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DIRECTOR’S FOREWORD

2010 brought about an ,.earthquake” in Hungary’s debt-
prone economy. After a landslide election victory the new
government inherited a severe economic crisis, which had to
be countered with immediate central measures, also affecting
innovation financing and the continuation of domestic R&D
projects. The adverse impact of the (hopefully temporarily)
suspended payments and discontinued calls has been very
serious, especially on international collaborations co-financed
by the EU and the Hungarian innovation agency. We were
even ourselves astonished in such circumstances to register
a still formidable performance of MFA in financial terms, albeit registering a
setback of almost 1 million € in last year’s budget.

The most important organisational change in the life of our institute was that the
President of the Hungarian Academy of Sciences appointed the six members of the
External Advisory Board (EAB) of MFA, who were nominated by the supervising
Department of Physical and Technical Sciences and the MFA management. The
head of the EAB is Prof. Janos Kertész, and the foreign members represent
fundamental science (Prof. Lars Hultman from Uni. LinkOping, Sweden) and
targeted research (Prof. Lothar Frey from Fraunhofer IISB, Erlangen, Germany).
Their mandate is to provide the director with independent advice for eventual
necessary modifications and adjustments in scientific terms. The President of the
Academy also expects them to provide an overall assessment of the activities and
progress of the research based upon their regular judgements every three years.

Regarding the scientific-technical achievements, the past year was definitely a
success for MFA, as confirmed by the EAB. Besides scientometry, the visibility of
MFA activities was enhanced by better PR policy, by our contributions to education
support and popularisation of science, research and nanotechnology in particular.
Thanks to the consistent policy of the MFA management to invest heavily from
own resources in the continuous improvement of the research infrastructure, we
were able to acquire more support from European framework projects, and expand
our R&D cooperation with domestic and foreign industrial partners, which enabled
us to survive in the harsh economic environment. In this regard the institute profited
from being leader of the National Technology Platform for Integrated
Micro/nanosystems (www.imntp.hu), the Hungarian partner of the European
Technology Platforms for Nanoelectronics ENIAC and Photovoltaics. The initial
financing for setting up the IMNTP bureau ended in March, but MFA tries to find
other ways to continue operation of this office (headed by Dr. Krisztina Szakolczai).

The year 2010 could be justly called the “year of graphene”, not only because of
the Nobel Prize in Physics to Geim and Novoselov, but also for the success of MFA
researchers particularly in this field. The internationally pioneering contributions of
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the group headed by Prof. Laszl6 P. Bir6 brought several acknowledgements. Péter
Nemes Incze (Ph.D. student) obtained last year (as the third MFA member) the
prestigious distinction of Junior Prima Prize in physics. MFA was one of the two
research institutes of the HAS obtaining the support of the Research Council for
Fundamental Science and Technology of the Korean Republic (KRISS). The new
Joint Korean-Hungarian Laboratory for Nanosciences was opened at MFA by the
presidents of KRISS and HAS on 27 October 2010 and will be operated for three
years financed by the Korean partner. The head of the laboratory, L.P. Bird, obtained
on 10 December 2010 the Charles Simonyi Research Grant for his spearhead research
on carbon and biological nanostructures.

Péter B. Barna, professor emeritus of our institute, was honoured for his life-
achievement in thin film science by the 2010 Prize of the International Vacuum
Union. On 25 August he held a well received plenary lecture at the 18th International
Vacuum Congress in Peking where the IUVSTA Prize was handed over to him.

A further appreciation of MFA was this year is the election of Istvdn Barsony,
the Director of the institute by the General Assembly of the Hungarian Academy of
Sciences to corresponding member of the HAS. On 9 December he delivered his
inaugurate lecture entitled: “Interfaces — interactions — integration”.

Mikl6és Menyhard, scientific advisor and head of the Scientific Council of MFA
was decorated by the Knight Cross of the Order of Merit of the Hungarian Republic
on 23 October for his scientific and organisational achievements.

Péter Aratd, scientific advisor of MFA, became Doctor Honoris Causa of the
University of Miskolc for his decade-long support of education and research at the
University.

The representatives of MFA, the Pazmdny Péter Catholic University and their
2008 spin-off company TactoLogic were awarded the Millenium Prize of the
Hungarian Patent Office on 22 April 2010 for the “efficient enhancement and
protection of their intellectual property”.

A record number of six Ph.D. degrees were obtained in 2010 by young MFA
researchers: Anita Pongricz (BME), Eniké Horvith (BME), Krisztidn Kertész
(BME), Fanny Misjdk (ELTE), Csaba Major (SZTE) and Krisztina Szakolczai (PE).
Their scientific contribution is paramount for ensuring a continuous adaptation of the
research programme and level of research at MFA to international trends and
standards!

Five postdoctoral colleagues received in 2010 the prestigious Janos Bolyai
Research Fellowship of HAS: Krisztidn Kertész, Norbert Nagy, Attila Szolnoki, Janos
Volk and Zsolt Zolnai.

Important manifestations of the growing influence of our institute in the scientific
life of Hungary are the assignments in research funds and associations as well as the
election of MFA members to representative bodies. Three of our colleagues, Gabor
Battistig, Janos Labar and Béla Pécz were elected as doctoral representatives in the
General Assembly of HAS. Béla Pécz became the President of the Hungarian
Microscopic Society for the coming four years. Laszlé P. Biré was elected as member
of the Collegium for Technology and Natural Sciences of the Hungarian Research
Fund OTKA for three years.
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A pioneering but meanwhile traditional activity of our institute is the organisation
of the yearly Summer Camp for junior high school students under the motto “Let’s
learn from each other”. From 21-25 June 2010 we again hosted 23 children (15-17
year old) from the schools of the whole Carpathian Basin at our laboratories, thanks
to the enthusiastic guidance and support from our whole staff. Some of the best
reports written by the children after one week of research at MFA were last year even
published in the popular periodical “Elet és Tudomény”. The institute’s Open Day (12
November) and the lecture of 1. Barsony and J. Volk “From microelectronics to
nanosensorics” held for youngsters in the frame of the action “Students at the
Academy” (November 11.) were well visited and received. Over ten young university
students (BSc and MSc) were awarded some prize at their universities competitions
for their scientific projects carried out at MFA and were invited to the national
competition in several categories. All these activities and efforts serve the
popularisation of scientific studies and the motivation of young students to select the
unfortunately still understated career as researcher later on — and our consequent
efforts seem to bear fruits!

Lack of resources did not block our striving for improvement of research
conditions. Although only a few smaller instruments could be purchased the
preparation and tender for more substantial investments were completed in 2010. The
official inauguration of the reconstructed technology complex by the President of
HAS in the presence of the press took place in March. We also rebuilt two
laboratories and two offices for the Nanostructures Department, and two offices for
the administration. The Quality Assurance System was continued, and four
laboratories of MFA (Ellipsometry, Nanolab, Microtechnology and Spectroscopy)
were rated Strategic Infrastructure by the national authority. The Spectroscopic
Ellipsometry obtained as Test Laboratory accreditation in 2010.

