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DIRECTOR'SFOREWORD

Finally, a step towards potential rationality...thgs the
essence of the first organisatory decision of tlesviy
elected leadership of the Hungarian Academy of riteis
in course of an intended fine-tuning of the ceidedion of
the research network in 2012. The decision of tiesigium
of HAS orders MFA to become a part of the Centre fc
Energy Research by®lof January, 2015, one of the two
research centres operating at the KFKI campus.

The irrationality of the intention to make MFA a
administrative part of the Research Centre for Nstu
Sciences became obvious already by September 20&h,

it turned out that our institute is not going tovadgrationally by the way) into the
newly erected research building at the universi@ynpus. Instead, the Research
Institute for Psychology will become a tenant neatthe complete Chemical
Research Centre and the Research Institute for rawlogy— thereby shifting
orientation of the new conglomerate’s research ilerofradically towards
pharmacology and life sciencda such a way the unique and only rational chanice
joining materials physics and materials chemistegaarchin a centre with ca. 300
staff institute at the KFKI campus was missed ia20y the decision of the General
Assembly of the Hungarian Academy of Sciences. MFéperating some 10 km
away from the downtown research building - becamss tjust an administrative
burden for the gigantic, 650 strong Research CdatrBlatural Sciences. At the same
time materials researchbeing closest to industrigst the required independence and
degree of freedom in decision-makirdue to which, in the last three years, the
momentum of initiatives in project applications smterably slowed down. Although
the scarce financing, lack of project calls anditiity problems due to late payments
are partly also to be blamed, the loss of indepecelavas a major factor in the
moderate financial performance of MFA in the ldste years, showing a continuous
decline since the beginning of centralisatiBnt the actual shifting of MFA from TTK
to EK is not expected to improve the core problamsing this situation

In this Yearbook, however, the main achievementaioed in 2014 in the former
organisation are reported. Research coordinatiah,Binancial operation of MFA”
was particularly scrutinized this year. Following @vestigation of MFA matters
ordered by the internal organs of TTK we even egjbthe exceptional attention of
the director-general of TTK. With two of his closssistants he officially left the
Centre and moved to the KFKI campus for a few weaelseep a closer eye on our
operation. Meanwhile the TTK central administratigrew to its full size and the
bureaucratic apparatus is led now by the thirdrfofe administrator in line since its
founding.
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From January 2014 TTK ordain the decentralisedepeddent operation of all
research groups (52!) with their own financial @sgbility. Under such accounting
and administrative circumstances of course the atiper of the research groups
became obsolete, even if MFA entered the formezareh entities (departments) as
research groups in this new scheme. Thanks toxitepdonal devotion and exactness
of my colleagues in the MFA administration, despiitese difficulties we were able to
run and complete a large number of projects (>Mi@)in the limits given by the
contractually ensured resources, regardless ofstimetimes non transparent, and
delayed supply of central information. Since in taisour large projects enormous
delays in the payments (advance and final) prewail, balance in the TTK has
continuously shown a debt in the excess of HUF radllon. Still we believe that the
final accounts will again show in 2014 an overalldmced operation.

The organisation scheme of MFA was not changedyigs, except that we had to
rename the departments “research groups”. Fortiynateecond “Lenddlet” research
group under the leadership loévente Tapsztéould start its operation at MFA from
July, focusing on “2D materials” research.

Six of our former colleagues retired and eleverepttplleagues left the institute.
We have six young colleagues starting their worklBA, one of them returning from
abroad with a Postdoctoral Fellowship of HAS. Alduoege new Ph.D. students with
state scholarships will work in our laboratories.

After the Chapter of Engineering Sciences, in Jandlhe Chapter of Physical
Sciences of HAS visited our Institute and learnbdua our scientific achievements
and general situation, also visiting our laborasri

In FebruaryPeter Nemes-Inczebtained the Young Researcher Prize of HAS for his
graphene research.

In the line of election of new officials at HAS th®cientific Committee of
Electronic Devices and Technologies electgbor Battistigits chairman. In June
our colleagueZoltdn Juhdsbecame a member of the Hungarian Academy of Art fo
his analysis of Hungarian folk music compared toaSian and American folk-tunes.

Mikl6s Friedobtained the distinction of the Academic PatentAdy granted by the
HAS and the National Office of Intellectual Progefor the novel, internationally
patented imaging ellipsometric technique of hisugro

Three of our former colleagues obtained the title & HAS for their work
performed at MFA:Csaba Balazsilnow with the Zoltdn Bay FoundationBéla
Szentpélandistvan Gaél(both retired former MFA researchers).

In 2014 two Ph.D. degrees were obtainedEnyil AgécsandRobert Erdélyi(both
from the University of Pannonia, Veszprém).

In SeptembePéter Firjeswas honoured with the 2014 Eurosensors Fellow dwar
at the EUROSENSORS 2014 Conference in Brescig, daling him the privilege to
hold a plenary talk at the next annual conferedEBA was awarded the right to
organise the 30 EUROSENSORS 2016 in Budapest!
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Ferenc Vonderviszibtained the Prize of the Hungarian Biophysicsofggion and
also the Prima Prize in Science of the County ofZgeém. The Ferenczi Gyorgy
Memorial Prize was given tdoltdn Feketethis year, whilePéter Petrikwon a
Postdoctorial Fellowship of HAS fdPéter Kozmareturning from the Fraunhofer
Gesellschaft.

The industrial R&D project on LED lighting applicationn plant cultivation
(Tateyama Kagaku Corp., Agricultural Research @&eatrd MFA) was distinguished
by the “Global SSL Showcase Top 100" of the Intdomal Solid State Lighting
Alliance in Guangzhou, China.

Our past directorJozsef Gyulaireceived for his lifetime achievements the Silver
Medal of the Conference Series “Recent Developmanthe Study of Radiation
Effects in Matter” (REM) organised this year BaAbor Battistigin Budapest. Also,
the Physics Laboratory of the Laszl6 Németh Gynurash Hodmezvasarhely was
named after him, and his work as composer was thaitea “Science and Music”
event.

With great success we again organised in Julyrditional summer camp for 25
high school children from all over the Carpathiasih. We are especially proud of
the achievement of two of our former summer trasn@dlint B. Kiss(Varpalota)
mentored byKrisztian Kertészwho could present his invention “apaBoard” at the
contestScience on Stagklungary 2014; and\dam LaszI6 Gréczirom Miskolc,
mentored byNikoletta Olah obtained for his work on the contest for “Letiwént the
future” a Dénes Gabor Stipend. We continue to stphe Janos Arany Gymnasium
in Budapest, wherd®eter Foldesyheld a lecture and MFA presented an electron
microscope installed byevente lllésandistvan Lukacdor the Oveges Laboratory of
the school.

The research group led laszlé Péter Birdbecame the sole Hungarian participant
accepted as a member of tBeaphene Flagship ConsortiunThe unprecedented
success of the graphene research group is weleesgdl by the first ever MFA
publication in the prestigious journal NATURE. Tleigrned the head of the “Lendulet
Group”, Levente Tapaszt&his year's MFA Research Prize, and the firsthagt
Gabor Magdathe MFA Young Researcher Prize.

The MFA Prize for Excellent Research Support waaresth betweeiMagda Er s
andMargit Pajer.

From T'January 2015, MFA is officially administrativelpmtrolled from the KFKI
Campus. The separation, after 3 years, from TTilisf bureaucratic problems but
sooner or later it will be completed. We sincereype the vicinity, more similarity in
research culture and the daily contact with the relministration can make life
easier for us in the future, provided MFA obtaihe tequested trust, independence
and flexibility we lacked so much in the largestaarch organisation of HAS.

Budapest, March 15, 2015
Istvan Barsony
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Organisation of MFA

Director

Informatics

Scientific Departments

Nanostructures Department

Thin film physics Department
Complex Systems Department
Photonics Department
Microtechnology Department
Lendiilet group - NanoBioSensorics

Lendiilet group - 2D Materials

Directly supervised functions

Head of Scientific Advisory Council - Miklés MENYHARD
Scientific secretary, projects and PR
Quality control, MTMT, REAL admin
Technical support

Deputy financial group leader

Technology transfer (IPR)

- Istvdan BARSONY

Lé&szI6 Péter BIRO

Béla PECZ
Gyérgy SZABO

Miklés FRIED

Gabor BATTISTIG

Roébert HORVATH

Levente TAPASZTO
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Andrea BOLGAR
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Gergely TAMAS

Antal GASPARICS
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Key Financial Figures of MFA

MTA TTK MFA 2014 Budget Totals in Million HUF

1800

1600

1400 M Investment Subsidy

1200 " Miscellaneous

1000 M Pilot production
R & D contracts
800
p ¥ International Grants
600
" Domestic Grants

400 | ™ Central administration

200 Subsidies

0 T T T T T T T e
2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014

MTA TTK MFA 2014 restoration and investment spendirgs in Million HUF

4001
) =
350° " Restoration
300,/'- spending
250
A Investment
200 i) from own
resources
150 276
100 B B 207 M Central
y | 132 129 investment
50 52 support
B iy

2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014



10 MFA,

Publications & Citations of MFA

According to the Thomson-Reuters ISI "Web of Knadge", and MTMT
databases, the Institute has an average publicatidnty of ca. 100 scientific papers
in IF journals a year.

MFA and its predecessors’ publications
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The complete 2014 publication list of MFA — withnsiderably more titles than
listed by the ISI Web of Science and MTMT — is ud#d at the end of this yearbook.
A good measure of recognition of MFA's scientifdigity is the h-index of 72.
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Prizes & Distinctions

JUHASZ, Zoltan

GYULAI, Jozsef

FRIED, Miklos

NEMES-INCZE, Péter

VONDERVISZT,
Ferenc

FURJES, Péter

FEKETE, Zoltan

Member of Hungarian Academy of
Arts

Doctor Honoris Causa of Pannon
University and REM, Silver Medal for
the “Outstanding contribution in the
applications of ion beams in modern
materials science and technology”

Academy-Patent Award

Young Researcher Prize of the
Hungarian Academy of Sciences

Prima Award for scientific
achievements, Veszprém County and
MBFT medal from the Hungarian
Biophysical Society

Eurosensors Fellow 2014 Award

Ferenczi Gyorgy Memorial Prize
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SZOLNOKI, Attila

MISJAK, Fanni

TAPASZTO, Levente

MAGDA, Gabor

ER SS, Magdolna

PAJER, Margit

“Outstanding Referee” award from
American Physical Society

Applied Surface Science Outstanding
Reviewer Award

MFA Prize (Researcher)

For his outstanding graphene research
resulting in the first ever Nature
publication of MFA and for his
successful project leadership in the
field of 2D materials

MFA Prize (Ph.D. student)

For his excellent experimental results
in the graphene-research published in
the Nature paper from MFA

MFA Prize for Excellent Science
Support

MFA Prize for Excellent Science
Support
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HIGHLIGHTS

Room-temperature edge magnetism in zigzag graphene
nanoribbons

(,Lendulet” grant LP2014-14/2014 of HAS, KHJLN, OTKA K108753)

G. Z. Magda, P. Vancso, |. Hagymasi (Wigner RCP), X Jin (KRISS, Korea),
Z. Osvath, P. Nemes-Incze, C Hwang (KRISS, Korea), L. P. Bir6 and L. Tapaszt6

Magnetic order emerging in otherwise non-magnet@temals as carbon is a
paradigmatic example of a novel type &fp electron magnetism. It has been
demonstrated that atomic scale structural defdagsaphene can host unpaired spins.
However, it is still unclear under which conditiolmng-range magnetic order can
emerge from such defect-bound magnetic moments Werpropose that in contrast
to random defect distributions, atomic scale ergyimg of graphene edges with
specific crystallographic orientation — comprisiadge atoms only from one sub-
lattice of the bipartite graphene lattice — caregige to a robust magnetic order. The
strong influence of edge orientation on the elestraeand magnetic properties of
graphene nanoribbons had been predicted long befapihene was isolated.

SRR S SE S ) =

Figure 1 Fabrication of graphene nanoribbons with precgysdefined crystallographic
edge orientationsSTM image of a 5 nm wide graphene nanoribbon withchair edge
orientation (a), and a 6.5 nm wide ribbon with eslge precisely zigzag orientation
(b)patterned by scanning tunneling lithography ingeaphene sheet deposited on
Au(111) substrate. The circular insets show themétoresolution STM images

confirming the crystallographic directions of thdges.

However, a systematic experimental verificatiortha$ fundamental prediction was
still lacking, due to the very limited control ovéhe edge orientation of the
investigated graphene ribbons. We employ a naniottion technique based on
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Scanning Tunneling Microscopy to define graphenaonfbons with nanometer
precision and well-defined crystallographic edgemations.

Tunneling spectroscopy measurements on grapheneriblons with armchair
edges revealed a band gap that is inversely piopaftwith the ribbon width. This is
a clear signature of quantum confinement gap aedettperimental results closely
match the theoretical predictions from first-prpies calculations.

A strikingly different behavior has been observedrigzag graphene nanoribbons.
For zigzag ribbons narrower than 7 nm a fairly éabbgndgap of about 200 - 300 meV
has been observed, which can be identified asrmaige of interaction induced spin
ordering along their edges. Moreover, a semicoruiuoct metal transition is revealed
upon increasing the ribbon width, indicating thatsking of the magnetic coupling
between opposite ribbon edges from antiferromagnetb ferromagnetic
configuration.

~AND
20 GNRs
ag GNIK

a J =3

»iess

4}

armchair GNRe
armcnair GNRs

|Z
@ measurement measurement |
—4A— 3n theory
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0,21 E |
0,1 B0 G s ol
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Figure 2 The bandgap measured by tunneling spectroscopy fasiction of ribbon
width in armchair (a) and zigzag (b) ribbons. Armachribbons display a quantum
confinement gap inversely proportional to their thidin zigzag ribbons the band
structure is governed by the emerging edge magnetisd a sharp semiconductor
(antiferromagnetic) to metal (ferromagnetic) traism is observed.

To understand the origin of the experimentally obse sharp semiconductor-metal
transition, we have performed calculations basethermean-field approximation of
the Hubbard Hamiltonian that accounts for bothtéinemperature and doping. From
calculating the spin density distribution for batemiconducting (w < 7 nm) and
metallic (w > 8 nm) ribbons the origin of the obsmt semiconduct® metal
transition can be identified as a transition frameatiferromagnetic (semiconducting)
state, where magnetic moments on opposite ribbgasedre aligned antiparallel, to a
ferromagnetic (metallic) state, with parallel spiignment on opposite edges.

We found that the magnetic order on graphene edgesontrolled zigzag
orientation can be stable even at room temperataiging hope for graphene-based
spintronic devices operating under ambient conastiqThe paper was published in
Nature[57].)
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Transducer development for continuous on-site mondtring of
hydrocarbon content dissolved in underground and wste-
water

(KMR_12-1-2012-0107)
V. Rakovics, Cs. Dics and G. Battistig
Project partner; WESZTA-T Industrial and commertitl.

Goal of the development:

Hydrocarbon contamination heavily deterioratesghality of underground, natural
and waste water, therefore its control is essetiavoid environmental accidents.
The project aims at the development of transducapsble to detect petrol and diesel
oil contamination of 0 — 100 ppm range in monitgriwells around storage tanks,
filling stations as well as in industrial waste wratlisposals.

Achievements:

UV photoluminescence measurement was selected estmm principle of the
device. The method is based on the luminescencéhefaromatic components
(benzene, its relatives and poly-aromatics, PAHsent in both fuels. Note, that
while petrol contains up to 30v% PAHs and highjubte benzene up 1%, diesel oil
is characterized by PAHs of 10-11v%. Therefore difference in their absorption
and luminescence properties may open the way t@saigctive measurements.

110 -
100 - -

90 -+
80 +
70 -

60 -
50 -
40

Transmittance (%)

=N AW

30 +
20 A
10 A

0

T T T T T T T T T T T T T \
220 240 260 280 300 320 340 360 380 400 420 440 460 480 500
Wavelength (nm)

Figure 1 Transmittance spectra of petrol and diesel o#sdived in DI water and
methanol. 100 ppm diesel oil in water (1), 200 ggetrol in water (2), 500 ppm diesel
oil in methanol (3), 500 ppm petrol in methanol (4)
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The sensor development started with detailed expggrial measurements to
determine the optimum excitation and detectiondesgies for both petrol and diesel
oil as dissolved in water. UV excitation provedo®the best effective in the 250-280
nm range with maximum of 265 nm (Fig. 1).

For detection of diesel oil the 310-340 nm rangth wptimum wavelength of 320
nm is ideal, while petrol has characteristic lursitence peaks in the 290-310 nm and
in the 320-340 nm ranges (Fig. 2). Although theihascence peaks overlap, the
difference shown in Fig. 2 offers the possibility fabricate a sensor optimized for
any of these materials and capable to distinguisivéen them.

20000 4 20000
18000 | 18000
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s s

> 14000 - = 14000

g 12000 1 5 12000
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g 10000 - = 10000
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Figure 2 Luminescence spectra of diesel oil (a) and gasolib) taken by high
integration time and excitation at 270 nm. Concatitm of diesel oil and gasoline in
DI water were 100 and 500 ppm, respectively.

Several geometric arrangements, all based on paiquéar excitation and detection
light paths, were modelled with consideration tiee dimitations of the complete
device. Keeping always in mind the targeted lowdpition cost and technical
specifications (sensitivity, stability, reprodudityi and life-time of the device) a
careful selection of critical components was madeckbd by detailed test
measurements in our laboratory. UV LED was seledrdbasis of the emission
spectra, light intensity and shape of cone as aglife time and long term stability of
alternative devices. Similarly, several detectoesevcharacterized by their spectral
sensitivity, total current, stability and life tim&he complex investigation led to the
final selection of all the optical elements thesserhead was formed from.

The sensor (Fig. 3) consists of a UV LED with dir@eal light path and two
identical UV detectors arranged perpendicularlythte excitation light. A common
glass window in front of the detectors cuts off giert wavelength of the excitation,
therefore eliminates direct interference. An addidil glass filter in front of one of the
detectors cuts off the wavelength below 320 nm ha# tuminescent spectrum.
Thereby the signal ratio of the two detectors ezmhis to identify the type of
contamination, i.e. to distinguish petrol or diesgl Our measurements also revealed
that there is no interference with detergents gaeith this construction.

The drive and read-out electronics, the commurioatport and the proper
encapsulation was developed by the cooperatinggraWWESZTA-T Ltd.
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UV detectors
glass window

Figure 3 Optical arrangement of the sensor head. Cover gootection against
mechanical damage and external light excitatiorermoved.

120
Diesel oil in water
100 ' s
80 @

60

Transducer signal / %

40 "

20 "

0 1 2 3 4 5 6 7 8
Concentration / ppm

Figure 4 Transducer signal. Sensor is calibrated for détecof diesel oil dissolved in
water. Solubility limit at 8ppm.

With proper calibration the sensor can be set &ecting petrol or diesel oil. Fig. 4
represents the sensor signal as calibrated foruriagsgasoline dissolved in water.
Three of these transducers were installed by WESZTAd. for final on-site testing
at a large oil storage plant.
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PUBLIC OUTREACH

The MFA summer schooin 2014 was organised thé" Zime, attended by 23
secondary high school students from the Carpatb#@sm. The institute provided
again a one week opportunity for the youngsteexjmerience scientific research. Our
students were very enthusiastic about their job...

and also about the social programs in the afterras@hat night; sporting, campfire
(followed by fire-fighting practice), and excurs®mo the most beautiful places of
Budapest.
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Three of our former students attained some outsigndchievements in 2014.
Laszlo Adam GrécAieft) was awarded by the NOVOFER Foundation, e/Biélint
B. Kiss(center) andPéter Németlright) won the first prize of the Young Innovagor
Contest of thédungarian Innovation Association

Laszl6 Adam Gréczi Balint B. Kiss Péter Németh

The Nanobus originally created by MFA appeared eatesal scientific-popular
events in the country and brought science closdindgpeople interested. From Oct.
2013 the Nanobus was renamed 8bKszin fizika’ (“All Colours of Physics”). In
2014 the bus showwvw.sokszinufizika.hjentertained over 1000 people.

MFA joined the International Girl's Day event sarithe second time in 2014.
MFAs female researchers guided the high-schools giicross the institute’s
laboratories.

For educational and awareness purposes the iestitotaintains the
www.nanotechnology.huwebpage, where the institute’s nanotechnology tedla
results are published in simple terms. Videos amidles can be downloaded from
this site. Also freely accessible is the continlpueveloped software called/ieb-
Schrodinger,which can be used for numerical solution of thatishary and time
dependent Schrddinger equation.

MFA maintains thewww.nanobiosensorics.corsite
too, where visitors can get informed about the lldtee
optical detection of nanoscale (biological) objects

MFA runs also thewww.mems.hu webpage and
publishes information about the results obtainedhim
Microtechnology Department including the latest
MEMS, NEMS, BioMEMS and NeuroMEMS topics
researched. The department runs an Open Access
Laboratory, so the detailed description of the
instruments, clean rooms and technological backgfou
is also described along with the access right ¢mmi.

A modern natural science laboratory was inaugurated
Hédmez vasarhely, named after J6zsef Gyulai, member

Inaguration of the natu- of HAS.

ral science laboratory.
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MFA donated and installed a used electronmicroscimgpethe Sashegyi Arany Janos
Altaldnos Iskola és Gimnazium.

Disasters

On May 28, 2014 a broken sink on the first floortted main building produced the
water flood in the SEM laboratory below. The LE@nmm$cope was seriously damaged
causing several weeks of delay in research.
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On T' of December sleety rain covered the hills of Bu@fae weather station
completely froze in ice and the roads to the KF#thpus were blocked by broken trees
and electric pylons and wires. The life threatensituation left our laboratories
inaccessable for several days.

The beauty of the frozen flowers on the first dag the campus road the day after the
ice melted. The damage was enormous.
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Visit of the Chapter of Physical Sciences of HAS afiIFA

Jozsef Palinkas, President of the Hungarian Acadefryciences and members of the
Chapter of Physical Sciences visited MFA in Janz@ry4.

President of the Chapter Jeis6lyom, and director of MFA, Istvan Barsony préisgn
his talk ,Quo vadis MFA?”

Awards
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The International Solid State Lighting Alliance aded theLED Lighting System
for Plant Cultivation one of the Global SSL Showcase Top100 prizes % 2This
system was developed by thateyama Kagaku Lt{dn cooperation wittMFA, and
the Centre for Agricultural Research of Hungarian Acagief Sciences

The winners of the Solid-State Lighting awards dahe members of ISA General
Assembly in November 2014, in Guanghzou, PR ofaChin

The 7" meeting orRecent Developments in the Study of Radiation t&ffedviatter
was held in Budapest, Hungary betwe&hatd 12' of July 2014. The conference
was organized by MFA. For his outstanding life-cimition inthe application of ion
beams in modern material science and technolijpsef Gyulawas awarded the
REM Silver Medal

Jozsef Gyulai, member of HAS (top left), Adam Torok
secretary of HAS (top right) and Gabor Battistignbeof
Microtechnology Department of MFA, conference clzir
the gala diner of REM7 (top center).

The REM Silver Medal (left).
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SCIENTIFIC REPORTS

Nanostructures Department & Lendilet Research Group

Head: Laszl6 Péter BIRO, Corr. Member of HAS, resarch professor

Research Staff Research Staff (cont.)

. Zsolt Endre HORVATH, Ph.D., Deputy- Enik HORVATH, Ph.D. (on leave)
Head of Department
Prof. J6zsef GYULAI, Member of HASPh.D. students / Diploma workers
(Professor Emeritus) . _

. Antal Adolf KOOS, Ph.D. Péter LaJOS NEUMANN, Ph.D.

