSe/CdS dot-in-rods and core/crown nanoplatelets, the combination of the semiconductor 

part with metals (e.g. Au, Pt) can be obtained via two strategies: (i) wet-chemical growth of the metal 

domain onto each semiconductor nanoparticle or (ii) mixing the components in liquid phase. However, the 

resulting interparticle connections will be fundamentally different which alter the charge carrier dynamics. 

Upon cryogelating the multicomponent solutions, differences in the microstructure of the gels as well as 

their spectroelectrochemical properties are observed as a consequence of the different interparticle contacts 

(Fig. 2.14).  

 

 
Figure 2.14. TEM images representing the structure of the hybrid and the mixed semiconductor/metal 

nanoparticle cryoaerogels (A-D). Linear sweep voltammograms and IMPS Nyquist plots of the 

cryoaerogels (E-H).  
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While growing the metal domains onto the semiconductor builindig blocks provides a homogeneous 

metal particle distribution, mixing leads to aggregation and inhomogenous accumulation of the metal 

particles. Based on spectroelectrochemical measurements (linear sweep voltammetry and intensity 

modulated photocurrent spectroscopy), competing charge transfer processes were identified: electron 

transfer from the semiconductor towards the ITO electrode, transfer from one semiconductor nanoparticle 

to the neighbouring one as well as electron transfer towards the metal domains and further to the solution. 

It was found, however, that the transfer of the photoexcited electrons towards the metal domains (and to 

the solution) dominates the spectroelectrochemical response of the gels consisting of semiconductor 

particles with on-grown metal domains leading to a negative photocurrent. This enables the use of such 

structures in e.g. hydrogen-evolution reaction (HER). [Ref 2.9] 
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Makyoh imaging and topography 
 

F. Riesz 

 

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

where a plane (or, more generally, spherical) wave is reflected from a nearly flat mirror, causing intensity 

variations in a far-field screen image because of the local deflections. The intensity distribution reflects the 

mirror height map. The first application of this principle was probably the Oriental magic mirror; a modern 

application is Makyoh topography, used mostly for the visualization of surface defects or texture of 

semiconductor wafers. In the ancient magic mirror, but often also in semiconductor technology, the flatness 

deviations of the mirror surface are caused by mechanical pattern transfer of the back relief of the mirror 

plate (or wafer) see Fig. 2.15.a. We have modelled the role of this pattern transfer in Makyoh imaging [Ref. 

2.10]. Following the earlier studies, the convolution by a Gaussian was used for modelling the process 

mechanically; it was also shown that front-face deformations of semiconductor wafers induced by localized 

backside contamination particles during polishing can also be well approximated by the Gaussian curve, 

thus making the analysis more transparent (Fig. 2.15.b). Because of the convolution, the front face 

topography will have specific properties, which are reflected also in the Makyoh image. The Makyoh image 

formation was modelled by a full theory incorporating the effects of surface gradients on the intensity and 

Gaussian curvature, unlike previous approaches which used the linear approximation (Laplacian contrast). 

The main global features, inferred from our model, are the following: (1) the amplitude parameter of the 

Gaussian has a linear scaling effect on the front-face topography, this is equivalent to the scaling of the 

screen distance; (2) the convolution has a symmetrizing effect on the shapes as well as decreases the 

astigmatism of the reflected beams, this effect is characterized by the width of the Gaussian; (3) the 

nonlinearity of the imaging is reduced and (4) a minimum (local) focal distance (caustic limit) is imposed. 

 

 
Figure 2.15. a) Scheme of the formation of a front-face depression induced by a contaminant particle in a 

semiconductor wafer during polishing. b) Deformation profile of the depression: analytic plate-theory modelling 

and the Gaussian fit. 

 

In the linear case (valid if the screen distance is much larger than the front surfaceôs local curvature 

radii) the whole optomechanical process is equivalent to the convolution by a LoG (Laplace of Gaussian) 

function; this is a standard edge-detection method in image processing. Another result of the past year is 

the proposal of a novel approach for the imaging of the ancient mirror: the visual image of the back relief 

pattern, rather than its topography is compared to the Makyoh image. The visual image depends on the 

environmental illumination conditions and surface reflection properties, but it can be stated the both images 

are essentially emphasise edges (gradient changes) of the back relief, thus their correspondence can be 

established, especially if the Makyoh imaging is in the nonlinear region (that is, the bright areas are strongly 

focused and their width is reduced). 
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Thin Film Physics Department  
 

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

 

Research Staff  

¶ Csaba BALÁZSI, D.Sc. 

¶ Haroune R. BEN ZINE  

¶ Ildikó CORA, Ph.D. (from November) 

¶ Zsolt CZIGÁNY, D.Sc. 

¶ Zsolt FOGARASSY, Ph.D. 

¶ Mónika FURKÓ, Ph.D. 

¶ Tamás KOLONITS 

¶ Viktória KOVÁCSNÉ-KIS, Ph.D. 

¶ Béla PÉCZ, corr. member of HAS., deputy general 

director of Centre for Energy Research, MFA director 

¶ György Zoltán RADNÓCZI, Ph.D. 

¶ Adél RÁCZ, Ph.D. 

¶ György SÁFRÁN, C.Sc. 

¶ Attila SULYOK, Ph.D. 

¶ Dheeraj VARANASI, Ph.D.  

¶ Péter B. BARNA, D.Sc., Prof. emeritus 

¶ Miklós MENYHÁRD, D.Sc., Prof. emeritus 

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

¶ János LÁBÁR, D.Sc,  Prof. emeritus 

Ph.D. students  

¶ Dániel OLASZ 

¶ Erzsébet DÓDONY  

¶ Klára HAJAGOS-NAGY  

¶ Nikolett HEGEDÜS   

¶ Mohamed AFROIU (Hungaricum stipendium) 

¶ Maroua H. KAOU (Hungaricum stipendium) 

 

 

 Technical Staff  

¶ Andrea JAKAB-FENYVESINÉ 

¶ Andor KOVÁCS 

¶ Valéria OSVÁTH (maternity leave) 

¶ Noémi SZÁSZ  

¶ Viktor VARGA  

 

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 2022. 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 2022, 55 papers (11pc D1, 23pc Q1) appeared in refereed journals with a 

cumulative impact factor of 290. In addition, 24 papers were published with no impact factor conference 

proceedings. Members of the group presented 16 invited lectures, 50 oral talks and 19 posters at national 

and international conferences. The group received 3610 independent citations in the examined interval of 

the last two years.  

Research members of the group lectured some courses at universities and held few laboratory practices. 