Despite the above financial difficulties, MFA is well on track — as was noted by
the External Advisory Board. The coming year will be even more critical to manage,
to maintain and even widen the international collaboration will require more
concentrated efforts. Nevertheless we hope that the opportunity of an MFA staff-
expansion by 20 coworkers, which we obtained by initiating a multidisciplinary
collaboration in the new HAS Q2 research complex at the Lagymdnyos university
campus with the partner institutions in chemistry and biology under one roof, will
widen our horizon and increase the attractivity of this exciting and exploding
materials research field of nano-bio integration.

Budapest, 15 February 2011

Istvan Béarsony
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Key Financial Figures
The total budget of MFA in 2009 reached a similar level of about € 6.5 million as in
the previous year with significantly improving indices. Beside the decreasing
subsidies in 2009 the higher level of the budget of the Institute was mainly facilitated
by the increasing success in the participation in international projects.

MTA MFA Budget Totals
1143 1486 1471 1398 1765

1800 @ Investment Subsidy
1600 E Miscellaneous
1400 O Pilot Producti
1200 ilot Production
1000 OR & D Contracts
800 O International Projects
600 M Domestic Projects
400 B Subsidies
200

2006 2007 2008 2009 2010

Despite the marginal central investment support, in the last period the research
infrastructure of the Institute developed substantially, and in 2009 a significant
restoration and extension of the clean room area has been also processed.

Research Infrastructure
Development and Maintenance

149 373 142 69 221

[ Restoration

300 Spending

250 O Investment from

200 Own Resources

150 | @ Central
Investment

100 | Support

50

2006 2007 2008 2009 2010
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Publications & Citations of MFA

According to the independent database of Thomson Reuters, the institute has kept an
average publication activity of nearly 100 scientific papers per year during the past
decade.

Publications of MFA (source: IS| Web of Science)

100

2001 2002 2003 2004 2005 2006 2007 2008 2009 2010
publications 99 100 100 94 97 97 83 115 95 81

The complete 2010 publication list of MFA — with considerably more titles than listed
by ISI Web of Science —is included at the end of this yearbook.

A good measure of the recognition of MFA’s scientific activity is the h-index value of
49, and the steady growth of the number of independent citations.

Citations of MFA (source: IS| Web of Science)

2500
H Self-citations

2000 O Independent citations

1500 |

1000

500

2001 2002 2003 2004 2005 2006 2007 2008 2009 2010
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Honoured and Elected

On 22 April 2010 the representatives
of the Pdzmdny Péter Catholic
University, and MFA, Tamds Roska
and Istvdan Bdrsony, as well as Attila
Kis, the acting manager of their 2008
founded spin-off company, TactoLogic
Ltd. were awarded by President
Miklos Bendzsel with the Millenium
Prize of the Hungarian Patent Office
for the “efficient enhancement and
protection of their intellectual

property”.

EYFF Y IVILI oo
F;'I)m_'m !

B Ppis
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The director of MFA, Istvdn
Bdrsony was elected by the
Assembly of Academicians of HAS
corresponding member of the
Hungarian Academy of Sciences in
May 2010. He held his
inauguration  lecture  entitled
“Interactions, interfaces,
integration” on 9 December 2010.

The
IUVSTA
On 25 August 2010 Péter B. Prize
Barna, professor emeritus of our
institute, was honoured for his
life-achievement in thin film
science by the 2010 Prize of the
International Vacuum Union.
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" On 23 October 2010 Miklés Menyhdrd, the head of
the Scientific Council of MFA was decorated by the
Knight Cross of the Order of Merit of the Hungarian
Republic.

On 24 November Péter Nemes-Ince receaved Junior Prima prize in science,
acknowledging his original method to process graphene layers placed onto SiO, surface
with nm accuracy.

On 10 December 2010 Prof. Ldszlo
Péter Biro of MFA received the
Charles Simonyi Research Grant for
his spearhead research on carbon and
biological nanostructures  from
Minister Miklos Réthelyi, President of
HAS Jozsef Pdlinkds and Lajos
Keszthelyi, Chairman  of  the
Curatorial Board.




HIGHLIGHTS

Graphene nanoarchitectures with zigzag edges on SiO,
OTKA-NKTH grants 67793, 67851 and 67842)
P. Nemes—Incze, G. Magda, K. Kamaras, and L. P. Bir6

Graphene has many advantageous properties, but its lack of an electronic band gap
makes this two dimensional material impractical for being used in digital
nanoelectronics, for example field effect transistors for digital applications. This
problem can be circumvented by opening up a confinement induced gap, through the
patterning of graphene into ribbons having widths of a few nanometres. The
electronic properties of such ribbons depend on their size and the crystallographic
orientation of the ribbon edges. Therefore, etching processes that are able to
differentiate between the zigzag and armchair type edge terminations of graphene are
highly sought after. Our group has shown for the first time that such a controllable,
anisotropic, dry etching reaction is possible and we use it to obtain graphene ribbons
with zigzag edges [98].

Using the carbothermal reaction of the graphene layer with the SiO, substrate itself
we can etch hexagonal etch pits into graphene layers, with the pit edges having zigzag
edge terminations (as revealed by STM investigation). During carbothermal etching
the carbon of the graphene layer edges reduces the SiO, substrate material into SiO
itself being oxidized at 700 °C in an argon atmosphere.

A= width: 35 nm

' ' ' ' ' '
0 2 8@ 75 10 12%nm

F— R

Figure 1. (a) The result of AFM indentation: a 3x3 matrix of holes in graphene. (b)
AFM micrograph of the hexagonal holes grown from the defects induced by indentation.
Scale bars 500 nm. (c) The image shows a 3D AFM image of a graphene nanoribbon of
about 35 nm. The AFM height profile has been acquired at the place shown by green
arrows. The inset in the right lower corner shows a scheme of the corresponding atomic
structure. (d) The image shows a junction of 3 nanoribbons, with the ribbons having
widths of: 93, 100, 101 nm (starting from the upper left ribbon, going clockwise).
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We have also demonstrated that the starting positions for the carbon removal reaction
can be tailored at will with precision. The staring point of the carbothermal reaction
can be controlled by introducing defects into the graphene layer at pre-planned
locations. This can be easily achieved, by piercing the surface of the graphene layers
using an AFM tip (see Fig. 1a and 1b). Our etching technique is a straightforward and
powerful tool to tailor graphene layers in a crystallographically oriented manner by
using the hexagonal holes as building blocks for more complex graphene structures,
such as graphene nanoribbons (Fig. 1c and 1d).

In collaboration with researchers from the Max Planck Institute for Solid State
Physics in Stuttgart, we have been able to measure the Raman spectra of the graphene
nanoholes with zigzag edges (Fig. 2), comparing these spectra with data obtained on
circular etch holes. The circular holes contain both armchair and zigzag edge
terminations, therefore, the difference in the Raman spectra (Fig. 2) is the first
experimental confirmation of the theoretical predictions on the absence of the double
resonance scattering mechanism responsible for the so called D peak (1350 cm™) in
the Raman spectra of zig-zag edges [71].