. Géza Istvan MARK, Ph.D. student (on leave)

. Zoltan OSVATH, Ph.D. . Be,rnadeth PATAKI, Ph.D. student

Gabor PISZTER, Ph.D. student

Krisztian KERTESZ, Ph.D. 7s6fia JUHASZ. diol K
Péter NEMES-INCZE, Ph.D. (on leavej <50Ma JUHASZ, diploma worker
- Andras PALINKAS, diploma worker

. Zofia VERTESY, Ph.D.
2D Nanoelectronics Lendilet Research Group

Group Leader Ph.D. students / Diploma workers

Levente TAPASZTO, Ph.D. - Péter VANCSO, Ph.D. student
- Gergely DOBRIK, Ph.D. student
- Gabor MAGDA, Ph.D. student
- Janos PET, diploma worker

The Nanostructures Department has an almost twadaé expertise in the
production and characterization of various nancstes. In recent years in the focus
of work were various carbon nanostructures (CNWaplgene and few-layer graphite)
their nanoarchitectures, bioinspired photonic nacittectures and applications of
these nano-objects in various fields in nanoteawglnanoelectronics and sensorics.
The most relevant results in 2014 are detailedvizelo

In zigzag GNRs cut by atomic resolution STL we swmagnetic ordering on the
edges associated with gap fromation for GNRs nardhan 7 nm.
- We showed by experimental data and numerical stioualéhat in CVD graphene
the double coordinated C atoms are responsibliefotransport through GBs.
- We made large area monolayers of TMDCs and invastibthem by STM & STS
- We showed that the chemical sensitivity of photar@noarchitectures in the
butterfly scales evaluated in the 3D visual spddbebutterflies is almost
identical with the evaluation obtained by PCA.
For more details, see our home pagew.nanotechnology.hu
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Theoretical investigation of edge magnetism in zigg oriented
graphene nanoribbons

(Lenddlet 2014-14, KHILN, OTKA K101599, OTKA K108753)

P. Vancsé, |. Hagymasi (Wigner RCP), Yong-Sung Kim (KRISS, Korea), Chanyong
Hwang (KRISS, Korea), L. P. Bird, and L. Tapaszto

Graphene nanoribbons (GNR) with atomically perfeajzag edges have a
magnetic insulating ground state with antiparadlgin orientation between the two
edges. However, in real systems environmental dpaivd defects are always present
which can significantly modify the magnetic propest In this work we have
performed electronic structure and magnetic ordecaiculations on GNRs including
edge defects by applying the mean-field theorytiier Hubbard model [57]. Within
the framework of this approximation we have alseestigated the influence of the
temperature, carrier density and the width of thdRS on their electronic and
magnetic properties.

We found that ribbons with perfect zigzag edgesehsgpin polarized edges with
both antiferromagnetic (AF) and ferromagnetic (Fdjupling between opposite
edges (Fig. 1). The ferromagnetic ground stateiéstd the finite doping and both AF
and FM states are stable at room temperature. fiti@atribbon width at which the
AF FM transition occurs strongly depends on the teaipee and the doping level.

Figure 1 Spin density distribution ( blue; , red) in 5-nm-wide (left) and 10-nm-wide
(right) zigzag graphene nanoribbons calculated hie thean field Hubbard model for
T=300K and E 100meV. The lower panels display the correspontanyd structure,
clearly indicating that narrow zigzag ribbons aratdierromagnetic semiconductors,
whereas the wider zigzag ribbons display a ferronagig inter-edge coupling and no
bandgap.
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We also studied the effect of
deviations from the ideal edge
structure that can be present on the
atomic scale. To estimate the effect
of atomic-scale edge irregularities,
we have performed calculations on
a model system with edges of
overall zigzag orientation, but
containing the maximum amount
of atomic-scale edge defects (50%)
that does not completely destroy
edge magnetism (Fig. 3). It was
found that the qualitative picture of
Figure 2 Magnetic moment per edge unithedge magnetism including the
length (M) as a function of edge defectAF FM transition holds true for
concentration for 2-nm-wide zigzag ribbons. Uthe defective zigzag edges, but the
is the on-site Coulomb repulsion parametereffect is substantially weakened
and t=2.7 eV denotes the nearest—neighbou&ompared to perfect edges. In

hopping integral value in graphene. particular, the emerging spin pola-

risation decreased to about 1/3 as compared t@tdieée zigzag edges. This can be
seen in Fig. 2 where the magnetic moment at thesgplotted as a function of edge
defect concentration.

We have shown that the magnetic order on the zigedges of graphene
nanoribbons persist even for a relatively high emtiation of atomic scale defects
(edge roughness). This is in good agreement wige®xental findings, where the
signature of edge magnetism has been observedoat temperature on graphene
edges created by Scanning Tunneling Microscopy ogitaphy characterized by
atomic scale edge roughness.

Figure 3 Calculated spin density distribution in the uo@ll of a 3.3-nm-wide zigzag
ribbon with a high density of atomic scale deféb96).
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2D Graphene Superlattices on Cu(111)
(OTKA K108753, KHJLN)

L. Tapaszté, P. Sule (Thin Film Phys. Dept.), M. Szendr (Thin Film Phys. Dept.),
C. Hwang (KRISS, Korea), and L. P. Biré

The controlled engineering of predefined strainfifg® in graphene enables us to
fine tune its electronic properties, through opgrarband gap, inducing large pseudo-
magnetic fields, as well as enhancing the spintaniéraction. By mechanical strain
one can induce the formation of graphene supexgttiwhich are predicted to give
rise to new kinds of quasi-particles, as well asdogap opening under specific
circumstances.

Graphene on copper is a system of high technolbggtavance, as Cu is one of the
most widely used substrates for the CVD growthrajphene. However, very little is
known about the details of their interaction. Oppraach to gain such information is
studying the superlattices emerging due to the iaisimof the two crystal lattices.
The characterization and interpretation of varigusphene superstructures, such as
the Moire supercells and the corresponding nanesdapography requires
sophisticated experimental and theoretical methods.

Figure 1 Atomic resolution STM images of two-dimensionaleslattices emerging in
graphene sheets grown on Cu (111) substrates byniche Vapor Deposition. The
periodic modulation of the graphene structure oscdue to the mismatch of the crystal
lattices.

Scanning tunneling microscopy (STM) is one of thestrsuitable characterization
tools for studying Moire superlattices due to iighh(atomic) resolution and the
ability to reliably detect extremely small heigtdriations. Our STM measurements
have been performed at low temperature (78 K) amteu UHV conditions [109].
The investigated graphene samples were grown ashgal Cu(111) single crystal
surfaces by Chemical Vapor Deposition at 990 °C H2sD mtorr base pressure.
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The atomic resolution STM investigations revealednew rotational Moire
superlattice of the CVD graphene on Cu(111), charaed by a periodicity of 1.5
nm and corrugation of 0.15 A that has never be@orted previously. This is the
smallest periodicity graphene superlattice obseoredopper.

To understand the origin of the measured supexgttn collaboration with Péter
Sile (Thin Film Phys. Dept we have developed a newly parameterized Abell-
Tersoff potential for the graphene/Cu(111) intesféditted to non-local van der Waals
density functional theory (DFT) calculations. Theerfacial force field with time-
lapsed classical molecular dynamics (CMD) providesperlattices in good
gquantitative agreement with the experimental resitir a misorientation angle of
10.4°, without any further parameter adjustmenttiarmore, the CMD simulations
predict the existence of two non-equivalent higmsyetry directions of the moiré
pattern that could also be identified in the expental STM images.

Figure 2 Simulated topographic image of a graphene supt@aformed on Cu(111)

susbtrate (a). The measured rotation angle in thdDCsimulations (the angle between
the zig-zag line of carbon atoms and the line d0§1Cu atoms). (b) CMD simulated
height profile (3D image) with the Moiré humps (posions).

No such interface interaction potential, adequatigcribing the superlattices of
graphene/Cu(111) interface has been available rsdMa have shown that classical
molecular dynamics simulations can provide reasignabcurate structural results
even for weakly bound (low-corrugated) extendedtesys such as graphene on
copper.

Our model predicts the existence of various staj@phene superlattices on
Cu(111) for several rotation angles (0°, 2.2°, 6.87°, 10.4°, and 16.1°).
Interestingly, while aligned and low-angle rotatsttuctures display a clearly
detectable corrugation, further increasing the hgsment quickly flattens the
graphene sheet. Angles larger than 15 degree adicped to yield ultra-flat
graphene.
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Controlling the nanoscale rippling of graphene withSiO,
nanoparticles

(EU FP7 334377 GraNaRip, OTKA K101599, OTKA PD105173)

Z. Osvéth, E. Gergely-Fulop (Photonics Dept.), N. Nagy (Photonics Dept.),
A. Deak (Photonics Dept.), P. Nemes-Incze, X. Jin (KRISS, Korea), C. Hwang
(KRISS, Korea), and L. P. Bir6

The atomically thin graphene membranes are intratlsi non-flat and have random
or quasi-periodic corrugations at the nanometeles&ince this is closely affecting
the electronic properties, there is an increasiegdnfor the realization of graphene
sheets with controlled corrugation. Substrates plagrucial role, as the graphene—
substrate interaction can impart an extrinsic iigpko graphene which differs from
its intrinsic corrugation. Corrugated graphene @@ good candidate for sensor
applications, due to the enhanced chemical actimityppled graphene. The extrinsic
rippling can be induced for example by silica naartiples (NPs), a possibility which
has not been fully explored yet experimentally.

In this work we investigate by atomic force microgg (AFM) the properties of
graphene flakes transferred onto a continuous lafy&i0, NPs, and show that the
extrinsic graphene rippling can be controlled bynealing. Due to the high
nanoparticle density, graphene membranes remairpletety detached from the Si
substrate. We were able to map the suspended gmapparts bridging the
nanoparticles by carefully adjusting the AFM imagiparameters. In Fig. 1(a) we
show the AFM image of an area of 400x400°nwith graphene-covered NPs,
acquired with setpoint of 425 mV.

Figure 1 Tapping mode AFM image of graphene on top of, :P@s (annealed
sample). (a) Topographic image measured with setpafi 425 mV. The line cut 1 is
shown in (c). (b) The phase image correspondigol(ow-phase (darker) areas reveal
suspended graphene parts. (c) Topographic heigifiles along the line cut labelled 1
in (a) (black line). The same line cut measured witpoint of 350 mV is shown with
dotted line. Additionally, the phase signal corresging to profile 1 is also displayed
(red line), showing decreased phase values atubpended graphene regions.

The free amplitude of the cantilever was 500 m\ieB®ed low-phase areas appear
on the phase image of the same region (Fig. 1¢h)ile height instabilities (height
jumps) are measured on these areas (Fig. 1(a))luskate this effect quantitatively
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by plotting in Fig. 1(c) the height profiles of thehosen line section labellet
(Fig. 1(a)), corresponding to amplitude setpoints 30 mV and 425 mV,
respectively. The two height profiles reveal a icattdifference of about 2 nm (in the
centre of height profiles). The plot in Fig. 1(cpntains also the phase signal
corresponding to the setpoint of 425 mV. Note thatphase signal is decreased at the
place where the height jump occurs. Comparing ¢pedraphy and phase maps we
identify the low-phase areas as the graphene regsuspended between $iO
nanoparticles. At the setpoint to 425 mV the intéom force between graphene and
cantilever is low. At this setting the van der Vaattractive force is dominant which
pulls up the suspended graphene parts, when sgaorar them, producing height
jumps of about 2 nm in the topographic images. Tthescorresponding phase signal
is also modified. At setpoint of 350 mV, repulsieeces dominate and the suspended
graphene parts are not pulled up (see dottedditiégi. 1(c)).

Local indentation was performed on the suspendets paorder to investigate the
elastic properties of the graphene membrane. Tipergwents were performed in
Peak Force mode with an AFM cantilever with tipitadR @8 nm and spring
constant k = 34 N/m. The same area was scannedtegie by increasing gradually
the Peak Force setpoint from 2 nN to 128 nN. A detepimage was recorded for
every force setpointH). Selected height profiles are shown in Fig. 2¢@hich were
extracted from the images recorded at the corrafipgriip-sample force values.

Figure 2 Nanoindentation performed in Peak Force AFM mdde.Topographic
image of graphene-covered SiQ@Ps at a peak force of F = 16 nN. (b) Height
profiles taken along the same line cut (white liimefa), measured at different load
forces (F). is the force-induced deflection. (c) Force-defiectdata.

All profiles were taken along the same line secsbown in Fig. 2(a) (white line),
which shows the AFM image acquiredrat 16 nN. The force-induced deflectior) (
of the suspended graphene nanomembrane was measutkd difference between
crests and troughs of the height profiles. Fordéedion data are obtained, as shown
in Fig. 2(c). To interpret the experimental dat@ wsed the indentation model of a
circular monolayer graphene by a spherical indentge fitted the data with

, Where the coefficientsandd are related to the elastic modukisind
pre-tension of the graphene membrane. Performing the expetsnerl5 different
suspended areas, we obtain an average elastic nsoofild,,q = 0.88 TPa.

The paper was published in Nanoscale [84].
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Substance specific chemical sensing with photonic
nanoarchitectures occurring in Blue butterfly wing scales

(OTKA PD83483, OTKA K111741)
G. Piszter, K. Kertész, Z. Vértesy, Zs. Balint (HNHM, Hungary), and L. P. Bir6

Photonic nanoarchitectures are nanocomposites véreltapable of interacting in
a spectrally selective way with white light. Forlaogeneration in the visible, the
periodicity of optical properties has to be in taage of few 100 nm. This condition
is fulfilled by several photonic nanoarchitectures biologic origin, in our case
butterfly wings. Color change of such biologic narahitectures may originate from
two sources: change of the refractive index of oneboth of the two optically
different materials, or from the change of the eabteristic dimensions of the
elements building up the structure. The butterfiyjngvscales possessing structural
coloration are nanocomposites of chitin and airt tilbows their use as selective
chemical sensors for volatile vapors present iratibient atmosphere. The refractive
index contrast changes between the empty (chigéim)-and filled (chitin — vapor and
condensed vapor - due to capillary condensatioth& nanovoids) state of the
structure induce color changes of a butterfly wing.

We measured the reflectance spectra of the wingapors of volatiles from 10 to
100% concentration values in 10% steps, and thairadd colors were represented in
a tree-dimensional color space created using theitaaty functions of the four
photoreceptors occurring in the eyes of the Lyahéniterflies [91, 92]. While nearly
all data points were clustered in a tilted plangaasformation was made to simplify
the further investigations.

Figure 1 (a) 2D transformed version of the 3D chromatialiggram containing the
results of the vapor sensing experiment. (b) Thaulte of the principal component
analysis (PCA) using the same vapor sensing ddta se

In Fig. la the fitted plane in the 3D dataset igresented for 7 volatiles with
increasing concentration from the red circle to. l&t the butterfly eye has to be able
to detect minor color differences for a successfating, the fine tuning of the effect
induced by the condensed vapors and its detectdyleer should provide the highest
possible selectivity for vapor sensing, too. Asfigation and to analyze the obtained
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spectra, we applied principal component analysi€AJ? a pure mathematical
evaluation method without any biological relatidine optimal number of PCs was
two, which resulted 90.4% cumulative percentagevafiance. Using the same
labeling as in Figure la, a trajectory is drawnduery vapor. The two graphs: one
generated using the 3D butterfly visual space &edather one produced by PCA
(Fig. 1b), appear to be highly congruent. Bothhie thromaticity diagram and in the
PCA results one can observe the good separatitimeafrajectories which represents
the chemical selectivity, while the points reprdégandifferent vapor concentrations
follow each other (from right to left) in ascendingder (of vapor concentrations)
show the sensitivity of the sensor. It can be ¢yeseen that the good separation of
the trajectories is based on their curvature ahdrigoncentrations which suggests a
reversible interaction between the chitin and tapors.

The vapor sensing process is governed by capilandensation and through this
the properties of the surface must have an impbmale in the evolution of the
signal. We used a 5 nm A&); coated wing as a sensor material to test to wktane
the surface chemistry has an effect on the measwedr sensing signal. Compared
to the results of the pristine wing case (Fig. & trajectories of vapors in the
transformed 3D chromaticity diagram were alteredoas can be seen in Fig. 2a.
There are major differences between the pristire: the ALD modified case: the
coated sample has lower sensitivity and shows nadeleelectivity. This is the result
of the surface chemistry alteration inside the macltecture because the chitin was
passivated by the conformal oxide layer.

Figure 2 (a): 2D transformed chromaticity diagram results thie vapor sensing
experiment using the butterfly wing modified withird conformal AlD; coating. (b):
The slopes of the linear-fitted segments of theowagensing trajectories are
proportional with the refractive indices of thefdifent volatiles. Acetic acid (10 vol%)
was left out from the linear fit.

As the band gap of a photonic crystal type strgctsirdetermined by the refractive
index of the building materials, it is worth to tfinding a correlation between the
chromaticity diagram trajectories and the refraziivdex of the liquids (Fig. 2b). One
can observe that there is a satisfactorily lineslationship between these two
guantities. Reduced selectivity was observed wherchitin was isolated with ALD
layer from the vapors.
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Bilayered graphene superlattices
(KHJILN, OTKA NKTH101599, EU FP7 318617 FAEMCAR)

G. I. Mark, P. Vancsé, D. G. Kvashnin (IBCP Russia), L. A. Chernozatonskii
(IBCP Russia), and L. P. Bir6

Like in the case of monolayer, the bilayered graghés semimetal, but its
conduction and valence bands touch with quadrasigedsion, opposite to the linear
dispersion relation seen in one layer grapheneréftie, the problem of the lack of a
semiconductor band gap remains in bilayered gragphEme fabrication of bilayered
graphene ribbons or adsorption of adatoms to hita/graphene structure, like in the
case of single layer graphene, can open a bandgapl/so create scattering regions.
A promising way to open a band gap in bi-graphen¢he making of periodical
nanopores in the structure. We found, that suclogierarrays of holes in graphene
lattice transform graphene from semimetal to sendoetor with a tunable band gap
by means of the changing of the period and the alizbe holes [50]. While in the
case of a graphene monolayer such holes act aersogtedges, in the case of a
bilayered structure the neighboring graphene edgesect with each other. This
creates a bilayer hollow graphene material witheziges, i.e. without any interruption
of the sp carbon lattice.

Figure 1 Geometrical construction of the bilayer graphe@ostructure.

The formation of holes in bi-graphene leads toftirenation of a family of novel
closed-edge hollow nanostructures with specialtedaic properties. Geometrical
construction of the nanostructures is shown in Eig\We investigated the electronic
properties of these superlattices and obtaineddiaénding upon the geometry (size
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and distance of the holes) both semiconducting aredallic behavior occurs.
Transport properties were studied using our wavekgta dynamical transport
approach, which is able to handle systems contiaifarge number of C atoms
compared to theb initio calculations. Fig. 2 shows the model geometryetiogr
with three snapshots from the time evolution ofghabability density, for the case of
the semiconducting bi-graphene nanostructures.

Figure 2 Geometry of the system and selected snapshotsttitime evolution of the

probability density of the wave packet shown asrecbded 2D (top view XY) sections.
Black corresponds to zero, yellow to the maximunsitie [see the scalebar in (b)]. The
size of the presentation window is 7.68 nm.
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Atmospheric pressure CVD growth of graphene
(KHJLN, OTKA NKTH101599, OTKA K108753)

A. A. Koés, L. Tapasztd, and L. P. Bir6

In order to exploit the potential of graphene imesal high impact applications, its
production methods must be adapted to the industigirements concerning safety,
reliability and economy issues. The Chemical Vapeposition (CVD) method has
the potential to produce high quality graphene shatindustrial scale, but most of
the low pressure CVD processes developed for larga graphene growth are using
flammable gas mixtures above auto ignition tempeeatvhich raises safety concerns.
Besides, cost reduction in case of low pressurdoast is hindered by the need of
vacuum equipment. Therefore we aimed at the dewatop of a procedure working
with non-flammable gas mixtures at atmospheric qares Fig. 1 shows our CVD
setup consisting of a furnace, quartz reactor @sdcgntrol system.

Figure 1 CVD setup for atmospheric pressure graphene drowt

For the optimization of the process, we performedesal graphene growth
experiments with varying the relevant parametdss fire-treatment of the substrate,
temperature, time, methane and hydrogen conceariratbince ppm levels of
contamination may have significant impact on thewgh, special attention was
dedicated to substrate cleaning. We managed toatdhé size of the graphene flakes
in 2 — 100 um range (Fig. 2), while the nucleataensity was tuned to obtain
graphene coverage in 1 — 100% range. We also mdniagsontrol the formation of
the second graphene layer. We produced continumshgne films with only few
percent second layer coverage, but could incrdesedverage of second layer up to
30% (Fig. 3a). Interestingly, it is possible to guee flakes in which the first and
second layers are rotated relative to each otlmrsequently their coupling can be
modified [47].
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Figure 2 SEM images showing graphene flakes with sizerafd®0 pm (a) and 2 pm
(b). The inset presents a typical Raman spectrutineofiraphene flakes.

The CVD growth is a delicate balance between dépasand etching. Therefore
etching away high defect density grains contribtwethe improvement of the quality.
In addition it gives the opportunity to align thdges of the graphene flakes along
selected crystallographic directions. An exampleselective oxidation is shown on
Fig. 3b.

Figure 3 SEM image of multilayer graphene flakes (a) amdnaple of selective
oxidation during CVD growth (b).

Preliminary experiments for the CVD growth of MoBave been successfully
performed, too. MoSis the member of the family of transition metaildilcogenides
(TMDC) with layered hexagonal structure similar geaphene, showing exciting
physical properties with the promise of differeethnical applications. Subsequent
growth of graphene and TMDC layers in the same toeamakes possible the
preparation of vertically stacked 2D heterostruesyiin which very exciting effects
may arise from the interplay of the different ledtiparameters, or misorientation
angles.
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Photonics Department

Head: Miklos FRIED, D.Sc., Scientific Advisor

Research Staff - Norbert NAGY, Ph.D.

Péter PETRIK, Ph.D., Head of ' S"Ver PF(;EC;QRC’:PS“D'
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P < - Tivadar LOHNER, D.Sc.
- Andras DEAK, Ph.D., Head of il .
Semiconductor Photonics Laboratory M', 0s SERENYI, D.Sc .
. Antal GASPARICS, Ph.D. - Gabor VERTESY, D.Sc.
- Andras HAMORI, dr. univ.

. Csaba S. DAROCZI. dr. univ. Ph.D. students / Diploma workers

- Gyorgy JUHASZ, dr. univ. - Emil AGOCS Ph.D.

. Gyorgy KADAR, D.Sc. - Bélint FODOR, Ph.D. student

- Péter KOZMA, Ph.D. - Eszter FULOP, Ph.D. student

- Csaba MAJOR, Ph.D. - Judit NADOR (1/2), Ph.D. student

- Janos MAKAI, C.Sc. (part time) - Szilard POTHORSZKY, Ph.D.
student

Déaniel ZAMBO, Ph.D. student
Technical Staff

Rozsa Maria JANKONE, technician

MFA was involved in the UNION (EU FP7 310250) (Wakversatile Nanoparticle
Integration into Organized Nanoclusters) projecthwthe aim to develop tailored
assembly of nanoparticles to be used in the fiéltheranostics, thermoelectrics and
lighting applications. The main parameters inveggd are the size of the template
particles, wettability of the substrate and tharmyykinetics (temperature). Due to the
arrangement of the gold nanoparticles, electromiaghet-spots can be created, that
can be exploited in different spectroscopy techedéqWith proper surface chemistry
design, the ring-like structures can be also ueéitbtus” liquid dissolved molecules
to accumulate at the hot-spots upon solvent drying.