All courses were for full semester (Eötvös Lóránd University - ELTE, and Budapest University of 

Technology and Economics - BME, and University of Pannonia- UP and Óbuda University - OE). In 

addition, 6 PhD students were supervised. Social activity of the group is landmarked by 15 memberships 

in different committees of the Hungarian Academy of Sciences and in boards of international societies 

(European and American Ceramic Society, International Ceramic Society, International Union for Vacuum 

Science). In addition, Béla Pécz, D.Sc. was elected as a corresponding member of the Hungarian Academy 

of Sciences (MTA) and Csaba Balázsi, D.Sc. as a full member of the World Academy of Ceramics (WAC). 
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Structural investigation of wide bandgap semiconductors prepared by 

sputtering 

 
TKP2021-NKTA-05 

 

M. Gajdics, B. Pécz 
 
 

Recently wide bandgap (Eg > 4 eV) semiconductors, such as AlN and Ga2O3 have received considerable 

interest. These materials have a wide range of potential applications, i.e. electronic devices, such as diodes 

and transistors, optoelectronic devices, such as UV photodiodes and photodetectors, and gas detection 

systems. The aim of this research is the structural investigation of sputter deposited AlN and Ga2O3 thin 

films. 

 

Gallium oxide films were deposited on sapphire substrates by radio frequency sputtering at room 

temperature (Fig. 3.1.). The applied pressure was p = 2Ā10-2 mbar and the DC potential was 1400 V. 

Sputtering was carried out using Ar, Ar+O2 and Ar+H2 gas mixtures, the gas flow for O2 and H2 was 1 sccm. 

The AlN films were prepared by HiPIMS (High-Power Impulse Magnetron Sputtering) using an average 

power of 200 W, frequency of 1 kHz and pulse width of 100 µs. The N2 concentration was varied during 

deposition to create a microcombinatoric film with changing composition. The structure of the films was 

studied by X-ray diffraction and transmission electron microscopy. The composition and refractive index 

was determined by energy dispersive spectroscopy and spectroscopic ellipsometry, respectively. The as-

deposited Ga2O3 films were found to have an amorphous structure and a slightly sub stoichiometric 

composition (Ga2O2.9 for Ar and Ar+H2, Ga2O2.95 for Ar+O2). In order to have a crystalline material, the 

samples were annealed at 900 oC for 1 hour in air, using 5 oC/min heating rate. As a result of the heat 

treatment, X-ray diffraction peaks of the crystalline ɓ-Ga2O3 phase appeared on the diffractograms (Fig. 

3.1.a). The reflections can be indexed as (-201) and its multiples, which indicates that the film has 

preferential texture. 

 

(a)  (b)  
Figure 3.1. (a) X-ray diffraction patterns of the annealed Ga2O3 films showing peaks of ɓ Ga2O3. (b)  Variation of 

the refractive indices (at 632.8 nm) during annealing determined by in-situ ellipsometry measurement 

 

The applied gas mixture apparently does not influence the crystallization of the material. After the 

annealing in air the films show the Ga2O3 stoichiometry. Variation of the refractive index was observed 

during the heat treatment (Fig. 3.1.b), which may be indicative to phase transformations. Temperature 

dependence of the refractive index is similar to all the studied samples, i.e. changes occur in the same 

temperature ranges. Composition of the gas mixture only has a minor effect on the value of the refractive 
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index. To further study the phase transitions additional annealing experiments and X-ray measurements are 

currently underway. EDS measurements of AlN thin films prepared using different N2 flow rates show that 

samples with excess nitrogen cannot be manufactured under these conditions.  

 

Nevertheless, sub-stoichiometric films can be prepared and the N concentration has a significant effect 

on the structure of the sample. The stoichiometric film is made up of crystalline AlN phase, with the 

decrease of the N concentration the fraction of the crystalline phase decreases, and at some point a 

completely amorphous film forms. With further decrease of N concentration, crystalline Al appears in the 

sample (Fig. 3.2). 

 
Figure 3.2. Al/N atomic ratio as a function of position on a microcombinatoric AlN film. Different composition 

results in different crystal structures, the rectangles show the different composition regions with different structure. 
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Role of TEM in the development of Qubits. SIQUOS: Superconducting 

Silicon Qubit in CMOS Technology 
 

2019-2.1.7-ERA-NET-2022-00032 

 

J. L. Lábár, B. Pécz, F. Chiodi (2C2N-Paris Saclay), F. Nemouchi (CEA-Grenoble), Z. Zhang (Uppsala 

University), S. Zhang (Uppsala University), F. Lefloch (CEA-Grenoble)  
 

 

Qubits are the basic units of quantum computing and communication. Physical implementation of a 

qubit needs a system with two energy levels that can be manipulated separately. One of the several 

implementations is based on usage of superconductors. A superconducting qubit is an artificial atom, where 

the energy levels are assessed by the quantized resonance frequencies of an LC resonator. The qubit consists 

of a capacitively shunted inductor, where the inductance is provided by a superconducting weak link 

(Josephson junction: JJ, controlled by microwave signal). In an anharmonic oscillator the energy level 

spacings are different, so we can manipulate the first two, independently from the others. One variant of the 

superconducting qubits is a Gatemon, where energy levels are controlled by electrostatic potential of gate. 

Anharmonicity is introduced by the JJ. 

The aim of SIQUOS is to realise and study a Si gatemon qubit, a gate tuneable transmon qubit composed 

of a Si Josephson field-effect transistor (JoFET) coupled to a microwave resonator. It represents a valid 

integrable and scalable alternative to fully metallic superconducting qubits. 

 

SIQUOS focuses on the Si JoFET, i.e., a Si transistor with superconducting source and drain (S&D) 

contacts, whose non-dissipative supercurrent can be modulated by an electrostatic gate. CMOS-compatible 

metal silicides as well as heavily boron (B) doped Si will be used as the superconducting S&D contacts. A 

comprehensive investigation of the superconductor/Si (S/Sm) interface by means of structural, chemical 

and low-temperature electronic transport characterisation is being performed. The first and foremost 

objective of SIQUOS is to optimise the S/Sm interface transparency so as to allow for the transfer of 

correlated charge carriers from the superconducting contacts into the Si channel and to reach large, 

reproducible supercurrents. The second objective is to realise Si JoFETs, demonstrating the gate tuneability 

of the Josephson supercurrent. Thereupon, the third and final objective is to integrate Si JoFETs in a 

transmon geometry including on-chip capacitors and resonators, and to realise the manipulation of quantum 

states in Si-gatemon devices.  