The process described here shows great promise in the fabrication of graphene
devices having zigzag edges, helping to unlock the experimental aspect of a field of

Intensity (arb.units

PR 1 o W
1200 1500 2600 2900 12000 1504 2000 2900
Raman shift fcmi ') Raman shift (om™")

Irtensity (arb. units)

i | IR I T | e T . |
1200 1500 2600 2900 1200 1500 2500 2900
Raman shift (em ") Raman shift {om ")

Figure 2. Scheme of circular and zigzag edged holes in graphene. Raman spectra of a
graphene sample having round holes (upper panel) and hexagonal holes (lower panel).
AFM images of the positions where the Raman spectra on the right-hand side were
obtained (a, e). The Raman spectrum of a round hole has a strong D peak (b), whereas
the D peak for a hexagonal hole (f) is minimal and only slightly higher than the
surrounding bulk value (c and g).
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Synthesized view of nucleation and growth of elemental and
multi-component polycrystalline thin films

(Extended abstract of the plenary lecture presented at the 1 8™ International
Vacuum Congress of IUVSTA, (Beijing, August 23-27, 2010) in the
occasion of receiving the Scientific Prize of IUVSTA)

P. B. Barna

Aspects and domains of research, development and production/application of thin
films can be arranged in a so called “process chain” according to their causal
dependence. This process chain holds for every material system and production
technology. It clearly demonstrates that the study and understanding of the
mechanisms of structure evolution and their controllability by the process parameters
must be a key issue of our activity. Leaving this out of consideration, e.g.
investigating only the correlation between deposition parameters and properties, the
achieved results can not be well founded.

- ; A ¢ ; y J 1 ¥ | =
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Figure 1 Growth of In films deposited on a-C substrate at 60 °C. In situ transmission
electron-microscope experiments a) nucleation, growth and coalescence of crystals; b)
operation of co-deposited C as grain refiner additive : segregated C develops a 2D layer

on the surfaces, limits their growth and coalescence, while the encapsulation of In crystals
by the 2D carbon layer leads to repeated nucleation
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Concept of the synthesized view of the structure evolution is based on the following
conclusions: the building of the structure by atom-by-atom addition is a self
organizing process which is discussed in frames of fundamental phenomena
(nucleation, crystal growth and grain growth) as revealed by the early in situ
transmission electron-microscopic experiments (Fig. 1). These fundamental
phenomena are related to thermally activated atomic processes, like surface and bulk
diffusion, atomic interactions on and with the surface. The growth of thin films can be
described as a series of fundamental phenomena called the pathway of structure
evolution. The pathway includes also the competitive processes (crystal and grain
growth) of randomly oriented crystals nucleated on the substrate.

For contamination free, elemental thin films a femperature structure zone model
(TSZM) can be derived from constructing the pathway of structure evolution in the
characteristic temperature range (Fig. 2). This model describes the interdependent
development of grain size and shape, orientation of crystals (texture) and surface
morphology as the function of temperature and thickness.

Functional thin films are multi-component systems and both the atomic processes and
the fundamental phenomena are more complex and have to be determined for each
material system. Key issues are the understanding of the nucleation and separation of
phases and their interdependent, competitive growth as well.

In a two component system a stable single phase evolves if the condensing vapour
beam corresponds to a stoichiometric composition (a stoichiometric compound forms
and grows) or the first nucleating phase can dissolve all co-deposited species (a solid
solution forms). In these two cases the TSZM of an elemental film (Fig. 2) is valid. If
the composition of the condensing vapour beam differs from these, excess species
appear either in the bulk (leading to supersaturation) or as adatoms on the surface of
the growing phase. These excess species are acting as sources of a second phase.

ZONE 1. ZONE T. ZONE II.
random competitive restructuration
growth texture growth texture

MM T AZATT [ T [ ]
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nel 04 Zone T 0,3 Zone IT Ts/Tm

Figure 2 Derived temperature structure zone model of elemental polycrystalline films
grown on amorphous substrate.

thikness

The structure evolution of the film can be described as the growth of a single
supersaturated solid solution phase in the first case, which can later undergo phase
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separation. While, in the second case surface excess species are involved in
interplaying competitive growth of the first and second phases (Fig.3).

Excess species are built into the bulk of the growing film when surface processes are
hindered e.g. by fast deposition rate. In this case phase separation will be initiated
when thermal activation/time for bulk diffusion will have effect. Nucleation of the
new phases occurs when the activation is sufficient for that. No activation for
nucleation is a precondition for phase separation when spinodal decomposition is
possible. In this case a special nanocomposite can form corresponding to the
morphology of epitaxially interrelated domains of different composition but having
no phase boundaries between them (left side of Fig.3).
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Figure 3 Possible pathways for the formation of 2" phase.

The direct causal relations characterizing the preparation/structure evolution of thin
films are compiled in Fig. 4. An important part of Fig. 4 is the illustration of the self
organizing nature of structure evolution. It intends to show that the pathway of the
atomic processes and fundamental phenomena at any stage of structure evolution are
controlled by the actual structure of the growing surface, developed by the preceding
atomic processes/fundamental phenomena.
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texture, bulk & surface structure
are changing INTERDEPENDENTLY

CONCRETE STRUCTURAL CONDITIONS
in each moment of film growth

Y

structural preconditions

ey  FORMING PHASES

Figure 4 The direct causal relations of process parameters, atomic processes and
fundamental growth phenomena illustrating also the way of self organizing nature of
structure evolution marked by encircled arrows.

Based on this model it is proposed the study of some hot topics both theoretically and
experimentally (simulation and well controlled laboratory experiments applying the
most advanced, sophisticated analytical methods) like:

The surface processes&chemistry at atomic level and their dependence on the
process parameters (MC and MD simulation, complex analysis at atomic level

applying advanced analytical techniques).

Dependence on the pathway of surface atomic processes and fundamental

phenomena on the surface structure, e.g. role of GB-s.

The structure evolution in its entirety (in situ STM and TEM experiments).

The author has benefited from decades of close collaboration with late J.F. P6cza, A. Barna
and G. Radnéczi (MFA, Budapest), as well as continuous discussions with M. Adamik, A.
Kovacs and F. Misjak (MFA, Budapest), late R. Manaila and A. Dévényi (Inst. of Materials,
Bucharest), H. Bangert and C. Eisenmenger-Sittner (Technical University, Vienna), J.E.
Greene and 1. Petrov (University of Illinois) and L. Hultman (Link6ping University)
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Nano hydroxyapatite and polymer based bio-compatible
nanocomposites

(Supported by OTKA BIOCER, TéT HU-Korea)
C. Balazsi, G. Gergely, M. Téth, I. Kulcsar, F. Wéber, I. E. Lukacs, L. lliés, A. L. Téth

Nanomaterials used in biomedical applications include nanoparticles for molecules
delivery, nanofibres for tissue scaffolds, surface modifications of implantable
materials or nanodevices, such as biosensors. The combination of these elements
within tissue engineering is an excellent example of the great potential of
nanotechnology applied to regenerative medicine. One of this nanomaterials widely
used in tissue engineering is hydroxyapatite (HA).