Magnetic Adaptive Testing (MAT) is a recently dey@d nondestructive
measurement method, which is based on systemaasurement and evaluation of
minor magnetic hysteresis loops. Very good coni@batwvas found between the
optimally chosen MAT parameters and the neutroriatiach fluence of nuclear
reactor structural materials. MAT seems to be adgowethod for replacing the
destructive test measurements by nondestructiveneti@gmeasurements; a good
example is the investigation of flake graphite demt samples by MAT, and to find
correlation between magnetic parameters and geptotphology of the material.
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We are involved in a “National technology developifieproject: ,Equipment
development for industrial size thin film opticabpping” and an ENIAC JU project:
“E450EDL European 450mm Equipment Demo Line”. Wedaleped 30, 45-60 and
60-90 cm wide prototypes of “Imaging Optical Insji@e Device With A Pinhole
Camera”.

MFA researchers proposed recently an ellipsomegafproach for Fourier
scatterometry measurements, involving a phase measat between orthogonally
polarized reflections, revealing a significant gairthe sensitivity, and emphasizing
numerous advantages like incoherent light souraerfact that there is no need to
measure the input wavefront.

Flake graphite cast iron investigated by Magnetic Aaptive
Testing

(OTKA K111662)
G. Vértesy

Magnetic measurements are frequently used for cterzation of changes in
ferromagnetic materials, because magnetizationegges are closely related to their
microstructure. The recently developed method (M#gmdaptive Testing, MAT) is
based on the systematic measurement and evaluaftionnor magnetic hysteresis
loops. This method was suggested as a highly pmognison-destructive alternative
of destructive tests for monitoring structural opes in ferromagnetic objects. MAT
introduces a large number of magnetic descriptorgliverse variations in non-
magnetic properties of ferromagnetic materialsifnwhich those, optimally adapted
to the just investigated property and material, lmampicked up.

The purpose of this work was to investigate flakapyite cast iron samples by
MAT, and to find correlation between magnetic pagters and graphite morphology
of the material. Cast iron is one of the most fegly used industrial construction
materials. Low cost of production, good machin&giland excellent possibilities of
shaping the details by casting attract an intemtgzast of industry. The flake graphite
cast iron is an ideal material for automobile bredlsks since it has excellent damping
properties and thermal conductivity just becauséhefflaky graphite. The graphite
morphology determines mainly the mechanical prigerof the cast iron material.
The graphite flakes have various morphologies siinee flakes have complicated
structures and are linked to each other.

Three flake graphite cast iron materials with déf@ chemical compositions were
prepared and studied. These materials were desgyrf@E4.7, CE4.1 and CE3.7
based on their targeted carbon equivalent (CE)egalMicrophotographs (shown in
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Fig. 1) of the three materials in their as-castdtiion revealed that the graphite flakes
of CE4.7 are relatively long, uniformly and isoticgdly distributed. CE4.1 has
smaller graphite flakes than CE4.7. In CE3.7 vengal§ eutectic graphite flakes were
found to be distributed in the dendrite. Microptgtaphs of the samples after etching
with 3% Nital indicated that CE4.7 had a pearlgedte matrix, CE3.7 had a
completely pearlitic matrix, and CE4.1 mainly hadbearlitic matrix but a small
amount of ferrite surrounded the graphite flakelse Brea fraction and the average
length of the graphite flakes were evaluated usimge processing software.

The flat samples were magnetized by an attached gokl sensitive descriptors of
their magnetic/structural state were obtained feraluation of the measured data.
MAT measurements were performed on each sampldrentMAT descriptors were
evaluated. The optimal MAT degradation functiongeveonsidered as functions of
the given independent parameters, e.g. the lerfgtireographite flakes and the area
fraction of graphite. Note that the shown MAT detathon functions are normalized
by the corresponding value of the sample havingsthallest graphite area and length
(CE3.7). The correlation between magnetic pararmeted graphite area and graphite
length can be seen in Fig. 2., respectively.

Figure 1 Microphotographs CE4.7, CE4.1, CE3.7 of the threestigated materials.

Figure 2 The optimally chosen MAT descriptors vs. grapaita and graphite length.

As a conclusion, it was demonstrated that very gamcelation was found between
the magnetic descriptors and the graphite morplyplatpich fact justifies that this
method is suitable for reliable nondestructive abhtarization of this material.
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Leaky mode suppression in planar optical waveguidesritten
in Er:-TeO ~WO3 glass and Cak crystal via double energy
implantation with MeV N " ions

(OTKA K101223)

I. Banyasz, S. Berneschi, M. Bettinelli, M. Brenci, M. Fried, N. Q. Khanh, T. Lohner,
G. Nunzi Conti, S. Pelli, P. Petrik, G. C. Righini, A. Speghini, A. Watterich,
and Zs. Zolnai

lon implantation proved to be universal techniqoe froducing waveguides in
most optical materials. Tellurite glasses are gloosts of rare-earth elements for the
development of fibre and integrated optical amgigi and lasers covering all the
main telecommunication bands.*Edoped tellurite glasses are good candidates for
the fabrication of broadband amplifiers in waveldgndivision multiplexing around
1.55 m, as they exhibit large stimulated cross sectiansl broad emission
bandwidth. Calcium fluoride is an excellent optio@dterial, due to its perfect optical
characteristics from UV wavelengths up to nearltfas become a promising laser
host material (doped with rare earth elements).ihgplantation was also applied to
optical waveguide fabrication in CaBnd other halide crystals. In the present work
first single-energy implantations at 3.5 MeV at igas fluences were applied.
Waveguide operation up to 1.Bn was observed in Er:Te glass, and up to 980 nm in
Cak. Then double-energy implantations at a fixed upgeergy of 3.5 MeV and
lower energies between 2.5 and 3.2 MeV were peddrta suppress leaky modes by
increasing barrier width.

Figure 1  Depth-distributions of the Figure 2 Depth-distributions of the
implanted N ions in Er:-Tungsten—tellurite implanted N ions in Cak. Higher
glass. Higher energy was 3.5 MeV in eachenergy was 3.5 MeV in each case. Lower
case. Lower energy is indicated in the energy is indicated in the inset.

inset.
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Planar waveguides were fabricated in an Er-dopegstien tellurite glass sample by
implantation of single- and double-energy nitrogems at the combinations of 3.5,
3.5+3.0 and 3.5+2.5 MeV. Fluences of the irradiaiovere the same, 4x40
ions/cnd. Similarly, planar waveguides were fabricated iraFC crystal by
implantation of single- and double-energy nitrogens at the combinations of
2.6+3.5, 2.9+3.5, 3.2+3.5 and 3.5+3.5 MeV. Totakfices of the irradiations were
2x10° ions/cnf for the double energy irradiations and betwees B0 and 4.0x1¢
ions/cnt for the single energy irradiations. Spectroscagllipsometric and m-line
spectroscopic measurements of the ion beam ireatiiataveguides revealed that
double-energy Nion irradiation in the Er-doped tungsten tellugiass also resulted
in fully operative waveguides up te=1550 nm. Using a simple ellipsometric model,
fitting of the experimental data confirmed that BRialculations predicted correctly
the waveguide structure. On the other hand, ndfgignt improvement with respect
to the single energy irradiated waveguides coultbbhad. Only slight decrease of the
effective refractive indices with increasing diffece of the irradiation energies was
detected. Based on previous experience with thadednd the material, it is hoped
that thermal annealing of the ion beam irradiatézhgr waveguides at moderate
temperatures (around 26Q) could substantially re-structure waveguide angrove
light confinement. Single energy’N irradiated waveguides in CaErystal operated
at 635 nm even at the lowest fluences. Higher fleenresulted in waveguides
working at 980 nm, too. Instead of an expected awpment of waveguide
characteristics, waveguides produced in £a#th double energy irradiations at a
total fluence of 2x18 ions/cnt did not show guiding at all. Besides of a stepwise
thermal annealing (to try to improve waveguide diee), fabrication of a new series
of waveguides in new CalBamples at higher fluences is planned.

Figure 3 SRIM simulation and SE fit of Figure 4 SRIM simulation and SE fit of the
the waveguide structure in Er:Te glass. E waveguide structure in Cakcrystal. E =
=35 + 2.5 MeV, fluence is 4 x 10 3.5 +2.9 MeV, total fluence is 2 x 10
ions/cn. ions/cnd.
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Resolving lateral and vertical structures by ellippmetry using
wavelength range scan

(OTKA K81842, TAMOP-4.2.2/B-10/1-2010-0025, Japan Té&T)

P. Petrik, E. Agdcs, J. Volk, I. Lukacs, B. Fodor, P. Kozma, T. Lohner, and M. Fried

In absorbing materials the penetration depth diftligepends on the wavelength
(Fig. 1). We have shown that this fact can be Useda model independent depth
scan, in which the model parameters are fittedfferént wavelength ranges and the
penetration depth is directly calculated from th@netion coefficients. The method
has been demonstrated on polycrystalline silicamfthms.

Scanning the wavelength range can also be usedth®rdetermination of
characteristic feature sizes of photonic structubegause the limit wavelength for
the applicability of the effective medium approxima depends on the
wavelength/feature size ratio (Fig. 2). We havenshthat finding the wavelength at
which the fit quality drops can be used to measiwse feature sizes.

Both results were published in [89].

Figure 1 Extinction coefficient (k) and

optical penetration depth (OPD)

measured for a polycrystalline silicon
layer (shown in the electron microscopy
image) as a function of the wavelength,
as well as the uncertainty of the fitted
thickness as a function of the cut-off
wavelength.

Figure 2 Limit wavelength () as a
function of the period (P) minus the
diameter (D) of hexagonally ordered
circular holes in a resist layer (P and D
were determined by electron
microscopy).



Yearbook 2014 43

Fourier ellipsometry
(ENIAC E450EDL, OTKA K81842)

P. Petrik, N. Kumar, A. Hamori, B. Fodor, Cs. Major, Gy. Juhasz,
G. K. P. Ramanandan, S. F. Pereira, S. Burger, H. P. Urbach, and M. Fried

Fourier scatterometry measures the scattered fight a focused spot. The same
microscope objective is used for illumination anéasurement. At the back focal
plane of the objective each point corresponds tagigen scattering angle.
Consequently, by imaging the back focal plane @Cd, the scattered intensities can
simultaneously and quickly be measured in a widgeeaof angles (azimuth angles of
0-360° and, using a numerical aperture of 0.9eoctifbn angles of 0-64°). Recently,
we proposed an ellipsometric approach (Fig. 1)polvimg a phase measurement
between orthogonally polarized reflections, reveglia significant gain in the
sensitivity (Fig. 2), and emphasizing numerous athges like incoherent light
source or the fact that there is no need to meabkarmput wavefront [P. Petrik et al.,
J. Europ. Opt. Soc. Rap. Public. (2015), accepteg@dblication].

Figure 1 (a) Setup of ellipsometric
Fourier scatterometry. (b) Intensity
signal at an arbitrary pixel of the CCD
as a function of polarizer rotation at the
output side.

Figure 2 Ratios of parameter
uncertainties calculated from the
derivatives of the merit function (sum of
squared differences of far field and
values along the xz-plane shown in the
inset, calculated for varied model
parameters with () and without

(' noenip) the ellipsometric approach. The
inset shows the computational domain.
The sample consists of these domains as
unit cells attached in a hexagonal order
with a pitch (L) of 300 nm, critical
dimension of L/2, wavelength of 405 nm,
and numerical aperture of 0.9.
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Development of optical metrology tool for in-line aalification
of thin film solar cells

(KMR_12-1-2012-0225, EU FP7 611332SEA4KET, ENIAC E450EDL)
Cs. Major, Gy. Juhasz, Zs. Zolnai, N. Nagy, and M. Fried

We are involved in one Hungarian KMR_-12 projedtezh,Development of a tool
for optical mapping of industrial size thin film atings” (with a Hungarian SME
partner) and two EU-projects (,SEA4KET” and the BISF2012-2 “E450DL") to
develop 1maging Optical Inspection Device With A Pinholen@&ad. We developed
30, 45-60 and 60-90 cm wide prototypes.

Figure 1 CAD-design of the 30 cm prototype (top left) #adphotograph (top right),
the prototype of the 45-60 cm device (bottom Befij the prototype of the 60-90 cm
device (bottom right).
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Nanoparticle cluster preparation by fine tuning coloidal
interactions

(OTKA PD105173, EU FP7 310250 UNION)
D. Zambo, and A. Deak

Composite nanoparticle clusters prepared for daiffetypes of nanoparticles have
the potential to be used in the field of therarusstithermoelectrics and lighting
applications. The key factor in the preparatiorthaf clusters is the control over the
nanoparticle-nanoparticle interactions in solvemdiam, since it will determine the
structure of the clusters. Usually compact nanagartlusters are preferred, which —
according to theory - imposes a strict theoretigdile on the magnitude of attractive
forces between the particles. The optimum asseo#rybe carried out around k3.

In our work we focus on the temperature assistettrelstatic assembly of
plasmonic NPCs. The unique feature of our procesthat it relies on a careful
balance between steric and electrostatic intenaclibe particles used in the process
are not oppositely but likely charged, the buildiiving force for the clustering is the
van der Waals attraction. This riving force is oeighed by the electrostatic double
layer repulse at the beginning of the process, thedsystem is stable even under
extreme conditions (very high salt concentratioi$)e steric repulsion between the
particles can be reduced on-demand by applying tee#tte system. This ensures
proper control over the clustering process. Therabdy process can be followed by
dynamic light scattering or spectroscopy techniqtigis latter monitors the plasmon
coupling due to the assembly). A characteristic SiaMge of the cluster is shown
below.

Figure 1 DLS data of the temperature
induced aggregation process. Cluster
formation begins above the threshold
temperature due to the collapse of the surfce
grafted PEG monolayer.

Figure 2 SEM image of a compact
nanoparticle cluster prepared from 18 nm
gold nanopatrticles.
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Directed assembly based on regio-selective surfac®dification
of plasmonic nanoparticles

(OTKA PD105173)
Sz. Pothorszky, and A. Deék

Directed assembly of nanoparticles hold a greamme for the preparation of
functional structures based on bottom-up assenblgrder to gain control over the
positioning of nanoscale objects, one has to deaigh prepare nanoparticles with
proper surface chemistry.

We use gold nanorods and gold nanoparticles adibgiblocks to study the effect
of region-selective surface modification on the ustness of the directed self-
assembly process. We make use of the fact thaipthef the nanorods higher affinity
to molecule adsorption. The tip of the nanorodsekectively functionalized with
positively charged thiol molecules. The longitudiptasmon resonance peak of the
nanorods blue-shifts as the tip of the nanorodsrstionalized with the charged thiol
molecules, showing a characteristic saturation witheasing concentration (Fig. 1).
In a subsequent step the side of the nanorodsveren with large molecular weight
PEG molecules. The nanorods are assembled withtimely charged spherical
particles. The effect of the region-selective stefanodification on the nanosphere
localization is studiegia investigation of plasmon coupling between theiplag and
SEM (Fig. 2). The tip-functionalisation allows theherical particles to be attached to
the nanorod tips, while the PEG blocks the sidesai®n due to steric repulsion.

Figure 1 Blue-shift of the longitudinal
plasmon resonance peak position upon
adding different amount of cysteamine due
to the increased water content in the near-
field of the particles.

Figure 2 SEM image of cysteamine/PEG
surface modified gold nanorod after
assembly with negatively charged 18 nm
spherical particle.
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Capillary lithography of plasmonic nanostructures
(EU FP7 310250 UNION)

E. Gergely-Fllop, D. Zambo, Sz. Pothorszky, N. Nagy, and A. Deak

Massively parallel assembly of nanoparticles cdowalthe preparation of high-
density functional nanostructures over macroscepéas. Controlled assemblies of
gold nanoparticles on the other hand can provideitable platform for advanced
optical measurement techniques, like SERS of plasmpohanced fluorescence
investigations.

In our work we aim the preparation of ring-like dalanoparticle assemblies, where
the alignment of the particles is based on a chiediance between capillary and
surface forces. We use a template layer of ca.omigized polystyrene particles
deposited in the form of a monolayer by Langmuiodjett technique on silicon
substrate. Sterically stabilized gold nanopartielesthen drop casted and dried over
this template monolayer in a controlled manner.imuthe drying of the liquid, the
gold nanoparticles are forced to occupy the spatenbthe large template particles.
During the final stage of the drying, the nanomées are forced to arrange
themselves in a ring-like structure between theptata particles and the substrate
due to capillary forces (Fig. 1). The main parametavestigated are the size of the
template particles, wettability of the substratel #ime drying kinetics (temperature).
Due to the arrangement of the gold nanoparticlés;tremagnetic hot-spots are
created, that can be exploited in different spascpy techniques. With proper
surface chemistry design, the ring-like structucas be also use to “focus” liquid
dissolved molecules to accumulate at the hot-gggmis solvent drying (Fig. 2).

Figure 1 SEM image of a rig
structure prepared from 65 nm
PEG grafted gold naopatrticles.

Figure 2 Boundary element
simulation of the extinction
spectrum and the near-field
distribution around the ring
structure.
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Optical metrology
F. Riesz and J. P. Makai

The flatness of Si substrates and the stress offilims deposited onto them have
been assessed for the company Mirrotron Ltd. fartroe optics applications using
guantitative Makyoh topography.

Within the project KMR_12-1-2012-0226, also in atbibration with Mirrotron
Ltd., a concept of a fringe-reflection deflectorgelrased measurement set-up (see
Fig. 1) was developed for the assessment of thteela of the inner surface of
neutron guides. The core of the algorithm was catetitested using synthetic data.

In collaboration with IMEM-CNR, Parma, the surfasigape and morphology of
hot-wall epitaxial grown SiC/Si heterostructuresvaal as those of bent Ga single
crystals for X-ray Laue lens applications have bebaracterized with Makyoh
topography.

Figure 1 Concept of a fringe-reflection deflectometrydhsneasurement set-up.



Yearbook 2014

49

Microtechnology Department

Head: Gabor BATTISTIG, Ph.D., senior research fdbw

Research Staff

- Zsofia BAJI, Ph.D.

- Istvan BARSONY, Corr. Member of
HAS

- Gabor BATTISTIG, Ph.D.

. Laszl6 DOZSA, Ph.D.

. Csaba DUCS, Ph.D.

- Zoltdn FEKETE, Ph.D. (on leave)

- Péter FOLDESY, Ph.D.

- Péter FURJES, Ph.D.

- Zoltan HAJNAL, Ph.D.

- Nguyen Quoc KHANH, Ph.D.

. Zoltan LABADI, Ph.D.

. Istvan LUKACS, Ph.D.

. Gydrgy MOLNAR, Ph.D.

- Akos NEMCSICS, D.Sc. (part time)

- Andrea Edit PAP, Ph.D. (part time)

- Anita PONGRACZ, Ph.D. (on leave)

- Vilmos RAKOVICS, Ph.D.

- Attila Lajos TOTH, Ph.D.

- Janos VOLK, Ph.D.

- Zsolt ZOLNAI, Ph.D.

Ph.D. students

. Zs6fia BERCZES
. Zoltan SZABO)

- Ferenc BIRO

. Maté TAKACS

. Rébert ERDELY!
. Gergely MARTON
. Taméas KARPATI
- Eszter HOLCZER
. Eszter TOTH

Technical Staff

- Janos FERENCZ (engineer)

- Levente ILLES (engineer)

. Csaba LAZAR (engineer)

. Istvan RETI (engineer)

- Robert HODOVAN (engineer)
- Andras L RINCZ (engineer)

- Erika TUNYOGI (engineer)

. Katalin VERESNE VOROS

(engineer)

- Gyorgy ALTMANN (technician)

- Gabriella BIRO (technician)

- Sandor CSARNAI (technician)

- Tibor CSARNAI (technician)

- Magda ER S (technician)

- Kérolyné PAJER (technician)

. Csilla ARIAS-SOTONE FARAGO

(technician)

- Attila NAGY (technician)
- Magda VARGA (technician)



50

The task of the Microtechnology Department is:
Fundamental research on

- sensing principles;
novel materials and nanostructures;
novel 3D fabrication techniques;
ion-solid interaction for supporting MEMS developmhe

Research and development of physical, chemical/h&mical sensors and
integrated systems:

R&D on micropellistor-type gas sensors, 3D forcesses, thermal sensors, gas
flow sensors, using CMOS compatible and relatedriegies MEMS.
Development of novel microfluidic systems, theipbgation in new fields of
biochemistry BioMEMS.
Development of Si- and polymer based sensors fanedical applications with
special focus on neurosciencdeuroMEMS.

- Synthesis and characterization of quasi-one-dino@asisemiconducting
nanostrucrures, semiconductor nanodevices, theigiation into functional
sensors, optoelectronic and photovoltaic devidéEMS.

Modelling, structural and device characterizationathods:

Electrical characterization;
- Thermo-mechanical characterization;
- Scanning Microprobes;
- lon beam analysis methods;
- SEM, TEM, EDX;
- Spectroscopic Ellipsometry.

The Department runs two 300°m+ 160 ni clean labs (Class 100-10000)
comprisinga complete Si-CMOS processing line and a mask, algue facility in
Hungary. The technology allows to manufacture laygyatterned structures and
devices with 1 pm line resolution on 3" and 4” Sdaylass wafers.

Competencies (available also for our industrial and academictmpas and
customers):

High temperature annealing, diffusion and oxidgtion
lon implantation;
Rapid Thermal Treatment;
Low Pressure Chemical Vapor Deposition of polyS8Q, and SiN, layers;
Low Temperature Chemical Vapor Deposition;
- Atomic Layer Deposition;
Physical Vapor Deposition — Electron beam evaponafdC and RF Sputtering;
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Reactive lon Etching, Deep Reactive lon Etching;
Photolithography with back-side alignment and Narminting;
E-beam lithography;
- Nanopatterning, deposition and etching by FocueaeBeam;
- Wafer-bonding;
- Wet chemical treatments;
Electro-chemical porous Si formation;
Molecular Beam Epitaxy of IlI-V compound semicontirss;
Mask design, laser pattern generator;
Polymer (PDMS, SU8, Polyimide) structuring by pHidhmgraphy and micro-
molding techniques,
- Chip dicing, packaging especially for sensor apions;
Materials and structural analysis & characterizati®EM, FIB, EDX, Atomic
Force Microscopy, Electrochemical Impedance Spectpy, Stylus Profiler;
Electrical and functional characterization.

For detailed information please visit our websitgiw.mems.hu

or contact us by e-maittragon@mfa.kfki.hu
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MEMS

Activity leader: Cs. Diics

Group members: Zs. Baiji, |. Barsony, G. Battistig, L. Dézsa, P. Féldesy, P. Flrjes,
Z. Hajnal, Z. Labadi, Gy. Molnar, A. E. Pap, V. Rakovics, A. L. T6th, E. Tunyogi,
Zs. Zolnai, F. Birg, T. Kéarpati, and M. Takacs

Projects are supported by:

- OTKA K109674 - Graphen based terahertz modula043-2017)
KMR_12-1-2012-0107 - Sensor for continuous monitgrof carbonhydrides
dissolved in underground water (2012-2015)

KMR_12-1-2012-0226 — Development od componentsieiitew generation of
neutron detecting instruments (2012-2015)

KMR_12-1-2012-0031 - Development of an embeddeodrmétion system for the
optimisation of energy-positive public lighting (20-2014)

. TET_10-1-2011-0305 — Development of tundsten antylma@num ixide thin
films for use in gas sensors and electro chromvicds (2012-2014)

Development of Embedded Information Technology Systn to
optimize Energy-positive Public Lighting

The main goal of the development is constructiora gfublic lighting system of
minimum energy consumption and positive energy rizaaby development and
integration of individual components, e.g. LED strdamps, renewable energy
generation and storage system as well as controlf@Wintelligent operation. Our
group developed a weather station for recording datse to be used in short time
prediction of weather conditions and energy managemlanning. Additionally, we
have to characterize commercial PV modules in teomsheir long-term energy
generation and readiness throughout the day. Magples and installation methods
are investigated in detail.

The demonstration system was installed alongsidds@and pathways at the KFKI
campus by retrofitting conventional lighting armatsl with novel LED luminaries
produced by GE. Each street lamp has its own ma#msor to detect and distinguish
automotive or pedestrian presence. Moreover, tigitig system is capable to adjust
the pre-programmed lighting scenario accordinght dctual situation by using the
ability of luminaries to communicate via WiFi.