 

The heart of a CMOS Si gatemon is a Josephson field effect transistor (JoFET) that has superconducting 

source and drain (Fig. 3.3). The superconductor can be a metal-silicide (PtSi in the figure) or a highly boron-

doped Si.  

 
Figure 3.3. A Josephson field effect transistor (JoFET) that has superconducting source and drain. 
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Figure 3.4. HRTEM image of a supersaturated, Boron doped Silicon (Si:B) layer. 

 

Quality depends on exact sizes, on crystallographic phases and their orientation and on the 

crystallographic quality of the interface at the atomic level. Here comes electron microscopy (TEM) for 

characterization. Si(B) needs a boron concentration above the equilibrium level. It is reached by a special 

technique: gas immersion laser doping. There is a need to check the depth of doping, the flatness of the 

interface and the concentration of B in Si. Cross section samples were prepared by FIB for HRTEM. 

Concentration of substitutionally positioned B was determined from the strain measured from HRTEM 

images (Fig. 3.4). 

 

A new method was also developed for the measurement of strain from 4D-ED. The first tests seem to 

be useful for determining connection between strained state (measured at room temperature) and 

superconductivity (measured at a few tens of mK temperature). Publication of the results is expected in 

2023. 

 

This work was supported by the QUANTERA project SIQUOS and by National Research, Development 

and Innovation Office under the contract 2019-2.1.7-ERA-NET-2022-00032. The QuantERA II Program 

has received funding from the European Unionôs Horizon 2020 research and innovation program under 

Grant Agreement No 101017733. Microscope facility provided by VEKOP-2.3.3-15-2016-00002 project 

of the European Structural and Investment Funds was used for this study.  
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Combinatorial mapping of microstructure and morphology in Cu-Mn films  
 

K. Hajagos Nagy, F. Misják, Gy. Radnóczi  

 

 

The scaling down of advanced semiconductor devices is a serious challenge for industrial technologies. 

Size reduction amplifies the effects of various diffusion related problems (e.g. electromigration) and some 

previously well-functioning solutions (e.g. TaN diffusion barriers) cannot be integrated in the new 

technologies. In interconnect design the use of self-organized processes has emerged as a solution, which 

involves the formation of a diffusion barrier from the interconnect material i.e. an alloyed Cu layer at the 

Cu/dielectric interface as a result of annealing or chemical reaction. The Cu-Mn alloy is a promising 

candidate for a number of diffusion barrier applications needed for Cu interconnects [Ref. 3.1]. 

 

Mapping the Cu-Mn thin film system may help in the search for optimal technological parameters. 

Previously, we found three one-phase regions in the system at room temperature: fcc Cu(Mn) solid solution, 

amorphous Cu-Mn alloy and Ŭ-Mn(Cu) solid solution. Between these intervals two phase regions exist, 

where an amorphous grain boundary layer covers the solid solution grains [Ref. 3.2]. For the successful 

application of Cu-Mn films the changes of microstructure and morphology within the phase regions has to 

be known in more detail. This can be effectively investigated using combinatorial samples, where one of 

the growth parameters changes continuously as a function of distance on the sample. 

 

50 nm thick Cu-Mn combinatorial films were grown by DC magnetron sputtering on amorphous carbon 

foils using S§fr§nôs micro-combinatorial method [Ref. 3.3]. The composition changed linearly between 0-

100 at% Mn. The microstructure of the films was investigated in a Philips CM-20 transmission electron 

microscope by light and dark field imaging and selected area electron diffraction. The composition was 

verified by EDS measurement. Diffraction patterns were evaluated using the Process Diffraction program. 

 

Combinatorial samples offer an effective way of investigating the effect of composition on 

microstructure and morphology. Fig. 3.5. shows the characteristic microstructure and morphology of the 

five phase regions in lateral bright field images and SAED patterns. The grain size of the fcc Cu(Mn) solid 

solution is bimodal, it decreases from 10-50 nm to 5-10 nm in the 0-35 at% Mn content interval. The Ŭ-

Mn(Cu) solid solution has a more uniform grain size, it decreases from 10-20 nm to 5-10 nm from pure Mn 

to 70 at% Mn content. Calibrating the diffraction patterns by an internal standard (MnO) allowed us to 

determine the correlation between the composition and lattice parameter of the Ŭ-Mn(Cu) solid solution. 

The lattice parameter increases linearly with Cu content: ὥ ὥ ὧ Ͻρȟπτφ (in Å), where 

ὥ ψȟωρς ᴠ and ὧ  is the Cu concentration in at%. In the amorphous region, two types of short-range 

order are likely: fcc Cu(Mn) based below 50 at% Mn content and Ŭ-Mn(Cu) based over 50 at% Mn content. 
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Figure 3.5. Morphology and microstructure of Cu-Mn films in each phase interval in lateral bright field images (a-

e) and SAED patterns (f-j). Pure Cu film (a,f), Cu-based two-phase film (30 at% Mn) (b,g), amorphous film (50 at% 

Mn) (c,h), Mn-based two-phase film (80 at%Mn) (d,i) and pure Mn film (e,j). 
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Bactericidal and Virucidal Properties of ZrN -Cu Nanostructured Coatings 

Deposited by an Industrial PVD System 
 

 
Zs. Czig§ny, K. Bal§zsi, S. Behrangi (Masaryk University), I. Sedl§ļek (Masaryk University), J. ĠtŊrba 

(University of South Bohemia), G. Sukov§ (Masaryk University), V. Burġ²kov§ (Masaryk University), P. 

Souļek (Masaryk University), V. Sochora (SHM, s.r.o.) and P. Vaġina (Masaryk University) 

 

 

Pathogenic microbes such as bacteria and viruses spread through contaminated surfaces. Most of these 

microorganisms are viable for a long time, so they spread from surfaces to the living organism and cause 

disease. ZrN-Cu nanocomposites with different Cu content were produced in a PVD device and their ability 

to kill bacteria and viruses (SARS-CoV-2) was investigated as a function of Cu content and exposure time. 

The layers were grown in an industrial equipment (SHM s.r.o. Ġumperk, Czech Republic) using a hybrid 

process, combining electric arc evaporation (Zr) and magnetron sputtering (Cu) in a reactive medium. The 

Zr target is made of Zr702 alloy (99.2 wt% Zr; 4.5 wt% Hf; 0.8 wt% Fe, Cr, O, C).  