Hydroxyapatite, Ca;o(PO,)s(OH), is chemically similar to the mineral component of
bones and teeth. HA is part of materials that are classified as bioactive, meaning that
it will support bone in growth and osteointegration when used in orthopaedic, dental
and maxillofacial applications. Coatings of HA are often applied to metallic implants,
especially stainless steels and titanium alloys to improve the bioactivity of surfaces.
HA can be produced from biogenic materials like coral, seashell, eggshell (Fig. 1),
body fluids and synthetic methods. Various techniques were developed for synthesis
of HA, based on solid state reactions, chemical precipitation reactions, hydrothermal
reactions, sol-gel methods and mechano-chemical methods using the combination of

100 nm

Figure 1 Macroscopic  Figure 2 SEM image of Figure 3 TEM image of HA
view of eggshell. HA produced from eggshell. produced from eggshell.

Hydroxyapatite may be employed in forms such as
powders (Figs. 2, 3), porous blocks or beads to fill bone
| defects or voids. Elaboration processes of the HA have
been optimized, nanostructural HA has been achieved
by mechanochemistry method. New products, potential
tissue engineering scaffolds have been realized by
electrospinning (Fig. 4). Our laboratory started to study
various kind of HA-polymer hybrid composites with the
new equipment purchased by Ceramics and
Nanocomposites Department.

Figure 4 SEM image of ace-
tone — propanol HA fiber.
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Electrospinning gave a three dimensional arrangement of polymer micron and
nanofibers. HA nanoparticles were dispersed in a polymer matrix (Fig. 4). This
structure has high porosity and large specific surface, consequently provides good
conditions for cell attachment, proliferation and spreading. Structural investigations
show that the distribution of the HA was homogenous and the average fiber diameter
was very uniform: 300-400nm. The EDS spectrum showed the presence of calcium,
phosphorus, and oxygen (Figs. 5-7).

Figure 5 Ca distribution.. Figure 6 P distribution. Figure 7 O distribution..

In co-operation with Department of Materials Science and Engineering, State
University of New York at Stony Brook (USA), we developed artificial bone tissue
scaffolds based on natural hybrids of cellulose acetate (CA) and nano-hydroxyapatite
(nHA) in a bio-mimicking 3D matrix architecture using a single step nano-
manufacturing technique. These scaffolds have been used for in-vitro bone
regeneration studies for up to 14 days (Fig. 8).

EiiB§ 5 (5. L et 4

J iy o g VR ",T-—,.:' 1 _' -*“.._ J( A
Figure 8 SEM images at different magnification showing the cell morphologies on
scaffolds cultured for up to 14 days. Cell attachments are shown by yellow marks.

Osteoblasts grown on these scaffolds were found to interact strongly with the HA
nanoclusters that were uniformly distributed on the CA fibers, promoting cell
elongation, growth and phenotype retention. Hexagonal apatite crystals were shown
to crystallize on the nHA seeds. The natural, open, hybrid, 3D nanoscaffolds thus
appear to be most promising bone repair agents.

In co-operation with Hallym University and Gangneung-Wonju National University
(Korea) we studied the bone regeneration of nano-hydroxyapatite (nHA) derived from
eggshell with or without silk fibroin scaffold and compared to the unfilled control in
the animal model (Fig. 9). nHA graft showed much more bone regeneration than
unfilled control in both p-CT (micro computer tomography) analysis and
histomorphometric analysis (Fig. 10). All measured variables of the p-CT analysis
showed that grafted groups (nHA and nHA+silk) were significantly higher than the
unfilled control groups in both 4 and 8 weeks after operation (p<0.05, statistically
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significant value). In histomorphometric analysis, there was no significant difference
between groups at 4 weeks after operation. However, nHA group (40.16 + 8.27 %)
was shown significantly higher bone regeneration compared to the unfilled control
(25.66 + 10.98 %) or the nHA+silk group (16.62 + 3.05 %) (p<0.05). nHA from
eggshell showed much more bone formation compared to unfilled control group in
both p-CT analysis and histomorphometric analysis. Considering that the eggshell is
easily available and cheap, nHA from the eggshell can be good calcium source in
tissue engineering (Fig. 11).

In co-operation with Department of Human
Physiology and Clinical Experimental Research,
Semmelweis University (Hungary) we tested the
biological properties of nano-hydroxyapatite
(nHA)-zirconia (ZrO,) and carbon nanotube
(CNT) composites produced by spark plasma
sintering (SPS). Biological compatibility of the
constructs was tested by seeding human bone
marrow derived mesenchmyal stem cells onto
autoclave-sterilized composites and kept under
standard cell culture conditions. Cell survival and
proliferation was monitored for 18 days with
confocal microscopy. All of the observed

Figure 9 u-CT of rabbit
calvaria showing bone regene-

ration (the hole is filled with constructs provided suitable surface for cell
new bone in the left side) in culture, however, in case when CNTs were
only 8 weeks. Unfilled control present in the mixture accelerated proliferation
on the right. was observed in cases of low confluency. In vivo

experiments in that rats were used, pu-CT results show that nano-hydroxyapatite
powders are acting as excellent bone fillers (Fig. 12).

=

|

5 d -~
Figure 10 Histological findings at 4 Figure 11 Histological findin
weeks In nano-hydroxyapatite (nHA) weeks. A well organized lamella new
groups, nHA particles were bony islands (markered) were formed in
agglomerated and formed calcification nano-hydroxyapatite (nHA) group.

nodule between loose connective tissue.
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In co-operation with Budapest Technical
University, we studied the bone (femur)
resistance to applied mechanical loads.
Introduction and comparison of material
models was also performed. We divided the
Figure 12 u-CT of nHA incorporated  bone to epiphysis region and corticalis region,
in rats (red area). and adopted to them the material models of

cortical bone, and spongy bone. Our results in Finite Element Analysis (FEA) show
that there can be big differences between bone answers to loads according to different
material models. Large forces effects the bone in vertical direction, but the vertical
displacement was not so significant comparing to the horizontal values, even the
horizontal forces were 15% of the vertical force. As resulted, there will be no higher
stress values in the implant then the limit value, though the radius of the implant has a
pronounced effect on the evolving stresses (Figs. 13 and 14).
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As resulted, the bone regeneration process should allow applying loads to the bones
to assure building up a strong bone tissue. In the beginning of the regeneration
process the implant should take a larger load from the missing bone tissue, but by
time it would be better if the new bone is getting more and more load to prevent
osteoporosis. The ideal material of the implant is similar to the bone tissue, helps the
bone tissue to regenerate and after regeneration it disintegrates.
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NOTABLE EVENTS

According to the below registration displayed on the official website of the Hungarian
National Office of Accreditation (NAT), our ellipsometry laboratory (of the Photonics
Department) became an accredited Test Laboratory. Using specially developed optical
models, the Laboratory offers services for partners in research and industry to determine
thin layer thickness with sub-monolayer resolution, as well as to assess composition and
surface quality of various materials. The offered services are described in the leaflet
attached to this yearbook.