The system is completely automated and controlledimernet from a central
computer. The required energy is centrally gendratal stored by solar panels and
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batteries, respectively. The grid connected powetesn covers the total energy
needed, but is also able to control energy flovbdth directions. The driving SW
calculates the optimum energy flow by considering predicted energy generation
and also the actual price of electricity (Fig 1).

In order to provide appropriate data both for PMde characterization and short
term weather forecast a complex weather sensoiorstatas constructed. Two
irradiation sensors measure the global and diffussdiation. Additionally, air
pressure, humidity, temperature and wind speedlaceregistered (Fig 2). A twilight
sensor provides data for on-off switching the sthiggating system. The sensor chip
of the air pressure sensor and the system werelapeek and constructed by the
MEMS lab of MFA.

Figure 1 Schematics of the smart street lighting systemith (permission of GE
Lighting).

Figure 2 Integrated weather station on the roof of MEMR lauilding.
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Figure 3 PV module, air temperature, humidity, pressurd aind speed recorded on
November 4, 2014.

Long-term characterization of PV modules

A test station was constructed for investigatiorionfg-term energy production of
commercial PV modules and the effect of installatioethod. Beside crystalline Si
modules thin film amorphous Si, micromorph-Si, Cdied CIGS modules were
installed at 3 positions: fixed 12° and 42° tilt&f)° tilted on a one axis east-west
solar tracker (Fig. 4). Drawing consequences regairyear-long measurement at
least, here we only demonstrate the effects of megolositions (Fig. 6).

Figure 4 PV modules installed by different tilting. Fixe2® and 42° (right) and on a
30° single axis tracker (left). Modules c¢-Si, a-SiSCCdTe and micromorph-Si on 42
from left to right.
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Figure 5 Global (red) and diffuse (blue) irradiation onethclear, sunny day of
November 4, 2014.

Figure 6 Power produced by three identical micromorph-8doies on November 4,
2014. 12° tilted (red), 42° tilted (blue) and 30ked on the solar tracker (yellow)
clearly demonstrates the difference.
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Quantitative compositional analysis of BeMgZnO allgs using
the combination of nondestructive ion beam techniges

ZnO and related BeMgzZnO alloys received recentlysaterable attention due to
their promising optical and electrical propertiew fapplication in optoelectronic
devices, e.g. light emitting diodes and solar-blid detectors. Although theoretical
studies on bandgap variation and equilibrium latfi@rameters for the BeMgzZnO
system were performed, no considerable attentios paid to the systematic
guantitative comparison of measured and calculgtexperties vs. Be and Mg
concentrations. Instead of previously applied aid/techniques like SIMS or XPS,
which require sample standards, lead to sputtesim) sample damage effects, and
suffer from limitations in the detection of the Higelement Be, we apply ion beam
analysis as a nondestructive characterization tool.

In this work the atomic composition with less thar2 at% uncertainty was
measured in plasma assisted molecular beam epigaxyn BeZnO and BeMgZnO
alloys using Rutherford Backscattering Spectrometith He" ions (He-RBS) and
Non-Rutherford Elastic Backscattering Spectromefith protons (p-EBS), see Fig. 1
and Fig. 2. In p-EBS an enhancement factor of 6¢hécross-section of Be was
achieved, allowing quantitative depth profiling as@mpositional analysis based on a
multiple spectrum fit evaluation procedure.

Figure 1 1 MeV Hé&-RBS
spectra of ZnO, BezZnO
(T), and BeMgzZnO (Q1,
Q3, Q4, Q6) layers, grown
on sapphire. Surface edges
for Be, O, Mg, and Zn, and
the spectrum edge for
buried Al (in sapphire) are
indicated. The depth scale
for Zn is also shown.

Eight different samples were analyzed: one refezefiO, one BeZnO (T), and six
BeMgZnO (Q1-Q6) layers. The layer compositions wienend to be BgysZhng O
(T), B&.1iMgo.14Znp 50 (Q1), BeoBMgo :0Zny 0 (Q2), B8 oMJo.35ZNoscO (Q3),
Bep.oMgo.ssZNos O (Q4), Bg1dMg4ZnosO (Q5), and BgidMgosZng 3O (Q6),
respectively. Based on the measured atomic conpasjthybrid density functional
(HDF) bandgap calculations were performed and coetpto experimental optical
bandgaps. The theoretical vs. experimental valbew dinear correlation in the entire
bandgap range studied from 3.26 eV to 4.62 eV, rding to Fig. 3. In summary, the



Yearbook 2014 57

analytical method employed should help to fac#itdtandgap engineering for
potential applications, such as solar blind UV plletectors and heterostructures for
UV emitters and inter-sub-band devices.

Figure 2 Beryllium peak
regions of 2.53 MeV p-EBS
spectra for (a) zZnO, and
BeMgZnO layers (b) Q3, (c)
Q5, and (d) Q6, respectively,
measured at sample tilt
angles ofa = 7° and a =
70°. The symbols represent
measured data. Simulated
spectra by red and blue lines
are also shown.

Figure 3 (a) Tauc plots of
absorption edges deduced
from optical transmittance
measurements and  (b)
comparison of the
experimental optical and
calculated bandgaps for the
studied ZnO, BeZnO (T), and
BeMgZnO (Q1-Q6) samples.
HDF calculations are based
on Mg and Be
concentrations extracted
from HE-RBS and p-EBS
analysis. The solid red line is
the linear fit to red dots. The
dashed line shows the one-
to-one function.
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3D force sensors for minimal invasive surgery apptations

Minimal invasive surgery gives a chance for mangiepas (over 4 million a year)
for faster recovery, shorter hospitalization, lesk of complications and less traumas
to healthy tissues during surgery. For a large groiupatients it is the only way for
surgery because of the substantial risk of follgwithe classical way. When
mechanical laparoscopic tools are used, incregbmglistance of the surgeon’s hand
from the patient's body reduces the sense of toublth, however, is pivotal for the
surgeon to assess the condition of the tissueslaodor precise control of the tools.
Currently surgical robots are not equipped witheetfre technical means of
measuring forces during treatment, so during tetepudation the surgeon is deprived
of much important actual information from operatfaid.

The INCITE project is intended to reveal and expldhe advantages of the
integration and application of various sensing bdpgs in Minimal Invasive
Surgery (catheter or surgery robot) systems. Tiedesystems are applicable to
extend the functionality of the medical systems itmproving feedback for the
operators and surgeons during the intervention. flinere aim is to improve the
functional characteristics, safety and standardsedical devices (catheters, robotic
tools) applicable to minimal invasive cardiac intamtion and surgery.

Accordingly, our goals were the design, realizatiord integration of 3D contact
force sensors / sensor arrays into surgical robatemonstrators and the feasibility
study of the application of MEMS based contact dorneasurements in cardiac
ablation catheters. The partners MFA and FRK (FojadRozwoju Kardiochirurgii)
decided to focus on the following three implemdnts of the targeted MEMS force
sensors as presented in Fig. 1:

as touch sensor in the front part of the tool gjvine surgeon the opportunity to
palpation, evaluation of touch operations in theaasf tissue (typically between
force values of 0 and 1 N),

as tool holder sensor giving surgeon the oppostuniissess the range of force of
tissue clamp (reducing the risk of destruction)asuging the strength of the
manipulation (e.g. measuring the force when enggigira surgical knot, typical
force range up to 10 N) and forces capture surgieadles or other technical
element used during operation (up to 100 N),

as a sensor of interface robot control system,atipgy in force control mode,
giving the surgeon a chance to control the posiifoiine endoscopic vision system
using a robot Robin Heart Vision during classiga¢i@ations using laparoscopic
tools (mini joystick mounted in the handle toolsnini remote control), or for
positioning the arm root (mini-joystick mounted thie robot arm).

Tactile sensing systems

Tactile sensors are commonly used in industrial,dioa or virtual-reality
applications, but the majority of commercial taxzlystems are able to detect pressure
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maps only. The MEMS 3D force sensing device progosdthin the INCITE
processes all three axial (normal and shear) comqsrof the tactile information at
every sensory element (taxel — tactile pixel). Femnore, in contrast to conventional
optical devices, this force sensor allows integratf multiple sensors, actuators and
electronics (ASIC) at the catheter tip. Deplorapildof elements of a novel tactile
sensing array will be investigated within INCITEtlithe final goal to mimic the
operation of real biological sensing-processingesyiswith artificial tactile sensors
that could be integrated into Minimally Invasiver§igal (MIS) Robotic systems.

Figure 1 The representation of the
proposed applications of the vectorial
force sensor in Minimal Invasive
Surgery robot systems.

Based on the literature data and our previous expes the piezoresistive read-out
principle was selected to detect the vectorialdaand the mechanical deformations.
SOl (silicon-on-insulator) basic substrate was ctel® and adopted for MEMS
structure fabrication with combination with Deep aReve lon Etching 3D
micromachining technology to achieve precise gedmebntrol of the membrane
considering the strong geometry dependence of dwicel sensitivity and working
range. This DRIE technique enables to decreasdirthechip size due to the high
aspect ratio sidewall structuring. Preliminary telvices for the robot control
application were fabricated and delivered to ourtra (FRK) for functional
characterization.

FEM modelling of the device

For determination the precise geometric paramdtaembrane thickness, lateral
geometry) and the sensitivity of the embedded pasistors Finite Element Model
was developed and studied in details. Note, thamswation (electronic packaging,
biocompatible coverage) of the sensor chips canareably modify the final
sensitivity of the device. Therefore we have sthdedetailed experimental work to
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reveal the effect of the biocompatible elastic cwatThe complexity of the task is
manifested in the effect on the mechanical proper{force transfer, hysteresis,
introduced thermal stress), while the coating muighistand the environment of the

sterilization in several times.

Figure 2 Layout of the developed force sensors and theécktbd elements.

Figure 3 Mechanical and multi-physical modelling of theck sensor structure can
forecas the functional parameters of the devicdoeation and stress distribution of
the embedded piezoresistors is applicable to dedueesstimated signal vs. applied
force function of the force sensor of given geoieetr
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BiIoMEMS & Microfluidics

Activity leader: P. Furjes

Group members: Zs. Baiji, |. Barsony, Cs. Dlcs , Z. Hajnal, A. L. Téth, E. Holczer,
and E. Téth

Projects are supported by:

- OTKA K108366 - Creating microchannels by Proton iBé&'riting and their
applications in Lab-on-a-chip devices (2013-2017)
ENIAC - Intelligent Catheters in Advanced Systemsihterventions — INCITE

Significant efforts were made in the MEMS Laborgtaf MFA to set up a
competitive infrastructure and focus a solid knalge background for supporting the
development of biosensors, biointerfaces and midh€ systems. The developing
scientific field concentrated around the micro- arahofluidical, bioanalytical and
medical diagnostic (BIOMEMS) research topics arghlyi challenging which is
proven by the numerous research projects, the émgemdustrial interest and the
increasing number of interested students. The groapvering postdoc researchers,
Ph.D. and graduate students — beyond the own Bieopics is able to efficiently
support also the scientific research of nationatl amternational institutes, the
developments defined by the industrial partners education at the partner
universities.

As a result of novel and innovative biosensing aathple preparation principles
new possibilities in medical applications are bejmgposed. These bioanalytical
systems are expected to integrate the micro andscale transducers with sample
preparation microfluidic systems also composing-baka-Chip devices. Our main
goal is to developintegrated devices and systems for industrial anddical
applications

Besides the development of conventional micromeichhnsensors, solid
background was established at MFA for the reseamcld development on
bioanalytical and medical diagnostic systems, sttpdoby a complex laboratory
dedicated to the characterization and validationmo¢rofluidic and BIOMEMS
devices.

The established system technology is accessiblethéoHungarian project partners
(universities, industrial and institutional partsleand can be applied for realization of
complex micro- and nanofluidical systems in siligdass and polymer materials.

Collaborations were established by the researcfegirparticipations in Hungary
and abroad: ATOMKI, BME, ELTE (Biological Physicémmunology Research
Group), PPKE, SE, SZE, SZTAKI / Momentum Group ajbrt E. Gyurcsanyi -
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BME, Momentum Group of Rébert Horvath — MFA, Momemt Group of Andras
Guttmann — Pannon University and the Companies:Ektronika (Budapest,
Hungary), AlphaSIP (Madrid, Spain), Ateknea Solnso(Budapest, Hungary),
Biotalentum (Godoll, Hungary), Diagnosticum (Budapest, Hungary), FR&l(rze,

Poland), Micronit (Twente, The Netherlands), NORMagnostics, (Wien, Austria),
Philips Research (Eindhoven, The Netherlands),yaata Kagaku Ind Corp. Ltd.
(Toyama, Japan).

The technological and scientific results were diyetransferred into the curricula
of higher education institutions, which are repnted by a number of students
working in the laboratory towards their TDK (8 piavinners on university and
national level), B.Sc., M.Sc. (16) or Ph.D. thees3).

Microfluidic system for separation circulating tumour cells
(CTC)

Cell sorting has particular importance in canceeagch since it can be applicable
to remove the background cells from a limited voduof biological samples taken
from blood or liquid biopsy. Dealing with a very alinnumber of available cells in
the samples makes Microfluidic Cell Capture Devild€CDs) promising tools for
detection, capture and enrichment since the geaaktimensions of the target cells
and the working channels are in a similar ordemafgnitude. Due to their small
dimensions (with the benefit of high surface towné ratio), they can offer unusual
physical behaviour that is different from that kmoin the macroscopic world.

The aim of this work was to design and fabricat@ierofluidic device of special
3D geometry using conventional lithography basequdrgrototyping and advanced
Proton Beam Lithography (PBW) to improve the caltring efficiency. In order to
increase the active surface area and the effearess-section of the receptor
microstructures they were doubly tilted. Prelimin&@omputational Fluid Dynamics
(CFD) simulations revealed that tilting the pillamst only increases their surface
area, across which the fluid can interact with boended affinity layer, but also
improves the fluid characteristics of the system.

Special 3D structures were designed and fabridageahultiple tilted proton-beam
writing method in SU-8 epoxy based negative phaisteand poly-dimetylsiloxane
(PDMS) to enhance the cell capturing capabilitghef proposed microfluidic system.
The developed 3D microstructure of the fabricateltl separation system was imaged
by scanning electron microscopy as demonstrat&aginl.

The PBW method proved to be successful for thelimtaon of the microstructures
under multiple angles. The advantage of directingitmethod was also exploited for
fast prototyping of microfluidic structures with n@us patterns. The demonstrated
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PBW method assisted the fabrication of additiverastructures for microfluidic
devices with special features otherwise unachievaldly conventional
microlithography techniques. Further advantagehefgresented methodology is that
the applied structural materials were compatiblehWIEMS/NEMS (micro/nano-
electromechanical systems) technology considetiegititegration requirements for
subsystem development.

Figure 1 SEM images of tilted micropillars in SU-8. Thédirmyrical pillars are raster-
scanned to obtain the rippled edges required foprowed capture efficiency (i.e.,
enhancedr surface area).

Finite Element Modelling (FEM) and characterisationof cell
and molecular advection in continuous microfluidicsystems

One of the key features of the bioanalytical devit® the sample preparation,
which includes the dilution and complete mixing tbe analyte with reagents of
adequate buffer solution. The mixing is limited mmicroscale, since turbulent flow
cannot occur due to the dominant viscosity. Chaaticection can be considered as
an ideal mixing method in microfluidic channels, tbe modelling of this physical
phenomenon is crucial for optimization the proposgstems.

Laminar Flow module of COMSOL Multiphysics was udedsolve the velocity
field of herringbone type micromixer to characterifluid flow properties. For
modelling the mixing phenomena two approaches wser. Mixing by diffusion
along the channel was modelled with Transport dfited Species interface. To avoid
numerical diffusion and high computational costwged the Particle Tracing module
to observe mixing at the particle-level. Secondbry and the rotation caused by the
herring-bone structure were clearly observabldéwelocity field and Poincaré-map
of particle trajectories in Fig. 1 and showed tlagelred structure of particle
distribution.
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To validate the computational results the modeliedring-bone mixer structures
were implemented in polydimethylsiloxane (PDMS) roftuidic structures using
rapid prototyping. Dye was used for the measurenosénnixing by diffusion and
yeast cells were used for the particle approacte measurements confirmed the
rotation caused by the ridges and also the layfdmadcharacteristics.

Figure 1 Rotation caused by the ridges in the velocitydfigplane (top) and the
Poincaré map of particle trajectories at the outfbbttom). Color of particles denotes
their initial y coordinates. Layered distributios well observable.
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Autonomous microfluidic sample transport systems

Autonomous capillary systems could be substantalkttuents of cheap, simple
and self-powered microfluidic systems being capablenanage sample transport in
Lab-on-a-Chip applications. Accordingly the prectmmtrol or improvement of the
fluid conducting characteristics of these integealphicro pumps is in forefront
considering their capacity and efficiency. Moreovdre management of the
achievable flow rate and the transported sampleuaimoould be critical regarding
various applications considering the requiremehtsoatrolled microreactors or high
sensitive diagnostic devices also, and had to pestd by the geometric and surface
parameters of the developed passive pump.

The microfluidic systems were fabricated by satidgraphy in PDMS applying
multi-layered SU-8 molding replica and bonded tasglsubstrates. The geometry and
the 3D design of the channels were inspired byrtbst complex natural microfluidic
system, the water-transport tissue (xylem) of traed different geometric shapes
were developed at the bottom of the channels likpesand serpent type grooves.
Due to its originally hydrophobic surface charast@s, the applied PDMS was
modified to improve its wettability by embeddingffdrent concentrations of
amphiphilic molecules (TX-100 and PDMS-PEO) in thmatrix before
polymerization. The combined effects of differenD 3yeometries and surface
modifications were systematically characterized flov rate measurements, by
applying an ultra-fast imaging system for recordiiigd movement. The surface
modification methods were compared, and the adgastaf bioinspired capillary
systems were also demonstrated.

Figure 1 The combined effects of different 3D geometrie$ surface modifications
were systematically characterized by flow rate meswments applying ultra fast
imaging system for recording fluid movement.
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We can conclude that the efficiency of the microoted based capillary pump
systems can be improved by applying adequate npiatierning (as groves) and
additional surface modification, facilitating theexetlopment of enhanced passive
capillary pump systems.

Micromachined coplanar dielectric barrier discharge plasma
system

A micromachined coplanar dielectric barrier disgfga(DBD) plasma system was
constructed as integrable plasma sources for La#-Ghip and other analytical
applications. Their relevant advantages are thelsiity, flexible and down-scalable
geometric structure, low power consumption, prégisglored functional parameters
and integrability into micro-analytical systems. eThmicroplasma-source was
manufactured by the combination of conventionalramtachining technology and
microchannel structuring methods to form coplankcteode system in compact
microfluidic and reactor chamber.

Switchable microfluidic capillary pump system

The precise and effective sample transport is atanbal task of the microfluidic
systems in chemical and biomedical applicationsugng controlled flow through
the sample preparation system. Passive pumpingregsare promising candidates
considering the price and complexity of the mianafic cartridges. From economic
aspects the application of polymers as structuraerrals in the fluidic systems is
also advantageous, however, the mainly hydrophodhaviour of these materials is a
critical point. In our approach an electrically tmtied, local and in situ surface
modification method was developed and validateplolymer based microstructures.

Figure 1 The DBD plasma source covered with PDMS basedlagpsystem (left)
and the plasma generated locally in the channédghf).
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A microfabricated coplanar dielectric barrier diaaie (DBD) plasma source was
developed, integrated and applied to modify in difwe surface properties of
polydimethylsiloxane (PDMS) capillary channels. Thecal, immediate, and
successful setting of the wettability of the polynmeicrochannels is proven by the
development of effective water transport in thetays following the plasma
treatment.In situ modification of originally hydrophobic polymer $aces by local
plasma-enhanced oxidation and its applicationectelally controlled fluid capillary
systems are demonstrated. The use of microfluigidgalegrated DBD microplasma
system such as in a switchable capillary pumpsis ptesented.

The atmospheric pressure Dielectric-Barrier Disghagenerated microplasma can
find applications in: C@lasers, UV lamps, plasma displays and in ozonergdion,
water pollution control or local surface treatmefie applicability of these plasma
sources in molecular emission spectroscopy forrenmental analysis is also looked
at.

Figure 2 Capillary channels crossing the plasma sourdkediwith water.

The developed microplasma chamber was tested gdamsa source by recording
emission spectra of various injected gases anchargalvent vapours mixed in,;N
precursor. The functional parameters of the mimnizéd DBD micro plasma
generator were determined while the device wasabpérat atmospheric pressure.
The molecular composition in the micro plasma cheimbas monitored by optical
spectrometer, and the feasibility of the sourcesfugctroscopy was demonstrated by
the detection molecular emission spectra of tesega@and vapours. G@nd organic
solvent vapour were injected and the change inctelemolecular emission spectra
were analysed qualitatively. These results prontiee possible integration DBD
microplasma excitation source in emission spectqmgcbased micro- analytical
systems containing (microfluidic) sample preparafianctions, too.
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Figure 3 Working DBD microplasma generator in Ne atmosphéeft) and the
emission spectra recorded.

Figure 4 Recorded optical emission spectra of @fas and Acetone vapour mixed in
N, precursor injected and excited in the microplasshamber.

Solid state nanopore and nanocapillary based integted
bioanalytical systems

Solid-state nanopore arrays provide promisimayel solution for label-free and
multi-parametric detection of macro- and submolesulat extremely low
concentration in various biosensor applicationsceRéy, these nanopore structures
received a lot of attention primarily due to theogpect of using them as third
generation DNA sequencers but also as new (bio)catsensing platforms. Solid-
state nanopore arrays could provide effective smiufor development integrated
Lab-on-a-Chip systems for sensitive molecule rettaim however, their electrical
parameters are strongly correlated to the effedlizee and conformation of the pores.
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Nanopore-array membranes were fabricated by thebic@mtion of silicon
micromachining and subsequent nanofabrication igcks. In order to prove the
suitability of the nanopore arrays for electrocheahimeasurement, the fabricated
membranes were addressed fluidically and eleclyicglarallel by additional
microfluidic cartridge and holder. The integratednapore platform in biosensor
application is based on two different in-pore malecbinding processes. Each
integrated nanopore array contained 64 pores whb tominal diameter
50 nm % 10%. The sensing principle based on thesp@rt modulation through the
nanopore was validated by the detection of sucekedébtin-avidin and aptamer -
hlgE binding processes using electrochemical impeglapectroscopy (EIS).

For preliminary validation standard avidin-biotinining complex was
implemented. The inner pore surfaces were prewotishctionalized by biotin
molecules applying thiol chemistry and the bindofghe targeted avidin molecules
was followed through the changes of the nanoponetmnane impedance measured in
time by EIS and demonstrated in Fig. 1.

Figure 1 EIS results and resistance change of the integrablid-state nanopore array
after injection 0.1uM avidin/PBS solution, after 2@iins and after one night
respectively.

The second step was focused on the recognitionhefin-pore higE specific
aptamer — human-immunoglobulin-E (hlgE) binding qa@ss. In case of the higE
binding experiment the membrane resistance ratiR§Rof the functionalized chip
was also increased significantly after introducitigug/ml higg, while the reference
chip’s signal changed slightly. Both experimentoved the suitability of the
integrated system for the proposed point-of-ca@miedical device utilizing the
presented label-free bioanalytical detection mebkmgl,.
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Neural Cell Response to Nanostructured Biosensor Haces

Cells in their natural environment interact withnoacale structures like the
extracellular matrix and its proteins. Based onnbinetic consideration, creating
nanopatterned implant surfaces promises betteraciiesion, and therefore better
biocompatibility. By modulating the specific suréaarea, wetting and nano-pattern
regularity of the nanostructured samples, sevaralgs published better neural cell
adhesion and viability on nanostructured surfacespared to the smooth references
in the past few years.

