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IMEL (Institute of Microelectronics) was established in 1986 as one of the eight Research
Institutes of NCSR (National Center for Scientific Research) “Demokritos”, a medium size,
multidisciplinary Research Center under the General Secretariat for Research and Technology of
the Ministry of Development. Today it is the National Center of Excellence in Micro- and
Nanofabrication, Nanoelectronics and MEMS.
IMEL has developed experience and expertise, as well as unique technological
advantages, which place it among the main EU Research Institutes in the field of Silicon
technologies.
The strong advantages of IMEL are as follows:
Its excellent staff, composed of a small number of experienced senior scientists,
surrounded by a large number of young researchers, all fully devoted to their work
Research facilities for silicon processing, micro and nanofabrication, characterization,
testing, design, modelling and simulation of materials, structures, devices and
systems, which are unique in Greece
Important expertise and know-how, as well as important proprietary technologies,
materials and devices. IMEL’s intellectual property (IP) portfolio continues to expand
and opens important possibilities for collaboration with industry and transfer of know
how.
Research at IMEL is carried out at the EU level through its participation in European
research projects, networks of excellence and technology platforms of the EU Research
Framework Programme. IMEL’s success in peer reviewed R&D funded programmes represents
one of the strongest endorsements of IMEL’s R&D competence and reflects the world-class
standing of the Institute. IMEL is a member of the European Academic and Scientific Association
for Nanoelectronics (AENEAS-technology platform ENIAC) and a founding member of SINANO,
the European Institute of Nanoelectronics and member of the Hellenic Semiconductor Industry
Association.
On the national level the expertise and infrastructure of IMEL are unique in Greece, which
makes its role also unique in developing novel technologies, in transferring technology and knowhow to the industry and in developing human potential through education and training activities.
Furthermore, IMEL has developed mechanisms to promote the field at the national level through
the establishment and coordination of thematic networks and scientific societies (MMN Network,
Micro & Nano scientific society).
The year 2011 we have continued the realization of the Micro and Nanosystems Center of
Excellence project funded through the Regional Potential Programme of EU. Exchange visits
between researchers from the Institute and related European Centers have been initiated
enhancing IMEL’s international relationships. As part of this project, an advanced e-beam
lithography system with resolution down to 8 nm has been selected and it is actually at its final
manufacturing stage. The system that will be installed at the clean room facility of the Institute it
will be operational by June 2012. Research activities are then expected to extend well into the
nanoscale regime and new project opportunities to be created at national and international level.
We are also proud to mention the successful organization in September 2011 of Eurosensors
Conference by IMEL scientists gathering over 500 participants from all over the world.
In this annual report, the research and education activities and research output of IMEL are
presented. I would like to acknowledge all those who contributed to a successful year, namely
researchers, research engineers, PhD and post-doctoral students, and technical and
administrative staff of the Institute.
In 2012 IMEL will merge with the Institutes of Materials Science and Physical Chemistry of
NCSR Demokritos following a governmental decision. I would like to wish best success to the
challenging new Institute and encourage all my colleagues to take advantage of new
opportunities with the same enthusiasm they have shown at IMEL for over 25 years.

Prof. D. Tsoukalas
Director of IMEL
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OBJECTIVES AND ACTIVITIES

Main Objectives of IMEL
The main objectives of IMEL are as follows:
Long-term research into understanding phenomena, mastering processes and developing
research tools
– Development of fundamental knowledge
– Development of novel high added-value technology products and production processes
– Development of human potential by education and training activities
– Services in advanced technology
– Transfer of technology and know-how
The objectives of IMEL are in line with the government policy to promote excellence in
research, high technology development and innovation at Research Institutes and to promote
collaboration between academia and industry. In this direction, IMEL has been accredited to
international quality and metrology standards (ISO 9001 and ISO/IEC 17025).
Due to the infrastructure available at IMEL for silicon processing and micronanofabrication, electronics and sensors, and the existing expertise and know-how developed,
the role of the Institute is significant in contributing to the increase of the technological level of the
country and to spread the knowledge through collaboration with Academia in research and
education activities.

–

Research Orientation
IMEL is mainly devoted to silicon technologies and their diverse applications in
information processing, storage, transmission systems and telecommunications, environmental
systems, medicine, healthcare, food industry etc.
Research Activities at IMEL are structured in 3 programmes, each one being composed of
smaller projects as follows:
I.

MICRO and NANOFABRICATION
➤ Materials for Lithography and Organic/Hybrid Electronics
➤ Microand Nanofabrication using Lithography and Plasma Etching
➤ Thin Films by Chemical Vapor Deposition (CVD)

III. SENSORS and MEMs
➤ Mechanical and Chemical Sensors
➤ Energy Harvesting Materials and Devices
➤ Bio-microsystems
➤ Thin Film Devices for Large Area Electronics
➤ Circuits and Devices for Sensor Networks & Systems
➤ Photonic Crystals Metamorphic Materials and Novel Systems

Education and Training at IMEL
Due to its unique infrastructure at a national level and the important expertise and knowhow of its researchers, IMEL plays an important role in post-graduate education. In collaboration
with Greek universities, it participates very actively in the following educational programmes, by
providing special courses and laboratory training:
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II. NANOSTRUCTURES and NANOELECTRONIC DEVICES
➤ Nanostructures for Nanoelectronics, Photonics and Sensors
➤ Materials and Devices for Memory and Emerging Electronics
➤ Molecular Materials as Components of Electronic Devices
➤ Theoretical Nanotechnology
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1. Post-graduate program in “Microelectronics” in collaboration with the University of Athens (for
MSc and PhD degrees)
2. Master program in “Microsystems and Nanoelectronic devices” in collaboration with the
National Technical University of Athens
3. Post-graduate program in “Nanosciences and Nanotechnologies” in collaboration with the
University of Thessaloniki (for MSc and PhD degrees)

Laboratories and Central Fabrication Facilities at IMEL
The facilities and equipment of IMEL include a full silicon processing laboratory in a clean
room area, complemented by characterization laboratories (electrical, optical, structural),
micromachining and packaging equipment, resist development laboratory, as well as testing
facilities and design, modelling and simulation tools. The clean room is equipped with lithography
(optical, E-beam) and dry etching tools, thermal and chemical processing, ion implantation,
deposition of metals, dielectrics and poly- nanocrystalline silicon by physical and chemical
processes (LPCVD, sputtering, e-gun and thermal evaporation), and process inspection
equipment (high resolution optical Nomarsky microsope, ellipsometer etc).

Electrical characterization
equipment

RF probe station

High density plasma etcher

FEG SEM JEOL JSM-7401F

Lithography and dry etching area
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Lithography equipment
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Management
The management of the Institute is carried out by its Director, who is elected for a 5 year
term by an International Scientific Committee and is assisted by a Deputy Director and an
Institute Scientific Advisory Board, elected every 2 years by the Researchers. The Director
represents the Institute in the Board of management of the Centre, and is responsible for the
overall functioning of the Institute. An external International Scientific Advisory Committee, which
discusses with the Director and the scientific staff the Institute research priorities and policy, has
been involved with IMEL since 2000.
A scientist is in charge of the processing laboratory, which is a central facility used by all
scientific groups. The processing and electrical characterization laboratories are certified by ISO
9001 ensuring the high quality services that offers. Furthermore, the electrical characterization
laboratory is now accredited to ISO/IEC 17025:2005, the most important metrology standard for
test and measurement, by the Hellenic Accreditation System. This latest accreditation expands
the list of IMEL certifications by industry recognized standards for quality such as ISO 9001. The
accreditation recognizes that IMEL’s electrical characterization services meet the requirements of
this international standard demonstrating its competence to carry out test and measurement on
MIS devices. The scope and the application field of the accreditation are described at
http://www.esyd.gr/portal/p/esyd/en/catalogues.jsp .

Personnel
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The personnel of IMEL include 17 key researchers, 4 R&D scientists and several postdoctoral scientists and PhD students. It also includes a group of technicians that operate the
central fabrication facility (details in annex I).
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Organizational structure of NCSR Demokritos
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Micro and Nanosystems Center of Excellence
(MiNaSys CoE)

Coordinator: D. Tsoukalas
Other personnel: All the researchers of IMEL
Description and Objectives
The purpose of the present REGPOT project (December 2009-November 2012) is to
extend and improve the existing facilities and know-how at the Institute of Microelectronics
(IMEL) of the National Center for Scientific Research “Demokritos”, recognized as Center of
Excellence in Nanoelectronics and MEMS in Greece. Dissemination and networking activities will
be also organized, targeting mainly, but not exclusively, collaborations with the countries in
Southeastern Europe in the field of nanofabrication, nanodevices and sensors/MEMS/NEMS.
With the existing expertise, know-how and state-of-the-art infrastructure and facilities,
complimented by important new equipment that will be purchased within the present project, the
MiNaSys-CoE aims at becoming unique in the Southeastern Europe region.
The objective of the project is:
•

To upgrade the research infrastructure and research portfolio of the Institute of
Microelectronics in a way that would enable the Institute to be competitive worldwide in the
coming decade and maintain its role and influence in Greece as the reference Center in the
field of fabrication of micro & nanosystems.

To achieve that general objective the following specific objectives are then set:
Purchase and install research equipment capable for patterning at the nanoscale and
allowing processing and integration of Silicon and polymeric substrates and devices.
• Forge new research collaborations with European Centers of Excellence by exchange of
personnel allowing fast and timely introduction of new technologies
• Train young scientists, technologists and SMEs technical personnel to gradually improve the
quality of life and economy of the country.
• Focus the research activities of the Institute personnel on thematic areas of priority for
Europe with emphasis on potential regional applications
• Disseminate knowledge produced at IMEL through different complementary actions
supported by MiNaSys (workshops, publications, web page)

• Through an international tender a state-of-the-art 100 keV Electron Beam Lithography tool
from VISTEC was selected. Model chosen is EPBG-5000 plus with resolution down to 8 nm
at 6’ inch wafer scale. A dedicated cleanroom area was prepared according to the operation
environmental conditions suggested by VISTEC, including the installation of an EMF
co-nceling system. The system installed at IMEL in the third quarter of 2011 and will be fully
functional in the second quarter of 2012. The selection procedure included in a first phase
presentations from various e-beam tool manufacturers at IMEL premises followed by the
tender.
• Following an open call for applications two experienced researchers were selected to work in
the project. Namely Dr. Antonis Olziersky with experience in e-beam lithography and Dr. K.
Yannakopoulos with experience in Electron Microscopy.
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PROJECT I.1 MATERIALS FOR LITHOGRAPHY AND ORGANIC/HYBRID
ELECTRONICS
Project Leader : P. Argitis
Key Researchers / Permanent research staff : M. Vasilopoulou, A.M. Douvas
Ph.D. candidates : P. Pavli, T. Manouras, D. Georgiadou
Master students : A. Giakoumaki, S. R. Yesayan, A. Soultati, S. Tzani
Collaborating researchers from other IMEL groups : D. Davazoglou, P. Normand, N. Glezos,
K. Misiakos, P. Dimitrakis, E. Gogolides, I. Raptis
External Collaborators: M. Chatzichristidi (Univ of Athens), L. Palilis (Univ of Patras), G. Pistolis
(IPC-NCSR-D), S. Kakabakos, P.S. Petrou, (IRRP-NCSR-D), N. Stathopoulos, S. Savaidis (TEI
Piraeus), D. Dimotikali (Nat. Tech. Univ. Athens), S. Kennou (Univ. of Patras), M. Vamvakaki
(Univ of Crete/FORTH), I. Petsalakis, I. Theodorakopoulos (Nat. Hel. Res. Foundation)

Objectives
A. Development of new lithographic materials and micro- nanopatterning processes
Research topics
- Investigation of new resist chemistries
- Lithographic schemes for patterning in the areas of MEMs, bio-MEMs and related fields
The current research priorities include new resists based on imaging through polymer backbone breaking and new patterning processes for biosystems fabrication
B. Materials research for organic/hybrid electronic devices of improved performance
Research topics
- Electron/hole transporting interfacial layers of organic optoelectronic devices
- Emission colour tuning in Organic Light Emitting Diodes (OLEDs)
- Material options for improving charge separation and transport in organic/hybrid
photovoltaics (OPVs)
The current research priorities include investigation of W or Mo polyoxometallates (POMs)
and corresponding oxides as electron transporting layers in OLEDs and OPVs,
photochemically induced emission tuning of OLEDs, nanostructuring of p-n junctions in OPVs
and development of processing technology for POMs-containing materials

1. Patterning schemes using higly sensitive, polyacetal-based, lithographic materials
Polyacetals are synthesized and proposed by our group as components of lithographic
materials with or without a photoacid generator. An innovative patterning scheme for cell
patterning and cell harvesting was introduced in collaboration with Univ of Crete/FORTH enabled
by using higly sensitive polyacetal polymers as photodegradable substrates. The scheme is
based on back side laser illumination of transparent substrates covered with photosensitive
polyacetals. The high polymer sensitivity allows substrate degradation without cell damaging
(published in Angew. Chemie, Int. Ed. Eng., in 2011, G. Pasparakis T. Manouras et al., see also
publication list)
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Fig.1. The scheme introduced for cell patterning/harvesting and the proposed photodegradation mechanism
of a polyacetal (P1) polymer used as a photodegradable substrate.

2. Metal oxide interfacial layers in organic/hybrid electronics
Controlled reduction in hydrogen atmosphere of certain transition metal oxides results in
the formation of intragap states that provide new routes facilitating electron/hole injection and
transport when films of such oxides are used as interfacial layers between the emissive layer and
the electrodes in organic light emitting devices. The reduced oxide film deposition is based on the
hot wire technique and is carried out in hydrogen or forming gas atmosphere by the group of Dr.
D. Davazoglou.
As a characteristic successful case it is presented below the use of Reduced Tungsten
Oxides as Efficient Electron Injection Layers in Hybrid Light Emitting Diodes. Dramatic
increase in device current and luminance is obtained when reduced (substoichiometric) tungsten
oxide (WO2.5) is used as electron injection layer using either PEDOT-PSS or WO3 as Hole
Injection Layer. The work has been published in Adv. Funct. Mater. in 201, M. Vasilopoulou et al.,
see publication list).