| Address B [toi/jnat.hujadatbazisresdetes-oldal php?azon=2695 e -

Nemzeti Akkredital6 Testiilet

Féoldal Akkreditalas Nemzetkozi Akkreditalt szervezetek  Dokumentumok Kapcsolatok
Magyar Tudomanyos Akadémia Miiszaki Fizikai és Anyagtudomanyi f=4 AZ OLDAL NYOMTATASA
Kutatéintézet
Fotonika Osztaly Ellipszometria Laboratérium HIREK
(NAT-1-1617/2010) ] Aktualitasok

e

(sl

Elérhetoségek

Gim: 1121 Budapest, Konkoly Thege MiKiGs it 20-33
Tel: 302-2502

Fax: 3022226

Email: petrik@mfa kiki hu

WEB: www.mfa.kfki.hu

Dr. Petrik Péter
tudomanyos fomunkatars

Akkreditalt tevékenység:
spektroszkopiai ellpszometria rétegvastagsag (termikus oxidacioval novelt SIO2 vékonyréteg
mikroelektronikal mindséga I hordozon)

spekiroszkopiai ellpszometria rétegvastagsag (levalasztott SI02 vékonyréteg mikroelektronikai
min6ség( Si hordozon)

spektroszkopiai ellipszometria torésmutatd (levalasziott SIO2 vékonyréteg mikroelekironikal mingség
i hordozon)

~

Tevékenység részletezve:
* Részletezd okirat

Akkreditalasi okiratszam:
NAT-1-1617/2010  Kiadas ideje: 2010-01-27  Ervényesség ideje: 2014-01-26

5| nat@nat.hu

MiA KRISS

Joint Korean-Hungarian

Laboratory for Nanosciences

The official opening of the Joint Korean-Hungarian Laboratory for Nanosciences took
place on 24 October 2010.

The Hungarian and Korean principal investigators, Prof. Ldszlo P.Biré and Dr. Hwang
Chan-Yong introduce the graphene-project to Prof. Park Yong-Ki, the Vice-president of
KRISS, Mr. Suh Chung-Ha, the Ambassador of the Republic of Korea in Hungary, Prof.
Min Dong-Pil , Chairman of KRCF, and Prof. Jozsef Pdlinkds, the President of HAS.
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Group photo taken in front of the main building of MFA after the official opening
ceremony of the Joint Korean-Hungarian Laboratory for Nanosciences at MFA.

In the centre of the front row Prof. J. Pdlinkds, the President of HAS, flanked by Prof.
Min Dong-Pil , Chairman of KRCF (left) and Mr. Suh Chung-Ha, the Ambassador of the

Republic of Korea in Hungary (right).

-
|/ =

On 24 March 2010 Prof. Jozsef Pdlinkds, the President of the Hungarian Academy of
Sciences opened the operation of the north-wing of the MFA clean-room technology
complex in Building 29. Dr. Tsuneo Morita, the President of Tateyama Hungary

introduced the planned activities of the Tateyama Satellite Office in this building.
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In the audience the first row from left: Prof. Tamds Roska and Prof. Judit Gaizler-Nyéki
(Pdzmdny Péter Catholic University), Dr. Tsuneo Morita (Tateyama Hungary) and
Istvdn Krafcsik (BudaSolar Ltd).

The representatives of the press and the President of HAS were informed about the
activities of the new Thin Film Solar-Lab operated jointly by MFA and BudaSolar Ltd.
by Dr. Istvdn Krafcsik.
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High School Relations

MFA always helps talented young scientists become the best possible in their
research area. Also, we realize the importance of the propagation of natural sciences
to the wider public, especially to secondary school students. We would like to give
them a chance to test themselves in science, well before the decision about their
future profession. For this purpose we organize open days (called “‘MFA Nyilt
Nap”) to show our laboratories to the general public, and a special science camp
(called “MFA Ny&ri Iskola”) for selected high school students coming from the
whole Carpathian basin. Even after these occasions we do our best to follow (and
help) their progress. We see education and learning as an integral process, and in this
spirit our most successful young researchers in the previous generations are the
mentors of the next generation.

Not less than three young
scientists of the MFA were
awarded by the Junior
Prima prize during the last
few years in the fields of
electro-mechanics and
graphene!

Gébor Levente Péter
Vasarhelyi Tapaszté Nemes-Ince

Open Days of MFA:

Our open days are more and more popular, so beside the official one (held at 12
November 2010) we organized several more for larger groups of students from the
high schools Dedk Téri Evangélikus Gimnazium, Kérolyi Istvin Gimndzium, and
Leovey Kldra Gimnizium - to name a few. Being a multi-disciplinary research
institute, we have exciting laboratories to display for almost anybody !

Also, heartened up by the success of the last year’s scientific speeches, we delivered
even more of them on various subjects from the evolution of music through the
quantum mechanical tunneling effect to nanotechnology (below).

From left: Zoltdn Juhdsz, Gyorgy Szabo, Géza Istvan Mdrk, Jdnos Volk, Istvdn Bdrsony
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MFA summer camp for high school students:

Between June 21-25, 2010 we organized this program already for the 3" time,
under the motto ‘Let’s learn from each other!” (organized by Csaba Sandor
Daréczi). There were about 23 scientific themes offered to the
students, and later to work on them under the guidance of our colleagues.
From the Hungarian speaking applicants 23 were selected. MFA fully financed
their participation (travelling, subsistence, evening social programs, etc.). Our
students looked very busy in the working hours, and happy during the social
programs, or both ©.
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Who said that science is boring?!?

T O

Several of our summer camp students already wrote their first scientific articles
about the work they had done at MFA, in the periodical ,,Elet és tudomany”
(Adém Benedek [15], Kata Ferenc [33], Agnes Kisz [75], Andras Simon [119],
Réka Tuza [146].) We also know (from first hand), that since the appearance,
there are more regular readers of the ET in their schools...
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Nanostructures Department

Head: Prof. Laszlé Péter BIRO, D.Sc., scientific advisor

Research Staff Ph.D. students / Diploma workers
e Zsolt Endre HORVATH, Ph.D., e Gergely DOBRIK, Ph.D. student
Deputy Head of Department e Péter NEMES-INCZE, Ph.D. student
¢ Prof. J6zsef GYULAIL Member of the e Péter Lajos NEUMANN, Ph.D.
HAS (Professor Emeritus) student
e Antal Adolf KOOS, Ph.D. (on leave) e Bernadeth PATAKI, Ph.D. student
e Géza Istvin MARK, Ph.D. e Istvain TAMASKA, Ph.D. student

e Zoltan OSVATH, Ph.D. (on leave) e Péter VANCSO, Ph.D. student
e Levente TAPASZTO, Ph.D.

e Krisztian KERTESZ, Ph.D e Gibor MAGDA, diploma worker
e Eniké HORVATH, Ph.D (maternity)  ® Vince OBRECZAN, diploma worker
e 7Zofia VERTESY, Ph.D. e Gabor PISZTER, diploma worker

Technical Staff
e Zoltdanné SARKANY, technician

The Nanostructures Department has an almost two decades expertise in the
production and characterization of various nanostructures. In recent years in the focus
of work were various carbon nanostructures (CNTs, graphene and few layer graphite)
their nanoarchitectures, bioinspired photonic nanoarchitectures and applications of
these nano-objects in various fields in nanotechnology, nanoelectronics, sensorics and
environmental protection. The most relevant results in 2010 are detailed below:

We showed that the color changes of various lepidoptera wings on water vapor
condensation, is useful in the identification of the wings colored by photonic
nanoarchitectures. Possible applications were identified in display technology.

Using FIB nanomachining and controlled oxidation we produced bioinspired photonic
nanoarchitectures from graphite.

Combining experimental data and modeling we explained the visual aspect of the
silver butterfly Argyrophorus argenteus.