 

The cylindrical copper target (99.95 wt%) was 96 mm in diameter and 445 mm long. We varied the 

power of the magnetron between 0.5 kW and 3 kW to control the Cu content. Additional growth parameters: 

N2 pressure 1.5 Pa, substrate bias 50 V, heating current 150 A, substrate temperature 400°C, layer growth 

time 60 min. Below 6 at% copper content, only fcc ZrN phase is present, which suggests that copper is 

incorporated into the ZrN structure on the Zr sites. At higher copper content, however, copper forms a 

separate crystalline phase, which can be observed both in electron diffraction patterns and elemental maps 

(Fig. 3.6). Hardness and elastic constant decreased with increasing copper content. The copper content also 

affected the antibacterial properties. The antibacterial effect was excellent against Escherichia coli and 

Pseudomonas aeruginosa, especially in the case of 12 at%Cu content and treatment longer than 40 minutes. 

However, the antiviral effect of the coatings was not significant. 

 

In conclusion, hard and wear-resistant ZrNCu coatings may be suitable for the development of 

antibacterial coatings that prevent the spread of pathogens on surfaces that people often touch. The optimal 

Cu content can be set between 12 and 25at%, taking into account the trade-off between antibacterial effect 

and mechanical properties [Ref. 3.4]. 

 

 
 

Figure 3.6. Left panel: composition and mechanical properties of ZrN-Cu nanocomposites. Middle panel: SAED 

patterns of (a) Cu6; (b) Cu12; (c) Cu25; and (d) Cu29 samples. Right panel: Combined Zr and Cu elemental maps 

of ZrN-Cu29 film. 
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Synthesis and characterization of the ceramic refractory metal high entropy 

nitride thin films from Cr -Hf-Mo-Ta-W system 

 

Zs. Czigány, K. Balázsi, T. Stasiak (Masaryk University), P. Souļek (Masaryk University), V. Burġ²kov§ 

(Masaryk University), N. Koutn§ (TU Wien), P. Vaġina (Masaryk University) 

 

 

High entropy alloys (HEA) and their nitrides were produced by reactive sputtering using Cr, segmented 

Mo-W and Hf-Ta targets. The purpose of the study is to determine the effect of the production parameters 

on the microstructure and mechanical properties of these innovative, multi-component layers. The layers 

were grown in pure and N2-containing Ar gas at room temperature and at 750°C. The combined 

concentration of the metallic elements was stabilized with a saturation value below 50% as a function of 

the nitrogen injection, with a high nitrogen injection. In the case of the layers grown in argon, a single-

phase body-centered cubic (bcc; a0 = 3.174 Å) structure was created (Fig. 3.7.).  

 

An amorphous structure was obtained at a low nitrogen injection, while a NaCl-type face centred cubic 

nitride phase (fcc; a0 = 4.186ï4.268 Å) was formed at a high N2 injection (Fig. 3.7.). The lattice parameter 

of the fcc nitride phase increases with increasing nitrogen flow, in agreement with the values predicted by 

ab-initio calculations. The experimental lattice parameters of the RT samples lie between the values 

calculated for the composition (CrHfMoTaW)N0.75 and (CrHfMoTaW)N0.5, where the former composition 

is energetically more advantageous.  

 
 
Figure 3.7.  SAED patterns of coating. (a) RT without nitrogen flow, (b) HT without nitrogen flow, (c) RT under 20 

sccm nitrogen flow, (d) HT under 20 sccm nitrogen flow. 
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The cross-sectional morphology of the amorphous sample was homogeneous, while the samples with 

the majority fcc nitride phase showed a characteristic columnar morphology (Fig. 3.8.). In addition, the 

elemental maps show a multilayered structure (due to rotation of the sample holder) and that the columns 

are separated by amorphous walls that are poor in molybdenum and nitrogen. The values of hardness and 

Young's modulus were 20.3 GPa and 471 GPa, respectively, for the fcc nitride coating. The experimental 

values of the Young's modulus showed a good agreement with the values of the Young's modulus in the 

[100] direction obtained by ab-initio calculations. The results of our research showed that coatings 

consisting of bcc and fcc phases with favourable mechanical properties (e.g. high Young's modulus) can be 

produced by magnetron sputtering. 

 

Furthermore, the results contribute to the understanding of the effect of nitrogen flow on microstructural 

characteristics (such as crystallite size, vacancy formation, and lattice parameter change) [Ref. 3.5].  

 

  
Figure 3.8.  HRTEM and STEM HAADF images combined with EDX elemental map (Cr, Mo, W) and line profile 

of layer showing all elements. (a) metallic coating deposited at RT without nitrogen flow, (b) nitride coating 

deposited at HT under 20 sccm nitrogen flow. 
 

The first promising experimental experience obtained on the Cr-Hf-Mo-Ta-W system confirm the 

possibility of the formation of multi-component metallic bcc and multi-component fcc nitride phases and 

represent a starting point for further optimization of the growth conditions and chemical composition in 

order to achieve excellent mechanical properties. 
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Probing the onset of wurtzite phase formation in (V,Al)N thin films by 

transmission electron microscopy and atom probe tomography 
 

Zs.  Czigány, M. Hans (RWTH Aachen), D. Neuß (RWTH Aachen), J. A. Sälker (RWTH Aachen), H. Rueß 

(RWTH Aachen), J. Krause (RWTH Aachen), G. K. Nayak (Montanuniversität Leoben), D. Holec 

(Montanuniversität Leoben), J. M. Schneider (RWTH Aachen) 

 

 

The thermal decomposition mechanisms of single-phase, metastable cubic (V,Al)N thin films grown at 

440 °C by high-power pulsed magnetron sputtering were systematically investigated by vacuum heat 

treatment at 600-900 °C after deposition [Ref. 3.6]. During growth, a columnar microstructure was formed 

in the layers. The beginning of the spinodal phase separation, during which cubic AlN separates into V- 

and Al-rich cubic nitride phases with the same structure, can be detected after heat treatment at 700 °C. 

Furthermore, both transmission electron microscopy and atom probe tomography measurements provide 

evidence for diffusion of aluminium to grain boundaries and triple junctions at this temperature.  

According to ab initio calculations, the activation energy of volume diffusion of aluminium is 25% lower 

than that of vanadium, which explains the formation of Al-rich regions. It is reasonable to assume that these 

Al -rich regions are precursors for the formation of wurtzite AlN, which can be clearly identified after heat 

treatment at 800 °C by both microscopy (Fig. 3.9.) and tomography. The significantly larger equilibrium 

volume of wurtzite AlN compared to the cubic AlN phase explains that the formation of the wurtzite phase 

is limited exclusively to the triple junctions and grain boundaries. In contrast, twin boundaries are rich in 

vanadium.  