Al
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h
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WO3
ITO
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Fig.2. Device architecture and proposed transport mechanisms in the case where substoichiometric
tungsten oxide (WO2.5) is used as an efficient electron injection layer and stoichiometric tungsten oxide
(WO3) is used as hole injection layer.
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Fig.3. Luminance-Volt (left) and luminous efficiency (right) plots of devices where reduced
(substoichiometric) tungsten oxide is used as cathode interfacial layer. The red curve corresponds to the
device architecture shown in Fig.2. The blue curve corresponds to devices where WO2.5 is used at the
cathode but PEDOT–PSS at the anode. The green curve corresponds to a reference device with no WO 2.5
at the cathode (but with PEDOT-PSS at the anode)

3. Organic salts as additives in the emissive layer of OLEDs for improved charge injection

Fig. 4. Current density – Voltage - Luminance (J-V-L) characteristics of PLED devices based on F8BT,
where TPS-triflate or TPS-nonaflate has been added in the emissive layer in order to demonstrate the effect
of the anion size on the performance of the devices (left). Schematic representation of the suggested
operational mechanism before and after the application of forward bias (right).
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Triphenyl sulphonium salts are proposed as emissive layer additives to improve OLED
characteristics. In particular upon application of a bias, salt anions –due to their smaller size
compared to the bulkier cation– accumulate at the anode side and form a space charge that
greatly facilitates hole injection, resulting to improved charge balance and more efficient
recombination. Consequently higher luminance and current efficiency are obtained as well as
lower turn-on and operating voltage. Furthermore, by replacing the triflate anion with the slightly
bigger nonaflate, the effect of the anion size on the PLED performance was investigated.
(published in J. Mater. Chem, in 2011, D.G. Georgiadou et al., see publication list)
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PROJECT OUTPUT IN 2011
Publications in International Journals
1. “Laser induced cell detachment and patterning with photodegradable polymer substrates”, G.
Pasparakis, T. Manouras, A. Selimis, M. Vamvakaki, P. Argitis, Angew. Chem., Int. Ed. Eng., 50, 414245, 2011
2. “Reduction of tungsten oxide: a path towards dual functionality utilization as efficient anode and cathode
interfacial layers in Organic Light Emitting Diodes”, M. Vasilopoulou, L.C.Palilis, D.G.Georgiadou,
A.M.Douvas, P.Argitis, S.Kennou, L. Syggelou, G.Papadimitropoulos, I.Kostis, Ν.Α.Stathopoulos,
D.Davazoglou, Adv. Funct. Mat., 21, 1489-97, 2011
3. “Tungsten oxides as interfacial layers for improved performance in hybrid optoelectronic devices” M.
Vasilopoulou, L. C. Palilis, D. G. Georgiadou, P. Argitis, S. Kennou, I. Kostis, G. Papadimitropoulos, Ν.
Α. Stathopoulos, A.A. Iliadis, N. Konofaos and D. Davazoglou,Thin Solid Films, 519, 5748-5753, 2011
4. "Molecular junctions made of tungsten-polyoxometalate self-assembled monolayers D. Velessiotis, A.M.
Douvas, S. Athanasiou, B. Nilsson, G. Petersson, U. Södervall, G. Alestig, P. Argitis, N. Glezos:
Towards polyoxometalate-based molecular electronics devices", Microelectron. Eng., 88, 2775-77, 2011
5. “Reduced molybdenum oxide as an efficient electron injection layer in organic light emitting diodes”,
M.Vasilopoulou,
L.C.Palilis,
D.G.Georgiadou,
P.Argitis,
S.Kennou,
L.Syggelou,
I.Kostis,
G.Papadimitropoulos, N.Konofaos, A.Iliadis, D.Davazoglou, Appl. Phys. Letters, 98, 123301, 2011
6. “Incorporating triphenyl sulfonium salts in polyfluorene PLEDs: an all-organic approach to improved
charge injection”, Dimitra G. Georgiadou, Leonidas C. Palilis, Maria Vasilopoulou, George Pistolis,
Dimitra Dimotikali and Panagiotis Argitis, J. Mater. Chem., 21, 9296-9301, 2011
7. “Fluorescence properties of organic dyes: quantum chemical studies on the green/blue neutral and
protonated DMA-DPH emitters in polymer matrices”, I.S.K. Kerkines, I.D. Petsalakis, P. Argitis and G.
Theodorakopoulos, Phys. Chem. Chem. Phys., 13 (48), 21273 – 21281, 2011
8. “A transmission line model for the optical simulation of multilayer structures and its application for
oblique illumination of an organic solar cell with anisotropic extinction coefficient”, N. A. Stathopoulos, L.
C. Palilis, S.R. Yesayan, S.P. Savaidis, M. Vasilopoulou, P. Argitis, , J. Appl. Phys., 110, 114506, 2011

Publications in International Conference Proceedings

Publication in National Conference Proceedings
1. “Guided, selective immobilization of proteins and cells via photolithographic patterning of polyvinyl
alcohol films”, P.Pavli, A. Bourkoula, A. Psarouli, P.S. Petrou, S. Kakabakos, D.Dimotikali, P. Argitis,
th
Proceedings 8 Pnhellenic Scientific Conference of Chemical Engineering, June 2011, Thessaloniki,
Greece (in greek)

Conference Presentations
th

1. “Polyoxomatalate nanostructures for charge transport control in electronic devices”, P. Argitis, , IC4N, 4
International Nanotechnology Conference Hersonisos, Crete, June 2011, invited
2. “Interface engineering in organic optoelectronic devices using polyοxometalate electron transport
layers”, P. Argitis, M. Vasilopoulou, A. M. Douvas, D.G. Georgiadou, L. Sygellou, S. Kennou, L.C.
th
Palilis, 11 International Nanotechnology Conference (NN11), Thessaloniki, July 2011, invited
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1. “Selective immobilization of proteins guided by photopatterned poly(vinyl alcohol) structures”, P.Pavli,
P.S. Petrou, A.M. Douvas, E. Makarona, S. Kakabakos, D.Dimotikali, P. Argitis, Proc. Eurosensors XXV,
September 4-7, 2011, Athens, Greece, Procedia Engineering, 25, 292-95, 2011
2. “Powerless and reversible color humidity sensor”, M-I Georgaki, P. Oikonomou, A. Botsialas, N.
Papanikolaou, I. Raptis, P. Argitis, M. Chatzichristidi, 25th Eurosensors Conference; Athens; 4-7
September 2011, Athens, Greece, Procedia Engineering 25, 1177-80, 2011
3. “1-D polymeric Photonic Crystal humido-chromic sensor”,M-I Georgaki, P. Oikonomou, N. Papanikolaou,
P. Argitis, I. Raptis, N. Moustakas, J. Rysz, A. Budkowski, A. Botsialas, M. Chatzichristidi, Sensors,
2011 IEEE, 28-31 October 2011
4. “Interface engineering for efficient organic optoelectronic devices using nanostructured transition metal
oxides”, M. Vasilopoulou, I. Kostis, G. Papadimitropoulos, N. Konofaos, A.A.Iliadis, P. Argitis, D.
Davazoglou, 2011 International Semiconductor Device Research Symposium, ISDRS 2011, art no
6135181, 2011
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3. “Interface engineering in organic optoelectronic devices”, Workshop on “Current Micro-nanoelectrionics
Technologies, The Green Aspect”, P. Argitis, Univ. of Crete, Department of Physics, Iraklio, Crete, July
2011, invited
4. “Polyoxometalate films as electron injection layers in OLEDs and OPVs”, M. Vasilopoulou, A. M.
st
Douvas, D. G. Georgiadou, L. Sygellou, S. Kennou, L. C. Palilis, and P. Argitis, BioSOL, 1 International
Conference on BioInspired Solar Energy Utilization, Chania, September 2011, invited
5. “Water-soluble porphyrin thin films as electron injection layers in organic light emitting diodes”, M.
Vasilopoulou, A. M. Douvas, D. G. Georgiadou, L. C. Palilis, A. Mantalidi, A. G. Coutsolelos, P. Argitis,
1st International Conference on BioInspired Materials for Solar Energy Utilization (BIOSOL 2011),
Heraklion, Crete, Greece, September 12–17, 2011.
6. “All solution-processed polyoxometalate based high performance polymer light emitting diodes and
organic photovoltaics”,M. Vasilopoulou, L. C. Palilis, A. M. Douvas, D. G. Georgiadou, L. Sygellou, S.
Kennou, P. Argitis, International Conference on Organic Electronics (ICOE 2011), Roma, Italy, June 22–
24, 2011.
7. “Reduction of transition metal oxides: a universal path for achieving highly efficient electron injection and
transport layer for organic optoelectronics”M. Vasilopoulou, L. C. Palilis, D. G. Georgiadou, P. Argitis, S.
Kennou, L. Sygellou, I. Kostis, G. Papadimitropoulos, N. Konofaos, A. Iliadis and D. Davazoglou, ,
International Conference on Organic Electronics (ICOE 2011), Rome, Italy, 22-24 June 2011.
8. “Conduction mechanisms in tungsten-polyoxometalate self-assembled molecular junctions”,D.
Velessiotis, A. M. Douvas, P. Dimitrakis, P. Argitis, N. Glezos, 37th International Conference on Micro- &
Nano-Engineering (MNE 2011), Berlin,Germany, 19-23 September, 2011.
9. “Improved Performance PLEDs by controlling charge distribution via sulfonium salt addition in the
emitting layer” D. G. Georgiadou, L. C. Palilis, G. Pistolis, M. Vasilopoulou, D. Dimotikali and P. Argitis,
1st International Conference on Bioinspired Materials for Solar Energy Utilization “BIOSOL2011" Chania,
Crete, GREECE, 12 -17 September 2011.

Master theses
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1. “Synthesis of diblock copolymers based on poly(ethylene oxide) and poly(tert-butyl methacrylate) for use
in top-down and bottom-up lithography”, Anastasia Giakoumaki, Graduate Program on Polymer Science
and Applications, Department of Chemistry, University of Athens, October 2010, Supervisors : M.
Chatzichristidi, P. Argitis
2. “Study on the influence of the light incidence angle to the performance characteristics of organic
photovoltaics”, Stepan R. Yesayan, Graduate Program “Microelectronics”, Department of Informatics,
University of Athens, Supervisors : M. Vasilopoulou, P. Argitis, N. Stathopoulos, L. Palilis
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PROJECT Ι. 2 MICRO AND NANOFABRICATION USING LITHOGRAPHY
AND PLASMA ETCHING
Key researchers: E. Gogolides, A. Tserepi
Permanent Researcher: V. Constantoudis
Researchers on Contract: G. Kokkoris
Post Doctoral fellows: A. K. Gnanappa, D. Moschou, N. Vourdas, K. Tsougeni, G. Papadakis
Collaborating researchers: S. Chatzandroulis, K. Misiakos, I. Raptis, P. Argitis, P. Normand, P.
Dimitrakis
PhD candidates: M.- E. Vlachopoulou, A. Malainou, D. Kontziampasis, K. Ellinas, G. Aksenov,
V.K. Murugesan Kuppuswamy, N. Skoro, A. Smyrnakis
MSc Students: A. Zeniou, I. Kouris, E. Mavraki, D. Zervas, N. Karasmani, M. Kalimeri
External collaborators: S.Kakabakos, P.Petrou (IRRP, NCSR-D), S.Garbis, A.Vlahou, P.Zerefos,
S.Pagakis (IIBEAA, Greece), G.Kaltsas (TEI of Athens, Greece), A.Boudouvis, A.Papathanasiou,
D.P.Papageorgiou, N.Cheimarios (NTUA, Greece), E.Sarantopoulou (NHRF, Greece), E.Gizeli (FORTH
Greece), K.Beltsios, I.Panagiotopoulos (U. Ioannina, Greece), C.Cardinaud (U. Nantes, France), G.Gallatin
(NIST, USA), A.Speliotis (IMS, NCSR-D), R.Gronheid, A.P.Vaglio (IMEC), W.Coene, M.Riepen, M.Van
Kampen (ASML), D.Ehm (Zeiss), T.Rudin, S.E.Pratsinis (ETH Zurich), G.L.Vignoles (U. BordeauxI),
Ph.Supiot (U. of Lille I)

Projects Running
SPAM, Marie Curie-ITN, Contract No 215723
“Lab-on-chip” Corralia-GSRT Contract No ΜΙΚΡΟ2-ΣΕ-Γ/Ε-ΙΙ
“DNA on waves: an integrated diagnostic system” GSRT Contract No LS7(276)

Our objective is to use our rich plasma nanoscience and nanoassembly toolbox as an enabling
technology for a variety of applications including Surface Science, Life Sciences and Energy, as
well as for fundamental studies in these fields. More specifically, we use various top down and
bottom up patterning processes followed by plasma etching / processing not only for nanoelectronics and MEMs, but also for surface wetting control, surface engineering, microfluidics,
microarrays, lab-on-a-chip fabrication, and Nanowire Fabrication for Energy:
• For nano-electronics, we focused on simulation of Line Edge Roughness (LER) transfer
during plasma etching and the formation of Contact Edge Roughness (CER). Also, we
generated synthesized SEM images to study noise effects and applied the developed
software in EUV lithography. (see section A)
• For Life Science applications, Plasma Processing was used to fabricate microfluidics, lab on a
chip, and microarrays. Several analytical microfluidic devices were developed: (a) An affinity
chromatography chip for phosphopeptide enrichment with capacity comparable to commercial
off-line TiO2 tips, using a cost-effect flame pyrolysis method on thermosensitive polymeric
substrates. (b) A chip for DNA amplification using continuous flow PCR. (c) A microfluidic
device with controlled wetting properties and controlled protein adsorption on rough walls. In
addition we demonstrated DNA microarrays on plasma nanotextured Polystyrene slides
applied for improved detection of gene mutations, as well as protein microarrays with
improved sensitivity and uniformity on photolithographed and plasma modified glass
substrates (see section B)
• Plasma Nanoassembly or colloidal particle self-assembly was used to create nanopillars on
Silicon, leading to extremely low Si reflectance. We demonstrated cryogenic etching
processes of Silicon leading to nanoscale Silicon pillars of high aspect ratio (>20:1). Plasma
nanotextured surfaces coated with plasma deposited Teflon films led to superamphiphobic
(water and oil resistant) surfaces. The mechanical and thermodynamic stability of these
surfaces was examined using drop pressing experiments. Finally we have continued the work
of plasma directed organization and shown the effects of polymeric material and etching time
on the self-organization of these nanodots (see section C)
• Simulation work on plasma etching, plasma deposition, CVD and plasma nanoscience assists
process design and understanding and is described in section D.
• Work on the characterization and modeling of micro- and nanofabricated structures has also
been initiated (see section E)
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RESEARCH RESULTS IN 2011
A.

Micro and Nano Lithography: Simulation and Metrology

This year, the work of our group in this area was focused on the issue of sidewall
roughness of lithographic features, which becomes increasingly important in the semiconductor
industry as the size of printed features is shrinking to sub-30nm scale. It is believed that the
sidewall roughness of lines and contacts and the related variability would be one of the main
obstacles to be overcome in near future lithographies. The results of our research concern both
simualtion and metrology issues with emphasis on LER transfer during etching, Contact Edge
Roughness simulation and metrology and SEM image noise effects on CER measurement.
A1

Line Edge Rougness (LER) transfer during plasma etching

G. Kokkoris, V. Constantoudis, E. Gogolides
The line edge roughness transfer from the resist to the underlying substrate via plasma
etching is studied with a 3d modeling framework. The framework includes the generation of 3d
rough resist lines with predetermined roughness parameters [root mean square roughness (σ),
correlation length (ξ), and roughness exponent]. The pattern transfer of the generated 3d lines to
the substrate is captured by an abstractive geometric model: Plasma etching is considered
anisotropic and the shadowing of the incident ions by the protrusions of the initial resist sidewall
determines the roughness of the substrate sidewall. Shadowing is enough to induce the striations
and the reduction of σ at the substrate sidewall. The effect of the sidewall roughness (σ and ξ)
and shape (thickness and sidewall slope) of the initial resist line as well as the etching selectivity
and etching depth on a) σ and b) the slope of the substrate sidewall is investigated. A linear
relation between σ of the substrate and σ of the initial resist sidewalls is found, consistently with
pertinent experimental studies. It is found that the reduction of σ is favored by a low correlation
length of the initial resist sidewall and by thicker resist films. The decrease of σ of the initial resist
sidewall, the increase of the etching selectivity, and the increase of the initial resist thickness
o
favors a slope of the substrate sidewall closer to 90 . The slope of the initial resist sidewall affects
the slope of the substrate sidewall only for low values of σ.
(a)
(c)

Production of
3d rough line

+
(b)

(d)

Fig.1. (a) A plane rough surface with specific roughness parameters (σ = 2, ξ = 20, roughness exponent =
0.4). (b) A 3d smooth line. (c) A 3d rough line coming from the superimposition of the plane rough surface
(Fig. 1a) onto the smooth 3d line (Fig. 1b). (d) The 3d line of the substrate after plasma etching and removal
of resist. Notice the formation of striations at the sidewall of the substrate. The etching depth is 150 and the
etching selectivity of the substrate over the resist is 3.
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Modeling of Contact Edge Roughness and Critical Dimension Uniformity (CDU)
formation

V.-K. Murugesan Kuppuswamy, V. Constantoudis
Several modeling and simulation studies have been devoted to Line Edge Roughness
(LER) formation in the present and near future lithographies and especially, in Extreme UltraViolet Lithography (EUVL) which is the stronger candidate to replace 193nm immersion
lithography in the manufacturing of Integrated Circuits (see for example the stochastic simulation
for LER developed in our group and presented in previous year reports). Recently. however, the
roughness of contact holes (contact hole or edge Roughness, CHR/CER) and mainly their
dimensional variability (usually described as critical dimension uniformity, CDU) has also
attracted a lot of interest in EUVL community, due to the difficulty in reducing these to the
allowable limits. In order to reach these limits, we can use the experience gained in LER
reduction studies. However, it is not clear at which level CER behaves in a similar way to LER,
given the different topology of contacts compared to lines (circular vs. linear). Thus, a question
that can be asked is to explore the implications of this difference in the process effects on CER
with respect to LER. In order to investigate this issue, we developed a numerical model for CER
inspired by the analytical modeling for LER proposed by Gallatin [Proc. of SPIE 2005 p.38]. This
simplified simulation modeling of the lithographic process with code name “CERSIM” takes into
account the discrete effects of photons (shot noise), the acid diffusion and a simplified version of
critical ionization model for dissolution. Its successive steps are shown in Fig. 2.