Our work aims to synthesize bioimplant surfaceshwiinoscale patterns using
novel combination of micro- and nanomachining téghes. The proposed maskless
nanopatterning method can easily be integratedtiredfabrication process of neural
microelectrodes. The expected results are envididiee minimize the immune
response of the neural tissue to the surface ahtptanted microelectrodes and thus
enable efficient functionality in long-term expegnts.

Nanostructured samples were reproducibly fabricateith various surface
morphologies using deep reactive ion etching.

Different surfaces were characterized morpholotjicahd electrochemically. We
also examined samples with surface adhesive psyteisually used for neural cell
culturing. This way, misinterpretation of in vitresults due to possible planarization
effects is minimized. Cell adhesion protein coatwas carried out at the Research
Institute for Experimental Medicine, HAS. The piaotewere PLL (Poly —L-lysine)
and AK-c(RGDfC). PLL is an artificial protein foremral cell culturing. AK-c is a
synthetic adhesive polypeptide especially for niepragenitors.

The specific surface area of the nanostructured platinised samples were
recovered from cyclic voltammetry measurements.ctidehemical impedance
spectroscopy was carried out to show the impedesubection, which also refers to
surface area enhancement.
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Figure 1 Schematic process flow of the sample fabrication.

Figure 2 DRIE parameter dependence of nanopillar density laeight.

Since wetting of several surface morphologies agmr influences cell adhesion,
it was characterized by contact angle measureméntepresentative change in
contact angle can be seen on Fig. 4.

GFP-NE-4C cell lines (mouse brain neuroectodernetis)cwere cultured on the
micropatterned, and nanostructured surfaces, ane wealyzed by fluorescent
microscopy. Remarkably, compared to the nanostredtones more cells adhere on
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flat surfaces. Neural and glia cells will be invgated on the surfaces in the near
future for more accurate estimation of in-vivo ogatibility.

Figure 3 30 time larger specific surface area was meastlmgad) CV and b) EIS. ¢)
Significant impedance increase on the protein abatmples.

Figure 4 Effect of surface nanostructuring and metalliaatdf BPS surfaces on static
contact angle.

Figure 5 Cell counts on flat poly-Si and
nanostructured poly-Si surfaces.
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Optrode for multimodal deep-brain infrared stimulation

In recent years, optical stimulation in neurosceshas emerged as an alternative to
electrical stimulation. Infrared neural stimulatiiNS) has a number of advantages
compared to electric stimulation. INS does not poedrecording artefacts (cross-
talk) in the electrical signal, allowing recordiofpse to the stimulation in both space
and time. The stimulated volume is controlled bg thutcoupled intensity profile,
which is a design parameter of a stimulation syst€ompared to optogenetics, this
method lacks of the sensitizing step, which is kathadvantage and disadvantage in
terms of experimental difficulty with respect toetlgreater control of optogenetic
stimulation. The interest in this stimulation meths increasing, demonstrated by the
various applications of INS.

Infrared neural stimulation (INS) was discoveredlJopathon Wells and his team in
2005. The stimulation employed a pulsed infrarednbef varied wavelength and
intensity to evoke action potentials. Later studmgealed that there is a wavelength-
dependent radiant exposure range where action fdteare evoked without cell
damage.

The aim of our work is to present a tuneable omrodpable of integrated optical
stimulation and electric recording. The system cioeb the advantages of silicon
microfabrication and silicon’s transparency in tiear-infrared. For efficient coupling
into the probe and controlling the illuminated vk in the brain, silicon microlenses
were simulated using MATLAB. The lens system cawufo light in 2D, with
configurable focal length and spot size.

Figure 1 Concept of the stimulation/recording system. tnSEM micrograph of the tip
of the Si microelectrode.

The manufactured lens system has two purposesiegificoupling from an optical
fibre to the shaft of the probe and coupling ootrfrthe shaft. When coupling in, the
lens-fibre distance is determined, so that the eagsapproximately parallel and the
spot on the tip is the smallest. Since there isesabrerration due to the fibre being a
line source in 2D, a single mode fibre is used. filne — lens distance is kept small
enough to exploit the whole cone hitting the proBer coupling out, a parabolic
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mirror is used to direct the light in the viciniof the shaft, stimulating sufficiently
close to the recording sites.

When evaluating the results of the simulation,rtieén problem is the sensitivity to
the placement of the fibre. While the parabolicrotifocuses the rays to the same
point, the coupled out beam’s angle changes tage laxtent even in case of small
difference in fibre position (Fig. 2a). Since thréical angle is large, this implies that
coupling out through a flat surface has a verytkhiacceptance angle.

Figure 2 Decreasing the sensitivity of the optical systajmo supplementary lens; b)
negative supplementary lens. Highlighted: rays eet#d because of the small
acceptance angle.

Figure 3 Supplementary lens used to control focus disténooe probe. a) 43mm from
probe b) 5mm from probe. Inset: rays near focused area, shgwiverration.
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To overcome these limitations, an additional lenglaced opposite to the parabolic
mirror. This lens can be configured to act as gipentary optical element. A lens
surface of negative radius can be used to greatyedse sensitivity of the out-
coupled rays to the position of the optical fibfdne lens transforms a large angle
difference to a small position difference (Fig. 2By moving the lens further away
from the parabolic focus point, the beam can bergel to illuminate a larger
volume. A surface of positive radius can be usetté¢ate a configuration, where light
is focused inside the tissue. Since the paraboliomintroduces coma, the light is
focused into a small cross-section rather than fmoiat. This solution offers the
opportunity to tune the optical power to maintadimsilation threshold in the focused
area. Changing radii of lenses can be used ttegidsition of area in focus (Fig. 3).

A polymer-based spiky microelectrode array (MEA) fo
electrocorticography

Polymer-based MEMS devices are gaining increasitign@on in the field of
electrophysiology, since they can be used to folewilile, yet reliable electrical
interfaces with the central and the peripheral oeswsystem.

We have manufactured MEAs with Pl bottom insulaie®), + Pt conductive and
SU-8 top insulator layers, and found that this cttite of microfabricated layers
allows a rapid and reliable technological procdss.fAcutein vivo functional tests
on rat cortex were performed. The 24 electrodegrcavl.15 mm long linear section
of the tissue, thus they make possible obtainirigiléel electrophysiological record-

Figure 1 Schematics of the fabrication
process steps. Two photolithographic
masks are utilized, the first in step (b) for
pattering the metal layer and the second
in step (c), for patterning the top SU-8
layer.
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ings of a small area, containing neighbouring cattcolumns. The polymer-based
device is not as stiff and fragile as silicon-basedral probes, however, due to its
relatively wide shaft; it is not suitable for implation into deep areas. The arrow-like
electrodes protruding from the shank allow a sligetration into the tissue, which
is not typical of commonly used polymer-based ECoQGgs the other hand, this
feature makes our device more invasive comparédetm. The 27 um thick PI-SU-8
layer-compositions at the bulk of the device and #iingle 7 pum thick PI layer
beneath the electrodes have proven to be able deider sufficient mechanical
robustness for the electrode array to endure atar§ with the neural tissue.

Figure 2 (a) The microfabri-
cated component contains with
electrodes, corresponding
bonding pads and lead wires.
The bottom Pl and top SU-8
isolating polymer layers are
almost totally transparent. (b)
Image of the spiky electrode
array at the tip. The center-to
center distance of the sensors is
50 um. (c) The microfabricated
component mounted on a PCB.
The MEMS component is turned
over, so the electrode surfaces
are facing downwards.

Figure 3 (a) Coronal section of the
rat brain -2.76 mm posterior to the
bregma. lllustration is based on
Figure 56 of (Paxinos & Watson
2009). (b) Zoomed view of a
somatosensory area and a
proportional representation of the
MEA on the cortex. (c) Microscopic
image the of vivo use of the device.
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Effect of Seed Layer Post-deposition Annealing orhé Vertical
Alignment of Epitaxially Grown ZnO Nanowires

Vertically aligned ZnO nanowires (NWs) are attragtia great interest due to a
variety of splendid applications. The most activedgearched fields are electronics,
optoelectronic-, and electromechanical nanodevioethe last one and a half decades
a number of such devices were demonstrated, elgr, cells, field emission devices,
UV lasers, light emitting diodes, and nanogenegatas well as their diverse needs in
terms of functionalisation and device structurecheaf these applications has
different requirements in terms of the degree ofosé&ructure alignment. Synthesis of
vertically aligned NWs can be achieved by both jdajsnethods at high temperature
and chemical methods at low temperature. Howetier ptecise tuning of the NWs’
vertical alignment in a relatively wide range oe ttame substrate material was not
reported yet. Here we demonstrate that post-depositnnealing of the ZnO seed
layer before NW growth is a powerful tool for tugirthe vertical alignment of
homoepitaxially grown ZnO NWSs.

The vertical ZnO NW bundles were synthesized bysalective area wet epitaxial
growth method on a 200 nm thick CVD ZnO/Si(111)elayBefore NW growth 4 of
the samples were annealed indtimosphere at different temperatures for 2 houes i
quartz tube furnace: at 300 °C, 500 °C, 700 °C, 201 °C. The B reference sample
was left without post-deposition annealing. AFMdstwf the surfaces revealed that
the grain sizes of the CVD ZnO seed layers in Hteral direction increased with
increasing post-deposition annealing temperatutheasesult of coalescence (Fig. 1).

As we have shown earlier by quantitative XRD andVABRnalysis, the crystal
quality and alignment of the NWs is determined e tdispersion in the
crystallographic orientation of the seed layer whiie effect of the surface roughness
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is negligible. Fig. 2a shows the XRIR2 scan curves of the reference sample and the
seed layers annealed irp i the 2 angle range from 30° to 38°. Only diffraction
peaks of ZnO(0002) index planes appear in thesees proving that the films are

Figure 1 AFM height images of the CVD ZnO seed layers aedeat different
temperatures (a-e). Perspective view SEM microggaph the corresponding ZnO
nanowire bundles grown on the different ZnO segdri (f-j). The length of the white
scale bars on the AFM and SEM images is 200 nnilgnmh, respectively.

strongly c-axis oriented. The inset shows the (p@8Rection in a narrower range. It
is clearly seen that higher annealing temperataseilts in a narrower and higher
(0002) peak. The dispersion in the crystallogragtiignment of the seed layers can
be estimated from the 2 mapping around the (0002) peak using the 2D-dmtect
system: FWHM along the direction — which is inherited by the correspomdin
epitaxial NWs — has to be compared for the diffetagers. Fig. 2b-f show the 2D
XRD patterns for the different seed layers. It banseen, that FWHM is the lowest
after 900 °C annealing and the highest without almng or after 300 °C. Hence it
indicates that the former is the most highly ogehtvhile the latter two are the most
disordered, consistently with the corresponding Sklsiges of Fig. 1.

Figure 2 CharacteristicQ2Q scan curves of the
reference sample and the seed layers annealed in
nitrogen in the 2 angle range from 30° to 38° (a).
The inset shows the magnified (0002) peak for each
layer. 2D XRD patterns showing the (0002)
reflection for the same layers recorded by the 2D
detector: no postdeposition annealing (b), annealed
in N, at 300 °C, 500 °C, 700 °C and 900 °C (c,d,e,
and f, respectively).
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Mechanically Gated ZnO Thin Film Transistor for
Nanoelectromechanical Sensing

Several mechanical sensors operating on differembciples were already
demonstrated in the sub-millimeter range, suchhaspiezoresistive tactile sensor
developed at MFA and distributed by TactoLogic Lktbwever, integrated device
being suitable for direction dependent force deadn the sub-micrometer range has
not been demonstrated yet. Due to its small dinomssiand its piezoelectric
behaviour — which causes, for instance, the appearaf an electric potential
difference between its tensed and compressed sidesponse to bending — a ZnO
nanowire (NW) can operate as building block of sactievice. According to finite
element simulations the piezoelectric potentialed#nce (and the mechanical stress
as well) occurring as the result of bending takasgnot only between the two sides
of the NW, but inside the whole depth of the Zn@dséayer under the NW as well.
Hence the resistivity of the seed layer can be riadeld by mechanical strain which
can be the basis of a nanomechanical sensor. Tibm @f the device’s operation
could be either the coupled piezoelectric and sentiacting nature of the seed layer
or its piezoresistivity as well. In order to expltiis phenomenon and demonstrate
the NWSs’ applicability for nanomechanical sensing developed a ZnO thin film
transistor, in which the source-to-drain currentrisdulated by mechanical strain
instead of a voltage applied to the gate electrode.

Figure 1 Characteristic /2 scan curves of the reference sample and the ssedsl
annealed in nitrogen in the 2angle range from 30° to 38° (a). The inset showes t
magnified (0002) peak for each layer. 2D XRD patteshowing the (0002) reflection
for the same layers recorded by the 2D detector:postdeposition annealing (b),
annealed in Blat 300 °C, 500 °C, 700 °C and 900 °C (c, d, e, amdspectively).

The schematic of the device is shown in Fig. 1hik ZnO stripe (width: 3.1 m)
was wet chemically etched from a heteroepitaxiaDZayer (thickness: 25 nm, sheet
resistance: 52 k/' ) above an insulating c-sapphire. Afterwards, twaetah
electrodes (Ti 30 nm/Au 70 nm) were deposited dagethe two ends of the channel.
The channel length between the metallization w& 3n. The structures were
defined by a laser pattern generator using phastrda order to make good Ohmic
contacts and minimize the resistance of the ZnGalmenctions the sample was
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annealed in a rapid thermal annealing process;iatidosphere. An array of vertical
ZnO NWs was grown on the top of the ZnO channek Tietal electrodes were
contacted by wire bonding.

Fig. 2b shows the FE-SEM image of the device. Tihet®mechanical behaviour
in response to NW bending was studied by AFM begdixperiments. The sample
was mounted inside the AFM and a constant bias2Mwas applied between the
source and drain electrodes. The voltage was a@pplighe source-meter unit (c-unit)
of the microscope by which the resulting currensvedso monitored. In order to
visualize the lateral and normal forces acting leetwthe probe and the NWs the
lateral and normal output of the AFM position sémeiphoto detector (PSPD) were
recorded. Hence the NWs were bent at their free nthe apex of the probe as
shown schematically in Fig. 2a. Lateral and norR@PD output signals in constant
height mode, i.e. without feedback, were recordetianeously together with the
current flowing through the channel. The probe whstrically insulated from the
microscope. Hence, we obtained a resistivity mdoriaof 3 %o of the conducting
channel as a result of elastic bending of the NWs geometry optimization and
further systematic quantitative electromechanica¢stigation are under process.

Figure 2 Schematic representation of the measurement Her @lectromechanical
characterization of the device. The NRs are benamyAFM probe, while the current
flowing through the ZnO channel is monitored (éMsimage of the NW array on the
ZnO conducting channel lying between two Ti/Autedees (b).
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Preparation of TiO, nanotubes with atomic layer deposition
and hydrothermal growth

Titanium dioxide is one of the most widely examireainpound semiconductors in
materials science, due to its exceptional biocoibisy and versatility in
applications such as photocatalysis and organiar smlls. TiQ nanotubes can be
fabricated by the electrochemical iodization of Ji€heets, sol-gel methods, and
growth from templates. A drawback of most methadthat the as-grown structures
have an amorphous crystalline structure and habe tannealed at high temperatures
to transform them into crystalline phases. As tkesatility of the prepared titania
structures depends largely on the crystallinityaase phase is generally used in
charge-separating applications and photocatalyside is widely used as dielectric
layers and for sensing applications), this is alisppensible step. The advantage of
atomic layer deposition (ALD) for the preparatiohtitania is that the properties of
the grown material can be controlled with the d@mosconditions.

Ordered TiQ nanotube arrays were prepared by a combinatiorAldd and
hydrothermal growth. First, a ZnO layer was demusity ALD providing a
homoepitaxial template for the subsequent hydrathéigrowth. PMMA layer was
patterned by e-beam lithography to define nucleatwndows for the ZnO nanorods
which were grown by aqueous chemical method. Thesevafterwards conformally
coated by Ti@ using ALD. After infiltrated the core-shell nandrcstructure by
photoresist the end of the rods were opened bynalatching, and the ZnO core was
removed by chemical etching.

The advantages of the method besides the nanottdyelming well ordered is the
easy control of the crystallinity and compositi@s, well as the easy doping of the
TiO, material by the ALD method.

Figure 1 TiO, nanotubes prepared by atomic layer deposition &gdrothermal
growth.



82

Metallization Aspects in Ultra Low Dimension TiO, Nanowire
Based FET Fabrication

Though the quasi 1D nanostructure of the wide bgeqal semiconductor titanium
dioxide (TiQ) is known as potential candidate for sensor, edeats and
optoelectronics applications, the fabrication ¢field Effect Transistor (FET), a basic
element based on the Ti@anowires (NWs) with ultra-low dimensions (few mite
and few tens nm long) still remains a challenge.atlolress this issue, we have
developed a technique for contacting such smalb N®@/s, in which Atomic Force
Microscope (AFM) has been used to find the adeqoat¢acted NWs after very thin
contacting metal layer formation. Then the secordthins to be deposited to make a
connection between the leads and the contact [Faglsl).

However, oxidation of the first metal surface dgri@FM measurement in ambient
gives rise to non-ohmic conduction with very higsistivity at the metal/metal
interface. To overcome this problem we have cardetian experiment (Fig. 2) to
find the proper multi-layer of metals for contagtin

Figure 1 Concept of TIQNW contacting (left), and the contacted NW foupdABM
after the first metallization (right). The line-catross the nanowire is shown in the
inset.

As shown in Table 1, oxidation of Ti makes the asstcbn non-ohmic even for the
as-prepared layer. It becomes worse, i.e. thetagsis increases by two orders of
magnitude after heat treatment at 175 °C. The daghaviour has been observed for
Cr, which excludes the use of solely Ti or Ti/Cr foetallization. In contrast, multi-
layer with Au on top gives low and stable resistivdven after long time. The surface
roughness change measured by AFM after annealindat 10% for Ti and Ti/Cr.
However, it is more than 50% in the case of Ti/G@r/&nnealed at 175 °C, which is
the outcome of the contraction of thin Au layeretdvated temperature, so the Au
layer consists of islands. Therefore, thin Cr layes added to protect Ti underneath
from oxidation. In spite of island-like structuréAu layer, the conduction is ensured
well through the Au islands, so this multi-layerusture may be an adequate choice
for the first metallization in our approach for fadation of ultra-low dimension Ti©
NW based FET.
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Figure 2 Sketch of the multi-layer metal sample and I-\Asueements.

Table 1 Resistances of different metal layer structuas-deposited/after 1 week in
air).
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Although the Thin Film Physics Department was wogkbn numerous scientific
subjects in 2014, three main research areas wefecirs. The first one was the
studying of thestructure evolution in polycrystalline layerslevelopment of thin
coatings, and layers for hard coatings, for magn&tyers and for composites.
Development of biocompatible surgical implants vaéso an important part of this
area. The second main subject was the researchseaficonductor layers
heterostructures, and contacts to semiconductorthel year reported, novel contacts
to GaN and to InP, as well, had been prepared, hwere then characterised and
their microsctructure revealed. Moreover, co-wosk&ere involved in studies aiming
at solutions of heat management in high power wallnitride devices. The third
main field of study was the developmentroéthodologyin electron diffraction and
on ion-solid interactions. The most recent reguilesented tools for the description of
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grain boundaries based on electron precessionpenttliction of SiC-rich layers by
ion mixing, layers which exhibit strong resistamgginst corrosive chemicals.

In 2014, 30 papers were published in refereed plarmwith cumulative impact
factor of 85, and additional 23 papers in confeeepablications with no impact
factor. The members of the group presented 6 idvietures, 17 oral talks and 19
posters at international conferences. The grougived 1211 independent citations in
the examined interval of the last two years.

Summarizing other activities, one member of theuprtectured at Roland E6tvds
University (ELTE) and five members held laboratpnactices, all courses were for
full semesters (ELTE, BME). Additionally, 12 weekssummer practice and special
labs were also conducted. In addition to the 5 Ptiddents, 3 diploma workers were
also supervised.

Social activity of the group is landmarked by 15 nmberships in different
committees of the Hungarian Academy of SciencesSHAnd of the Hungarian
research fund OTKA, and of boards of societiesingivwo elected representatives to
the General Assembly of the Academy of Sciences.

Development ceramic / multilayered graphene or cantn
nanotube composites for tribological applications

(OTKA NN 114422 GRACE, HAS Bolyai Janos Scholarship)

O. Tapaszto, Zs. Fogarassy, V. Varga, S. Gurban, Cs. Balazsi (Bay Zoltan Ltd,
Hungary), J. Dusza (IMR SAS, Slovakia), and K. Balazsi

Nowadays, demand for highly wear resistant andaloldi ceramic materials for
power generation and chemical industry is a stroiggbwing. The objective of the
research is to develop ceramic/graphene and cel@rbon nanotube
nanocomposites and to qualify them for technicaliagtions, e.g. slide bearings and
face seals [131].

Silicon nitride is a promising structural ceramiaterial that was developed in a
search for high strength and high toughness cegathiat could replace metals in
advanced turbine and reciprocating engines to lgigleer operating temperatures and
efficiencies. During the last few years new co$éaive, high quality carbon based
filamentous was developed in the form of carbonotapes (CNT) and multilayered
graphene (MLGSs). Both of them demonstrate excegptibigh thermal and electrical
conductivity and an exceptional combination of nastbal properties. Superior
properties and new functionalities of novekNgi based composite materials with
various carbon addition will improve the possilildf the European industry.
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First results of the tribological testing (coeféini of friction (COF), wear rates
(W)) as functions of testing temperature are showigs. 2 and 3. The comparison
of average COF at room temperature showed theasimofil slightly higher value of
composites with MLG addition than the reference alitimc SiN, (Fig. 2).
Increasing of temperature caused the decreasi@@éf between 30 °C and 500 °C.

Figure 1 High efficient attritor mill for development of;8j nanocomposites with
multilayer graphene nanosheets (MLGSs) and carbarohzbes additives.

Figure 2 Average values of coefficient Figure 3 Specific wear rates of the

of friction (SN —SN,;, SN-1G — SN/ 1 experimental materials vs temperature.
wt% MLGs, SN-3G — $i, / 3wt%
MLGS).

The wear resistance results are summarized in &g§uMLG had beneficial effect
at room temperature. In both types of compositeigaificant improvement of wear
resistance was recorded. In the case gf6B3wt% MLG, the wear was about 60%
lower than for the monolithic §,. The first results showed that MLGs did not
participate in a lubricating process. Improved tinae toughness by graphene lead to
better wear resistance at lower testing tempemsuupeo 300 °C.
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A complex pathway of structure evolution discoveredn
(Ti1Alx)1yYyN alloy films

(OTKA K81808, Cooperative research with Vienna University of
Technology and Montanuniversitat Leobe)

L. Székely, G. Safran, V. Kis, Z. E. Horvath, P. H. Mayrhofer', M. Moser?,
Gy. Radnoczi, F. Misjak, and P. B. Barna

In the 0,72<Ti/Al<0,88 composition range of the i(Al,).,Y,N alloy films
deposited at oblique vapour beam incidence and°80@orresponding to zone T)
columnar morphology and mixed cubic TiN (c-TiN) amdirtzite AIN (w-AIN)
structure have been found together with an unusoaiplex texture [120]. The
texture of c-TiN phase changed from the normal «0@d the <111> tilted to the
incidence angle of the vapour beam at a certagkmigss forming a definite crossover
marked by circle c in Fig. 1. Moreover the well dped tilted columns in the upper
thickness range are constituted of the c-TiN <lahe the w-AIN <0001> nano
crystals which are epitaxially related with {13L110>\//{0001}an<11-20>n
(Figs. 2 and 3).