 

Interestingly, the formation of the wurtzite phase at grain boundaries and triple junctions can be detected 

by resistivity measurements, while X-ray diffraction and nanoindentation are less sensitive to the formation 

of the minority phase. Thus, the latter methods clearly confirm its formation only after heat treatment at 

temperatures above 900 °C. Therefore, it is evident that previously reported formation temperatures for 

wurtzite AlN in transition metal aluminium nitrides, determined by non-nanometer-scale chemical and 

structural methods, are overestimates. 

 

 
Figure 3.9.  Plan-view DF image of VAlN film annealed at 800°C, taken with the wurtzite (100) reflections. HAADF 

and STEM-EDX elemental maps (Al and V) of the region of interest indicated in the DF. Elemental maps indicate Al 

diffusion into grain boundaries and triple junctions. In contrast, twin boundaries are rich in vanadium. The electron 

diffraction pattern (right) proves formation of wurtzite phase that is located at grain boundaries and triple junctions 

in DF. 
 

 

 

  



 

 

 

 

MFA Yearbook 2022          56 

 

 

 

Investigation of lithium niobate nanocrystals synthesized on different routes 
 

T. Kolonits, L. Kocsor (Wigner, ELTE), G. Dravecz (Wigner), L. Péter (Wigner) 

 

 

Within the framework of a collaboration between the Thin Film Physics Department, the Wigner 

Research Centre for Physics and the Eötvös University (ELTE), the synthesis of lithium niobate 

nanocrystals was investigated. Lithium niobate is an excellent optical material with outstanding electro- 

and acousto-optical, nonlinear optical, and photorefractive properties. Since its first single crystal growth 

realized more than 50 years ago, also a progress has been made in the production of nanopowders in the 

last decades. In the present study two synthetisation routes were investigated: solvothermal synthesis (a 

bottom-up method) and wet condition ground milling (a top-down one). 

 

The solvothermal synthesis using different organic media is an easy and effective way for producing 

nanoparticles at relatively low temperature. The organic medium, acting as stabilizer can control the growth 

of the particles and prevent their agglomeration. In our study [Ref. 3.7] four polyol media were used: 

ethylene glycol, diethylene glycol, triethylene glycol and glycerol. The reaction was performed through the 

following process: 

  Nb2O5 + 2LiOH Ÿ 2LiNbO3+ H2O           (1) 

Our results [Ref. 3.7] suggest that the reaction goes through two consecutive steps. First, LiOH reacts with 

Nb2O5 on the surface of the nanoparticles, forming the Li-rich Li 3NbO4 phase: 

  Nb2O5 + 6LiOH Ÿ 2Li3NbO4 + 3H2O      (2) 

Then, the secons step is that the Li2O already incorporated to the peripheral Li3NbO4 phase penetrates 

further into the Nb2O5 particle and forms lithium niobate: 

  Li 3NbO4+ Nb2O5 Ÿ 3LiNbO3                  (3) 

 

 
Figure 3.10. End product of the solvothermal reaction. Left without- and right with pre-milling of Nb2O5. 

 

Nb2O5 was pretreated by milling the raw material down to 300-500 nm in particle diameter using a 

planetary mill. Without this treatment, the product retained the original columnar structure of Nb2O5 and 

the LN formation could only be completed on its surface as it can be seen on Fig. 3.10. The effects of the 

polyol media, the reaction time and the Li excess were investigated. As a conclusion, the best yield and the 

most homogeneous lithium niobate phase could be prepared by using diethylene glycol medium with a 

Li/Nb ratio of 1.5 and a 72-hour reaction time. 
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Planetary milling as a top-down method was also investigated. During this study [Ref. 3.8]  congruent 

lithium niobate prepared by sintering was grounded under wet conditions in a planetary mill in order to 

produce nanocrystals. The aim was to prove that this method is more efficient than using a shaker mill. The 

particle size was monitored by SEM and dynamic light scattering with a good correspondence. 

 

 
Figure 3.11. The morphology of the ball-milled LiNbO3 nanoparticles, the X-Ray diffraction phase analysis and the 

calculated LiO2 loss 

 

 

It was shown, that already the first phase of ball-milling in the planetary mill by using balls of 3 mm 

diameter resulted in particles with 100 nm < D <150 nm after 12 min effective milling time, as opposed to 

the shaker mill where the minium diameter was several hundred nanometer after several hours. X-Ray 

diffraction has shown, that the final size of the crystals could be reduced to about 12ï15 nm. Hence, it is 

obvious that the particles seen in the SEM images (Fig. 3.11) are composed of several crystallites. 

 

As a correlation with the particle size reduction, X-ray diffractometry revealed the formation of a 

lithium-deficient LiNb3O8 phase (Fig. 3.11) as a Li2O loss during the milling process. The presence of 

LiNb3O8 was confirmed by means of Raman spectroscopy. The amount of Li2O loss was also determined 

by titration in a good agreement with the other methods. Correlation was revealed between the composition 

change of the nanopowder and the total surface area of the particle assembly calculated from dynamic light 

scattering measurements (Fig. 3.11). 
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Design and corrosion resistance of tungsten carbide-rich coating layers       
 

A. S. Rácz, Zs. Fogarassy, Zs. Kerner, M. Menyhard 

 

 

Tungsten carbide is known for its superior hardness and good chemical resistance. In this work tungsten-

carbide-rich coating layers have been produced by irradiating C/W multilayer of various structures (with 

individual layer thicknesses from 10 to 20 nm) by argon and xenon ions. The range of energies and fluences 

varied between 40-110 keV, and 0.07 - 6x1016 ions/cm2, respectively. The component in-depth distributions 

have been determined by Auger-electron spectroscopy (AES) depth profiling. 

 

 
Figure 3.12. Comparison of measured WC distribution with that of calculated for sample of C 10nm / W 24.5 nm / 

C 9.1 nm // Si substrate, irradiated by 120 keV Xe+ applying various fluences. 

 

 

It has been shown that the growth of the WC-rich layer started at the interfaces and with increasing 

fluence the separately growing layers coalesced. For predicting the WC in -depth distributions TRIDYN 

simulation has been applied. This simulation is based on the description of binary collisons and describes 

the ballistic mixing, which is usual for systems having low average atomic number (<20). We show that 

adapting parametrizations the simulations were able to estimate the in-depth distribution of the elements 

after ion irradiation.  

 

The amount of carbide has been calculated applying a simple model. The agreement between the 

experimental and simulated depth profiles has been tested for a rich dataset differing in layer structures, 

projectiles, ion fluences and energies. An example is shown in Fig. 3.12. The good agreement enables the 

design of the WC-rich layers and also enables the significant decrease of the experimental work [Ref. 3.9]. 
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Figure 3.13.  The measured Tafel curves in 3.5 wt% NaCl solution and the connection between the WC effective 

areal densities and corrosion current densities. 