The first application of the modeling will be to study the effects of exposure dose on CER
and CDU. According to very recent experimental findings, the RMS of CER increases at high
doses contrary to LER behavior and shot noise expectations. First simulations of the developed
modeling captures the experimental trend when the acid diffusion length is large enough to allow
acids generated in a contact area to contribute to the resist deprotection of nearby contacts.
Furthermore, we have applied the model in LER to investigate the effect of acid diffusion on LER.
First results show that model captures the experimental saturation and increase of LER at high
acid diffusion lengths.

A3

Metrology and characterization of Contact Edge Roughness (CER) and Critical
Dimension Uniformity (CDU): Applications in EUV lithography

V.-K. Murugesan Kuppuswamy, V. Constantoudis
During 2010, we have developed the software CERDEMO for the measurement and
characterization of CER and CDU from top-down SEM images. In this year and in collaboration
with IMEC (Belgium), we applied this software to study the effects of sensitizer and PAG
concentrations (ρPAG and ρsensitizer respectively) in a EUV resist by means of the analysis of
several (>500) top-down SEM images acquired in IMEC and sent to us for analysis and
characterization. The results are shown in the following Fig. 3.
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Fig.2. Steps of the simplified simulation of lithographic process for CER formation with emphasis on shot
noise and acid diffusion effects.
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Fig.3. Effects of PAG and sensitizer concentrations (ρPAG, ρsensitizer respectively) on CD variation (CDU),
RMS and correlation length.

According to these:
• CD variation increases with ρsensitizer and takes lower values for the standard ρPAG
• RMS takes the lower value for the standards ρPAG and ρsensitizer
• Correlation length decreases with increase in both ρPAG and ρsensitizer
A4

Synthesis of model SEM images with LER and CER and study of noise effects
on feature roughness and size variability

V. Constantoudis, V.-K. Murugesan Kuppuswamy
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The continuous reduction of lithographic features to sub-30nm scales demands metrology
with increased accuracy and precision. The workhorse tool for dimensional metrology in
microlithography remains SEM and especially the analysis of top-down images. However, SEM
images suffer from the presence of noise, which may come from many causes (SEM electronics,
fluctuations of e-beam intensity, …), and affects the acuuracy of the measured dimensions and
roughness. Consequently, a crucial question is to study the effects of SEM noise on dimensional
and roughness measurement and provide methods for noise-free measurements. Up to date,
some methods have been proposed based either on the acquisition of many images or the use of
multiple filters on the image and the combination of their results and have been applied mainly to
LER metrology. The disadvantage of these methods is that they cannot be evaluated since the
noiseless value of the measured quantity is unknown.
Here, we propose and apply a diferent approach based on the generation of synthesized topdown SEM images similar to experimental ones, but including features with predetermined
noiseless parameters of CD, Critical Dimension (CD) uniformity, roughness and controlled level
of noise. The sources of image noise we consider are the shot noise of SEM electron beam and
the microscope electronics. The steps of the developed methodology for contacts (CERMODEL
software) are shown in Fig. 4. along with the combined use of CERDEMO (see A.2 and A3) for
the analysis of the obtained synthesized images and comparison of the output with the input
values.

Fig. 4. Graphical representation of the combined use of CERMODEL and CERDEMO software for the
generation and analysis of synthesized SEM images including contacts with CD nonuniformity and CER.
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The results show that noise reduces CD and correlation length, while it increases the rms
value of contact edge roughness (CER). CD variation is increased with noise in images with
smooth and identical contacts, whereas it remains almost unaltered in images including rough
contacts with pre-existed CD non-uniformity. Furthermore, we find that the application of a noise
smoothing filter before image analysis rectifies the values of CD (at small filter parameter) and of
rms and correlation length (at larger filter parameters), whereas it leads to marginally larger
deviations from the true values of CD variation. Quantitative assessment of the model predictions
reveals that the noise induced variations of CD and CER values are less important compared to
those caused by process stochasticity and material inhomogeneities.

B.

Microfluidic and Microarray Fabrication for Life Sciences
(see also project III.2)

B1

Flame Aerosol Deposition of TiO2 Nanoparticle Films on Polymeric Microfluidic
Devices for On-Chip Phosphopeptide Enrichment

K. Tsougeni, E. Gogolides and external collaborators
Direct and fast (10s of seconds) deposition of flame-made, high surface-area aerosol films
on polymers and polymeric microfluidic devices is demonstrated. Uniform TiO2 nanoparticle films
were deposited on cooled Poly(methyl methacrylate) (PMMA) substrates by combustion of
titanium(IV) isopropoxide (TTIP) – xylene solution sprays. Films were mechanically stabilized by
in-situ annealing with a xylene spray flame. Plasma-etched microfluidic chromatography columns,
comprising parallel microchannels were also coated with such nanoparticle films without any
microchannel deformation (see Fig.5 a,b). These microcolumns were successfully used in metaloxide affinity chromatography (MOAC) to selectively trap phosphopeptides on these high surfacearea nanostructured films. The chips had a high capacity retaining 1.2 µg of standard
phosphopeptide (see Fig.5 c). A new extremely fast method is developed for MOAC microchip
stationary phase fabrication with applications in proteomics.

Sample in
5

Sample at
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(a)
Roughness from etching

Absorbance units (mAU)
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Tetra

0
(c) 30 s deposition,
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-5
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(b) 2 x40 s deposition,
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-25
(a) 80 s deposition, 3 s annealing
0
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(b)
Fig.5. (a), (b) The PMMA micro-column after
the flame-deposition of TiO2, consisting of 7
µm wide, 12 µm deep microchannels. Notice
that the microchannel bottom surface is
rough and the walls in between are flat. The
particles (white) cover both the walls and the
microchannel bottom. The deposition is
uniform over large areas.

Fig.5. (c) Affinity chromatography on chip, with
retention,
elution
and
separation
of
monophosphopeptide (FQ-pS-EEQQQTEDELQDK) and of a
mixture of mono and tetra phosphopeptide
(RELEELNVPGEIVEpSLpSpSpSEESITR)
using
a
PMMA micro-column containing a TiO2 stationary
phase deposited for (a) 80 s, 3 s annealing (b) 2 x 40 s,
2 x 3 s annealing and (c) 30 s, 3 s annealing as
stationary phases.
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Highly dense and uniform protein and DNA microarrays through photolithography
and plasma modification of glass substrates

A. Malainou, E. Gogolides, A. Tserepi and external collaborators

Fig.6. Scanning of microarrays for the simultaneous detection of four deleterious mutations in BRCA1 gene.
The wild- (w) and the mutant-type (m) corresponding to 1: G1738R, 2: 5382insC, 3: 3741insA and 4:
3099delT mutation were spotted on commercial (a) PS slide (b) epoxy modified glass slide, and our
developed (c) Ormocomp/glass slide. Fluorescence intensity values for the spots corresponding to wild-type
(black columns) or mutant-type (red columns) of the four BRCA1 mutations obtained from (d) PS slide (e)
epoxy-glass slide, and our (f) Ormocomp/ glass slide shown to outperform the commercial ones.

B3

High Capacity and High Intensity DNA Microarray Spots Using Oxygen-Plasma
Nanotextured Polystyrene Slides

K. Tsougeni, A. Tserepi, E. Gogolides and external collaborators
Commercially available Polystyrene (PS) slides were plasma nanotextured (nanoroughened) through treatment in Oxygen plasma discharges to create substrates with increased
surface area for microarray applications. Conditions of plasma treatment were determined for
maximum and uniform oligonucleotides immobilization on these nanotextured PS slides.
Oligonucleotides were immobilized onto the surface in the form of biotinylated
oligonucleotide/streptavidin conjugates to take advantage of increased protein binding capacity of
the substrate. It was found that the amount of oligonucleotides that could be immobilized was
increased up to 10 times on plasma treated as compared to untreated slides (see Fig.7 a). The
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Methods for selective protein adsorption are needed on substrates for protein microarrays
and analytical microdevices. We demonstrate creation of high density protein and DNA
microarrays with excellent spot uniformity on low cost commercially available microscope glass
slides using photolithography and plasma processing. Spots of commercial photoresists
(AZ5214, SU8 and Ormocomp®) were defined through lithography on glass substrates followed
by short SF6 plasma treatment. Protein deposition and fluorescence signal evaluation on these
substrates was performed by standard arrayers and scanners. Selective protein adsorption on
the photoresist spots with respect to glass was demonstrated (spot to background fluorescence
signal ratios 30:1 to 40:1) using model protein binding assays. Among the photoresists tested,
Ormocomp was selected since it provided the highest protein binding capacity. Besides to protein
microarrays, DNA microarrays were also developed (Fig.6 c) by spotting streptavidin-biotinylated
oligonucleotide conjugates corresponding to wild- and mutant-type sequences of four deleterious
BRCA1 gene mutations. For all of the examined mutations, higher specific hybridization signals
(1.5-4 times) and improved discrimination ratios between wild- and mutant-type sequences as
well as higher spot uniformity and repeatability were demonstrated on Ormocomp/glass
substrates (Fig.6 f), compared to commercial polystyrene and epoxy-coated glass slides.
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sensitivity of detection of labelled hybridized probes was improved by a factor of 20. Optimized
nanotextured PS slides were subsequently used to develop a microarray for the detection of
three deleterious BRCA1 gene mutations by immobilizing oligonucleotides corresponding to wild
and mutant type sequences (see Fig.7 b). The microarray developed on the nanotextured PS
slides provided higher specific hybridization signal and discrimination ratios as compared to flat
untreated PS slides.
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B4

Continuous-flow microfluidic device for DNA amplification (µPCR) on flexible
polyimide substrate

D. Moschou, N. Vourdas, G. Kokkoris, E. Mavraki, S. Chatzandroulis, A. Tserepi
The development of a continuous flow µPCR device integrated with microresistors on a
flexible polyimide (PI) substrate was continued this year with emphasis on design and process
optimization, as well as on completion of device electrical characterization. Heat transfer
simulation results revealed almost identical temperature profiles between the microresistors and
the microchannels formed in each of the three thermal zones (denaturation, annealing, and
extension). Furthermore, simulations showed that PI is outperforming Si and glass, in respect to
reduced power consumption and temperature uniformity across the thermal zones (Fig.8 bottom),
justifying PI as an excellent substrate material for such a device. Electrical measurements (Fig.8
top) verified the calculated through simulation electrical current values required. This device
(Fig.8 top right) is to be integrated with biosensors on a PCB platform towards a LoC for disease
diagnostics.
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Fig.7 (a) Spot fluorescence images from microarray scanner showing a comparison of flat (left) and 7-min
Oxygen plasma nanotextured (right) PS slides. Concentration of immobilized AF546-labeled biotinylated
oligonucleotide-conjugate increases from top to bottom. (b) Fluorescence signals from microarrays created
by spotting wild- (white columns) and mutant-type sequences (black columns) corresponding to 5382insC,
3099delT and R175IX BRCA1 gene mutations on an untreated A (top) and 10-min O2 plasma treated PS
slide B (bottom)) after hybridization with fluorescently labelled oligonucleotides complementary to the wildtype sequences. The arrays have been washed sequentially with HEN buffer dilutions from 1 to 0.063 HEN
o
o
at 30 C and distilled water at 4 C. Each point is the mean value of 30 spots ± SD.
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Fig.8. (top) Microresistor temperature (T) versus required electrical power (P). The currents needed for
each microheater to reach the three required PCR temperatures are indicated. (right) Image of the
fabricated device showing microchannel and microheaters integrated on flexible Cu-cladded PI.
(bottom) Temperature along the channel axis (simulation) for three different device materials (PI, SiO2,
Si). The inlet velocity is 1 mm/s.

B5

Controlled protein adsorption on rough microchannel walls

K.Tsougeni, A.Tserepi, E.Gogolides and external collaborators
Plasma processing is demonstrated as a generic technology not only to fabricate, roughen,
and control the wetting properties of microfluidic devices but also to control the protein adsorption
in microfluidic channels intended for bio-analysis. After lithography on poly(methyl methacrylate)
(PMMA) substrates, deep anisotropic O2 plasma etching was utilized to pattern microchannels, at
conditions where very rough bottom walls were obtained. Where desirable, the rough surfaces
were hydrophobized by means of a C4F8 plasma deposition step through a stencil mask creating
superhydrophobic and hydrophilic stripes. In such microchannels, protein adsorption was
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controlled by the surface roughness and wettability showing null adsorption on superhydrophobic
stripes and greatly enhanced adsorption on rough hydrophilic stripes (see Fig.9). Thus, such
control in protein immobilization on the rough walls can be potentially applied in bio-analysis.
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C.

Plasma Nanoscience and Applications in wetting control and energy

C1

Plasma Directed Organization of Nanodots on Polymers: Effects of Polymer Type
and Etch Time on Morphology and Order

D. Kontziampasis, V. Constantoudis, E. Gogolides
Oxygen plasma etching of Poly(methyl methacrylate) (PMMA), Poly(ethylene terephalate)
(PET) and Polystyrene (PS) directs the formation of organized nanodots on the surface of the
polymer, generalizing our previous finding of plasma directed nanodot formation on PMMA. We
described the metrological characterization of these nanodots and compared their morphology in
the three polymers. We studied the evolution of the surface morphology with etching time and
observed a transition point where dual scale roughness develops, order is lost, and sudden
increase of the surface roughness is observed. We discussed and proposed possible
mechanisms for the emergence of the two topographies (see figure 10).
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Fig.9. (a) Fluorescence image of a microchannel with patterned wettabilty (from superhydrophobic, contact
angle CA~150º, to superhydrophilic, CA<10º) formed in PMMA by O2 plasma etching, deposition of a
hydrophobic Teflon-like film in the left zone, and adsorption of AF488 labelled goat anti-rabbit IgG antibody.
(c) Fluorescence image of a smooth PMMA microchannel with patterned wettability. The plots in (b) and (d)
correspond to the fluorescence intensity across the white dotted lines in each image. Notice the abrupt
increase in fluorescence from left to right for channel (a), and the large intensity in the superhydrophilic
rough areas compared to smooth areas (channel (c)).
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Fig. 10. Left column consists of two AFM images (2µm x 2 µm area) and shows the topography of PS and
PET after plasma directed assembly. The plot in the middle shows circularly averaged Power Spectral
Density (PSD) of etched surfaces versus etching time. (Notice the importance of low frequency at long
etching times, and the transition taking place between 5min and 8min of etching). The right column
consists of two AFM (2µm x 2 µm) images of PMMA with different etching times showing characteristic
morphologies.