The gas/vapor sensing properties of individual MCNTs and SWCNT ropes were
compared with the behavior of random mats of the same materials. The data indicate
that the sensing of mats is dominated by the intertube contacts.

In the time sequence of charge spreading in graphene we evidenced two distinct
regimes: the first is dominated by molecular spreading, in a later stage switchover
takes place to preferential spreading along the zig-zag directions.

Successful experiments were carried out to combine electron beam lithography with
the carbothermal etching (CTE) of graphene developed by us.

For more details, please feel free to visit the web page of the Nanostructures
Department (link: http://www.nanotechnology.hu/).
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Colour changes on cooling of Lepidoptera scales containing
photonic nanoarchitectures

(OTKA-NKTH K067793)

I. Tamaska, K. Kertész, Z. Vértesy, Zs, Balint (HNHM, Hungary), A. Kun (HNHM,
Hungary), S-H. Yen (LNRC, Taiwan), L. P. Bir

The colour of butterfly wings may be produced by light absorbing pigments
(chemical colour) or by photonic crystal type nanoarchitectures built of two
components: chitin and air (physical colour), eventually by the combination of these.
Most butterfly wings are hydrophobic, this prevents water to penetrate into the
photonic nanoarchitecture. We presented a simple method, using a refrigerator, to
avoid the hydrophobic effect and to observe the colour change of butterflies coloured
by nanoarchitectures (Fig. 1). This method can be used to test easily if the butterfly
has photonic crystal type structures or not. It was also shown that when water
condensates into the structures, the wings become softened, this allows to set the
collected butterflies easier and faster than the technique commonly used today.
Detailed spectroscopic experiments were done in a complete cooling cycle (dry
status, below the dew-point where condensation can begin, freezing, melting and the
evaporation process (Fig. 2)). The experiments were done on a Peltier cooler to
ensure the controllability. It was shown that the duration, the magnitude, and the way
in which colour change occurs, is specific for a certain structure (species) but small
variations may occur from individual to individual.

Figure 1 Butterflies cooled in the refrigerator. a), b), c) are species with, and d) without
photonic structures in their scales. The colour change can be seen on butterflies with
photonic nanostructures. Under identical conditions the butterfly coloured by pigments
d) did not change colour.
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Figure 2 Spectral measurements on the
blue (dorsal) surface of the wings of
Cyanophrys remus butterfly when cooling
them. The numbered curves show the
stationary reflection maximums in various
stages: 1.dry status; 2.: condensation; 3.:
freezing; 4.: melting; 5.: evaporation

processes.

Figure 4 The
butterfly Callophrys
rubi was placed onto
cooled wires that
were used to form
characters (a). After
1 minute (b) the cold
wires cool the area
around them where
the condensation
can begin.

Figure 3 The time dependence of the
reflection maximum shift. The cooling
was turned off at 350 sec. for Morpho
aega and Polyommatus daphnis, and at
400 sec. for Cyanophrys remus. The
reflectance of the curves was normalized
to see the relative change.

Different butterfly wings exhibit differences in the time
elapsed from starting the cooling till the colour change is
clearly observed. This can be explained if the differences in
the nanoarchitectures generating the colour are taken into
account. A longer time is needed for the penetration of the
air carrying the water vapours into a more closed structure.
The colour change of the examined species lasts from a few
seconds to even a minute. The shifts of reflectance
maximum of the spectroscopic measurements were studied
in detail (Fig. 3). Although some difference occurs, the
shape of the curves in samples from one butterfly specie is
very similar. Repeated cooling cycles were also done to
examine the long term behaviour of the wings. The colour
of the wing during the cycles was slowly faded, because
chitin slowly absorbed the water in the structure and
became softened. Drying the samples for a few days fully
restored the initial conditions of the wings.

If local cooling is provided, for example by thin copper
wires, it is possible to “write” on wings possessing
structural colours (Fig. 4). This may open up new ways for
producing large size flat panel displays operating with
photonic nanoarchitectures like those occurring in butterfly
scales.



34 M¥FA

Bioinspired photonic nanoarchitectures from graphitic thin
films

(OTKA-NKTH K067793)

I. Tamaska, G. Dobrik, P. Nemes-Incze, K. Kertész, E. Horvath, G. |. Mark, T. Jaszi,
P. Neumann, Z. E. Horvath, and L. P. Bir6

Graphite is a well known material, graphitic samples can be produced at low cost by
exfoliation or by chemical vapour deposition. It is black which means it absorbs any
stray light without the need of any absorptive pigment that may be needed to enhance
the color arising from the structure. Bioinspired, regular, rectangular (with
periodicities of 600 nm and 700 nm), and random (with average characteristic
distances of 600 nm and 750 nm) two dimensional (2D) photonic nanoarchitectures
were produced in graphite. Similar to the structures that were found in a Taiwanese
beetle: Trigonophorus rotschildi varians. The random pattern was derived from a two
dimensional hardcore model, by randomizing the arrangement of spheres with
uniform radius on a plane.

Focused lon Beam (FIB) nanomachining was used to create hole patterns with a well
focused Ga* ion beam, then the diameter of the holes was increased by four
subsequent controlled oxidation steps in 650°C. It is worth pointing out that an
extremely thin layer (60 nm) is responsible for the color generation.

Figure 1 T-AFM images of the larger Figure 2 Optical micrographs of the
regular pattern square (rectangular group of four patterned squares (left:
arrangement of holes with lattice rectangular arrangement of holes with
distance of 700 nm) after different tech- lattice distance of 700 nm and 600 nm,
nological steps: (a) after FIB etching of right: random arrangement of holes with
holes (b) after the lst oxidation step, average hole distance of 750 nm and 600
(c) after the 4th subsequent oxidation nm) at different angles of illumination with
step, (d) after the deposition of 90 nm respect to the sample normal (angle 0),
thick conformal alumina layer by ALD. and rotation with respect to the rows of the

Scalebar: 2.5 um. regular pattern (angle ®).
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After oxidation the patterned structures show different colors in off-specular
geometry that depend on the illumination angle, the period, diameter and regular or
irregular arrangement of the holes (Fig. 1) while the regular patterns exhibit strong
angle dependence, the random ones have fairly constant color under the various
illumination conditions. Under the same illumination and observation conditions the
random patterns show a significantly weaker dependence of the color on the average
periodicity of the pattern as compared with the regular square patterns. Another
difference is that when the angle of illumination was fixed and the sample was rotated
in its plane, the colors of the regular patterns show a large variation, the random
pattern exhibit a remarkable constancy in color. These results clearly show that
random two dimensional nanoarchitectures may find applications in achieving
structural colors which are not dependent on the direction of illumination and
observation, or present only a moderate angular dependence.