 

The corrosion resistance of the samples has been tested by potentiodynamic corrosion test in 3.5 wt% 

NaCl solution. The test has shown that the irradiated samples had better corrosion resistive properties than 

that of a WC cermet. For quantifying the protectivity of the systems the term WC effective areal density 

has been introduced which can be calculated from the carbide in-depth distributions.  

If the effective areal density was in the range of 0ï550 WC (number /nm2) the corrosion current density 

was 0.5 (µA/cm2) ± 35%, while if the effective areal density was higher than 1200 WC (number/nm2) the 

corrosion current density was 0.08 (µA/cm2) ± 36% (Fig. 3.13).  

 

As the effective areal density values can be calculated also from the TRIDYN simulations the fast and 

cheap design of these corrosion protective layers is possible. 

 

The EU H2020 Project No. 824096 ñRADIATEò, HZDR-Dresden and project funding of Centre for 

Energy Research is highly acknowledged. 
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A combinatorial study of the RF sputtering process and the properties of 

silicon-oxynitride thin film system under variable reactive gas injection  

 
OTKA K143216, KDP 2021 Cooperative Doctoral Programme 

 

N. Hegedüs, Cs. Balázsi, T. Kolonits, D. Olasz, Gy. Sáfrán, M. Serényi, K. Balázsi  

 

 

Pure silicon dioxide (SiO2) and silicon nitride (SiN) have long been used in electronics technology and 

are produced by a number of proven technologies such as RF sputtering. In its complex form, amorphous 

silicon oxynitride (SiON) is a chemically very stable material with a refractive index of between 1.45 and 

2.05, depending on the oxygen and nitrogen content. This wide range of refractive index is very useful in 

optoelectronic applications. The application of SiON technology is limited because the composition of the 

composite layer and thus its refractive index is particularly sensitive to small changes in sputtering 

parameters, especially the oxygen content of the plasma gas [Ref. 3.11].  

 

Our aim is to efficiently investigate the sputtering process itself and the properties of the Si-O-N thin 

film system over the whole compositional range. To achieve this, we have developed and applied a 

combinatorial layer growth method with variable reactive gas-injection [Ref. 3.3, 3.12]. Instead of 

producing and testing a large number of individual samples with different compositions, we have therefore 

chosen a more efficient combinatorial solution. In a single 25 mm long sample, an amorphous silicon-

oxynitride layer of variable properties was grown by reactive RF sputtering, that included the complete 

transition from oxide to nitride. Two different target voltages (1.62kV and 1.95kV) were used to sputter 

layers of different thicknesses. The variation of optical properties and layer thickness was investigated by 

spectroscopic ellipsometry (SE) measurements, while the elemental composition was studied by energy 

dispersive spectrometry (EDS).  

 

  
Figure 3.14. Atomic concentrations (O/O+N) measured by EDS in Si-O-N samples of varying composition 

sputtered at 1.62 and 1.95 kV as a function of distance along the sample. 
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Fig. 3.14. clearly shows a remarkable effect of partial pressures of O and N reactive gases on the layer 

composition. O/O+N decreases with the oxygen depletion in the reactive gas mixture and as well with the 

DC voltage as measured along the sample.  

 

 
Figure 3.15. Refractive index (n) variation of samples sputtered at 1.62 and 1.95 kV of varying O/O+N composition 

measured along the substrate by spectroscopic ellipsometry. 

 

In Fig. 3.15, we have shown that the refractive index (n) of the layer can be tuned in the range 1.48-1.89 

by varying the partial pressure of oxygen injected into the chamber, in accordance with the compositional 

variation. It is clear that the refractive index increases as the O content decreases, indicating an SiOxï

SiOxNyïSiNx transition in the composition-spread samples. From the data on the composition of the layer, 

the typical physical parameters of the process were determined using the Berg model [Ref. 3.13, Ref. 3.14] 

developed for reactive sputtering. A new approach was introduced in the modelling - a metallic Si target 

sputtered with a uniform nitrogen and variable oxygen gas flow was considered as an oxygen gas sputtered 

SiN target [Ref. 3.15]. According to the calculations detailed in the publication, the sputtering gas 

temperature can increase by up to 40 °C during the growth of the oxygen-rich layer due to the exothermic 

nature of the oxidation. 

 

Our variable gas-induced combinatorial layer growth method and the correlations found between 

sputtering parameters, layer composition and refractive index, in agreement with the model developed, 

allow us to produce silicon-oxynitride layers with exactly the designed optical properties. This experimental 

technique, moreover, allows the growth of thin films with gradient refractive indexes required for some 

specific applications. 

  

This research was supported by the Cooperative Doctoral Programme of the Ministry of Innovation and 

Technology, KDP-2021, Doctoral Student Scholarship Programme, funded by the National Research, 

Development and Innovation Fund. The research was also supported by the OTKA grant K143216. 
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Indentation size effect in exceptionally hard AlCu thin films 

 
OTKA K143216, KDP 2021 Cooperative Doctoral Programme 

 
D. Olasz, Gy. Sáfrán, N. Szász, G. Huhn (ELTE), N. Q. Chinh (ELTE) 

 

 

We investigated the correlations between the structure and mechanical properties of the AlCu thin film 

system by efficient combinatorial methods: in a single experiment, 15 adjacent bands of 12x1 mm2, ~1.7 

um thick samples of varying composition representing the whole concentration range (AlxCu1-x, 0ÒxÒ1) 

were deposited on a 25x12 mm2 Si substrate using dual DC magnetron sputtering. Composition-dependent 

mechanical properties of the samples, such as hardness and deformation mechanisms, have been determined 

by nanoindentation, and composition, structure and morphology by microscopic methods (SEM, TEM) 

[Ref. 3.16]. 

 

 
Figure 3.16. Hardness of AlCu alloy thin films as a function of composition, measured at three maximum 

indentation forces (10, 20 and 50 mN). 
 

 

Fig. 3.16. shows the hardness (H) of the layers as a function of copper concentration. It is observed that 

the hardness of pure Al layer is 1.6 GPa, which is significantly higher than the hardness of bulk Al (~0.3 

GPa). Even in the presence of a low alloying concentration of 3.7 at% Cu, the strength of the layer increases 

significantly to 3.9 GPa. The maximum strength value of ~16 GPa, which is 10 times harder than the pure 

Al thin film, is reached in the concentration range of ~40-60 at% Cu. This extraordinary strength is not only 

twice that of the hardest AlCu thin film reported in the literature, H=8 GPa [Ref. 3.17], but also comparable 

to that of the hard coating materials used in industry. Fig. 3.16. shows that at the edges of the diagram, at 

low alloy concentrations, different indenation forces - 10, 20, 50 mN - result in practically identical H 

values, while in the medium ~40-70 at% Cu concentration range, lower indentation forces are associated 

with higher H values. This phenomenon is the Indentation Size Effect (ISE), which is well-known for pure 

bulk Al and Cu materials. In contrast, our measurements showed the absence of ISE in the pure- and low 

alloying concentration materials.  