C2

Simulation of plasma roughening

G. Kokkoris, V. Constantoudis, E. Gogolides
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Fig. 11. Surfaces and circularly averaged power spectral densities (PSD) under different simulation
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Ion-driven etching, i.e. ion-enhanced plasma etching or ion beam sputtering, under simultaneous
deposition of etch-inhibitors (e.g. impurities coming from the sample surroundings, reactor walls,
or the plasma bulk) can induce roughness and may also lead to the formation of periodic dots on
the surface being etched. A generic mechanism for the emergence of periodicity is proposed
transferring the concept of shadowing growth, a principle originating from deposition, to etching.
The specific conditions leading to periodicity, i.e. the window of periodicity, are investigated with a
Monte Carlo modeling framework for surface morphology evolution. A small fraction of etchinhibitors in the arriving flux, so as to avoid etch stop, low etch selectivity of substrate to etchinhibitors, and high sticking probability of etch-inhibitors are found to favor the formation of
periodic dots.
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conditions. All conditions except the value of the noted parameter correspond to the base case. Simulated
surfaces after the incidence of 2400×Ν2 particles for (a) the base case [ xˆd =0.05 (fraction of etch-inhibitors
in the arriving flux), ŝ = 1 (etching selectivity of the substrate over the inhibitors), Sd=1 (sticking probability
ο
of inhibitors), σ=2 (angular deviation of ions which follow a Gaussian angular distribution)],
(b)
(g)

C3

xˆd =0.02, (c) xˆd =0, (d) ŝ = 2, (e) ŝ =3.33. Circularly averaged PSDs for different values of (f) xˆd and
ŝ . All PSDs come from the average of 10 runs.
Hierarchical, plasma nanotextured, robust superamphiphobic polymeric surfaces
structurally stabilized through a wetting-drying cycle

A. K. Gnanappa, E. Gogolides, A. Tserepi and external collaborators

Fig. 12. Compression of a liquid drop (water or oils) on a plasma nanotextured surface. The morphology
of the surface immediately after etching is seen on the bottom right image. Wetting and drying stabilization
leads to the coalesced morphology shown in right top figure.

C4

Nanoscale silicon etching: High aspect ratio silicon nanowire fabrication using
colloidal self-assembly and plasma directed assembly

A. Smyrnakis, E. Gogolides, A. Tserepi
Perpendicular to the substrate silicon nanowires (SiNWs) and nanopillars with controlled
sizes and period are of extreme interest due to their structural, electrical and optical properties
and their possible application in photovoltaics, sensors and energy harvesting devices. For the
fabrication of such features we developed a cryogenic plasma etching process for silicon, that
uses a SF6/O2 gas mixture at (T<−100 °C). For the patterning, we use as a template two costeffective self-assembly methods (colloidal particle self-assembly and plasma directed assembly)
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Plasma
etched
and
simultaneously
randomly
roughened
(nanotextured)
polymethylmethacrylate (PMMA) substrates show hierarchical roughness and complex highaspect-ratio morphology (see fig. 11). They are investigated as superamphiphobic surfaces, after
plasma deposition of a thin fluorocarbon film. Inspired by the need to allow their “real world” use,
we explored two major stability issues of such superamphiphobic surfaces: a) the structural
stability of the nanotexture against capillary and adhesion forces during successive wettingdrying cycles, and b) the thermodynamic stability (robustness) of these surfaces related to the
maximum sustainable pressure of the Cassie-Baxter inhomogeneous wetting state. We show that
surfaces etched in Oxygen plasma up to 4 min (with texture height ~600 nm) are stable against
successive wetting-drying cycles, while surfaces treated for longer time show highly porous
nanofibrous morphology which is coalesced and stabilized upon wetting, allowing their potential
long-term use. Robust superhydrophobic and superoleophobic behavior is observed in drop
compression tests with water (on 2, 4, 10min plasma etched surfaces) and diiodomethane (on 4
and 10min plasma etched surfaces) respectively, and no wetting transition is observed for these
two liquids even at maximum drop compression possible (1.5 kPa) (see fig. 12). Robust
oleophobic behavior with sticky surfaces is observed for 1 and 2min etching and with
diiodomethane without transition to wetted states even upon maximum compression. On the
contrary, wetting transition is observed for soya oil upon repeated compression.
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followed by silicon plasma etching. Polystyrene microparticle self-assembly is followed by an
isotropic oxygen plasma etching step to reduce the particle diameter, thus offering full control of
the wire diameter after silicon etching with polysterene serving as a mask (see Fig.13a,b).
Plasma directed assembly is a simple, low-cost, assembly-organization method to create the
nanodot pattern on any non-specialty commercial polymer film, such as PMMA, using only
oxygen plasma nanotexturing, and then transfer it to a subsequent substrate to fabricate high
aspect ratio nanowires. A schematic of the process flow is shown in Fig. 13c. Having the PMMA
nanodots serving as a mask, we perform the silicon etching using the cryogenic process. Silicon
nanowires with a diameter in the range of 40-100 nm and aspect ratio up to 20:1 can be
fabricated (Fig. 13d). The low reflection of the nanostructured surfaces is recognized by naked
eye as the Si samples look black after the treatment (Fig. 13e). In order to examine the optical
properties of our silicon nanowires and evaluate their possible use in photovoltaic devices, we
perform reflectance measurements of the silicon surfaces structured with different diameter and
aspect ratio nanowires.

(a)

(b)

(c)

Fig. 13. (a) Process flowchart of colloidal nanoparticle self-assembly showing
pattern transfer and fabrication of silicon nanowires. (b) SEM image of Si wires
(200nm diameter, aspect ratio 18:1) fabricated by colloidal lithography followed by
cryogenic etching. Inset is colloidal mask after O2 plasma shrinking. (c) Process
flowchart of plasma directed assembly showing pattern transfer to the substrate
using plasma etching. (d) SEM image of Si nanowires fabricated by plasma
directed assembly followed by cryogenic etching. (e) Photograph of the
nanostructured sample compared to a polished silicon wafer.

(d)
(e)

D.

Plasma etching, plasma assisted, and chemical vapor deposition
simulation (see also C2)

D1

Multiscale modeling of chemical vapour deposition processes

A multiscale modeling framework is used to couple the co-existing scales, i.e. macro-,
micro- and nano-scale, in chemical vapor deposition (CVD) processes. The framework consists
of a reactor scale model (RSM) for the description of the transport phenomena in the bulk phase
(macro-scale) of a CVD reactor and two models for the micro- and nano-scale: a) A feature scale
model (FSM) describing the growth of a film inside features on a predefined micro-topography on
the wafer and b) a nano-morphology model (NMM) describing the surface morphology evolution
during thin film deposition on an initially flat surface. The FSM is deterministic and consists of
three sub-models: A ballistic model for the species’ transport inside features, a surface chemistry
model, and a profile evolution algorithm based on the level set method. The NMM is stochastic
and is based on the kinetic Monte Carlo method. The coupling of RSM with FSM is performed
through a correction of the species consumption on the wafer. The linking of RSM with NMM is
performed through “feeding” of the deposition rate calculated by RSM to the NMM. The case
study is CVD of Silicon (Si) from Silane. The effect of the reactor’s operating parameters on the
Si film conformity inside trenches is investigated by the coupling of RSM with FSM. The formation
of dimmers on an initially flat Si (001) surface as well as the periodic change of the surface nanomorphology is predicted.
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G. Kokkoris and external collaborators
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Fig. 15. Mole fraction distribution of
SiH4 inside the reactor for (a)
=
133 Pa and (b)
= 1330 Pa. The
values are normalized with 0.099
and 0.098 respectively.

Fig.16. Trench profile evolution at a cluster on the
wafer (0.0600m to 0.0624m from the center). (a)
Pop=133Pa,
(mole fraction at inlet), Ts=1050K (surface
temperature), Qin=1000sccm (feed). The carrier gas is
N2. (b) Qin=100 sccm.
(c)
. The profiles are presented for the
equidistant time spaces [38.4s for (a), 224s for (b),
3120s for (c)].

Fig. 14. The schematic of coupling: (a) CVD
reactor. (b) The ‘interface’ between RSM and
FSM. (c) The ‘interface’ between RSM and
NMM.

Characterization and modeling of micro and nano-fabricated
structures

The characterization and modeling of rough surfaces and structures, is crucial in both
roughness metrology and simulation. The vast literature devoted to this issue has mainly focused
on the characterization and modeling of fully ordered, fully random or fractal surfaces. However,
recently many bottom-up nanotechnological processes lead to self-assembled or self-organized
surfaces with partially ordered structures (POS). The aim of this topic is to examine
systematically the conventional methods for modeling and characterization of POS and propose
novel approaches borrowing concepts and methods from other fields such as network theory,
entropy analysis, information retrieval, etc.
E1

Modeling of micro and nano-fabricated structures

V. Constantoudis, V.K. Murugesan-Kuppuswamy, D. Zervas,E. Gogolides
Up to now, we have developed three approaches to the modeling of POS (i.e. the
algorithmic generation of rough surfaces and structures with controlled morphological
parameters): a) In the first, uncorrelated or correlated noise is added to a fully periodic surface
composed of periodically arranged mounds (or protrusions). This approach has been used in
network height-similarity and peak-centered correlation function methods developed for order
characterization (see E.2), b) In the second, the generated surface is a sum of a self-affine fractal
surface and a few full periodic ones. This approach has been applied with success in the
modeling of resist contact edges fabricated by EUV lithography (see Fig. 18), and c) The
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E.

Fig. 17. Surface nano-morphology after 1.5 s of
deposition at (a) the middle and (b) the edge of the
wafer. The number of monolayers deposited differs and
leads to surfaces with different dimers orientation.
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application of the inverse Fourier transform technique with input a Fourier spectrum with a peak
of controlled width. The next step is the further evaluation of these methods through the
comparison of the generated surfaces with plasma treated surfaces measured with AFM.

Fig. 18. The method of adding periodic components to fractal lines (a) and the successful reproduction of
the poser spectrum of experimental EUVL contact edges (b)

E2

Characterization of micro and nano-fabricated structures

V. Constantoudis, D. Zervas, N. Karasmani, E. Gogolides

Fig. 19. Two apparently different surfaces characterized by the same order parameter defined through the
inverse of FWHM of Fourier transform
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The characterization work includes: a) The examination of the conventional (Fourier
transform and correlation function) approaches using model POS generated with the methods
described in E.1. We have shown that the widely used inverse FWHM of Fourier spectrum is
partially insensitive to the kind of deviation from full periodicity (see Fig. 19).
b) The implementation and evaluation of new methods based on the modification of the
conventional ones and the proposal of novel approaches based on network and entropy theory.
In this context, we have proposed : i) a modified autocorrelation function, called peak-centered
correlation function, specialized in the detection of order deviations in a surface, ii) the heightsimilarity method for the transformation of a surface to a network and examined the effects of
order deviations on network characteristics (degree distribution, clustering coefficient, etc.), ii) an
approximate entropy estimation method adapted to surfaces and investigated its sensitivity to the
degree of surface order. Next steps include the comparative evaluation of the above methods
and their application to real experimental structures.
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PROJECT OUTPUT IN 2011
Publications in International Journals and Reviews
Micro and Nano Lithography: Simulation and Metrology
1. “Contact Edge Roughness: Characterization and modelling”, Murugesan-Kuppuswamy, V.-K.,
Constantoudis, V., Gogolides, E., (2011) Microelectronic Engineering, 88 (8), pp. 2492-2495
Microfluidic and Microarray Fabrication for Life Sciences
2. “TiO 2-ZrO 2 affinity chromatography polymeric microchip for phosphopeptide enrichment and
separation”, Tsougeni, K., Zerefos, P., Tserepi, A., Vlahou, A., Garbis, S.D., Gogolides, E., (2011) Lab
on a Chip - Miniaturisation for Chemistry and Biology, 11 (18), pp. 3113-3120
3. “Protein arrays on high-surface-area plasma-nanotextured poly(dimethylsiloxane)-coated glass slides”,
Vlachopoulou, M.-E., Tserepi, A., Petrou, P.S., Gogolides, E., Kakabakos, S.E., (2011) Colloids and
Surfaces B: Biointerfaces, 83 (2), pp. 270-276
Plasma Nanoscience and Applications in wetting control and energy
4. “Towards control of plasma-induced surface roughness: Simultaneous to plasma etching deposition”,
Kokkoris, G., (2011) EPJ Applied Physics, 56 (2), art. no. 24012
5. “"Mesh-assisted" colloidal lithography and plasma etching: A route to large-area, uniform, ordered
nano-pillar and nanopost fabrication on versatile substrates”, Ellinas, K., Smyrnakis, A., Malainou, A.,
Tserepi, A., Gogolides, E., (2011) Microelectronic Engineering, 88 (8), pp. 2547-2551
6. “Two-dimensional nanoparticle self-assembly using plasma-induced Ostwald ripening”, Tang, J.,
Photopoulos, P., Tserepi, A., Tsoukalas, D., (2011) Nanotechnology, 22 (23), art. no. 235306
7. “Contact line dynamics of a superhydrophobic surface: Application for immersion lithography”,
Gnanappa, A.K., Gogolides, E., Evangelista, F., Riepen, M., (2011) Microfluidics and Nanofluidics, 10
(6), pp. 1351-1357
8. “From superamphiphobic to amphiphilic polymeric surfaces with ordered hierarchical roughness
fabricated with colloidal lithography and plasma nanotexturing”, Ellinas, K., Tserepi, A., Gogolides, E.,
(2011) Langmuir, 27 (7), pp. 3960-3969
9. “Controlling roughness: From etching to nanotexturing and plasma-directed organization on organic and
inorganic materials”, Gogolides, E., Constantoudis, V., Kokkoris, G., Kontziampasis, D., Tsougeni, K.,
Boulousis, G., Vlachopoulou, M., Tserepi, A., (2011) Journal of Physics D: Applied Physics, 44 (17), art.
no. 174021

Other Collaborative Work
15. “Classical dynamics of escape in a periodically driven unbound hamiltonian system: Initial phase
effects”, Konstantinidis, L., Constantoudis, V., Nicolaides, C.A., (2011) International Journal of
Bifurcation and Chaos, 21 (9), pp. 2587-2596