Figure 1 Bright field X TEM image and Figure 2 (@): DF field TEM image
SAED patterns of TiAlgs:Yo 02 alloy film. taken by the c-TiN 220 and w_AIN
SAED patterns were taken on the marked 11-20 reflections shown in the SAED
thickness domains. pattern of (c).

The dark field (DF) TEM image (Fig. 2a) taken by @ TiN 220 and w-AIN 11-20
reflections clearly demonstrates that the paralielented c-TiN and W-AIN
nanocrystals are present in domains representimgithss section of the columns.
The high resolution TEM image (Fig. 3a) with theented FFT pattern illustrates the
alternately stacked wurzite and fcc nanocrystatbtheir epitaxial relation. The high
resolution TEM image shown in Fig. 4 demonstrated trystals constituting from
the epitaxially related c-TiN and w-AIN nanocrystalucleated on the substrate and
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grown with V-shaped morphology. Completing thessults by the detailed structure
analysis of the thickness range at the substrdig],[the following conclusions and
pathway of structure evolution could be worked out:

Figure 3 HRTEM image and FFT  Figure 4 Cross sectional HRTEM image
pattern shows the alternatelly stacked c- of the first thickness range at the
TiN and w-AIN nanocrystals. substrate.

Randomly oriented crystals of the c-Ti(Al)N and WCH)N type solid solution
phases nucleate on the substrate.

- c-Ti(AIN crystals grow as solid solution, whileetlw-Al(Ti)N crystals partly
decompose developing a c-TiN/w-AIN epitaxial nanoposite.

- The incomplete coalescence of c-Ti(Al)N and w-A)Nicrystals results in a
continuous film constituted of randomly orientegistals.

- The thickness growth of the continuous films praseley the competitive growth
of randomly oriented crystals of the two phasesetming the c-TiN<001> and
the coupled w-AIN<0001%-TiN<111> textures.

Following that, the competition between the c-Til46 crystals and the c-
TiN/w-AIN epitaxial nanocomposite crystals of w-A#001> and c-TiN<111>
parallel orientations leads to the developmenhefsingle w-AIN<0001>//c-
TiN<111> texture fading out the c-TiN<001> crystalppearing as an orientation
crossover in the c-TiN phase.

- The film growth proceeds in the oriented growthimegjof parallel sided columns
of the c-TiN/w-AIN epitaxial nanocomposite struatur
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Formation and Properties of self-organizing barrierlayer films
(OTKA K81808)

F. Misjak, K. H. Nagy, Zs. Czigany, and Gy. Radnéczi

Downscaling of interconnect structures in ultrayéascale integration systems is a
serious challenge to industrial technologies. Ohdghe major limitations in size
reduction is the formation of the diffusion barrieat separates the semiconductor or
the oxide from the Cu interconnects wire. Sincetthekness of the barrier cannot be
further reduced in the current technology, the idkasing self-organized processes
emerged. Formation of a self-organized barrier Ive® the deposition of a Cu based
alloy layer. During subsequent heat treatment arfamometers thick barrier forms at
the Cu/SiQ interface. In former research Mn has proved t@ lromising alloying
element for the development of new interconnects.

As barrier layers form part of interconnect struetuthey must comply with various
other requirements besides excellent diffusioni®aroperty, such as conformity,
low resistivity, sufficient hardness and good adirestrength. These characteristics
have considerable influence on most parametersrrdieie@g applicability and
reliability. Since the impact of barrier layer perpes has further increased with the
downscaling of the devices, their investigationois utmost importance for IC
development.

Micro-combinatorial samples and films of 50 nm kmess were grown by DC
magnetron sputtering covering the whole concemwinaiegion in the system.

The combinatorial approach allows the investigatibra broad composition range
within one specimen. The results confirmed ouriearbservations that phases
formed in the Cu-Mn thin film system and their camjpion regions are different
from the equilibrium phase diagram. At low Mn contteahe alloys exhibit fcc-
Cu(Mn) solid solution phase, around 50 at% Mn conhten amorphous phase exists,
while at high Mn content aa-Mn(Cu) solid solution phase is present. The three
single-phase regions are separated by two two-phleg®ns consisting of a
crystalline and an amorphous phase. Smaller amgrdeatures are discernible in
both TEM and AFM images of crystalline compositiofisig. 1). The larger
morphological features dominating in AFM images eoenposed of smaller grains.
The size of these grains determined from the AFMges correlates well with the
grain size measured from TEM images. With increadiin content the defect
density increases, leading to subdivision of graims coherently scattering domains
(CSD) measured from electron diffraction. From diifeerence between the grain size
and CSD size the operation of a phase separatichanesm in these alloys could be
predicted. The dependence of the CSD size on cdtigpois parabolic and correlates
well with the surface roughness, though is aboudrder of magnitude larger (Fig. 2).

The composition and temperature dependence ofiekdatesistivity of Cu-Mn DC
sputtered layers have been analysed. The regjstraiues and their close to zero
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temperature coefficients (Table 1) are promising fbeir use as contact or
interconnect layers. A model of the working scatigmmechanisms has been created
for the interpretation of composition dependenceesistivity. Besides understanding
of scattering mechanisms, the results could béedilfor refining the concentration
boundaries of different phase regions.

Figure. 1 Lateral TEM (a)-(d) and AFM (e)-(h) images of ®unfilms with 8 at%, 25
at%, 66 at% and 92 at% Mn content, respectively.

The hardness of the interconnect and contact laggmngly influences their
reliability. Nano-hardness of the Cu-Mn layers Heeen measured in the whole
composition range (Fig. 3). The nano-hardness @fpiire Cu film (grain size about
1 mm) is 4 GPa. The hardness of the crystalline digers (10-30 at% Mn) is about
9 GPa. At 40 at% Mn content the hardness goes tonmam, then linearly increases
to 14 GPa for the pure Mn layer, showing not strotiigience of the nanostructure of
the actual composition. The minimum at 40 at% Mrpiobably connected to the
amorphous structure [65] of the film, which may e or even crystallize under the
indentation effect as suggested by TEM measurement.

Figure 2 Composition dependence of Figure 3 Composition dependence of
CSD size and surface roughness of 50 nm nano-hardness of Iim thick Cu-Mn
thick Cu-Mn alloy films. alloy films.
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The low Mn content crystalline films show a hardn@sxrease due to the drastic
decrease of their grain size compared to pure I8u(fiable 1), however, the increase
of hardness on the other side of the composititerval (above 40 at% Mn content)
cannot be connected to any microstructural defdomamechanism. It is rather
understood if the increase of bonding strength wittreasing Mn content is taken
into consideration [65].

TABLE | The specific resistivity and TCR measured atk68 Cu-Mn films.

MN (AT. %) 0 10 20 30 40 50 60 70 80 90 10

r(mWem) 17 | 29 | 59 | 97 | 108| 137] 165 199 205 20p 1qp

E

TCR10°(1/K) | 399 | 272 839 -69| -233 37y -41p 453 348 632 48

d (nm) TEM 1000 30 15 15 - - - 10 10 10 15

Summarizing the results (see also Table 1) it carwdncluded that Cu-Mn alloys in
the 10-30 at % Mn region on the basis of theirstesty, hardness and surface
properties are a good candidate for use in IC d¢otamect applications. The optimal
composition, however, for spontaneous barrier fdionaat low temperatures needs
higher Mn concentrations.

Nanocrystalline TiC / amorphous C thin films

(OTKA K101453, EU FP7 602398 HypOrth, TET-12-R0O-1-2012-0006,
FIKU HAS, Janos Bolyai Research Scholarship)

N. Olah, Zs. Fogarassy, M. Menyhard, A. Sulyok, M. Furké (Bay Zoltan Ltd.,
Hungary), T. Csanadi (IMR SAS, Slovakia), and K. Balazsi

Nanocomposite titanium carbide/carbon coatings isored hard nanocrystalline
TiC grains (nc-TiC) embedded in a soft amorphoubaa matrix. These coatings
show industrially attractive combination of propest such as high hardness and
elastic modulus together with high wear resistasuoe low friction coefficient. The
properties of nc-TiC/a:C nanocomposite coatings largely determined by the
volumetric fraction and size distribution of TiC nurystallites or by the
concentration of titanium and carbon. Our developmg focused on the biological
application of these thin film&7]. The long-term performance of surgical implants is
often limited by their surface properties. This ez can be overcome to a large
extent by suitable surface coatings.
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Figure 1 Structural and corrosion properties of CoCrMo Bi8Al4V implants covered
by TiC/a:C thin films.

The TiC/a:C coating with ~400 nm thickness was dipdson CoCrMo and
Ti6AI4V substrates by DC magnetron sputtering. Thim carbon interlayer was
found between the CoCrMo substrate and the TiC/Al@, which improved
adhesion. The corrosion properties were studieghdigntiodynamic measurements
and by Electrochemical Impedance Spectroscopy. Urtoeated implant showed a
better corrosive resistance compared with the TiCémated substrates. However, the
stable and mechanically strong TiC/a:C coating rhaye a passivation effect and
may provide a longer lifetime of implants in the dyo These conditions are
achievable with producing a TiC/a:C protective fibm metal devices.



Yearbook 2014 93

Hydrophobic silica sol-gel coatings on zinc for erdmced
corrosion resistance

E. Albert, N. Cotolan, N. Nagy, G. Szabd, L. M Mure an, G. Safran, and Z. Horvolgyi
A cooperation of BME, MFA and Babes-Bolyai University

Environmentally friendly, compact and mesoporousiltimyered silica coatings
were prepared on Zn substrates (for TEM on Si) dlygel method, aiming the
replacement of traditional chromates conversionticga and pretreatments. The
layers were rendered hydrophobic by silylation. Blinyldichlorosilane or
trimethylchlorosilane were used as silylating ageahd Pluronic PE 10300 or
cetyltrimethylammonium bromide (CTAB) as templatiagents for porous structure
formation. High resolution TEM (HRTEM) revealed aiidered and hexagonally
arranged pores structures in Pluronic and CTABt#kaoatings, respectively.

Figure 1 HRTEM cross section of silica coatings; (a) pneen with pluronic
triblock copolymer and (b) with CTAB additive reedl in disordered and hexagonally
ordered (a=4.85nm, c= 7.8nm) pores structures, eespely, as represented also by
the Fast Fourier (FFT) insets!

According to electrochemical measurements the Gséytating agents during the
preparation of silica coatings improved signifidgnthe corrosion resistance by
reducing the corrosion current density with at fe@ee order of magnitude, both in
porous and compact layers. An increase of the ntsnbesuccessively deposited
layers improved the anti-corrosion properties: doeibled layer thickness caused a
decrease of the corrosion current density with arer of magnitude. The thermal
treatment used between two consecutive layer diépusicaused a decrease of the
corrosion current density with one order of magmétuin the case of compact
coatings, but had a harmful effect in the case aops coatings. It is a further
increment to fill the pores of the silica with Agrfpotential antibacterial coatings.
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Development of cost-effective tissues from recycldzhse
materials

(OTKA K105355, EU FP7 602398 HypOrth)

0. Tapaszto, N. Olah, Zs. Fogarassy, V. Varga, S-G. Kim (Korea),
D. Delfonse (Mathys, Switzerland), C. Lohman (Magdeburg Un., Germany),
Cs. Balazsi (Bay Zoltan Ltd., Hungary), and K. Balazsi

The European collaborative project HypOrth aims develop hypoallergenic
material for endoprotheses, pursuing two major godlypOrth intends to improve
the understanding and diagnosis of complicationso@ated with an implant,
primarily focussing on adverse immune reaction iafection (www.hyport.eu). One
of important objective of project is a developmaeaft novel bioactive implant
materials. Bone grafting is common procedure imting jaw pathologies and
deformities. Hydroxyapatite (HAP) is a calcium pploate compound and a
representative constituent of bone tissue. Manyebgiraft materials have HAP as
their basic constituent. HAP can be produced fra@riows sources such as human,
animal, and inorganic substances. The agglomesatidgtih submicron sized HAP was
obtained from recycled base materials (Fig.ThHe cost-effective attritor milling by
phosphoric acid and treatment was optimized as adefbr the HAP productiofin
pressMTAK:13088].

Figure 1 Preparation of HAP from different recycled bas&tenials.

In vivo studies confirmed the good bioactivity afth type HAP powderfin press,
MTAK:13088] thanks to high magnesium and strontium contentih BAP can thus be
considered as possibly useful bone graft matesig|
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Properties of fast-sintered Al-ALO3; nano-composites
(TET_10-1-2011-0288)

J. L. Labar, K. Balazsi, A. Dhar (National Physical Laboratory, New Delhi, India),
L. lliés, A. Petrik, O. Tapasztd, A. L. Téth, and V. Varga

Fast sintering, like spark plasma sintering (SP&) @romising for producing
composites with good densification, while extensgmin growth is suppressed,
keeping the nano-sized components produced by qusvimilling. Al-based
nanocomposites were developed with@l as a strengthening phase. This year the
characterization was done of the samples produgefP$s the previous year. Density
was measured with the Archimedes method, while rfessl was measured with an
indentation test using a Vickers-head. Tribologgparties were tested in a ball-on-
disk configuration. A 3-point fracture test wasoalapplied on about half of the
samples. The surfaces of the disks were imagedamtSB8EM both prior to and after
the ball-on-disk similarly to the fractured surfac&elected samples were examined
in cross section by a TEM. Local composition wassueed and phase identification
was assisted by an EDS. Phase identification weesdoan XRD.

Figure 1 Hardness varies in line with  Figure 2 The highest densification is
density. reached with pure Al matrix.

Density and hardness changed in line with eachr dffig. 1). Densification was
found to be different when different Al-matricesreaised, even though the fraction
(30%) of the strengthening phase A&4) was identical in each case. The highest
densification was reached with a pure Al matrixcashpared to the case when Al
matrix with Ni and Si content was used (Fig. 2).the latter case inhomogeneous
behaviour was observed, which indicates that |teaperature is not homogeneous
in the entire volume during SPS. Separated Al, Nl &i was observed in some
sintered disks, while in other disks with the sameninal temperature formation of
eutectic is observed that left the disk as liquid.
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Low speed (<0.3 m/s) and low force (1 N) tribologpst (Fig. 3) showed that
particles are eroded from the surface and thel back later (Fig. 4).

Figure 3 Result of ball-on-disk test. Figure 4 SEM image of the surface
after tribology test.

Ti/Cr/Al metallisations on n-GaN
(OTKA K108869, OTKA K77331)

L. Dobos, B. Pécz, L. Toth, Zs. J. Horvéth, Z. E. Horvéath, A. L. Téth,
and M. A. Poisson (Alcatel-Thales, Paris)

As the continuation of the project we report a camafive study of nanostructure,
surface morphology, and electrical behaviour oR2Tiim)/Cr(120 nm)/Al(50 nm)
contacts to n-GaN in the function of heat treatment

The EDS-analysis revealed that some Al diffused the Cr layer at 400 °C. The
contacts exhibited rectifying electrical behaviayr to 700 °C. The elemental maps
also revealed that Cr has diffused into the GaKrday 700 °C. The Al layer began to
ball up during the heat treatment at 700 °C, reacedly FESEM. After annealing at
700 °C contacts exhibited linear 1-V charactersstithese changes are probably
connected to the diffusion of Cr into GaN. The amnty of the Ti layer was broken
at 900 °C. The Al layer diffused to the top of &N layer at 900 °C.

In the heated metal/GaN interface phases with l|dagtce periodicity (about
4.1/4.4 A) were also found by HRTEM after annealatg900 °C (Fig. 1). These
phases contained both Al and O as revealed by aelahmaps of HRTEM. The arose
of Al,O; crystalline phases with about 22 nm thicknessagjgtly grown on GaN,
had a flat interface to GaN (Fig. 1).
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The HRTEM investigations of the n-GaN/Ti/Cr/Al cants show that large lattice
periodicity TbLAIN MAX phases (about 6.8 A lattice periodicity)oae at the vicinity
of metal/n-GaN interface at 900 °C (Fig.[2§].

Figure 1 HRTEM image of the Figure 2 Typical HRTEM micrograph of
n-GaN/Ti/Cr/Al contact annealed at the TiCrAl metallizations at 900 °C.
900 °C.

After annealing at 900 °C the XRD peaks of elemefstaCr and Ti disappeatr, the
observed new peaks can be attributed to new ineniases — FAIN MAX phase
and CgGaN inverse perovskite phase as well as CrN phabkesying intermixing of
Ti, Cr and Al layers. TiN formation was not obsatvénnealing at 900 °C degraded
the electrical behaviour. Annealed and reactivE€iTHI layers can be used as ohmic
contacts to GaN up to 700 °C, what is far aboventiexied temperature values in real
high temperature applications.

Ordered nanopatterns in AlO, thin films prepared by UV laser
J. Szivés, G. Safran, M. Serényi, E. Gergely-Fil6ép, and T. Lohner

The nanoscale modification of materials receivedeniesearch interest, recently.
Presently the available techniques for fabricatibrordered nanopatterns have high
costs and low throughput. A cheap and fast metlsogroposed providing the
preparation of nanoimprint stamps and nanolithdgyapmasks or ordered
nanopatterns directly. This technique involves anpiate of self-assembled
hexagonally arranged silica nanospheres (Langmioidgtt (LB) film). The sample
surface is treated with a single UV laser pulse€248 nm) through the LB film.
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According to our simulations the nanospheres oL#Bdilm focus the laser light as
individual spherical lenses. This way, an ordere@yaof intense laser nanospots
forms that enables the patterning of the surfageeddy. RF and DC magnetron
sputtered amorphous Al@hin films were subjected to laser treatment, Wit aim
to be applied as lithography masks. The structmephology and optical properties
of the layers were investigated by AFM, TEM andpsitbmetry. Our results have
shown that the RF and DC magnetron sputtered lagexsfully amorphous, and
containing Al nanocrystals (nc-Al) in an amorph@i®, matrix, respectively.

Ellipsometry revealed that the absorption coeffitig) of the nc-Al/AIQ, layers is
3 times higher than that of the fully amorphouselay That results in remarkably
different responses to laser treatments. The foomabf the nanopatterns was
revealed by AFM and cross sectional (X) TEM.

Figure 1 (a) XTEM of a nanopit formed in a fully amorphodi®©, layer. (b) AFM
image of the ordered nanopattern of pits (cca. 1®x110 um). The height scales up
from black to yellow color as it is shown in thelgcon the right side.

A wide, shallow pit of ~210 nm of diameter and 3 depth can be seen in Fig.
1(a). It is suggested that the pits form by a v@uwacrease caused by the collapse of
the nano-voids present in the layer due to thengsdeslectromagnetic field of the laser
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pulse. Fig. 1(b) shows an AFM image of the nanepattof pits. Fig. 2(a)—(c)
illustrates the pattern formed due to various las@ensities in the case of nc-Al/AJO
layer: (a) a hillock formed by moderate local irdigy that contains small bubbles. As
the intensity increases, plasma evolves and geseased that creates large, blown-
up bubble (b). Further increase of the laser intgmssults in bursts of the bubble and
formation of a crater (c). The craters refer tolibkes observed by AFM (Fig. 2(d)).

The results prove that nanoscale masks and pattdilnes can be fabricated by
using silica LB films and controlled laser puls&ébe results were published in [119,
120].

Figure 2 (a)- (c): Pattern formation in the nc-Al/Al@ayer. A hillock is formed due to

a moderate local laser intensity (a). Bubble inample treated with an increased
power-density (b). Sample treated with further @aged fluence: the bubble bursts,
and crater forms (c). Insets: EELS elemental mdpsxmen (red), silicon (green) and

aluminium (blue). (d): The typical AFM image of fivepared nanopattern .
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Optimisation of Thermal Conductivity of Nanocrystalline
Diamond Thin Films

(ONRG - Office of Naval Research Global - N62909-13-1-N210)

B. Pécz, L. T6th, A. Barna, J. Anaya (Bristol), M. Kuball (Bristol),
S. Rossi (UIm), M. Alomari (Ulm), E. Kohn (Ulm), and S. Strehle (UIm)

In this research project financed by the Office Maval Research (USA)
nanocrystalline diamond thin films have been dgwetb together with two other
research groups located at Ulm University (Germaanyd Bristol University (UK).
These layers are to be used for the dissipatidreat produced by GaN-based power
electronic devices. The Ulm partner was respondibiethe CVD growth of the
diamond layers, the Bristol group measured theierrttal properties by a
sophisticated micro-Raman technique and MFA wasparsible for the
microstructural characterisation of the films.

The thermal conduction values measured in nanadlyst diamond films are
significantly worse than those measured in singigstalline diamond. This is
generally attributed to various structural defeftsmed during the layer growth.
Decreasing the grain boundary scattering can beheeaby forming larger diamond
grains through optimization of the parameters usedhe film growth. However, all
layer growth processes start with a nucleation estegpulting in a low density
transition zone with nanoscale particles and evearghous phases. Since this zone
cannot be fully avoided the only real achievemeny he to minimize its thickness
and its deteriorating effect on the thermal coniduct

Figure 1 Cross sectional electron micrograph Figure 2 Thinner transition zone
of the diamond/silicon interface. The surface of at the diamond/Si interface due to
Si is roughened and the transition zone modified preparation technology.
contains voids.
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The bright field electron micrograph on Fig. 1. wisothe usual polycrystalline
columnar microstructure of the first series of Cgfbwn diamond layers on silicon
substrate. This TEM study has also revealed thatottiginally smooth Si surface
became very rough due to the diamond film growtti arbroad transition zone with
several holes has formed at the interface. The Raneasurements of these samples
showed a rather large value of the thermal boundssigtance (TBR).

After giving a feedback of these results the Ulmitmer changed the diamond
deposition parameters in a way that the transitimme between the substrate and the
diamond film became thinner and also the surfaaghiening was mitigated (Fig. 2).

Figure 3 Cross sectional electron micrographs of the diathéilms grown after the
deposition of amorphous silicon layers of 30 nmgid 10 nm (B).

An alternative solution to the problem could bed&posit a thin amorphous Si (a-
Si) layer before the diamond growth. Fig. 3 sholes microstructure of diamond
films deposited onto a-Si layers of two differelmicknesses (30 nm and 10 nm). Our
TEM studies revealed that the void formation wathia case negligible and also that
the surface became smoother with beneficial effectsthe thermal conduction
properties. The TBR measured by Raman was founeeth@dn order of magnitude
less than in the first series of experiments.

The transition zone was thinner in both cases, avareFig. 3B shows that the
thinner a-Si film completely disappeared duringnatiead growth. This suggests that



102

this small amount of Si may have been consumedhbyfdarmation of small SiC

particles during the nucleation stage of diamorawugn. Such 2-4 nm size cubic SiC
nanograins were indeed observed by high resoluti@stron microscopy in the
diamond/substrate interface (Fig. 4).

Figure 4 High resolution electron micrograph of the diardgsilicon interface with
cubic SiC grains in the transition zone. Insertalaegged HREM image and electron
diffraction pattern of the interface. The diamornbinf(rings) was found randomly
oriented polycrystalline.

Apart from SiC patrticles, also diamond nanogrammmorphous phases and other
(e.g. fullerene- like) carbonaceous phases wereated by high resolution electron
microscopy in the transition zone. Since all thebases may have a detrimental
effect on the thermal conduction through the numedayer, the aim is to minimize
their quantity.

The results described here prove the key-role ef ittformation provided by
modern transmission electron microscopic technicjoeshe optimization of new
devices prepared by thin film techniques. Throdghintegrated growth, thermal and
microstructural characterization this project higklccessfully managed to achieve
diamond films with a 50% increased thermal conditgtiwhich will be of great
benefit for the integration of GaN electronics wabtimized diamond.
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High-quality GaN layer grown on graphene/6H-SiC

A. Kovécs (Julich), M. Duchamp (Jilich), R. E. Dunin-Borkowski, (Julich),
R. Yakimova (Link6ping), P. L. Neumann, H. Behmenburg (Aixtron), B. Foltynski
(Aixtron), C. Giesen (Aixtron),, and B. Pécz

Graphene has a supreme heat conductivity of up0@05W mK' therefore
implementation of graphene layers in gallium nirig@GaN) heterostructure can solve
self-heating problem in nitride-based high-poweectbnic and light-emitting
optoelectronic devices.