A further possibility for the tuning of the color of the nanoarchitectures is given by
depositing conformally thin films on the nanopatterned surface. First simulations
were carried out to estimate the effect of various layer thicknesses. In the simulations
only a 2D model was used, a 70nm blue-shift was found with 90nm alumina layer in
agreement with experimental data by the conformal deposition of 90 nm Al,O3 with
Atomic Layer Deposition technique (Fig. 2).
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Figure 3 (a) Spectroscopic microreflectance spectra of the rectangular patterns with
lattice distance of 600 nm and 700 nm after the 4™ oxidation step and after the sub-
sequent alumina deposition (angle of illumination 45°, the optical axis of the microscope
is perpendicular to the sample surface). In the gray region the absorption on the optical
elements of the microscope renders meaningless the measured data. (b) Numerical
simulation of the reflectance spectra with the same geometry using a 2D finite-difference
time-domain (FDTD) method. Inset shows the applied model sample geometry.
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Silver color production by a novel biologic nanoarchitecture
(OTKA-NKTH K067793, EU7 BioPhot-12915)
G. I. Mark, K. Kertész, Z. Vértesy, Zs. Balint (HNHM, Hungary), and L. P. Biré

Metallic silver and gold appearance is sometimes seen in insects. At a first glance this
may be intriguing as their wings and elytra are constituted of chitin, a transparent
biopolymer. The structure behind the silvery aspect of beetles may be a so called
“chirped” multilayer. When the multilayer periodicity is not uniform, a broadband
reflection may occur. The total thickness of the broadband reflector is 10 pm or more
in these systems. Silver and gold colors are rare in butterflies. The South Andean
butterfly Argyrophorus argenteus, Fig. 1, however, has a metallic silver appearance.
As shown on Fig. 2, its reflection is unsaturated, independently of the direction of the
illumination. Butterfly wing scales, however, have a limited thickness, in the range of
1 um. Hence the broadband reflection can not be produced by a “classical” chirped
multilayer.

Figure 1 Dorsal wing surface of an Figure 2 Photograph with changing

Argyrophorus argenteus exemplar illumination direction. The light source is
moving along a horizontal semicircle and
the camera is fixed

The silver reflectance in this case is produced by an optical nanoarchitecture where
the lattice periodicity is varying laterally. As seen in the optical micrograph of an
individual scale, Fig. 3, there are strips parallel to the ridges and the strips are
composed of sections with different colors. The net effect of these microscopic
sections gives a broadband reflectance. Based on the SEM and TEM images of Fig. 4
each scale is composed of long channels. Each channel contains a basal chitin sheet
and a roof like upper chitin sheet. We model the scale structure with two dielectric
sheets of n=1.56 + 0.06i index of refraction (chitin). Because of the small thickness
and the small index contrast we can utilize First Born Approximation. The total
electric field reflected by the two chitin layers is given by the Fresnel formula as:
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Eé"t=Ein(tt'refik(%zz)+tt'tr'eiik(4d*2[)), where Ej, is the electric field of the

incoming light, ¢ and r are the transmission and reflection values at the air-chitin
interface and ¢’ and r’ are the transmissions and reflections at the chitin-air interface,
d is the thickness and [/ is the distance of the chitin sheets.

Figure 3 Optical micrograph of
individual dorsal wing scales. “bxc”
denotes the region where scales b and ¢
overlap. Length of the scale is 200 um

Figure 4 Scanning- and transmission
electron micrographs of a dorsal scale
(Fig. a, and b, respectively)

Reflectance spectra calculated from the First Born Approximation are shown on
Fig. 5. Next we calculated the reflected colors in the CIE 1931 colour space, Fig 6.

500

450

400

Layer separation (nm)
w
3

200 =
300 400 500 600
Wavelength (nm)

700 800

Figure 5 Calculated reflectance spectra for
different layer distances. Black corresponds
to zero intensity and white to maximum
intensity. The colour bar on the right shows
the colors calculated from the spectra for
the different layer distance

Figure 6 Reflected colors of the two
chitin layer model in the CIE 1931
colour diagram for several layer
distances. The black dot denotes the
calculated colour

The experiments and model calculations show that in a thickness of only 1 wm,
natural evolution, using very different “design principles” than human technology,
has created a very efficient chirped mirror which generates silver aspect under any
angle of observation.
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Charge spreading in graphene
(OTKA-NKTH K67793)
G. |. Mark, P. Vancsé, Ph. Lambin (FUNDP, Belgium), and L. P. Bir6

The exponential decrease of physical feature size of silicon based integrated circuits
over time is expected to reach a physical limit in some years. One of the promising
candidates to exchange silicon is graphene. It is a one-atom-thick sheet of sp® bonded
carbon atoms arranged in a honeycomb lattice. Graphene is different from the
semiconductor materials commonly used in microelectronics, because it has a linear
energy dispersion relation near the Fermi level. The near-to-Fermi-energy behavior of
graphene has been extensively studied in the recent years theoretically and
experimentally. Less is known about the high excitation energy range when E-Ep >
1eV. Electron beam splitting, collimation, and beam-guiding can all be realized in the
hot-energy region, where the dispersion relation, which is isotropic near the Fermi
energy, becomes anisotropic.

By using wave-packet dynamical simulations, we demonstrate that the electronic
wave packet, when tunneling from a sharp STM tip into the graphene sheet, selects
higher energy states, the lower energy components may tunnel back into the tip. The
geometry of the wave packet transport calculation is shown in Fig. 1. We modeled the
graphene sheet by a local one electron pseudopotential designed to match the ab-initio
band structure of the graphene sheet as best as possible. The STM tip is represented
by a jellium background model. The tip is taken as a hyperboloid of 0.5 nm apex
radius and 15° aperture angle. The jellium potential is zero outside the effective
surface of the tip and -9.81 eV inside. A Gaussian wave packet is injected into the
graphene sheet from the simulated metallic STM tip with central energy Er .

H+226 0.5nm +22eV

-44eV I -44eV

Figure 1 Model geometry of the STM tip Figure 2 Grayscale image of the 2D

— graphene system shown by the -2.7 eV cross section of the potential. Black

equipotential surface of the potential. (white) denotes negative (positive)
potential values.
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t = 0.00 fs. Initial Empty graphene t = 2.45 fs. Note WP spreads along
WP in tip bulk sheet the interference the C-C bonds
patterns in tip
bulk and apex
regions

t=1.22fs. WP WP already t =3.52 fs. Switching of the
enters tip tunneled onto Retraction into spreading
hyperboloid and is graphene sheet. tip bulk. direction from that
reflected from tip WP appears on Interference corresponding to
surface into tip the central patterns the C-C bonds to
bulk hexagon disappear that determined by

the band structure
Figure 3. Selected snapshots from the time evolution of the probability density of wave

packet shown as color coded 2D sections. Left hand side images are XZ (vertical) 2D
sections, right hand side images are YZ (horizontal) sections

Fig. 3. shows the details of the time evolution of the wave packet. As the wave packet
reaches the tip apex from inside the tip bulk, it begins to tunnel onto the central
hexagon. Then the wave packet begins to spread on the graphene sheet along the C-C
bonds, in hexagonal symmetry. At t = 3.14 fs, the direction of the spreading is
changed. Further spreading occurs along the 6 I'K directions of the Brillouin zone.
Spectral analysis of the spreading state shows a large peak around Eg+2.5¢V. For a
sharp tip the width of the tip-sample tunneling channel is approximately 0.1-0.2 nm.
From the uncertainty relation we obtain an energy uncertainty 2 eV, which explains
the appearance of hot carriers. In summary, our simulations show that it is possible to
inject hot carriers into a graphene sheet by the utilization of a localized contact. These
hot carriers cause an anisotropic spreading of the electronic wave packet along the
zigzag directions. By patterning the grapheme sheet into specific ribbons and
junctions it is potentially possible to build all-carbon nanoelectronic circuits.
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Comparison of the chemical sensing properties of individual
carbon nanotubes and their mats