 

The absence of ISE at low alloying concentrations can be explained by the microstructure. In our present 

films, even the pure Al and Cu layers are characterized by very fine grain size (~ 100 nm), which brings to 

the fore another deformation mechanism, grain boundary sliding. AFM and SEM measurements revealed 
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the formation of pile-ups around the indentation marks (Fig. 3.17.), what also confirms the enhanced 

activity of the grain boundary sliding. 

 

 
Figure 3.17. For a pure Cu layer, the vertical profile of the indentation trace determined by AFM. The "pile-up" 

phenomenon is clearly visible at the edge of the trace. 

 

 

On the other hand, in the ~40-70 at% Cu range, the nanoindentation load-displacement (P-h) curves 

(Fig. 3.18.a) at a maximum indentation force of 50 mN clearly show a step-like behaviour, indicating a 

non-continuous deformation.  

 
Figure 3.18: (a) "Step-like" indentation curves showing a "pop-in" phenomenon at a maximum indentation force of 

50 mN. (b) Cross-sectional TEM image of an indented layer containing 52.2 at% Cu. Arrows indicate the two 

deformation bands around the indentation. 
 

 

The cross-sectional TEM image in figure Fig.3.18.b shows the layer with 52.2 at% Cu exhibiting a fine 

columnar morphology. Arrows mark deformation bands found under the indentation, running at an angle 

of about 45°. The measured step-like indentation behaviour ("pop-in") can be explained by the formation 

and propagation of these shear bands. [Ref. 3.16, Ref. 3.17] 
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Structure determination using corrected diffraction intensities: 

Extension of the Ewald correction method 
 

OTKA K143216; Doctoral School of Physics ELTE 

 

E. Dódony, B. Rudd, I. Dódony (NanoLab) and Gy. Sáfrán  

 

 

Today, with the development of nanotechnology, it is increasingly important to understand the materials 

of modern devices at the atomic level. Transmission electron microscopy (TEM) is one of the most 

important tools for this. The structure of the sample is determined by a combined analysis of high-resolution 

(HRTEM) images and electron diffraction (ED) patterns obtained by TEM. The HRTEM images and ED 

patterns require a preliminary correction for deviations from the projected charge density and the structure 

factor (& ) squared as determined by scattering theory. The deviation between the high-resolution images 

and the projected-charge-density is due to the signal transfer characteristics of the electron microscope. The 

detected intensities differ from the ideal &  proportional values if, due to experimental conditions, the 

Ewald sphere is deflected from the detector plane. To determine a crystal structure, it is necessary to know 

the square of the structure factors (& ), so the diffracted intensities ) . In the ED pattern, the intensity 

of the reflections differs from this as a function of the distance between the Ewald sphere at the given 

reflections and the reciprocal plane. Cowley described the equation in 1992 [Ref. 3.18] for the effect of the 

Ewald sphere on the diffraction intensities: 

) ) %z  

%

ÓÉÎ
ʌʇÔ
ςÄ

ʌʇÔ
ςÄ

 

,where )  is the experimentally measured intensity of the reflection at the Miller index hkl, ) &  

and %  is the Ewald sphere effect on the intensity )  at a given value of Ä   as a function of ɚ 

wavelength and sample thickness t.  

Thus, the intensities measured in the experimental image can be corrected by the reciprocal of %  to 

obtain the theoretical &  values ( )  ). 

 

While several computer programs (e.g. CRISP) are available for the correction of HRTEM images, no 

such program has been developed for the Ewald correction of diffraction patterns. When correcting 

diffraction patterns in some cases up to a few hundred reflections have to be corrected separately, which is 

a very time consuming task. To ease this task, a computer program has been developed that performs the 

correction for the whole diffraction image, given the wavelength ɚ, the microscope constant K, the center 

of the Laue zone, the position of the direct beam, and the d-value of the reflection in the zero-order Laue 

zone furthest from the direct beam. By extending Cowley's theory [Ref. 3.18, Ref. 3.19], we provide a 

solution for the case when the center of the Laue zone is not on the optical axis. The method also works for 

cases that are a few degrees off the zone axis (~0.8° in cases ~5° depending on the structure). It is of great 

advantage, for example, when working with radiation-sensitive material and there is no time for precise 

orientation of the crystal. Fig. 3.19.a and 3.19.b illustrate the oriented and the missaligned cases.  
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Figure 3.19. (a) In the oriented case the detector plain is tangent with the Ewald sphere, the center of the Laue-zone 

coincides with the location of the direct beam. Correction is done by applying  on the diffracted intensities. (b) 

In the slightly misaligned case the detector plain intersects the Ewald sphere, the center of the Laue zone (at the 

lowest point of the sphere) doesnôt coincides with the location of the direct beam. 

 

For the correction we have to use a different function from  Ą 
ȟ

 

The  correction function  was extended to the slightly misaligned case through a simple idea.  When 

searching for the new 
ȟ

 function we had an idea, that the same correction is applicable at a given 

reciprocal space in the misaligned case as in the aligned, where the distance between sphere and plane are 

the same. So we related every reciprocal lattice point Ä ȟ
ᶻ  in the misaligned case to the Äᶻ  in the aligned 

case where the distance between the Ewald sphere and the detector plane are the same and used the 

correction calculated with Äᶻ  for the aligned case at the place Ä ȟ
ᶻ . The correctness of the new 

procedure was verified on diffraction images that are deviated from the zone axis.  

 

 

 
Figure 3.20. (a) The intensity ratios of the Friedel pairs in the experimental diffraction pattern are different from 1 

(misaligned orientation), (b) the intensities of the Friedel pairs in the software corrected pattern are nearly 

identical. As a result, the Ewald correction can be extended to the misaligned cases. 
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We examined the intensity ratios of the Friedel pairs before and after correction. In the well-oriented 

case, the Friedel pairs have the same intensity, so if the ratio of Friedel pairs approaches 1 by applying the 

new correction function, we know that the correlation is correct. This check was performed for different 

orientations of apatite, of which the case tilted out of the [001] zone axis is shown in Fig. 3.20. It clearly 

shows that after the correction the ratio of the Friedel pair intensities is close to one, while before the 

correction it was far from one. (This was true for all the orientations tested.) So we can conclude that the 

extended procedure works. 