Graphene layers are prepared on the Si-terminateddf 0001 oriented 6H-SiC by
high temperature sublimation process. Then a pierjpattern of continuous graphene
layers and bare SiC stripes are prepared usingratedeam lithography and
chemical etching.

An AIN buffer layer of 100 nm thickness was firsepbsited on patterned
graphene/6H-SiC surface by MOCVD and followed byeposition of 300 nm thick
Alg>, GagN and ~ 1.5 um thick GaN layers. The grown strieetarshown in the next
Figure.

The GaN layer has a smooth surface and an estindiséocation density of
3 x 10 cm?, that is a similar value obtained on the conteshple grown without the
graphene layers.

Figure 1 Scheme of the growth on
patterned surface.

Figure 2 Overview of the grown
nitride structure.

The GaN formed above the intact graphene is ovemgrtaterally by a single
crystalline GaN forming a smooth surface. Furthetads can be found in: [A.
Kovacs, M Duchamp, R.E. Dunin-Borkowski, R. YakinagvP.L. Neumann, H.
Behmenburg, B. Foltynski, C. Giesen, M. Heuken 8ndPécz: “Graphoepitaxy of
High-Quality GaN Layers on Graphene/6H-Si®&4v. Mater. Interfaces1400230,
Volume 2, Issue 2, January 21, 206):10.1002/admi.201400230].
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The theoretical understanding of the moiré superldice in
graphene/Cu(111)

P. Sile, M. Szendr , and L. Tapaszto

Classical molecular dynamics (CMD) simulations hdeen used to study the
structural and adhesive properties of the weaklynbographene/Cu(111) periodic
system. The CMD simulations were fitted to accuréitst principles density
functional theory (DFT) calculations. In this walget graphene/Cu(111) interface
becomes DFT-adaptive. The main advantage of tliegss is that large systems with
tens of millions of atoms can be simulated andetfoge can be analyzed in detail.
DFT calculations allow the consideration of smaktem only with few hundreds of
atoms.

Our first basic result is that we managed to finftbime-field which provides the
proper hump-and-bump morphology for the moiré dagtare (see Figs. 1 and 2). A
review study has been published on this topic [110]

Another study has been carried out for the rotatiomsoriented moiré superlattice
in gr/Cu(111) [112]. This project was carried out Ccollaboration with the
experimental group of L. Tapaszté (Dept. of Nanagtrres). We explored and
characterized a new moiré phase has not been eepget. The theoretical CMD
results nicely reproduced the STM images and catrog. Moreover, the existence
of new rotational moiré phases had also been peatilty CMD which was identified
experimentally since.

Figure. 1 The time-lapsed moiré Figure. 2 The instantaneous moiré
superlattice of graphene/Cu(111l) as superlattice.
simulated by CMD simulations.
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Polytype pure sg-BN thin films as dictated by the substrate
crystal structure

M. Chubarov (LiU), H. Pedersen (LiU), H. Hogberg (LiU), Zs. Czigany (MFA),
M. Garbrecht (LiU), and A. Henry (LiU)

The sp-BN films were deposited at Linképing Universityi{l) in a hot wall CVD
reactor on 4h-SiC(0001), 6h-SiC(0001) and\l,O5(0001) substrates at 1500 °C.
Triethylboron and ammonia precursors (with B/Ngaif 600) were introduced in
hydrogen process gas together with low amountlafsiadditive. BN — as a member
of the family of wide bandgap semiconductorg,{E 6eV) - is a promising material
for industry; however, production of high qualithwge crystals is a great challenge.
At MFA we have complemented the XRD structural stigations with cross
sectional HRTEM investigations using a JEOL3010rogcope (300kV/0.17nm at
MFA) and a FEI Titan (300kV/0.07nm at LiU). We hadistinguished hexagonal and
rhombohedral stacking of SBN. The film structure is rhombohedral on 6h-
SiC(0001) (Fig. 1) [14, 15]. On-Al,03(0001) substrate the growth starts with
hexagonal stacking and above ~4 nm thickness chaiegdsombohedral stacking
(Fig. 1) [15].

Figure 1. HRTEM cross section of SBN on 6h-SiC(0001) and-Al,05(0001)
Substrates.
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In situ investigation of Ni induced crystallizationin amorphous
Si thin films

(TET_10-1-2011-0570)

Gy. Z. Radnéczi, E. Dédony, G. Battistig, B. Pécz,
I. Stoimenos, N. Frangis, N. Vouroutzis (Thessaloniki)

The formation of various silicide phases in the Kll(Metal Induced Lateral
Crystallization) process was investigated in-situransmission electron microscope.
A model structure was created by placing a thirtteped amorphous Si film onto a
nickel microgrid and then heat treated in the ngcape. As the nickel grid bars acted
as practically unlimited nickel source only silieidormation was observed. Two
types of silicide phases were identified form elactdiffraction patterns: Nbi, with
large grains closer to the grid bars and the sgralined NiSj usually appearing in
MILC processes facing the amorphous silicon. SnNilbi, islands (marked by
arrows) also appear ahead of the crystallizationtfmside the amorphous silicon as
seen on the bright field image and EELS nickel niHpese islands indicate that
relatively high amount of Ni diffused into the ambous silicon and triggered silicide
formation independently from the main crystallipatifront around the primary nickel
source. The high nickel concentration outside thestallized areas suggests that
independent Ni sources may contribute to siliciolenfation near any nucleation site
hence resulting in a long range interaction of dirses.

Figure 1 Bright field image (left) and EELS Ni map (uppigiht) of the crystallized
region around the Ni source. Electron diffractioat{erns (lower right) were taken to
identify the crystal structure of the two siliciglases.
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Reaction of Ni with n-InP: comparison of as-deposéd samples
with ones annealed at 150 °C and 350 °C

J. L. Labar, M. Menyhard, S. Gurban, A. A. Koés, F. Nemouchi'?, E. Ghegin*®

! Univ. Grenoble Alpes, F-38000 Grenoble, France; 2 CEA, LETI MINATEC Campus,
F-38054 Grenoble, France; 3 STMicroelectronics, Crolles, France

Ni thick metal layer has been used for a long tamecontact material to 111-V but
poorly reported in terms of phase formation, kicetand thermal stability. Mohney
and Chang studied bulk and thick film diffusion ptas to characterize the Ni/InP
reaction in the light of Ni-In-P phase diagram. ¥heported that the final product is
Ni,InP in thermodynamic equilibrium with InP. They ctuded that the previous
reports on the appearance ofNand segregation of both In and P on the two sifles
Ni,P are also consistent with their results, becdusge tepresent intermediate stages,
when equilibrium has not been reached. Nowadaysacbrilms tend to be much
thinner and the reaction must be scrutinized for film systems, too.

In the present work, both the reaction betweenndi BaP and structure evolution
were studied by annealing a layer structure shawfig. 1. First a 300 nm thick, n
doped InP layer was epitaxially grown on the InBs$tate, followed by cleaning of
the surface and magnetron sputtering depositioBOohm Ni at 20 °C and a 7 nm
thick TiN protective layer at 100 °C. Rapid thermaahealing (RTA) was performed
in N, ambient at 350 °C on different pieces of teatmple. Both, the as-deposited

Figure 1 Structure of the as- Figure 2 Depth distribution of the elements,
deposited samples. proving the changing composition within the
amorphous reaction product.

and the two annealed samples were examined by seaisnal transmission electron
microscopy (TEM), X-ray diffraction (XRD), atomimfce microscopy (AFM) and

Auger electron spectroscopy (AES) depth profiliigh®e composition. Samples for
TEM were prepared by both Aion milling and focused Gaon beam (FIB).
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The surface of the as-deposited polycrystallindayer was rough, shown by both
AFM and TEM. TEM proved that the layer is not petfg continuous some of the Ni
grains are separated or just touching. The graumjase structure of the layer was
also confirmed by AFM. XRD showed a slightly <l1llextured Ni film. An
amorphous reaction product appeared in the as-legammple between the Ni and
the InP, indicating that it must have been formadrd) deposition. The interface to
InP is not perfectly flat, it shows undulationsaaew nm level. AES depth profiling
points out that the In/P ratio is not constant ittne reaction product layer between
the Ni and the InP. There is P surplus close toltife while the amount of In is
increased closer to the Ni (Fig. 2).

Additional samples were prepared to discover thgiroof the amorphous reaction
product. Ni layer with reduced thicknesses (5 nigh B nm) and also Ni deposited at
elevated temperature (150 °C) were prepared. Anoshenple without the TiN
protective layer was also deposited at RT. Theatharistic concentration variation
within the amorphous reaction products remainedstimae in all of these samples.
Next year the effect of pre-deposition Ar-ion clean will be studied on the
formation and properties of this amorphous layer.

At 350 °C the crystalline reaction product, ideetif by XRD to be a mixture of
Ni,P and NiP, started agglomerating as shown by both AFM (B)gand TEM. No
amorphous phase was observed any more between #m&lthe InP. The interface to
InP follows the few nm undulation at certain looas and has a flat plane inter-face
regions in between, as shown by TEM. There arag(ar phase-) boundaries almost
parallel to the inter-face (Fig. 4) that indica&ther formation of a new phase or
contamination effect. Coverage with the TiN layemained even after the
agglomeration although the grainy TiN did not praoebe a perfect protective layer
(oxygen and carbon contamination was shown by AFShetrate it).

Figure 3 Surface roughness Figure 4 XTEM image showing interfaces almost
measured by AFM. parallel to the surface.
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The chemical resistance of nano-sized SiC rich corapite
coating

S. Gurbéan, L. Kotis, A. Sulyok, M. Menyhard, A. L. Téth, A. Pongracz,
and E. Vazsonyi

Recent technologies frequently apply nano-layees)ordevices, etc. because of
their exceptionally favourable characteristics. yighould be protected, however,
against wear, chemical attacks depending on thsilgesapplication. Evidently the
thickness of the protective coating should be exgame range than that of the device
thus, it should be in the nano range. We have shbatnnano layers (in the range of
5-20 nm) rich in amorphous SiC be produced by igxing of C and Si layers. We
have studied the chemical resistance of thesedag®ra function of their thickness
against usually applied poly-Si etchants. The nsuopic effect of etching was
studied by optical microscopy. Fig. 1 shows theiogpptimage of the sample
containing 16 nm thick SiC rich region after etchiby 1 HF+10.5 HNG+5.25
HsPO, for 114 s . This treatment would removerim from polysilicon. The optical
image shows that though part of the sample has tmwaved by this brutal etching
but large part of it remained there. AES depth ifgofvas recorded on the part
remained on the surface and compared with the tiondiefore etching; the results
are shown in Fig. 2. Except the top carbon laydri¢lvis removed by oxidation) the
two profiles are identical showing that the etchiage of this region is orders of
magnitude less than that of poly-Si. The layer remh@an be explained as a defect
assisted processes.

Figure 1 Optical image of the etched Figure 2  The AES depth profile

sample. recorded on initial non-etched (without
index) sample and etched (withindex)
one remained on the surface.
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Application of non-negative matrix factorization ondiffraction
data

A. K. Kiss, and J. L. Labar

A new approach to the characterization of grainngauies (GB) and interfaces is
presented. The width of the projection of the GBdietermined from a set of
diffraction patterns without the need to record angges of the GB. The method is
encoded in MATLAB environment, making the resulisyeto interpret and visualize.
The novelty is that an additional parameter of GB-guantified next to the ones
provided by orientation maps: with our methodwhdth of the projection of the GB
i.e. the overlapping area between the neighborimging can be measured
automatically. This operation predicts the posgibibf characterizing TEM samples
with respect to the GB-plane distribution, in castrto other methods, which only
measure the misorientation between grains and pertiee lateral direction of the
GBs is taken into account. Our method is basedomnegative (or positive) matrix
factorization (NMF or PMF) applied on a set of difftions. The diffractions are
collected by the commercially available ASTAR systgixel-by-pixel on the area of
interest in order to generate orientation map. @athod completes this with mining
out additional information from the same dataseiplging NMF on av non-negative
matrix, W and H non-negative matrices are generated with sizer-kfand k-m
respectively, where/ W H. Consider we haven measurements, each measurement
holds n parameters i.e. each measurement is representednbydimensional
column-vector. Th&/ data matrix width the size ofm contains each example in its
columns, which is expressed with the helpkopieces of non-negative principal
components stored in the columns\éf In our cases th¥ data matrix holds the set
of diffractions in its columns coming from the nieiprhood of the chosen grain
boundaries, while each column contains the pixeénsities presented in the
diffractions. Sincek=2 for two neighboring grains/V holds the main diffraction
components which belong to the grains addrepresents their weight-factors
presented in the pixels of the scanned area. Geisaleinformation of the grain
boundary plane can be concluded by investigatiegrhight-factorsKig. 1).

Figure 1 The width of the
projection of the grain
boundary plane can be deduced
from the weight factors.
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Phase mapping of MnAl thin films by “combinatorial TEM”
(MFA — IKI collaboration)

G. Safran, J. Szivés, M. Németh, and A. Horvath

The application of magnetic thin films is widesgteia information technology.
These films usually contain Pt (Co-Pt, Fe-Pt) angl assed in magnetic recording
media (hard disk drives). There is a metastablgphise t(-phase) at about 50-50%
concentration of the Mn-Al alloy, which has magogtioperties very similar to Fe-Pt
L1, so Mn-Al can be a cheaper option for magnetic néiog.

The Mn-Al phases in thin films form are still undoqed, in contrary to bulk
materials that are published in the database “Birftnase Diagrams”. Thus, we
developed a combinatorial method and device togmeepamples on a single TEM
grid that cover the 0-100% Mn-Al concentration rang

The MnAl combinatorial samples were DC magnetrounttgp deposited at room
temperature on TEM grids covered with amorphoudir@sf In order to form alloys
the samples were heat treated in an Amikture at 400, 500 and 60C. The formed
phases were investigated by TEM and SAED. Typicallprimitive (p) cubic phase
(a=0.7 nm, PCPDF 21-0547) was found due to heatnent in the range of 50-
100% Mn content. This phase described in [H. Lux,|ghatowicz, Die thermische
Zersetzung von Mangancarbonyl, Chem. Ber., 102995-2997 (1968)] forms in the
presence of C under annealing ip. Win-oxide phase was also present in the samples
as deposited, or annealed below 800At and above 50fC oxygen disappears from
the system, due to the reducing effect ef H

Except some cases, most phases formed in thin GfinidnAl are different from
that of the bulk. The identified phases of the Minttfn layer system are summarized
in our ,phase diagram” in Fig. 1.

Figure 1 Thin film
phase diagram of
Mn-Al heat treated in
the presence  of
hydrogen.
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The Nanobiosensorics Group was established in 201the framework of the
Lendilet Program of the Hungarian Academy of Sa@enche research program
funds outstanding young researchers in Hungaryrderoto establish their own
independent research groups. The research prdfileeoNanobiosensorics Group is
the development and application of label-free @btisiosensors, the mathematical
modeling of the relevant biological and biophysigabcesses. Building on their
broad national and international collaborative retthe group conducts research in
instrument development, monitoring of cell secretedtracellular vesicles,
development of flagellin based functional coatiraghesion studies on human cancer
and immune cells, and theoretical modeling.

In 2014 they characterized the performances oEjiie BenchTop (Epic BT) high
throughput label-free optical biosenor, calibratéts sensor signal using
complementary techniques. With the help of thiseisor they characterized the fine
details of the adhesion kinetics of HeLa cancdsaml nanostructured coatings, with
excellent data quality; pioneering the applicatiof high resolution label-free
biosensing in this field. They first recorded thecges in the dynamics of cellular
adhesion when the distance between integrin ligamdshe adhesive surface was
tuned from 10 to 100 nm. It is remarkable that mmatiadhesion and no adhesion
happen in this narrow range of ligand to ligandtadise. Their 2014 results on
determining the integrin-RGD binding strength nawasively in living cancer cells
is also significant. As an interesting new line 2.4 they first applied double-sided
pressure sensitive tapes to fabricate cost efiecfidly integrated transparent
microfluidics on optical biochips (GCIl, OWLS). Ugima laser engraver one can
design and assemble the integrated microsystemmsniates using the proposed new
technology. Their results on characterizing the ea@hn properties of human
monocytes and cancer cells with high resolution icapt biosensors with
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unprecedented data quality are also important;cle adhesion is critical in the
formation of immune response and in cancer metiastliseir results can find further
application in biomedicine, rapid detection of wais diseases and in the
development of novel drugs affecting cell adhesainthe molecular level. A
promising new research line is teangle cell analysis and manipulatiom which
they published pioneering results in 2014. A deepeierstanding of various diseases
and their more effective treatment can results ftbese novel research directions.

In 2014, the ERC Consolidator Grant applicationttod head of the research group
received category “A (fully meets the ERC excebetriteria and should be funded if
sufficient funds are available)” after the interwiein Brussels, but the funding line
did not reach this proposal due to budgetary caaists.

Bulk and surface sensitivity of a resonant waveguglgrating
imager

(“Lendulet” grant LP2012-26/2012 of HAS)

N. Orgovan®, B. Kovacs, E. Farkas, B. Szabé®, N. Zaytseva®, Y. Fang?,
and R. Horvéath

! Department of Biological Physics, ELTE, Budapest, Hungary
2 Biochemical Technologies, Science and Technology Division,
Corning Incorporated, Sullivan Park, Corning, NY 14831, USA

The resonant waveguide grating (RWG) imager (conmyoecognized as Epic
BenchTop) recently developed by Corning is a hlgietghput evanescent field-
based label-free optical biosensor. Although prasigenerations of Epic biosensors
have been widely used to measure processes accmupby refractive index
changes close to a planar sensor surface (espetatheasure the signaling of a
confluent monolayer of living biological cells), ehsensitivity of these biosensors
have remained unknown for the broader scientifimmunity. Thus, we used two
complementary techniques to assess the bulk arfdcsusensitivity of the RWG
imager [78, 84]. The sensitivity to bulk refractiiedex changes was determined
using a serial dilution of glycerol solution withet help of a refractometer. The
surface sensitivity was examined using layer-byetayolyelectrolyte films in
conjunction with optical waveguide lightmode spestiopy, and characterized by the
binding of acetazolamide to immobilized carbonidydrase under microfluidics.
The results suggest that the imager has a limitetéction of 2.2x16 for refractive
index change and 0.078 ng/cfor the adsorbed mass [78, 84]. This high serisitiv
along with further advantages offered by the RW@gder, makes the instrument
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competitive in the market of label-free biosensamd a particularly powerful tool in
cell research.

Figure 1 The bulk refractive index sensitivity of the RWkager. (a) Representative
kinetic responses of a RWG biosensor with incrgasiancentrations of glycerol,
recorded as the shifts in the resonant wavelength The numbers indicate the fold of
dilution. The baseline was established after tles@hsor was equilibrated with Milli-Q
water until the signal drifting became steady (<& pvithin 5 min).(b) The resonant
wavelength shift as a function of bulk refractiudex (data shown as points, line is the
fit to obtain the calibration equation). Bulk refitve indices were determined with a
refractometer [78].

Figure 2 The surface sensitivity of the RWG imager. Remtasive signals arising
from the layer by layer deposition of the (PAH-RSS)lyelectrolyte multilayer as
measured with OWLE&), and the RWG imagé€b). The arrows indicate the injections
of the PAH solution(c) The PAH-PSS polyelectrolyte multilayer grew lingavith the
number of added bilayers as measured with OWLSefgdots) and with the RWG
imager (red dots)(d) Surface mass density calculated from OWLS datarielated
with the response (data are shown as points) medswith the RWG imager to obtain
a calibration equation (lines). RWG data presenitedc,d) are a mean of responses
measured in at least two wells and background atee Here, only the wavelength
shifts relative to the*ideposited bilayer were taken into account [78].



Yearbook 2014 115

Double sided tape based microcuvette for label-fregetection
of protein and bacteria

(EU FP7 231055 OPTIBIO, OTKA P 73084, “Lendilet” grant LP2012-
26/2012 of HAS, Tamop)

D. Patko, Zs. Martonfalvi*, B. Kovacs, F. Vonderviszt, M. Kellermayer*,**
and R. Horvéth

* Semmelweis University, Department of Biophysics and Radiation Biology,
H-1094 T zolt6 u. 37-47, Budapest, Hungary

** MTA-SE Molecular Biophysics Research Group

In 2014 we demonstrated the design, assembly gplitalpility of a simple, cheap
and biocompatible microcuvette system based on A @ressure sensitive double
sided tapes. Channel structures in the tapes wereith a laser engraver and cutter
device. These types of biocompatible tapes are acially available in various pre-
defined thicknesses.

The fabricated structured tapes were integratedh V@CI and OWLS optical
waveguide sensor chips, and the assembled unite tested by using various
solutions. Stopped-flow measurement of protein gutgan and a fully transparent
integrated device were also demonstrated usingipoaind living bacterial cells.

The developed tape cuvettes can find applicatiohserev rapid design and
integration are priorities. A further advantagehat the integration of the channels
does not require any plasma, heat or additionaimated treatment. Therefore,
sensing units with pre-coated biological materésld be easily integrated with the
proposed fluidic solutions. Future development nmayplve the application of double
sided tapes with thinner liners in order to faltecaarrower channels.

Figure 1 (a) The GCI sensor, structured Figure 2 (a) Components of the fully
double sided tape and PEEK covering transparent system prior to assembly
unit before assembly. (b) Photographs of (GCI chip, tape cuvette, glass substrate
the assembled module. The two inlet and with the two holes). (b) The demonstated
two outlet tubing are clearly visible. fully transparent GCI device.
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Label-Free in situ Optical Monitoring of the Adsorption of
Oppositely Charged Metal Nanoparticles

(“Lendulet” grant LP2012-26/2012 of HAS)

B. Péter, S. Kurunczi, D. Patké, |. Lagzi (Budapest University of Technology and
Economics), B. Kowalczyk (Northwestern University, USA), Z. Racz (E6tvos Lorand
University, Budapest), B. A. Grzybowski (Northwestern University, USA),
and R. Horvéath

Thin films comprising various types of nanoparticl§NPs) have attracted
considerable scientific attention due to their pa&# applications in corrosion
protection, heterogeneous catalysis, optics, bidcives) and biological sensors.
There are several techniques (e.g., layer-by-l@yek), electrochemical deposition,
etc.) that can be used to coat different substnatds nanoscopic components, thus
creating thin films with tuneable properties.

The mechanism of alternating deposition of oppbsitharged gold nanoparticles
(AuNPs) was investigated by optical waveguide ligiide spectroscopy (OWLS).
OWLS allows monitoring of the kinetics of layer-bayer (LbL) adsorption of
positively and negatively charged nanoparticlesemtime without using any labels
so that the dynamics of layer formation can be akde Positively charged NPs that
are already deposited on a negatively charged glalsstrate strongly facilitate the
adsorption of the negatively charged particles. fioephology of the adsorbed layer
was also investigated with atomic force microscopiFM) AFM revealed that the
interaction between oppositely charged particlesulte in the formation of NP
clusters with sizes varying between 100 and 6006. NRe cluster size distribution is
found to be an exponentially decaying function. &€ia information on cluster
formation from nano-objects can help to design andineer nanostructured films
and materials by self-assembly. Our results prina kbel-free optical biosensors
could be useful in investigating self-assembly psses in nanotechnology.