(OTKA T049182, OTKA-NKTH K67793)
G. Dobrik, Z. E. Horvath, V. Obreczan, P. Neumann, and L. P. Bird

The electronic structure of carbon nanotubes (CNT) is very sensitive to the chemical
ambient. Transport in CNT is dominated by delocalized n electrons located outside
the plane of the carbon—carbon bonds. Therefore, interaction between CNT and
ambient molecules is usually strong enough to modify the electronic transport,
molecules adsorbed on CNT surface act as scattering centers. This phenomenon is the
basis of the chemical sensing properties of CNT. However, CNT sensors in practice
are usually made of CNT mats because they can be prepared much easier by
conventional methods and tools used in a basic chemical laboratory, while contacting
individual CNT is very labor-intensive and needs special nanotechnology equipment.
Mats can be regarded as random networks of CNTs. Their transport properties are
determined by both individual nanotubes involved in the network and the CNT-CNT
junctions. In this study, we compared the chemical sensing properties of two different
CNT materials in individual and mat form in order to estimate the contribution of the
CNT-CNT junctions to chemical sensing. We prepared resistive elements of
individual CNT and CNT mats of the same origin and compared the effect of gas
ambient change on them. Two types of CNT were used, an as purified multiwall CNT
sample grown by CVD and an arc-grown single wall sample functionalized with
carboxylic groups, here the SWCNTSs are assembled in bundles. Mat samples were
prepared by filtering CNT suspension through a polymer membrane filter. The CNT
mat self-assembled on the filter was contacted by evaporating gold through a simple
mask on 2 smaller areas on opposite sides of the round shaped mat. For contacting
individual CNTs, diluted suspensions of them were spin-coated on marked Si/SiO,
substrate.

200nm

Figure 1 Tapping mode AFM images of SWCNT bundles a): as deposited on marked
SiO2 substrate, b): the same area after contacting one of the bundles with two Cr-Au
electrodes prepared by e-beam lithography.



Yearbook 2010 41

Atomic Force Microscopy (AFM) was used to locate a few separated nanotubes or
bundles on the surface. Contacts were deposited on them using a standard electron
beam lithography process. Electrodes were prepared from 5 nm thick Cr and 35 nm
thick Au films. Fig. 1 shows AFM images of a SWCNT bundle before (left) and after
(right) contacting. Responses on six different vapors (ethanol, acetone, toluene, acetic
acid, chloroform and water) diluted in pure nitrogen gas were recorded. A few typical

response curves are shown in Fig. 2.
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Figure 2 Comparison of relative resistance responses of random network (a: SWCNT

network, -COOH functionalized, c: MWCNT network, as purified) and individual CNT (b:
single bundle of the same material as a, d: individual tube of the same material as c)
sensors on chemical ambient change: pure nitrogen flow was changed to acetic acid vapor
(a and b) or acetone vapor (c and d) at 100 sec and changed back to nitrogen at 300 sec.

We used much lower measuring current in case of individual CNT which led to
higher noise levels (see Figs. 2b and d) but it was required to prevent their damage.
Disregarding the noise, we found substantially different behavior of the individual
and mat samples. The increase of the resistance was observed in case of the mat
samples for all the vapors, while some of the individual samples exhibited opposite
behavior to their mat counterparts. This finding indicates that the role of CNT-CNT
junctions in chemical sensing of CNT mats is more important than it has been
supposed. We are planning further investigations of this field to clarify the details.
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Graphene nanopatterning with EBL and carbothermal etching
(OTKA-NKTH K67793)

P. L. Neumann, E. Tévari (BME), S. Csonka (BME), P. Nemes-Incze, Z. E. Horvath,
and L. P. Bir6

Being a zero gap semiconductor, graphene is not suitable for preparation of FET
devices because of the missing “off” state [A. K. Geim and K. S. Novoselov, The rise
of graphene, Nature Materials 6 (2007) 183.]. A straightforward way to overcome this
is to cut ribbons of a few nanometers width with controlled edge orientations. In a
previous paper, we showed that carbothermal etching (CTE) [98] is a useful technique
to make preferentially zigzag oriented ribbons or other formations (SET, Y branch,
spin device, etc.) with various sizes. This method was based on the controlled
oxidation of graphene in inert atmosphere, where the oxygen source is the SiO,
substrate. Oxidation takes place at defect sites, including the edges. Defects produced
by AFM indentation were starting points of the formation of hexagonal holes with
uniform size.

.’. -.“'_. »

pm

Figure 1 AFM images of a patterned graphene flake on Si/SiO2 substrate:
A) after Ar/O, plasma etching; B) after annealing in Ar atmosphere at 300°C;
C) after annealing in air at 300°C ).

In the present study, we applied electron beam lithography (EBL) followed by O,/Ar
plasma etching for patterning. These methods are more effectively applicable for
patterning larger areas but the applied processes can modify the surface chemistry of
the samples causing unwanted side effects. Covering the sample with PMMA, the
required patterns were shaped by electron beam lithography. The plasma with suitable
composition is able to etch the graphene without damaging the PMMA mask layer.
The plasma etched areas show protrusions (white spots on AFM image, Fig. 1A)
thanking presumably to redeposition of resist material damaged by the plasma
treatment. Annealing at 300 °C in inert atmosphere produced the elimination of this
residue, besides the decoration of the edges of the plasma treated areas with dust
particles (Fig. 1B), connected presumably to the dangling bonds or other defect sites.
Annealing at 300 °C in air led to the increase of the dust amount (Fig. 1C).
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The extended defect sites prepared by the above described process can be starting
points of oxidation in CTE process, similarly to the ones prepared by AFM
indentation.

Figure 2 AFM images of a patterned graphene flake (brighter area) on Si/SiO2
substrate (darker area): A) initial state; B) after tailoring process. The inset shows
higher magnification image of the marked region. The holes in the graphene are
brighter.

A mechanically exfoliated graphene flake shown on Fig. 2A was patterned with EBL
and plasma etching as it was previously described. Two pattern structures with holes
in triangular and one in rectangular lattice arrangement were shaped (Fig. 2B bottom
and middle). The lattice constant was 300 nm. The blue lines on Fig. 2B show the
feasible lattice orientation of the hexagonal graphene structure. Fig. 2B shows AFM
image of the shaped sample after a 4 hours annealing at 700 °C in Ar atmosphere. The
inset of Fig. 2B shows a higher magnification AFM image with enlarged holes. The
average hole size was found to be 200 nm after etching. From this, the etching speed
can be estimated as approx. 20 nm per hour. The produced holes have oval form but,
in some cases, polygonal edges parallel with the feasible lattice orientation can be
recognized.

We expect that the edge quality can be improved by more effective removal of
contaminations.
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MFA is involved in the NANOMAGDYE (EU FP7) project with the aim to develop
tailored biocompatible magneto-optical nanosystems and to apply them in medical
practice. A magneto-optical probe is being fabricated for oncology imaging. In the
project, MFA's role was to develop a magnetic sensing system capable of indicating
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