 

With the computer program we have developed, it is possible to perform a fast Ewald correction of the 

experimental electron diffraction petterns, thus ensuring that the )  theoretical intensity dataset needed to 

determine unknown structures is easily accessible. The program can also be applied to cases with small 

deviations from the zone axis (~0.8° in cases up to ~5°). This is an advantage when working with beam-

sensitive materials or in post-processing if the sample is not perfectly oriented but you want to use the )  

intensity set of the SAED pattern. 
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Microstructure Investigation of Nanocrystalline Materials Using Electron 

Diffraction Based Rietveld Analysis ï Approximation of Instrumental 

Broadening  

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

 

V. Kovács Kis, Zs. Czigány, Zs. Kovács (ELTE) 

 

 

Rietveld analysis [Ref. 3.20] is commonly used for the evaluation of XRD and neutron powder 

diffraction patterns providing quantitative data on phase composition, crystal structure and microstructure 

parameters, such as crystallite size, anisotropic shape, preferred orientation, microstrain. However, this full 

pattern fitting method is less used for electron powder diffraction (EPD) patterns, mostly because the 

contribution of dynamical scattering of electrons to the detected intensity distribution hampers direct 

interpretation of diffraction pattern. Another difficulty is concerning the large variability of electron optics, 

which requires standardized measurements to control e.g. instrumental broadening in electron diffraction. 

So far, the number of papers presenting results based on Rietveld analysis of EDP does not exceed 25, 

however, this method has a great potential in nanoparticle and thin film analysis, as yields quantitative and 

statistically representative information on nanostructured materials. Indeed, to achieve accuracy and 

reproducibility of EPD similar to that of the other diffraction methods, and to obtain as small instrumental 

broadening of diffraction peaks as possible, strict control on lens currents of the electron microscope is 

needed [Ref. 3.21].  

 

 
Figure 3.21. SAED of a Cu-Ni thin film deposited at 150 °C using DC magnetron sputtering (left) and 

corresponding integrated intensity profile (right). Black dots are measurement data and red line is fitted curve. 

Bragg positions of Cu and Ni, and difference curve of the fitted regions are also plotted. 

 

 

To measure and reproduce the instrumental broadening parameters for EPD Rietveld analysis, a three-

step procedure was proposed [Ref. 3.22], which comprises subsequent XRD and EPD measurements of two 

different calibration samples. We propose a novel, single step in-TEM (transmission electron microscope) 

procedure, which allows to obtain the instrumental broadening function of the TEM directly from a single 

measurement, without the need of an additional X-ray diffraction measurement. Using graphene calibration 

standard and applying properly controlled acquisition conditions on a spherical aberration corrected 

microscope, we achieved an instrumental broadening of °0.01 Å in terms of interplanar spacing. The shape 

of the diffraction peaks is modelled as function of scattering angle using the Caglioti relation [Ref. 3.23], 
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and the obtained parameters for instrumental broadening can be directly applied in Rietveld analysis of 

electron diffraction data of the analysed specimen. During peak shape analysis, instrumental broadening 

parameters of the TEM are controlled separately from nanostructure related peak broadening effects, which 

contributes to a higher reliability of nanostructure information extracted from electron diffraction patterns. 

The potential of the proposed procedure is demonstrated through the Rietveld analysis of hematite 

nanopowder and two-component Cu-Ni nanocrystalline thin film specimens (Fig. 3.21).  
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Biphasic iron uptake from nano-haematite particles by roots 

 
OTKA K115784, VEKOP-2.3.3-15-2016-00002 

 

V. Kovács Kis , Z. Klencsár, Á. Keresztes (ELTE), F. Pankaczi (ELTE), F. Fodor(ELTE), Á. Solti (ELTE) 

 

 

Nanoscale Fe containing particles can penetrate the root apoplast. Nevertheless, cell wall size exclusion 

questions that for Fe mobilisation, a close contact between the membrane integrating FERRIC 

REDUCTASE OXIDASE (FRO) enzymes and Fe containing particles is required. Haematite nanoparticle 

suspension, size of 10ï20 nm, characterized by 57Fe Mossbauer spectroscopy, TEM, ICP and SAED was 

subjected to Fe utilisation by the flavin secreting model plant cucumber (Cucumis sativus). Alterations in 

the structure and distribution of the particles were revealed by 57Fe.  

 

 
Figure 3.22. Transmission electron micrograph of a three-cell junction (A) and high-angle annular dark-field 

(HAADF) image (B) of the root tip meristem cells of NH treated plants. Energy dispersive X-ray spectroscopy (EDS) 

line profile analysis (B) performed by merging data applying a 300 pixel integration width perpendicular to the line 

indicated on (C). Elemental distribution maps of Pb as for contrasting material (D) and Fe (E) was created based 

on the Pb LŬ1 and Fe KŬ peaks (10.55 and 6.40 keV, respectively). Area of the line profile between dashed lines on 

(B) is the region marked by blue box on (C), which coincides with the middle lamella in the two-cell junction. In this 

area large number of high atomic number particles (bright spots) are seen, and, according to EDS line profile 

analysis, besides the contrasting material Pb, is characterized by elevated concentration of Fe. 
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TEM analysis revealed aggregates of electron dense particles in the middle lamellae between adjacent 

cell walls in the nanohaematite (NH) treated sample (Fig. 3.22.a-c) with elevated iron content (Fig. 3.22). 

EDS elemental mapping (Fig. 3.22.b, Fig. 3.22.d-e) revealed that abundance of both Fe and Pb (this latter 

originated from the contrasting material) was higher in the middle lamella between the adjacent cell walls 

across the root tip. In contrast to NH treated samples, accumulation of Fe was not observed in the control 

samples.  

 

 
Figure 3.23. High-resolution transmission electron micrographs (HRTEM; AïC) of the root tip meristem cells of 

NH treated plants. Subdivision B is a high-resolution site indicated by a green square on subdivision A (sample is 

identical to 3A). Bar on (A) equal to 500 nm. Electron dense particles, pointed by arrowheads, accumulated in the 

middle lamella of the cell wall at two-cell junctions. HRTEM indicate the presence of several separate electron 

dense particles (C). Atomic resolution image of an individual particle proves crystalline structure (D), the measured 

periodicity is 2.51 nm, typical to haematite d(110) interplanar spacing (E). Fourier transform support 

unambiguously haematite nanoparticle in [001] zone axis orientation (F). 
























































































