International Conference Proceedings
Micro and Nano Lithography: Simulation and Metrology
1. “Contact edge roughness (CER) characterization and modeling: Effects of dose on CER and critical
dimension (CD) variation”, Murugesan Kuppuswamy, V.-K., Constantoudis, V., Gogolides, E., Vaglio
Pret, A., Gronheid, R., (2011) Proceedings of SPIE - The International Society for Optical Engineering,
7971, art. no. 79710Q
Microfluidic and Microarray Fabrication for Life Sciences
2. “Fabrication and modeling of a continuous-flow microfluidic device for on-chip DNA amplification”, G.
Kokkoris, D. C. Moschou, E. Mavraki, S. Chatzandroulis, A. Tserepi, Proceedings of 3rd Micro and
Nanoflows Conference (MNF 2011), Thessaloniki, Greece, 22-24 August 2011
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Plasma etching, plasma assisted, and chemical vapor deposition simulation
10. “Simulation of chemical vapor infiltration and deposition based on 3D images: A local scale approach”,
Ros, W., Vignoles, G.L., Germain, C., Supiot, P., Kokkoris, G., (2011) Chemical Vapor Deposition, 17
(10-12), pp. 312-320
11. “Multiscale modeling of chemical vapor deposition of silicon”, Cheimarios, N., Garnelis, S., Kokkoris, G.,
Boudouvis, A.G., (2011) Computer Aided Chemical Engineering, 29, pp. 131-135
12. “An efficient parallel fixed point iteration method for multiscale analysis of chemical vapor deposition
processes”, N. Cheimarios, G. Kokkoris, A. G. Boudouvis, App. Num. Math. In press (2011) [doi:
10.1016/j.apnum.2011.07.002]
13. “Linking the operating parameters of chemical vapor deposition reactors with film conformality and
surface nano-morphology”, N. Cheimarios, S. Garnelis, G. Kokkoris, A. G. Boudouvis, Journal of
Nanoscience and Nanotechnology 11, 8132 (2011)
14. “A computational framework for multiscale analysis of chemical vapor deposition processes”, N.
Cheimarios, S. Garnelis, A. G. Boudouvis, G. Kokkoris, ECCOMAS (European Community of
Computational Methods in Applied Sciences), newsletter, November 2011, p. 6.
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“A continuous flow µPCR device with integrated microheaters on a flexible polyimide substrate”, E.
Mavraki, D. Moschou, G. Kokkoris, N. Vourdas, S. Chatzandroulis, A. Tserepi, Proceedings of
Eurosensors XXV, Procedia Engineering 25, pp. 1245-1248, Athens, Greece, 4-7 September, 2011
“Nanoscale protein patterning on Si substrates using colloidal lithography and plasma processing”
(oral), A.Malainou, K.Ellinas, P.S. Petrou, S.E. Kakabakos, V. Constantoudis, E. Gogolides, A.Tserepi,
Proceedings of Eurosensors XXV, Procedia Engineering 25, pp. 1641-1644, Athens, Greece, 4-7
September, 2011
“Plasma nanotextured Polystyrene for intense DNA microarrays”, Tsougeni, K., Petrou, P.S., Tserepi,
A., Kakabakos, S.E., Gogolides, E., (2011) Proceedings of Eurosensors XXV, Procedia Engineering,
25, pp. 1573-1576, Athens, Greece, 4-7 September
“TiO2 Affinity Chromatography Microcolumn on Si and polymeric Substrates for Phosphopeptide
Analysis” (oral), K. Ellinas, K. Tsougeni, G. Boulousis, A. Tserepi, E. Gogolides, Proceedings of
Eurosensors XXV, Procedia Engineering 25 , pp. 717-720, Athens, Greece, 4-7 September, 2011

Plasma Nanoscience and Applications in wetting control and energy
7. “Improved immersion scanning speed using superhydrophobic surfaces”, Gnanappa, A.K., Gogolides,
E., Feuillet, E., Evangelista, F., Dziomkina, N., Riepen, M., (2011) Proceedings of SPIE - The
International Society for Optical Engineering, 7973, art. no. 79732C

International Conference Presentations

Microfluidic and Microarray Fabrication for Life Sciences
4. “Polymeric Micro-Fabricated TiO2-ZrO2 Affinity Chromatography Microchip for Phosphopeptide
Enrichment and Separation (oral)”, Angeliki Tserepi, European Lab Automation, 30 June - 1 July 2011,
Hamburg, Germany
5. “Phosphopeptide Enrichment in Polymeric Microchip with Porous TiO2 Stationary Phase Deposited by
Wet or Flame-Pyrolysis Methods (poster)”, K. Tsougeni, Th. Rudin, S. E. Pratsinis, E. Gogolides, 37th
International Conference on Micro and Nano Engineering (MNE11), 19-23 September 2011, Berlin,
Germany
6. “Fabrication and modeling of a continuous-flow microfluidic device for on-chip DNA amplification (oral)”,
G. Kokkoris, D. C. Moschou, E. Mavraki, S. Chatzandroulis, A. Tserepi, 3rd Micro & Nanoflows
Conference, Thessaloniki Greece, 22-24 August 2011
7. “Wettability control of ZnO nanorod arrays on micropatterned substrates for low-cost versatile
microfluidic components (poster)”, E. Makarona, A.Tserepi, G. Niarchos, C. Tsamis, Eurosensors XXV,
Athens, Greece, 4-7 September, 2011
8. “A continuous flow µPCR device with integrated microheaters on a flexible polyimide substrate
(poster)”, E. Mavraki, D. Moschou, G. Kokkoris, N. Vourdas, S. Chatzandroulis, A. Tserepi,
Eurosensors XXV, Athens, Greece, 4-7 September, 2011
Plasma Nanoscience and Applications in wetting control and energy
9. “Temperature effects on plasma induced nanotexturing of polymeric films, evaluated by in-situ
spectroscopic ellipsometry (poster)”, G. Aksenov, A. Zeniou, E. Gogolides, 4th International Workshop
on Plasma Etch and Strip in Microelectronics (PESM 2011), 5-6 May 2011, Mechelen, Belgium
10. “Plasma directed assembly and organization: Formation of ordered polymeric nanodots and silicon
nanopillars (poster)”, A. Smyrnakis, D. Kontziampasis, A. Tserepi, E. Gogolides, 4th International
Workshop on Plasma Etch and Strip in Microelectronics (PESM 2011), 5-6 May 2011, Mechelen,
Belgium
11. “Plasma directed assembly & organization: effects of processing/etching time and materials (oral)”, D.
Kontziampasis, V. Constantoudis, E. Gogolides, 18th International Colloquium on Plasma Processes
(CIP 2011), 4-8 July 2011, Nantes, France
12. “Towards control of plasma induced surface roughness: mechanisms and applications” (Invited), G.
Kokkoris, 18th International Colloquium on Plasma Processes (CIP 2011), 4-8 July 2011, Nantes,
France

ANNUAL REPORT 2011

Micro and Nano Lithography: Simulation and Metrology
1. “Contact Edge Roughness: Effects of dose and the role of CD reduction (poster)”, Vijaya Kumar
Murugesan Kuppuswamy, Vassilios Constantoudis, Evangelos Gogolides, Alessandro Vaglio Pret, Roel
Gronheid, 37th International Conference on Micro and Nano Engineering (MNE11), 19-23 September
2011, Berlin, Germany
2. “Sidewall roughness and dimensional variability of features on nanoscale: The case of contact holes in
integrated circuits (poster)”, Vassilios Constantoudis, Vijaya-Kumar .M .K, Evangelos Gogolides, Roel
Gronheid, Alessandro Vaglio Pret, 8th International Conference on Nanosciences & Nanotechnologies
(NN11) 12-15 July 2011, Thessaloniki, Greece
3. “Sidewall roughness and dimensional variability of features on nanoscale: The case of contact holes in
integrated circuits (oral)”, Vassilios Constantoudis, Vijaya-Kumar .M .K, Evangelos Gogolides, Roel
Gronheid, Alessandro Vaglio Pret; International Conference on Statistical Physics (Sigma Phi) 2011,
11-15 July 2011, Larnaca, Cyprus
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13. “Plasma directed assembly & organization: anon-lithographic approach for nanodot & nanopillar
formation (poster)”, A. Smyrnakis, A. Tserepi, E. Gogolides, 18th International Colloquium on Plasma
Processes (CIP 2011), 4-8 July 2011, Nantes, France
14. “Plasma Directed Assembly and Organization: The Use of PET and PS and the Effect of Processing
Time (poster)”, D. Kontziampasis, V. Constantoudis, E. Gogolides, 3rd International Conference from
Nanoparticles and Nanomaterials to Nanodevices and Nanosystems (IC4N-2011) 26-29 June 2011,
Crete, Greece
15. “Self-assembly, Plasma Directed Assembly and Plasma Etching for vertical Silicon Nanowire Formation
(poster)”, A. Smyrnakis, A. Tserepi, E. Gogolides, 37th International Conference on Micro and Nano
Engineering (MNE11), 19-23 September 2011, Berlin, Germany
16. “Plasma Directed Assembly and Organization: The Use of PET and PS and The Effect of Processing
Time (poster)”, D. Kontziampasis, V. Constantoudis, E. Gogolides, 8th International Conference on
Nanosciences & Nanotechnologies (NN11) 12-15 July 2011, Thessaloniki, Greece
Plasma etching, plasma assisted, and chemical vapor deposition simulation
17. “Multiscale modeling of chemical vapor deposition of silicon” (oral), N. Cheimarios, S. Garnelis, G.
Kokkoris, A. G. Boudouvis, 21st European Symposium on Computer Aided Process Engineering –
ESCAPE 21, Chalkidiki, Greece, May 29- June 1, 2011
18. “Parallel multiscale computations in chemical vapor deposition processes” (oral), N. Cheimarios, A. N.
Spyropoulos, G. Kokkoris, A. G. Boudouvis, 7th GRACM International Congress on Computational
Mechanics, Athens, Greece, June 30 – July 2, 2011
19. “Multiscale computations in chemical vapor deposition processes: Coupling a reactor with a feature
scale model” (oral), S. Garnelis, N. Cheimarios, G. Kokkoris, A. G. Boudouvis, 7th GRACM
International Congress on Computational Mechanics, Athens, Greece, June 30 – July 2, 2011
20. “Linking the operating parameters of chemical vapor deposition reactors with film conformality and
surface nano-morphology” (oral), N. Cheimarios, S. Garnelis, G. Kokkoris, A. G. Boudouvis, EuroCVD
18, Kinsale, Co. Cork, Ireland, September 4 – 9, 2011
Characterization and modeling of micro and nano-fabricated structures
21. “Network analysis of rough surfaces (oral)”, V. Constantoudis, N. Karasmani, International Conference
on Statistical Physics (Sigma Phi) 2011, 11-15 July 2011, Larnaca, Cyprus
Other Collaborative Work
22. “A consistent approach for the treatment of Fermi acceleration in time-dependent billiards (oral)”, A.K.
Karlis, F.K. Diakonos, V. Constantoudis, International Conference on Statistical Physics (Sigma Phi)
2011, 11-15 July 2011, Larnaca, Cyprus
23. “Entropy analysis of word-length series of natural language texts: Effects of text language and genre
(poster)”, M. Kalimeri, V. Constantoudis, C. Papadimitriou, K. Karamanos, F.K. Diakonos, H.
Papageorgiou, International Conference on Statistical Physics (Sigma Phi) 2011, 11-15 July 2011,
Larnaca, Cyprus

Greek Conference Presentation
1.

“Multiscale computational analysis of silicon chemical vapor deposition” (oral), S. Garnelis, N.
Cheimarios, A. G. Boudouvis, G. Kokkoris, 8th PanHellenic Scientific Conference of Chemical
Engineering, Thessaloniki, May 26-28, 2011

•
•
•
•
•
•
•
•
•
•
•
•
•
•

MNE 2011 - 37th International Conference on Micro & Nano Engineering
SPIE 2011
MNF 2011 - 3rd Micro and Nanoflows Conference
Eurosensors XXV
PESM 2011 - Plasma Etch and Strip in Microelectronics 4th International Workshop 2011
CIP 2011 - 18th International Colloquium on Plasma Processes
European Lab Automation
IC4N 2011 - 3rd International Conference from Nanoparticles and Nanomaterials to Nanodevices and
Nanosystems
NN11 - 8th International Conference on Nanosciences & Nanotechnologies
Sigma Phi 2011 - International Conference on Statistical Physics
3rd Micro & Nanoflows Conference 2011
ESCAPE 21 - 21st European Symposium on Computer Aided Process Engineering
7th GRACM International Congress on Computational Mechanics
EuroCVD 18
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M. Sc. Theses
1. “Fabrication of a microfluidic device for DNA amplification”, Efstathia Mavraki, Applied Physicist, MSc,
Thesis Advisor-Supervisor: Angeliki Tserepi, Interdepartmental Programme "Microsystems and
Nanodevices", National Technical University of Athens
2. “Peak-centered correlation function analysis of the order degree of surface morphologies”, Dimitrios
Zervas, Electrical Engineer, MSc, Thesis Advisor V. Constantoudis, Interdepartmental Programme
“Mathematical Modelling in Modern Technologies and Financial Engineering”, National Technical
University of Athens
3. “Entropy analysis of natural language” Maria Kalimeri, Physicist, MSc, Thesis Advisor V. Constantoudis,
Interdepartmental Programme “Mathematical Modelling in Modern Technologies and Financial
Engineering”, National Technical University of Athens

Seminars – invited talks
•

•

“Towards control of plasma induced surface roughness: mechanisms and applications” (Invited), G.
Kokkoris, 18th International Colloquium on Plasma Processes (CIP 2011), 4-8 July 2011, Nantes,
France
“Plasma etching for microelectronics, MEMS, Lab-on-Chip fabrication and nanotechnology” Short
Course, E. Gogolides, 18th International Colloquium on Plasma Processes (CIP 2011), 4-8 July 2011,
Nantes, France

Courses

•

•
•

•
•
•

“Microelectronics and Microsystems fabrication processes”, (E. Gogolides, D. Davazoglou, A.
Nassiopoulou), Postgraduate Programs on Microsystems and Nanodevices of the National Technical
University of Athens and Micro and Nano Electronics of the National and Kapodistrian University of
Athens
“Plasma Processing for Micro and Nano Fabrication”, (E. Gogolides, G. Kokkoris, V. Constantoudis, A.
Tserepi), Postgraduate Program on Microelectronics of the National and Kapodistrian University of
Athens
“Microfluidic systems”, (D. Mathioulakis, I. Anagnostopoulos, A. Tserepi), Postgraduate Program on
Microsystems and Nanodevices of the National Technical University of Athens
"Simulation of Micro and Nano-Patterning”, (E. Gogolides, G. Kokkoris, V. Constantoudis, A. Tserepi),
Postgraduate Program on Mathematical Modelling in Modern Technologies and Financial Engineering
of the National Technical University of Athens
“Fractal geometry and its applications in microelectronics”, (V. Constantoudis), Demokritos Summer
School, 05-16 July 2010
“Process and device simulation” (G. Kokkoris), Postgraduate Program on Microelectronics of the
National and Kapodistrian University of Athens
“Plasma etching for microelectronics, MEMS, Lab-on-Chip fabrication and nanotechnology” Short
Course, E. Gogolides, 18th International Colloquium on Plasma Processes (CIP 2011), 4-8 July 2011,
Nantes, France
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Project: Ι. 3: THIN FILMS by CHEMICAL VAPOR DEPOSITION (CVD)
Project leader: D. Davazoglou
Ph.D. students: I. Kostis, T. Domvoglou (TEI, student)
Collaborating scientists: G. Papadimitropoulos, M. Vasilopoulou, N. Vourdas

Objectives
The objectives of this group include research and development in the following:
a) Process and material development
b) Characterization of CVD-ALD films
c) Solar cells-fabrication and measurements

MAIN RESULTS IN 2011
A. Hot-Wire Deposited Films
I. Kostis, G. Papadimitropoulos
An atomic layer deposition (ALD) system was designed and developed equipped with a hot
wire (HW-ALD) permitting the separate heating of the gas phase.

Except of “classical” depositions, heating of the wire only at a pressure of the order of 0,1-1
Torr, under certain N2 or under H2 deposits composed of stoichiometric or sub-stoichiometric
oxides of the metallic wire are obtained. More precisely, a native oxide is grown on the surface of
every wire. If the vapor pressure of this oxide is higher than that of the metal at a specific
temperature, heating the wire produces a vapor of oxides which is deposited on a cold substrate.
With this method only thin films may be deposited because the native oxide on the wire is limited
and after some time the produced vapors from the evaporation of the oxide run out. If O2 is
added into the chamber to re-oxidize the filament, flakes are formed and films of unacceptable
quality are obtained. On the contrary, if a limited quantity of O2 is injected with the aid of an ALD
valve, thick, high quality films are obtained.
In Fig.2 SEM pictures taken on a 7 µm thick hot-wire WO3 (hwWO3) film are shown where
its highly porous structure is shown.
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Fig. 1: Photo of the HWALD system that was developed. The reactor and various electronic sub-systems
are shown left while on the right a part of the gas line.
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Fig. 2: Scanning electron microscope images taken on a 7 µm thick hwWO3 sample deposited with 15
O2 pulses in N2 environment. Left (a) a cross section of the film. On the right (b) the nano-porous nature
of the sample is shown.