Figure 1 lllustration of nanoparticle cluster buildup froappositely charged patrticles.
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Automated single cell sorting and deposition in subicroliter
drops

R. Salanki*?, T. Gerecsei’, N. Orgovan®?, N. Sandor®, B. Péter’, Zs. Bajtay”,
A. Erdei®®, R. Horvath', and B. Szab6'”
! Doctoral School of Molecular and Nanotechnologies, Univ. of Pannonia, Veszprém
% Department of Biological Physics, ELTE, Budapest
® MTA-ELTE Immunology Research Group, ELTE, Budapest
* Department of Immunology, ELTE, Budapest
® CellSorter Company for Innovations, Budapest

Automated manipulation and sorting of single célsstill challenging tasks. We
applied a computer controlled micropipette systamaomicroscope with 80 PCR
tubes to be filled with single cells in a cycle. \W&ed NE-4C neuroectodermal mouse
stem cells and human primary monocytes in our expats. After picking NE-4C
cells and monocytes from a Petri dish we could lgetgposit single cells inside tiny
drops, as it is a crucial parameter e.g., sequgnEqguires expensive reagents. The
number of cells deposited in a drop could be docuatkeby imaging the Petri dish
before and after sorting. Deposited droplets (E&.on the cover slip were inspected
both in phase contrast and fluorescent modes {fig.) to ensure the recognition of
cells. We determined which drops contained zermlsior multiple cells. Single NE-
4C deposition rate was 94 = 2 % and 6 + 2 % ofditops contained zero cells. We
did not detect multiple NE-4C cells in the dropgy(R.d). In case of monocytes 54 +
4 % of the deposited drops contained single ceils 32 £ 5 % of them did not
contain any cells (Fig. 1e). Minimum drop volumesw@4—0.7m with a sorting
speed of 15-20 s/cell. We used novel device allgwiomputer controlled single cell

manipulation in a cell culture.

Single cells were successfully
picked up from Petri dish and

deposited into PCR strips or
onto glass cover slips inside tiny
drops. The system also could be
flexibly programmed to pick up

more cells one-by-one in a cycle
and deposit them into the same
tube. We propose that our

Figure 1 Single cells in small drops. (a): 15 straightforward and flexible
drops of culture medium on a cover slip Withsetup with the automated

single NE-4C cells inside after deposition. Phas?‘nicropipette opens an avenue
contrast (b) and fluorescent (c) images of a singl?Or sinale cell manipulations like
intact cell inside a drop. Arrow points to the cell. 9 pule .
inside a drop. Drop volumes were 0.7+0 @&or |_solat|on for further investiga-
NE-4C and 0.3740.0%% for monocytes. Statistics tions, . e.g. DNA or RNA
is shown in panel (d) and (e). analysis.
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Single Cell Adhesion Assay Using Computer Controlte
Micropipette

R. Salanki*? Cs. H s® N. Orgovan?, B. Péter', N. Sandor”, Zs. Bajtay’, A. Erdei*®,
R. Horvath', andB. Szab6*®

! Doctoral School of Molecular- and Nanotechnologies, Univ. of Pannonia, Veszprém
2 Department of Biological Physics, ELTE, Budapest
® Department of Hydrodynamic Systems, BUTE, Budapest
* MTA-ELTE Immunology Research Group, ELTE, Budapest
®> Department of Immunology, ELTE, Budapest
® CellSorter Company for Innovations, Budapest

Cell adhesion is a fundamental phenomenon vitalafbmulticellular organisms.
Adhesion of leukocytes to specific macromoleculesain important step of the
immune response. However, techniques that cantlyineobe the adhesion force of
single cells (e.g., AFM) have very low throughptfO cells per experiment. Here,
we introduce a computer controlled micropipetteiganent for probing single cell
interactions with specific macromolecules. We chited the estimated
hydrodynamic lifting force acting on target cellg the numerical simulation of the
flow at the micropipette tip. The adhesion forcesofface attached cells could be
accurately probed by repeating the pick-up proeatsincreasing vacuum applied in
the pipette positioned above the cell. Using thisthadology, populations of
hundreds of cells adhered to specific macromolscwiere measured one by one in a
relatively short period of time (~30 min). We stullithe adhesion force between
individual human white blood cells and specific muagolecules with micropipette
technique. We found that human primary monocytesless adherent to fibrinogen
than their in vitro differentiated descendants: rophages and dendritic cells, the
latter producing the highest average adhesion f@Fig. 1). These results were
reinforced in standard microfluidic shear stressnctels. The automated micropipette
gave higher sensitivity and less side-effect thaa ghear stress channel. As a next
step the molecular background of the wide distidyubf adhesion force in the same
cell type can be explored using the automated mpipedte combined with fluorescent
labelling of cell surface adhesion proteins anglsicell RNA sequencing.

Figure 1 Ratio of adherent dendritic
cells and macrophages on fibrinogen and
PLL-g-PEG surfaces at different
estimated lifting forces, as was measured
with the automated micropipette. *
indicates significant difference between
the ratio of dendritic cells and
macrophages on fibrinogen, P < 0.05 (t-
test).
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Enhanced protein adsorption and cell adhesion on
nanostructured titanate nanotube coatings

J. Nador, N. Orgovan, M. Fried, P. Petrik, A. Sulyok, J. J. Ramsden, L. K rdsi, and
R. Horvath

A new type of titanate nanotubes (TNT) were usedataricate nanostructured
coatings from additive-free sols, using a simpéest,finexpensive, room temperature
spin-coating method. The prepared coatings weregactexized by atomic force
microscopy (AFM), showing that the nanostructurednd are densely packed
(Fig. 1). The thicknesses of the coatings were adtarized by spectroscopic
ellipsometry and optical waveguide lightmode spestopy (OWLS), which revealed
that the layers are 7—14 nm thick. After the maiatee of light-guiding capability of

the TNT-coated waveguide biosensors was
demonstrated by OWLS, protein adsorption
carried out by the same device. The measure-
ments revealed that the surface-adsorbed mass
density of bovine serum albumin (BSA) was
increased by 90% on the TNT coating compared to
the uncoated surfaces.

Similar measurements were made with HEK293
Figure 1 A typical AFM cells and MC 3T3-E1 pre-osteoblasts (Fig. 2)
image of a TNT layer. using a laboratory-built OWLS device dedicated
to live cell studies. In these cases significantly
enhanced cell adhesion could be observed on the
nanostructured coating.

Another experiment was made where HEK293
cells were cultured on TNT-coated and uncoated
glass plates in an incubator and phase contrast
images were taken each day with an inverted

Figure 2 OWLS measure- microscope. The images of the two plates looked
ment of the preosteblast cells. similar for six days. On the seventh day the cells
were washed using an intense flow (350 uL/s) of

cell culture medium and the surfaces. The subsealyuerken images showed that
while most of the cells were removed from the utedalates, the cell number on
the TNT-coated surface remained almost the samebedsre washing. These
experiments revealed that the cells adhered muate stoongly on the TNT layer.
The results obtained could be further exploitedranious directions. Increasing the
specific surface area on surface-sensitive optibgls improves their sensitivity by
enhancing their analyte capture capacity. Thesendte nanotube films could
potentially be also used as cell adhesive coatimgsedical implants. The simplicity
and universality of the room temperature fabricatjsrocess makes this type of
coating a particularly promising candidate for sapiplications.
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Sample handling in surface sensitive chemical andddogical
sensing: a practical review of basic fluidics andraalyte
transport

(“Lenduilet” grant LP2012-26/2012 of HAS)

N. Orgovan’, D. Patkd, Cs. H s? S. Kurunczi, B. Szabé, J. J. Ramsden**,
and R. Horvéth

! Department of Biological Physics, ELTE, Budapest, Hungary
2 Department of Hydraulic Machines, BME, Budapest, Hungary
% Clore Laboratory, University of Buckingham, MK18 1EG, UK

* Centre for Molecular Recognition, Collegium Basilea (Institute of
Advanced Study), Hochstrasse 51. CH-4053 Basel, Switzerland

In a recent paper we give an overview of the acage® and associated caveats of
the most common sample handling methods in sudeositive chemical and
biological sensing [79]. Therein we summarize tlasid theoretical and practical
considerations one faces when designing and assenibe fluidic part of the sensor
devices (Fig. 1). The influence of analyte sizes tise of closed and flow-through
cuvettes, the importance of flow rate, tubing léngind diameter, bubble traps,
pressure-driven pumping, cuvette dead volumessantple injection systems are all
discussed [79]. Typical application areas of palic arrangements are also
highlighted, such as the monitoring of cellular esibn, biomolecule adsorption-
desorption and ligand-receptor affinity binding.

Our work is a practical review in the sense that évery sample handling
arrangement considered we present our own expetangata and critically review
our experience with the given arrangement. In thgegmental part we focus on
sample handling in optical waveguide lightmode $pscopy (OWLS)
measurements (Fig. 1), but the present study iallsgapplicable for other biosensing
technologies in which an analyte in solution istoagd at a surface and its presence
is monitored. Explicit attention is given to featarthat are expected to play an
increasingly decisive role in determining the reilidy of (bio)chemical sensing
measurements, such as analyte transport to thsorsesurface; the distorting
influence of dead volumes in the fluidic systeml éime appropriate sample handling
of cell suspensions (e.g. their quasi-simultanemposition).

At the appropriate places, biological aspects tyossated to fluidics (e.g. cellular
mechanotransduction, competitive adsorption, blbma in veins) are also discussed
and compared to their models used in biosensing.
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Figure 1 Schematics (not to scale) showing an OWLS devite avibasic flow-
through fluidic system (bottom); and the bottonT békthe parabolic flow profile inside
the cuvette (top). Any kind of surface processnigestigated, the reliability of the
kinetic data is severely dependent on the approgrifluidic design and on a
considerate and reproducible fluid handling strated\t the bottom: the inlet tube
connects the OWLS flow-through cuvette (mountethergoniometer) with a sample
reservoir. In between, a bubble trap is seen. Tdrstant flow of analyte is engendered
with a peristaltic pump, and the outlet tube ledlds overflow to a waste container.
Although this is considered to be a basic fluidistem, its constituting elements, or the
way the liquid samples are handled may severelyente the kinetics of the surface
process which has to be quantified.At the top: weatransport and shear stresses in
the cuvette. In biosensorics, the engendered 8awpically laminar and, thus, the flow
profile is parabolic. Close to the walls of the itudp or that of the cuvette, convection is
negligible and solutions are exchanged via diffosithis layer is called diffusion
boundary layer (arrow to the left). An analyte (eagorotein) may adsorb reversibly or
irreversibly to the sensor surface, or may desodmfthere (with corresponding rate
coefficients of k k, and kg ); causing changes in the local refractive indeich is
eventually detected. The biosensor also enablepréfsence and activity of living cells
seeded on the sensor surface to be monitored, wth@enerally only the bottom
portion of the cell can be probed (i.e. the sensiagth — shown as a reddish layer, and
marked with a red arrow to the right — is only 1200 nm). OWLS in combination with
appropriately designed flow-through fluidic systecas be used to apply well-defined
shear forces (§ onto cells attached to the sensor surface, anditmotheir response
(cellular mechanotransduction) [79].
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Label-free optical monitoring of the adhesion and greading of
human cells

(“Lendulet” grant LP2012-26/2012 of HAS)

N. Orgovan', R. Ungai-Salanki, N. Sandor?, Zs. Bajtay®, A. Erdei*®, B. Péter,
Sz. B sze®, J. J. Ramsden®®, B. Szabé', and R. Horvath

1 Department of Biological Physics, ELTE, Budapest, Hungary
2 Immunology Research Group, MTA-ELTE, Budapest, Hungary
3 Department of Immunology, ELTE, Budapest, Hungary
4 Research Group of Peptide Chemistry, MTA-ELTE, Budapest, Hungary
5 Clore Laboratory, University of Buckingham, MK18 1EG, UK
6 Centre for Molecular Recognition, Collegium Basilea, Switzerland

The inherently dynamic nature of cell adhesion apteading has hitherto been
very rarely investigated, simply because few are tdchniques that enable these
processes to be specifically monitored with adezjdata quality, especially without
the incorporation of labels that may potentiallytpeb cellular behaviour [80]. As
exceptions, surface-sensitive label-free biosensoitable for cell-based assays are
inherently capable of generating good quality kinetata. Evanescent field-based
label-free optical biosensors are considered t@dpecially perspective to monitor
surface adhesion, since they detect refractiveximti@anges only in the relevant ~150
layer above the substratum. The optical biosersspanse is integrating changes in
both the size of the contact area, and the optleakity therein (dependent on the
extents of actin polymerization, integrin clusterimdhesion complex formation and
maturation, etc.), therefore it is a more accunaeasure of cell adhesion and
spreading than the ones predominantly used in stome image analysis [80]. First,
we exploited the potentials of a single-channeloapthiosensor, optical wavelength
lightmode spectroscopy (OWLS), to measure how tileesion and spreading of
primary human monocytes depend on the serum caatiemt level of the bathing
medium [83, 84]. By simultaneously monitoring thesjion and overall width of the
OWLS resonant peaks, we could distinguish the céfra index variations induced
by the adsorption of secreted material from reivacindex changes provoked by
cellular spreading. Our data indicated that thetrmdensive spreading activity took
place at intermediate serum concentrations (0.0(8%)84]. Next, we used a high-
throughput label-free optical biosensor, the Epen&Top (BT), to determine the
dependence of cell spreading kinetics on the aeesagface densitynggp) of
integrin ligand RGD-motifs [80] . Spreading kinatigvere fitted with the logistic
equation to obtain the spreading rate constanta(d the maximum biosensor
response Bl o). was found to be independent of the surface demsdi integrin
ligands. In contrastPl n, increased with increasing RGD surface density aip t
saturation at high densities. Interpreting theelatiehaviour with a simple kinetic
mass action model, 3D dissociation constant of ¥@0wvas obtained for the binding
between RGD-specific integrins embedded in thetiveacell membrane and the
surface-immobilized RGD [80, 81, 82, 84].
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Intrinsic structure of biological layers: Vertical inhomogeneity
profiles characterized by label-free optical wavegule
biosensors

K. Juhasz*?, and R. Horvath?

! Doctoral School of Molecular- and Nanotechnologies, University of Pannonia,
Veszprém, Hungary
2 Nanobiosensorics Group, Institute of Technical Physics and Materials Science
(MFA), MTA TTK, Budapest, Hungary

The adsorption of various biological species andemdes is a complex process.
The surface sensitive label-free optical systenfierofaluable tools for the in-situ
monitoring of the adsorption with high sensitivitly.many cases the assembled layers
are optically inhomogeneous, both parallel and @edicular to the sensor surface.
However, most of the label-free sensors measui@varaged signal, and from this it
is challenging to determine the inhomogeneitiesmitical simulations can help the
deeper understanding of the effect of layer inhoenegfies on the sensor surface.
Optical waveguide lightmode spectroscopy (OWLS) isbel-free optical biosensor,
successfully applied to analyze different typebiofogical layers [36].

Recent papers presented some refractive indexigsqgierpendicular to the sensor
surface with biological relevance. We systematycailvestigated the limitations of
the widely applied homogeneous and isotropic thilayer modelling when various
vertically inhomogeneous refractive index profilge deposited on the surface of the
waveguides. In this study the step-index, lineapomential and Gaussian profile
(Fig. 1) was characterized on three types of ciy/2400, TaOs, Reverse. Transfer
Matrix Method based numerical simulation of homagyais thin layer modelling and
weighted optical averages providing a basis to @mghe averaged effect of various
refractive index profiles.

Figure 1 Examples of vertically inhomogeneous refractidek profiles treated in the
present work (Khmax= 1.5, th = 30 nm).
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The limitations and the possible errors of the hgam®ous thin adlayer model are
pointed out (Fig. 2). It is shown that for all difetvertically inhomogeneous profiles
the refractive index obtained from the homogenedhs layer modelling
underestimates the true averaged refractive indexhe layer. The calculated
thickness can be over- or underestimated, evemdalp negative values in some
cases. This behaviour is similar to what was olesefer positively birefringent thin
adlayers treated with the homogeneous and isotropdel.

Figure 2 The refractive index and thickness calculatednfrthe homogeneous and
isotropic thin adlayer model for vertically inhomageous profiles with total thicknesses
between 0 and 500 nrfa): step index,(b): linear, (c): exponential (solid lines) and
power law (dashed lines)d): Gaussian (solid lines) and shifted Gaussian (@ash
lines) refractive index profiles deposited on theZ0, TaOs and reverse waveguides.
The averaged refractive index and thickness vataksilated are also shown.
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The main research area of the group is the invasdig of non-equilibrium systems
by means of statistical physics mainly grouped agomany-player evolutionary
game theoretical models.

In evolutionary potential games their investigatiorelated to the derivation of
potential have revealed that properties of therauttons described by payoff
matrices of 2 by 2 and 3 by 3 elements can be dposed into elementary
components of four classes. In three elementaryegamilies the potential is easily
determined, while cyclic games of the fourth class/ent the existence of potential.

They have discovered that a stochastic synchrorsbedegy update (with spatial
cyclic interaction) describes an oscillating pattearmation. A more complex pattern
formation characterizes the same model if the attéon is described by a rock-
paper-scissors game. The interpretation of thesn@hena was helped by their
previous studies of Ising models and strategy é&sogs.

They have shown that the statistical physical stoflydynamical processes on
random graphs can be advantageously used in leséarch and in the interpretation
of social and biological phenomena. Thus the eféé¢he topological features of the
network can be clarified in slowly decaying (Gtitffiphase) and flashing phenomena.

Their analysis of folk music is interwoven with nencal analysis of genetic and
linguistic kinship. A new element is the investigat of the distribution and overlap
of the most typical melodies of the full melody epan order to identify the musical
proto-language and thereby exhibiting potentiatkip.
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Fourier decomposition of payoff matrix for symmetric three-
strategy games

Gy. Szabo, K. S. Bodé, B. Allen, and M. A. Nowak

In multi-agent evolutionary games the pair intamatt are characterized by the
elements of a payoff matrix and they can be comsdlas the elements of a vector
[112]. The latter analogy can be exploited by clvogps suitable orthonormal set of
basis matrices reflecting the relevant symmetiiéss approach has justified that any
payoff matrix is decomposable into the linear camakibn of elementary games that
are classified into four types of interactions: atésng self- and cross-dependent
payoffs, coordination, and cyclic interactions. dfg 1 shows snapshots for two
equivalent coordination games that can be mappdd each other with the
transformation justifying the equivalence betwedm tferromagnetic and anti-

ferromagnetic Ising models.

Figure 1 Strategy distributions on a square lattice durthg domain growing process
for the three-state Potts model (left) and for aets relatives (right) obtained by
exchanging the labels of two strategies in ondefsublattices.

From pairwise to group interactions in games of cylic
dominance

A. Szolnoki, J. Vukov, and M. Perc

Patterns resulting from cyclic dominance are comnmonature. Can we read out
the microscopic invasion rates between competingicgazants by studying the
resulting pattern formation? To answer this questi@ have studied [127] a spatial
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rock-paper-scissors game, where three stratege®ally dominate each other with

different probabilities. We have assumed that thieraacopic invasion between

species is proportional to the payoff differenceptdyers This modification allows

extending the range of the interaction length betweeighbours. Thus, we could not
only consider the "pair" interaction when the twaompeting players interact only

with each other, but also explored the case of fmw@ight nearest-neighbours.

We have found not only quantitative, but
also qualitative differences between the
phase diagrams, depending on the
interaction range. Fig. 1 illustrates the
difference between the von Neumann and
Moore interaction ranges. Regions in the
plane of control parameters where
different interaction ranges yield different
phases are labelled in white, while regions
with the same phases (quantitative
differences only) are labelled in black.
The microscopic explanation of this
difference is that increasing the interaction
Figure 1 Phase diagram differences range leads to indirect multi-point
between von Neumann and Mooreinteractions between players that may not
interaction ranges. be directly connected via the interaction
network and which in the absence of group intepastiwould not be involved in the
same elementary invasion processes. We have mdath@aénvasion rates between
competing species in the absence and presencerafpirties. Fig. 2, showing the
evolution of the excess frequency between two caeimgpestrategies, illustrates that
guantitative (Fig. 2a) and qualitative (Fig. 2bifetiences emerge as a consequence of
the larger interaction range when third-party ptayare presentN; versusNs). In
case of "pair" interactions the differences areeabsetween the evolutions of
P, andPs.

Figure 2a Figure2b
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Aging in surface growth models

(OTKA T77629)
G. Odor, and J. Kelling

Physical aging occurs in different systems suchglasses, polymers, reaction-
diffusion systems, or cross-linked networks. Agimgcurs naturally in irreversible
systems, relaxing towards non-equilibrium statignatates. In aging systems the
time-translation invariance is broken and they best characterized by two-time
guantities, such as the dynamical correlation asponse functions. The Kardar-
Parisi-Zhang (KPZ) equation describes the evolutmin a fundamental non-
equilibrium surface growth model and exhibits adirgnaviour. The state variable is
the height functiom(x,t) in the d-dimensional space:

Thx,0) /7t = s A2h(x,t) + (WFhxt)2 + AxY)

where/i(x,t) is an uncorrelated Gaussian noiseand denote couplings.

Dynamical simulations have been performed or2€l)-dimensional driven dimer

lattice-gas model to estimate aging properties.[T8e autocorrelation (Fig. 1) and
the auto-response (Fig. 2) functions are determanedi the corresponding scaling
exponents are tabulated. By simulations on botptgea cards (GPU)-s and clusters
of CPUs we have determined the aging exponentshfsruniversality class. Since
this model can be mapped onto ti2e-X)-dimensional KPZ surface growth model,
our results provide an important contribution te tinderstanding of the universality
class of that basic non-equilibrium system. Thdgserance of the GPU code on a
Fermi card is about 230 times higher than that 6P& program on an I5 Intel core.

Figure 1 Autocorrelation function scaling  Figure 2 Autoresponse function scaling for
of the height variables for L ='2, s = 30 L = 22 (CPU), s = 100, triangles, and s =
(bullets) and s = 100 (squares) and L ¥*2 30, dots, and L =2 (GPU), s = 30, circles,

s = 30 (line). The dashed line shows a ands =100, squares. The dashed line shows
power-law fit for t/s > 10 with the slope  an asymptotic fit»(t/s) +2*®for the L = 2%,
1.21(1). Inset: Local slopes of the L ='% s = 30 data in the10 < t/s < 50 region. Inset:

s = 30 data. The dashed line shows a power- Local slopes of the L =2, s = 30.

law fit. .
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A search for hidden roots of oral musical traditiors in Eurasia
and America using the self organizing cloud algortim

Z. Juhész

The main ethnomusicological contribution of thisriwB6] is that a significant part
of the similarities revealed by a comparative study36 folk music cultures in
Eurasia and America can be traced back to certalhidentifiable subsets of melody
types simultaneously appearing in well identifiapgl®ups of musical cultures. We
attribute this phenomenon to the effect of certairsical “primal languages'.

The main technical tool for this study was the nedéveloped Self Organizing
Cloud (SOC) learning algorithm. We have shown thatSOC algorithm allows us to
determine the central points of the local condéosatof a multidimensional vector
system more accurately, and also produces a moeguate mapping of the
relationships than the 2D lattice of Kohonen's S@lganizing Map (SOM). We
applied the system to find subsets of melody cantgpes jointly appearing in
different musical cultures, as well as to find grswf cultures having many common
melody types. Figures 1b and 2b show the musical ofi&00 contour types learned
by the SOC using a melody database counting 50f6lB8ongs belonging to 36
different musical cultures. Black dots in Figurds dnd 2b represent melody types
having the most variants in well defined subsetsthe 36 folk music cultures
simultaneously. Figs. 1a and 2a shows the meanbdiBbn of the variants of these
types among 36 musical cultures.

Figure 1 Black dots in Figure 1b  Figure 2 Black dots in Figure 2b
represent melody types having the most represent melody types having the most
variants in Finnish, German, variants in Chinese, Volga-region,
Luxembourgian, French and Dutch folk Turkish, Karachay, Hungarian,
music cultures simultaneously. Figure 1a Romanian, Dakota and Andean musical
shows the mean distribution of the cultures simultaneously. Figure 2a
variants of these types among 36 musical shows the mean distribution of the
cultures. variants of these types among 36
musical cultures.
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