By introducing H2 in the deposition environment and injecting O2, thick, sub-stoichiometric
tungsten oxide films (described as hwWOx x<3) exhibiting semi-metallic properties are obtained.
In Fig. 3 the energy dispersion of the real and imaginary part of refractive index of hwWOx films
deposited at various deposition times are shown where the semi-metallic character of films
deposited at short times is evidenced. On the contrary, after injecting O2 more than once the
hwWOx films become fully stoichiometric and a band gap is formed as seen in Fig. 3 b.
4
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Fig. 3: Energy dispersion of the real (a, left) and imaginary (b, right) part of refractive index of hwWOx
o
films deposited at a filament temperature of 660 C and at various deposition times. The
corresponding dispersions of bulk W and of a CVD WO3 film are also shown.

The above films were used in organic light emitting diodes (OLEDs) and organic
photovoltaic devices (see Project I1, Functional molecular materials for lithography and organicmolecular electronics).
B. Fabrication of partially transparent concentration solar panels based on miniature
silicon PV cells

2

Miniature PV cells, with area of 0.15 cm (see Fig. 4) were fabricated on CZ Si wafers using
standard methods aiming at keeping the fabrication cost as low as possible.

2

Fig. 4: Miniature PV Silicon cells with dimensions of 0.15 (0.5X0.3) cm before (left) and after cutting (right).
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These cells were interconnected as shown in Fig. 5a on a transparent carrier (a sheet of
PET) using Cu ribbons as current leads. An array of semi-spherical lenses used for the
concentration of light on these cells is also shown in Fig. 5.

Fig. 5: (Left, a) Miniature Si PV cells placed on a pierced PET sheet and interconnected from the back
side with a Cu ribbon. The front sides (emitters) of the cells of lower array are also interconnected. An
array of semi-spherical lenses is shown on top of Fig. 5a and on the right (Fig. 5b).

After encapsulation of the interconnected cells and of the array of lenses solar panels, as
seen in Fig. 6, were obtained. Miniature cells were placed before the focal point of lenses in order
to obtain partial transparency of panels. Due to the minimal quantities of Si used and the use of
standard technologies for the fabrication of miniature cells the cost of panels is maintained at low
levels.
Possible applications of these panels include standard glazing obtaining lighting and
generation of electricity. Also, by replacing the front glass of usual solar-thermal collectors with
such panels, one may obtain co-generation of electricity and heat using the same collector.

PROJECT OUTPUT IN 2011
Publications In International Journals
1.

2.

3.

“Reduced molybdenum oxide as an efficient electron injection layer in polymer light-emitting diodes”,
Vasilopoulou M., Palilis, L.C. , Georgiadou, D.G., Argitis, P. , Kennou, S., Sygellou, L., Kostis, I.,
Papadimitropoulos, G., Konofaos, N., Iliadis, A.A., Davazoglou, D. Appl. Phys. Lett. Volume 98, Issue
12, 21 March 2011, Article number 123301
“Reduction of tungsten oxide: A path towards dual functionality utilization for efficient anode and
cathode interfacial layers in organic light-emitting diodes”, Vasilopoulou, M., Palilis, L.C., Georgiadou,
D.G., Douvas, A.M., Argitis, P., Kennou, S., Sygellou, L., Papadimitropoulos, G., Kostis, I.,
,
Stathopoulos, N.A., Davazoglou, D. Adv. Funct. Mater. Volume 21, Issue 8, 22 April 2011, Pages 14891497
“Tungsten oxides as interfacial layers for improved performance in hybrid optoelectronic devices”,
Vasilopoulou, M., Palilis, L.C., Georgiadou, D.G., Argitis, P., Kennou, S., Kostis, I., Papadimitropoulos,
G., Stathopoulos, N.A., Iliadis, A.A., Konofaos, N., Davazoglou, D., Sygellou, L., Thin Sol. Films 519
(17), pp. 5748-5753 (2011)
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Fig. 6: A partially transparent concentration solar panel based on miniature silicon PV cells.
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PROJECT II.1 NANOSTRUCTURES FOR NANOELECTRONICS,
PHOTONICS AND SENSORS
Project leader: A. G. Nassiopoulou
Other key researchers: S. Gardelis
Post-doctoral researchers: M. Hourdakis, V. Gianneta, A. Sotiropoulos, A. Kaidatzis
Phd students: P. Manoussiadis, P. Sarafis, I. Leontis, K. Valalaki
Others: E. Michelakaki (MSc), H. Katsogridakis (diploma thesis), M. Karmpadaki (administrative
support)
Funding
- EU FP7 ENIAC JU Project SE2A, 1/1/2009-31/12/2011- Contract No 120009
- EU FP7 Network of Excellence NANOFUNCTION, 1/9/2010-31/8/2013 - Contract No 257375
- EU FP7 Coordination and Support Action NANO-TEC, 1/9/2010-28/2/2013 - Contract No
257964
Research orientation

b) Porous Si material technology and applications
The group has important expertise and know-how, as well as different proprietary
processes in the field of porous Si material and technology. Existing processes include the
fabrication of porous Si thick films formed locally on the Si substrate, porous Si free standing
close-type membranes over cavity fabricated in a single electrochemical process and porous Si
cantilevers and suspended membranes fabricated by electrochemistry. The porous material is
composed of either randomly distributed pores or straight vertical pores. Pioneering results of the
group in this field include the development of efficient porous Si micro-hotplate technology on the
Si wafer, a low power Si flow sensor, a flow meter for the car engine and a system for respiration
control using the low power flow sensor.
Currently the group develops applications of porous Si as a local substrate on the Si wafer
for the on–chip integration of RF passive devices on the Si wafer.
c) Fabrication, properties and applications of porous anodic alumina thin films on Si
Porous anodic alumina thin films on Si with highly ordered hexagonally arranged pores are
fabricated by electrochemistry and used either as template materials for growing nanowires and
other nanostructures within the pores or as masking materials for Si nano-patterning. Porous
anodic alumina is also used as a high-k dielectric material in memory devices and in metal-oxidemetal (MIM) capacitors.
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The activities of the group focus in the following:
a) Si nanowires, nanocrystals and their applications
The activity on semiconductor nanostructures started within this research group at the
early nineties and is conducted within different EU projects. Worldwide pioneering results of the
group in this field include the following: Light emitting Si nanopillars were first developed (APL
66(9), 1114 (1995), an electroluminescent device based on vertical Si nanowires was first
developed (APL 69(15), 2267 (1996), the growth and investigation of the properties of single and
multilayers of two-dimensional arrays of Si nanocrystals (NCs) with controllable size, embedded
in SiO2 was developed, Si NC memories with good characteristics using LPCVD Si nanocrystal
synthesis was developed.
Currently, the group focuses on the following activities:
Fabrication and properties of two-dimensional arrays of Si nanocrystals embedded in
SiO2 for solar cell applications
SiNWs by metal-assisted chemical etching: synthesis, characterization and applications
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Key results in 2011 within this activity are as follows:
The electrical transport and photocurrent in single and multilayered 2D arrays of Si
nanocrystals for photovoltaic applications were investigated
The dielectric properties of porous Si microplates for use in on-chip local RF isolation were
investigated in detail. Co-planar waveguides and inductors were fabricated on local porous Si
areas on the Si wafer and tested at radiofrequencies
Charge trapping WORM memory devices using anodic alumina dielectric were fabricated and
tested
A novel air flow meter for an automobile engine using a Si sensor with porous Si thermal
isolation was fabricated and tested on a vehicle engine
The formation kinetics of Si nanowires by a single-step metal-assisted chemical etching
process on lithographically defined areas on Si were investigated

Development of an electrochemistry laboratory and upgrading of the
optical laboratory in 2011
A new electrochemistry laboratory equipped with a chemical hook, different
electrochemical cells and electronic control equipment was developed. The materials that are
developed in the lab include porous Si, porous anodic alumina, Si nanowires by metal-assisted
chemical etching, composites of porous Si with metal – filled vertical nanopores etc. A sputtering
system is also available, dedicated to Cu and Pt thin films deposition.
The optical laboratory for PL, photocurrent and other solar cell measurements at room and low
temperatures was also upgraded.

MAIN RESULTS IN 2011
A. Electrical transport and photocurrent in single and multilayered 2D arrays of Si
nanocrystals for photovoltaic applications.

We studied electrical transport and photocurrent in single and multilayers of twodimensional silicon nanocrystal (SiNC) layers grown on quartz by low pressure chemical vapor
deposition (LPCVD) and thermal oxidation steps. Our aim is to use such structures as absorber
rd
layers in silicon based photovoltaics of the 3 generation. The SiNC layers consisted of SiNCs
with columnar structure, i.e. with sizes in the z-direction equal to the layer thickness. The SiNCs
within the layers were separated by grain boundaries. The structure and the dimensions of the
SiNCs within the films were investigated by high resolution transmission electron microscopy and
X-ray diffraction. From reflection and transmission measurements we were able to investigate
absorption in the films. These results showed clearly an increase of the energy band gap with
decreasing SiNC size, confirming that quantum size effects come into play as the SiNCs become
smaller than the exciton Bohr radius in Bulk Si (~5 nm). Films containing very small SiNCs,
smaller than the Bohr radius, which additionally were separated by silicon dioxide tunnel barriers,
showed photoluminescence due to quantum confinement effects. Electrical transport showed that
current is determined at low temperature by tunneling, whereas at higher temperatures by
thermionic emission. Photocurrent showed similar dependence on photon energy with the
absorbed light confirming that photocurrent is due to photo-generated carriers within the SiNCs
when photon energy becomes higher than the energy band gap.
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Figs. (a) Transmission electron microscopy image of the films. (b) SiNC energy band gap as a function of zsize. (c) Temperature dependence of current. (d) Photocurrent as a function of photon energy.
This work was published in JAP 109 (8), art. no. 083718 (2011)

A novel air flow meter for measuring the intake air of an automobile engine was
demonstrated. It is based on a miniaturized silicon thermal mass flow sensor using a thick porous
Si (Po-Si) layer for local thermal isolation from the Si substrate, on which the sensor active
elements are integrated. The sensor shows high sensitivity and fast response and it is also
robust, since it does not contain any free standing mechanical parts. Additionally, it is low cost
since it uses Si processing batch technology in all its fabrication steps apart from porous Si
formation. The sensor is mounted on one side of a printed circuit board (PCB), on the other side
of which the readout and control electronics of the meter are mounted. The PCB with the sensor
and electronics is fixed on a housing containing a semi-cylindrical flow tube, with the sensor
situated in the middle of the flow tube. An important advantage of the present air flow meter is
that it detects with equal sensitivity both forward and reverse flows. Two prototypes were
fabricated, a laboratory prototype for flow calibration using mass flow controllers and a final
demonstrator with the housing mounted in an automobile engine inlet tube. The final
demonstrator was tested in real life conditions in the engine inlet tube of a truck. It shows an
almost linear response in a large flow range between (6500 kg/h and +6500 kg/h), which is an
order of magnitude larger than the one usually encountered in an automobile engine.
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B. Fabrication and characterization of a novel air flow meter for an automobile engine
using a Si sensor with porous Si thermal isolation
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Fig. (a): View of the interior of the automobile engine Fig. (b): Calibration curve of the air flow meter
output as a function of air flow through the engine
inlet tube with the air flow meter mounted in it.
air inlet tube. Black squares are the experimental
data, while the red lines represent the linear fit to
these data in the forward and reverse flow
directions.

C. Fabrication and characterization of charge trapping WORM memory structure using
anodic alumina dielectric
A novel charge-trapping-type WORM memory structure using a 70 nm thick porous
alumina layer on top of a p+ Si substrate (1-5 mΩcm) was demonstrated. During the fabrication
process the formation of porous alumina by anodization is not stopped upon reaching the
substrate but rather is continued so as to produce three different samples of three different SiO2
layers at the interface between alumina and Si grown through the pores of the anodic alumina
layer. We have shown that increasing the thickness of the electrochemical SiO2 layer not only the
memory window is increased but also the stability of operation of the device is improved. We
have demonstrated that the WORM characteristics, in the case of the best sample, are a memory
window of a factor of 100 in measured current, a good stability in terms of number of cycles, and
retention of about a window of a factor of 45 after 10 years. We have also shown that the
memories cannot be erased by the application of a negative pulse. We also noted that the
devices have a yield of 100% and a spread of their characteristics of less than 10% for over 50
devices measured. The observed characteristics are attributed to the trapping of electrons at the
SiO2 layer. The fabrication process used for these devices is CMOS compatible and cost
effective.
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Fig. (a): Schematic representation of a
WORM device consisting of the p+ Si
substrate, the porous Si/SiO2 dielectric
bilayer and the top Al contact.

Fig. (b): Current (I)-voltage (V) characteristics for the
first and second voltage sweeps of sample ReMEM.
The results are representative for all three samples.
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D. Porous Si microplate technology for on-chip local RF isolation
Using the process developed in 2010, co-planar wave guide (CPW) transmission lines
were fabricated on porous Si microplates electrochemically developed on low RF loss substrates.
The substrates used were p+ Si wafers of resistivity 0.001-0.005 Ωcm. The thickness of the
porous Si microplate was 150 µm. The CPW lines were designed to have 2 different values of
characteristic impedance, namely 50 and 145 Ω. The lines were characterized up to 40 GHz. Deembedding techniques were used to extract the values of the characteristic impedance, the
quality factor and the attenuation constant. It was shown that attenuation lower than 0.3 dB/mm
can be achieved at 40 GHz for both values of the characteristic impedance used. This value is
several times better than commonly quoted values in the literature. Also a quality factor of 20 was
demonstrated at 40 GHz. The experimental results were reproduced using simulations with the
HFSS program. The CPW lines were then tested up to a frequency of 110 GHz, also producing
state-of-the-art results in continuation of the work performed in 2010. The results were compared
with the state-of-the-art results in the literature and a journal paper was written and published.
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Fig. (a): Measured attenuation loss of the two
transmission lines investigated in this work versus
frequency.
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Fig. (b): Published (state-of-the-art, see
references in brackets) attenuation loss values
of 50TLs realized using different
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E. Si nanowires by a single-step metal-assisted chemical etching process on
lithographically defined areas: formation kinetics
V. Gianneta and A. G. Nassiopoulou
The formation kinetics of Si nanowires [SiNWs] on lithographically defined areas using a
single-step metal-assisted chemical etching process in an aqueous HF/AgNO3 solution were
investigated within the group. It was shown that the etch rate of Si, and consequently, the SiNW
length, is much higher on the lithographically defined areas compared with that on the nonpatterned areas. A comparative study of the etch rate in the two cases under the same
experimental conditions showed that this effect is much more pronounced at the beginning of the
etching process. Moreover, it was found that in both cases, the nanowire formation rate is linear
with temperature in the range from 20°C to 50°C, with almost the same activation energy, as
obtained from an Arrhenius plot (0.37 eV in the case of non-patterned areas, while 0.38 eV in the
case of lithographically patterned areas). The higher etch rate on lithographically defined areas is
mainly attributed to Si surface modification during the photolithographic process.
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Transactions on Electron Devices, Volume 58, Issue 11, pp. 3720-3724, Nov. 2011. Ref.
"On-Chip High-Performance Millimeter-Wave Transmission Lines on Locally Grown Porous
Silicon Areas," H. Issa, P. Ferrari, E Hourdakis, A. G. Nassiopoulou, IEEE
In addition porous Si thick films of different porosity were investigated by DC conductivity
and RF measurements. In all cases the porous Si layers were produced by electrochemical
dissolution of bulk p+ Si substrate with resistivity ~ 5 mΩcm. Moreover, CPWs were fabricated on
them and characterized for frequencies up to 40 MHz. Using the measured S-parameters and
simulations from the HFSS software program the values of the dielectric constant ε and the loss
tangent tanδ were found. This particular project continues into 2012 in order to fine tune the
extracted parameters of porous Si with different morphology and structure.
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Fig.: Schematic representation of processing steps (Step1-2: photolithography, Step3: Metal Assisted
Chemical Etching and development of Si nanowires in confined areas). a)-c) SEM images of top view and
cross section views of Si nanowires in confined areas.

This work was published in Nanoscale Research Letters 2011, Vol 6:597 with the title “Si
nanowires by a single-step metal-assisted chemical etching process on lithographically defined
areas: formation kinetics”.
Also part of it was presented in XXVII Panhellenic Conference on Solid State Physics and
Materials Science which held in Limassol of Cyprus on 18-21 September 2011 as oral
presentation.
Funding was received from the European Union's 7th Framework Programme (FP7/20072013) through the ICT NoE project ‘Nanofunction’ (grant agreement number 257375).

PROJECT OUTPUT IN 2011

1.

2.
3.
4.

5.

6.

7.

8.

9.

"On-Chip High-Performance Millimeter-Wave Transmission Lines on Locally Grown Porous Silicon
Areas", H. Issa, P. Ferrari, E. Hourdakis, A. G. Nassiopoulou, IEEE Transactions on Electron Devices
58 (11), pp. 3720-3724 (2011)
"High performance MIM capacitor using anodic alumina dielectric", E. Hourdakis and A. G.
Nassiopoulou, Microelectronics Engineering, DOI: 10.1016/j.mee.2011.03.020 (2011)
“Charge trapping MOS memory structure using anodic alumina charging medium", E. Hourdakis and A.
G. Nassiopoulou, Microelectronics Engineering 88 (7), pp. 1573-1575 (2011)
“Lateral electronic transport in 2D arrays of oxidized Si nanocrystals on quartz: Coulomb blockade
effect and role of hydrogen passivation”, P. Manousiadis, S. Gardelis and A. G. Nassiopoulou, Journal
of Applied Physics 109 (8), art. no. 083718 (2011)
“Lateral electrical transport, optical properties and photocurrent measurements in two-dimensional
arrays of silicon nanocrystals embedded in SiO2”, S. Gardelis, P. Manousiadis and A.G. Nassiopoulou,
Nanoscale Research Letters 6 (1), pp. X1-6 (2011)
“Role of surface vibration modes in Si nanocrystals within light emitting porous Si at the strong
confinement regime”, M. Mahdouani, S. Gardelis, and A. G. Nassiopoulou, Journal of Applied Physics
110 (2), art. no. 023527 (2011)
“Silicon nanowires by a single-step metal-assisted chemical etching on lithographically defined areas:
formation kinetics”, A. G. Nassiopoulou, V. Gianneta and C. Katsogridakis, Nanoscale Research
Letters, vol. 6 (1), 597 (2011)
“Electrical and structural properties of ultrathin SiON films on Si prepared by plasma nitridation", E.
Hourdakis, A.G. Nassiopoulou, A. Parisini, M. A. Reading, J. A. Van Den Berg, L. Sygellou, S. Ladas,
P. Petrik, A. Nutsch, M. Wolf and G. Roeder, Journal of Vacuum Science and Technology B:
Microelectronics and Nanometer Structures 29 (2), art. no. 022201 (2011)
“Optical characterization of nanocrystals in silicon rich oxide superlattices and porous silicon”, E. Agocs,
P. Petrik, S. Milita, L. Vanzetti, S. Gardelis, A. G. Nassiopoulou, R. Balboni and M. Fried, Thin Solid
Films 519 (9), pp. 3002-3005 (2011)
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10. “Nanomechanical properties of thick porous silicon layers grown on p- and p+-type bulk crystalline Si”,
C. A. Charitidis, A. Skarmoutsou, A. G. Nassiopoulou and A. Dragoneas, Materials Science and
Engineering A 528 (29-30), pp. 8715-8722 (2011)

Edition of Conference Proceedings
1.

2.
3.

“Proceeding of the PSST2010 Conference”, held in Valencia in March 2011, Editors: A. Cantarero, M.
Sailor, A. G. Nassiopoulou, P. Schmuki, L. Canham, Published in: Physica Status Solidi (C) Current
Topics in Solid State Physics 8 (6), p.1723 (2011)
“Micro&Nano2010 - Special Symposium on Nanomaterials for sensing and energy harvesting devices”,
Edited by A. G. Nassiopoulou, Nanoscale Research Letters 6 (1), p. X1 (2011)
“Micro&Nano2010 - Proceedings of the International Conference on Microelectronics, Microsystems
and Nanotechnology”, Edited by A. G. Nassiopoulou, Microelectronic Engin., published online in 2011

Publications in International Conference Proceedings
1. “Electronic devices using porous anodic aluminum oxide”, E. Hourdakis and A. G. Nassiopoulou, in:
Physics, Chemistry and Applications of Nanostructures, Edited by V. E. Borisenko, S. V. Gaponenko, V.
S. Gurin and C. H. Kam, published by World Scientific, containing the Proceeding of Nanomeeting 2011,
p. 512, (2011)

Presentations in International Conferences – Invited talks
“Nanocrystalline systems and porous materials on Si for Electronics applications”, invited talk
presented by A. G. Nassiopoulou, XXVII Panhellenic Conference on Solid State Physics and Materials
Science, Limassol, Cyprus, 18-21 September 2011
2. “Nanowires and nanostructured porous Si for novel applications in Electronics and photovoltaics”,
rd
Invited talk presented by A. G. Nassiopoulou, 3 International Conference IC4N, held in Crete island,
Greece, 26-29 June 2011
3. “Low-dimensional materials for applications in Nanoelectronics, photovoltaics and sensors”, invited
talk presented by A. G. Nassiopoulou at the Workshop on the “Fabrication and characterization of
nanomaterials and their applications”, organized by the “Micro&Nano” Scientific Society, Thessaloniki, 3
March 2011
4. “High performance passive RF devices on a local porous Si substrate on the Si wafer”, invited talk
presented by A. G. Nassipoulou at the Workshop on “Current trends in Nanoelectronics” organized by
the “Micro&Nano” Scientific Society and the Nano-dema Network, Patras, 25 February 2011
5. “Nanowires, nanodots and nanoporous materials for applications in Nanoelectronics and Sensors”,
th
Invited colloquium presented by A. G. Nassiopoulou at the Univ. of Ioannina on the 5 of April 2011
6. “Transport, optical and photo-electric properties of 2D arrays of Si nanocrystals embedded in SiO2 for
solar cell applications”, S. Gardelis, P. Manousiadis and A. G. Nassiopoulou, Villa Conference on
Energy and Enviromental Research, 21-25 April 2011, Las Vegas, Nevada, US, invited talk
presented by Spiros Gardelis
7. “Electro-Optical properties of two-dimensional arrays of Si nanocrystals for solar cell applications”, S.
th
Gardelis, P. Manousiadis and A. G. Nassiopoulou, 8 International Conference on Nanosciences and
Nanotechnologies, 21-15 July 2011, Thessaloniki, Greece, invited talk presented by Spiros Gardelis
8. “Silicon nanostructures for optoelectronic and photovoltaic applications”, S. Gardelis, P. Manousiadis
and A. G. Nassiopoulou, Nanotechnology and Materials Science and Engineering Multinational
Workshop, 27-28 June 2011, University of North Texas, Denton, Texas, USA, invited talk presented by
S. Gardelis
9. “Electrical and Optical Properties of 2D arrays of Silicon Nanocrystals”, P. Manousiadis, S. Gardelis and
A. G. Nassiopoulou, XXVII Panhellenic Conference on Solid State Physics and Materials Science, 1821 September Limassol 2011, Cyprus, oral presentation by Pavlos Manousiadis
10. “Electronic devices using porous anodic aluminum oxide” Hourdakis E. and Nassiopoulou A.G., Invited
talk presented by M. Hourdakis at the International Conference Nanomeeting 2011, Minsk, Belarus
11. “Si Nanowires in a single-step metal-assisted chemical etching. Properties and characterization”, V.
Gianneta and A. G. Nassiopoulou, (oral presentation by Violetta Gianneta), XXVII Panhellenic
Conference on Solid State Physics and Materials Science, Limassol, Cyprus, 18-21 September 2011

MSc Thesis
1. I. Leontis, “PL-induced oscillations from porous anodic alumina on Si”, supervised by A. G.
Nassiopoulou, defended at the University of Thessaloniki, March 2011
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Diploma Thesis
1. Charalambos Katsogridakis, “Growth of Si nanowires by metal-assisted chemical etching”, Supervised
by A. G. Nassiopoulou, defended at the University of Ioannina, April 2011

Courses taught
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1. Lectures on “Silicon processing for Nanoelectronics” by A. G. Nassiopoulou within: a) the MSc program
on Microelectronics organized by the Department of Informatics of the University of Athens, in
cooperation with the Institute of Microelectronics of NCSR Demokritos and b) the MSc program on
“Microsystems and Nanoelectronics” organized by the National Technical University of Athens with the
participation of the Institute of Microelectronics of NCSR Demokritos
2. Lectures on “Micromechanics and Sensors”, by the S. Gardelis within the MSc program organized by the
Department of Informatics, University of Athens, in cooperation with the Institute of Microelectronics of
NCSR “Demokritos”
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Project II.2: MATERIALS AND DEVICES FOR MEMORY AND EMERGING
ELECTRONICS
Project leader: P. Normand
Key researchers: V. Ioannou-Sougleridis, P. Dimitrakis
Collaborating Researchers: P. Argitis, N. Glezos, A.M. Douvas
PhD candidates: P. Goupidenis, N. Nikolaou
Graduate Students: D. Simatos, V. Poulakis
Objectives
• Development of functional dielectrics and nanostructured materials for inorganic/organic
memory and advanced electronic applications.
• Study of the structural and electrical properties of the generated materials and demonstration
of material functionality enabling the development of emerging electronic devices.
• Realization and testing of electronic devices with emphasis on non-volatile memory cells.

Our research activities in materials and structures for memory applications started in 1996
with the development of the low-energy ion-beam-synthesis (LE-IBS) technique in collaboration
with Salford University (UK). Two-dimensional arrays of Si nanocrystals in thin gate dielectrics
were demonstrated and further exploited in the fabrication of nanocrystal memories (NCMs). This
activity was first supported by the EU project, FASEM (1997-2000). LE-IBS development with
target the realization of non-volatile NCMs in an industrial environment has been conducted
further within the framework of the EU project, NEON (2001-2004), in collaboration with the US
implanter manufacturer, Axcelis.
In addition to our LE-IBS-NCM activities, major efforts have been devoted the last few
+
years to novel NCMs alternatives including: (a) Memory devices by Si irradiation through polySi/SiO2 gate stack, (b) Memory devices using Ge-NCs produced by MBE, (c) hybrid siliconorganic and SiGe-organic memories; this last activity was conducted within the framework of the
EU project, FRACTURE (2001-2003), (d) Formation of Si NCs in thin SiO2 layers by Plasma
Immersion, (e) Wet oxidation of silicon nitride implanted with low-energy Si ions for ONO memory
stacks, (f) MOS structures with low-energy Ge-implanted thin gate oxides, (g) Proton radiation
tolerance of nanocrystal memories, (h) Fabrication and characterization of SiO2 films with Si NCs
obtained by stencil-masked LE-IBS, (i) Hybrid organic thin film transistor by laser-inducedforward-transfer, (j) Fluorene-based cross-bar organic memory devices, and (k) III-Nitrides
quantum dots-resonant tunneling diodes as tunable wavelength UV-VIS phototodetectors .
The above activities were conducted in collaboration with CEMES/CNRS (FR), FZR
Dresden and ZMD AG (DE), STMicroelectronics (IT), Aarhus University (DK), Durham University
(UK), Ion-Beam-Services (IBS, FR), MDM-INFM (IT), LETI/CEA (FR), NTUA (GR), INSA
Toulouse (FR), Cambridge NanoTech (USA), TEI Crete (GR), Ioannina University (GR),
IMS/NCSR “D” (GR), University of Helsinki (FI) and MRG/FORTH (GR).
In 2011, our main activities described hereafter were focused on the following tasks: (A)
Space charge polarization in acid doped polymer matrices using time-domain dielectric
spectroscopy, (B) High-k dielectrics stacks for advanced non-volatile memory devices, (C) GaN
quantum dots nanofloating gate memory devices, (D) Fabrication and characterization of Ge
diodes, (E) Formation of Si nanocrystals in thin SiO2 layers by plasma-immersion ionimplantation.
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MAIN RESULTS IN 2011
A. Space charge polarization in acid doped polymer matrices using time-domain dielectric
spectroscopy
1

P. Goupidenis, P. Normand, A.M. Douvas, P. Dimitrakis, P. Argitis, E. Kapetanakis , V.
1
2
3
3
3
Saltas , K. Beltsios , C. Pandis , A. Kyritsis , P. Pissis
1

Department of Electronics, Technological Educational Institute of Crete
Department of Materials Science Engineering, University of Ioannina
3
Department of Physics, National Technical University of Athens
2

Fig. 1. (Left) Polarization and depolarization transient current responses at 23ºC; Inset: imaginary (χ”)
and real (χ’) parts of the susceptibility as measured in the frequency response domain (FRD) and
extracted from the time response domain (TRD, FFT of the I-V curve). (Right) Depolarization current
responses (I) for different applied polarization voltages (V) after 30min/120ºC annealing. Inset: I / V vs
time curves showing that the response function is independent on the applied electric-field strength.
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We recently demonstrated gate dielectrics which insure the double function of supercapacitor and non-volatile information storage element using a stack made of a polymer layer
doped with electrolytic molecules (ion conducting layer) and a polymer layer containing iontrapping molecules (see Kapetanakis et al., Adv. Mater. 2008, and Org. Elec. 2009). The memory
functionality of such devices depends on the macroscopic transport properties of the ion
conducting layer. This requires knowledge of the charge transport processes arising from the
motion of the ions and their dependences on various parameters like temperature and humidity.
For low-frequency responding systems such as those under study (see below), it is interesting to
examine the time-dependence current resulting from the application (polarization) or the removal
(depolarization) of a step-function electric field. This technique allows monitoring in real time of
space charge polarization phenomena and its potential advantage increases as the
measurement range moves to long time domains.
Last year, our efforts have been placed on the study of ion transport and polarization
mechanisms in polymer blend electrolyte systems consisting of a polymethyl methacrylate
(PMMA) matrix doped with polyoxometalate (POM, H3PW 12O40) molecules where the moving
ions are in the form of protons. The properties of this system were investigated by means of
transient-current versus time response and capacitance-voltage measurements using MIS
capacitor structures. Interesting results have been obtained but it was difficult to draw definitive
conclusions on the observed phenomena due to the non-metal behavior of the Si substrate. This
year, we developed MIM-type capacitors specially designed for DC current minimization. Despite
the difficulty in controlling the water content of the polymeric system, excellent results were
obtained from measurements in the time and frequency response domains (Fig.1) performed in
two laboratories. Both the MIM devices and the measurement set-up we developed, which allows
current detection in the 10fA range, are well-suited to safely examine the
polarization/depolarization phenomena and proton transport as a function of temperature,
humidity, POM concentration and film thickness.
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B. High-k dielectrics stacks for advanced non-volatile memory devices
1

N. Nikolaou, V. Ioannou-Sougleridis, P. Dimitrakis, P. Normand, K. Giannakopoulos , K.
2
3
3
3
3
Mergia , K. Kukli , J. Niinisto , M. Ritala , M. Leskela
1

Institute of Materials Science, IMS-NCSR ‘Demokritos’
Institute of Nuclear Technology and Radiation Protection, IRTRP-NCSR ‘Demokritos’
3
Chemical Department of Helsinki University (FI)
2

Fig. 2. (a). Charge retention characteristics of SiO2/Si3N4/HfO2 gate stacks. (b) Write and erase states of
SiO2/Si3N4/Al2O3 gate stacks.
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The objective of this project is to examine the influence of advanced atomic layer
deposition (ALD) precursor chemistry of high-k dielectrics, used as tunnel or blocking dielectrics
of nitride-based memory structures. Replacement of one or more dielectric layers of the standard
oxide-nitride-oxide (ONO) stack of SONOS memory leads to charge trapping devices with
improved memory functionality and performance. This project is conducted in close collaboration
with the University of Helsinki.
This year our main activity focused on:
a) Testing of SiO2/Si3N4/ZrO2 or SiO2/Si3N4/HfO2 gate stacks with layer thicknesses of
2.5/5/10nm, respectively. Both high-k layers were deposited using two HfO2 (TEMAH, HfD-04)
and ZrO2 (TEMAZ, ZrD-04) chemistries in combination with ozone as the oxygen source.
Emphasis was placed on the endurance to write/erase cycling and charge retention (see Fig. 2)
of test capacitors incorporating the above dielectric stacks. These studies complete our structural
and electrical investigations in this area which started in 2009.
b) Study of SiO2/Si3N4/Al2O3 (3.5/7/15nm in thickness) gate stacks, where the ALD Al2O3
layer was deposited using TMA (trimethylaluminium) and two different oxygen sources (ozone
and water). Our investigations concentrated on the structural (TEM) and electrical properties (I-V,
C-V) of these new dielectric stacks. Electrical examination was carried out using metal (Pt) gate
capacitors. First results suggest that the TMA/O3 process provides Al2O3 films materials with
better insulating properties than the TMA/H2O and is less sensitive to the over-erase affect.
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C. GaN quantum dots nanofloating gate memory devices
1

1,2

3

P. Dimitrakis, P. Normand, E. Papadomanolaki , E. Iliopoulos , C. Bonafos
1

Department of Physics, University of Crete (GR)
MRG/FORTH (GR)
3
CEMES-CNRS, Université de Toulouse (FR)
2

An
Fig. 3. (Left) Cross-sectional TEM image and (Right) room temperature charge retention measurements
after a programming pulse +15V/100ms. Insets denote the MESA isolated tested memory capacitors and
a high resolution TEM image of the GaN-QDs. All results were obtained from sample with the lowest
deposited Ga/N dose.
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The objective of these activities is to design, fabricate and evaluate a novel nanocrystal
memory device based on III-Nitride materials. These devices exploit the charge storage capacity
of semiconductor quantum dots (QDs) which exhibit negative conduction band offset with respect
to the substrate. In such case, the injected electrons can be trapped into the QDs at low voltage,
while the retention time can be significantly improved due to the higher energy barrier the carriers
have to overcome in order to tunnel back to the Si substrate. Assuming a Si substrate with a thin
SiO2 tunneling layer, gallium nitride (GaN) QDs fulfill these requirements.
In this direction, we focused our efforts on the realization of GaN-QDs structures on thin
SiO2 layers. The oxide layers - 3.5nm thick - were grown by dry oxidation of 100mm (100) n-Si
substrates having a resistivity of 1-2 Ω⋅cm. The GaN-QDs were formed onto the SiO2 films by
radio frequency plasma assisted molecular beam deposition (RF-MBD). Samples with different
Ga and N doses were fabricated in order to investigate the evolution of the QD size and density
distribution. Following, a SiO2 layer (~20nm thick) was deposited (LPCVD) to cap the Ga-N dots.
For the shake of comparison, a reference sample without QDs and exposed to N beam flux was
fabricated. MESA isolated Al gate MOS memory capacitors were fabricated for electrical
characterization.
The structural properties of the samples with the lowest (see Fig. 3L) and the highest
deposited Ga/N doses (not shown here) were investigated by cross-sectional transmissionelectron-microscopy (TEM). These analyses revealed that in the first case the mean QD size and
12
-2
surface density were 3.5nm and 10 cm , respectively, while a continuous poly-crystalline GaN
layer forms in the case of the highest dose sample.
High frequency (1MHz) C-V characteristics measured on MOS capacitors from all
fabricated samples exhibited strong electron trapping efficiency leading to large memory
windows. Nevertheless, negligible hole trapping was detected. No hysteresis effect was detected
for the reference sample. The largest memory window was obtained from sample with the lowest
dose. In that case, charge retention measurements at room temperature (Fig.3R) clearly
indicated that the stored electrons can be retained for more than ten years. The charge loss rate
is about 0.25V/dec suggesting that GaN-QDs are attractive for nano-floating gate memories.
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D. Fabrication and characterization of Ge diodes
1

N. Poulakis, V. Ioannou-Sougleridis, P. Normand, P. Dimitrakis, A. Dimoulas , D.
2
2
2
3
Giubertoni , S. Gennaro , M. Barozzi , E. Simoen
1

Institute of Materials Science NCSR ‘Demokritos’
CMM-Irst, Fondazione Bruno Kessler, Trento, Italy
3
IMEC, Kapeldreef 75, B-3001 Leuven, Belgium
2

The objective of this research activity is the development of junction diodes on Ge
o
substrates at temperatures lower than 400 C. High mobility substrates are considered as a
solution to the severe limitations (especially in terms of drive current) in MOSFET performance
scaling. However, Ge front end technology faces two main problems: The surface passivation of
n-channel MOSFET and the formation of n+/p junction diodes at low thermal budgets due to the
fast diffusion of n-type dopants. Our approach for fabricating such n+/p Ge diodes is based on
platinum-assisted-dopant activation (V. Ioannou-Sougleridis et al. Essderc 2009). According to
this original approach, a Pt layer (typically 50nm-thick) is first deposited on top of phosphorus or
boron-implanted selected Ge regions. Then, the structures are annealed at low temperatures
o
typically within 300-350 C. The end result is the formation of a junction diode with high forward
drive current and acceptable levels of reverse leakage currents.
This year, we concentrated our efforts on: (a) The separation of the current and
capacitance components of the reverse current and capacitance characteristics in order to
determine the bulk current as a function of the depletion width (see Fig. 4), from which it is
possible to calculate the diffusion current, the generation lifetime and the recombination lifetime.
(b) The temperature dependence of these parameters as a function of temperature. (c) The
examination of the trap characteristics of the n+/p and p+/n diodes using deep-level transient
spectroscopy.
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+

Fig. 4. Plot of bulk current density as a function of the depletion width of p /n diode for a set of 5 samples (a).
+
o
Arrhenius plot of the diffusion current for a p /n Ge diode annealed at 350 C for 10 min.

60

INSTITUTE OF MICROELECTRONICS (IMEL) NCSR “DEMOKRITOS” - Project II

E. Formation of Si nanocrystals in thin SiO2 layers by plasma-immersion ion-implantation
1

2
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2
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1
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Ion-Beam-Services, Peynier (FR)
3
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4
InESS-CNRS, Strasbourg (FR)
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Six years ago, we initiated research activities aiming at the development of a new Sinanocrystal (Si-NC) synthesis route based on the plasma-immersion ion-implantation (PIII)
technique. These activities were conducted in collaboration with CEMES/CNRS and one French
SME (Ion Beam Services, IBS) in the framework of a bilateral French-Greek Project (ΕPΑΝ.
Μ.4.3.6.1E). While more research work was needed to provide reliable fabrication processes, the
basic conditions required for the PIII-assisted synthesis of Si-NCs in SiO2 thin films were
established. The last three years, the R&D PIII activities conducted at IBS and CNRS, which
associated the development of the IBS-PIII tool, PULSION®, and the use of specific precursors
and plasma conditions, have recently conducted to the realization of Si-NCs 2D-arrays in SiO2
matrices. This year a new framework between IBS, three CNRS Institutes (CEMES, CIMAP,
th
InESS) and IMEL/NCSRD has been established (Confidentiality Agreement June 30 2011) to
evaluate and optimize the PIII-produced-Si-NCs materials for the purpose of their exploitation in
Flash-type memory devices or other emerging areas like NC solar cells. Our team is in charge of
the production of Si wafers with ultra-thin thermally grown SiO2 layers, is involved in the post-PIII
processing steps and is responsible for the fabrication, electrical characterization and memory
testing of the produced Si-NC dielectrics.

PROJECT OUTPUT IN 2011
Publications in International Journals
1.

2.

3.

“Influence of HfO2 control oxide ALD precursor chemistry for nitride memories”, N. Nikolaou, P.
Dimitrakis, P. Normand, V. Ioannou-Sougleridis, K. Giannakopoulos, K. Mergia, K. Kukli, J. Niinisto, M.
Ritala, M. Leskela, Advanced Materials Research 324, 42-45 (2011).
“Influence of thermal oxidation on the interfacial properties of ultrathin strained silicon layers”, V.
Ioannou-Sougleridis, N. Kelaidis, D. Skarlatos, C. Tsamis, S.N. Georga, C.A. Krontiras, Ph. Komninou,
Th. Speliotis, P. Dimitrakis, B. Kellerman, M. Seacrist, Thin solid films 519, 5456-5463 (2011).
“High performance n+/p and p+/n germanium diodes at low-temperature activation annealing
temperature activation annealing”, V. Ioannou-Sougleridis, S.F. Galata, E. Golias, T. Speliotis, A.
Dimoulas, D. Giubertoni, S. Gennaro, M. Barozzi, Microelectronic Engineering 88, 254-261 (2011).

1.
2.

3.

”Laser printing of polythiophene for organic electronics”, I. Zergioti, M. Makrygianni, P. Dimitrakis, P.
Normand, S. Chatzandroulis, Applied Surface Science 257, 5148-5151 (2011).
“Enhancing the optical and electrical properties of Si-based nanostructured materials”, R. Pratibha
Nalini, P. Marie, J. Cardin, C. Dufour, P. Dimitrakis, P. Normand, M. Carrada, F. Gourbilleau, Energy
Procedia 10, 161-166 (2011).
“A deep-level transient spectroscopy study of implanted Ge p+/n and n+/p junction by Pt-induced
crystallization” E. Simoen J. Lauwaert, H. Vrielinck, V. Ioannou-Sougleridis, A. Dimoulas, ECS
Transactions 41 (7), 299-308 (2011).

Conference Presentations
1.

“Influence of control oxide ALD precursor chemistry on nitride memories”, Invited presentation, V.
Ioannou-Sougleridis, N. Nikolaou, P. Dimitrakis, P. Normand, K. Giannakopoulos, K. Mergia,
Mediterranean Conference on Innovative Materials and Applications CIMA 2011, 15-17 March, BeirutLibanon
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Publications in International Conference Proceedings
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3.

4.

5.

6.
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“SONOS nonvolatile memories: Engineering of the nitride trapping layer”, Invited presentation, V.
Ioannou-Sougleridis, P. Dimitrakis, P. Normand, C. Bonafos, G. BenAssayag, M. Perego, 8th
International Conference on Nanosciences & Nanotechnologies – NN11, 12-15 July 2011, Thessaloniki,
Greece.
“Comparison of the memory properties of SONOS type devices with different high-k blocking oxides”, N.
Nikolaou, V. Ioannou-Sougleridis, P. Dimitrakis, P. Normand, K. Giannakopoulos, K. Mergia, K. Kukli, J.
Niinistö, M. Ritala and Markku Leskelä, 8th International Conference on Nanosciences &
Nanotechnologies – NN11, 12-15 July 2011, Thessaloniki, Greece.
“Conduction mechanisms in tungsten-polyoxometalate self-assembled molecular junctions”, D.
Velessiotis, A. M. Douvas, P. Dimitrakis, P. Argitis, N. Glezos, 37th International Conference on Micro
and Nano Engineering (MNE 2011), 19 - 23 September 2011, Berlin, Germany
“Comparison of ALD precursor chemistry for high-k blocking oxides in SONOS-type devices”, N.
Nikolaou, V. Ioannou-Sougleridis, P. Dimitrakis, P. Normand, K. Giannakopoulos, K. Mergia, K. Kukli, J.
Niinistö, M. Ritala and M. Leskelä”, XXVII PanHellenic Conference on Solid State Physics and Materials
Science, 18-21 September 2011, Lemesos, Cyprus.
“Study of the electrical properties of ALD - deposited Al2O3”, M. Botzakaki, A. Kerasidou, N.
Xanthopoulos, S.N. Georga, C.A. Krontiras, L. Sygellou, S. Kennou, S. Ladas, V. Ioannou-Sougleridis,
Th. Speliotis, D. Skarlatos, XXVII PanHellenic Conference on Solid State Physics and Materials
Science, 18-21 September 2011, Lemesos, Cyprus.

Edition of Conference Proceedings
1. “New Functional Materials and Emerging Device Architectures for Nonvolatile Memories”, D. Wouters, E.
Tokumitsu, O. Auciello, P. Dimitrakis, Y. Fujisaki, Mater. Res. Soc. Symp. Proc. Vol. 1337, Warrendale,
PA, 2011

Conference and Workshop Organization
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1. “New Functional Materials and Emerging Device Architectures for Nonvolatile Memories”, D. Wouters, E.
Tokumitsu, O. Auciello, P. Dimitrakis, Y. Fujisaki, Symposium G, MRS Spring Meeting 2011, 25-29 April,
San Francisco, CA, USA
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PROJECT II.3 MOLECULAR MATERIALS AS COMPONENTS OF
ELECTRONIC DEVICES
Project Leader: N. Glezos
Key researchers: P.Argitis P.Normand
Post Doctorals: D.Velessiotis, A.Douvas
PhD Candidate: A.Balliou
Collaborating Researchers: D. Yannakopoulou and E. Mavridi (Institute of Physical Chemistry,
NCSR “D”), Z.Pikramenou (University of Birmingham), Ulf Soderval (Chalmers University), Bengt
Nilsson (Chalmers University).
Research orientation:
• To investigate the potential of molecular materials to be used as active components in
molecular devices e.g. as switching or memory elements.
• To develop consistent evaluation methods based on the electronic transport properties at the
nano- level for the characterization of single layered and few-layered systems.
• to produce physical parameters (film thickness, surface molecular density, contact potential)
that could be cross-checked with other surface characterization methods
• To evaluate elements of the class of organic crystals as components of organic FETs
• To develop techniques for thin film deposition and characterization of molecular materials.

MAIN RESULTS IN 2011
The main results obtained in 2011 within the different tasks of the project are given below.
1. Study of conduction mechanisms in molecular junctions made of tungstenpolyoxometalate self-assembled monolayers and bilayers

Polyoxometalates are inorganic salts or acids in which the anion is a complex oxide of
transition metals. The anion is organized in a well-defined, closed-pack form, with a certain
number of metal-oxygen polyedra surrounding one or more heteroatoms. They are highly
reactive -yet stable- substnces, thus having a plethora of diverse applications. Due to this
wealthy chemistry and photochemistry as well as their well-defined dimensions and their ability
for electron storage and transfer without structural alteration, polyoxometalates have recently
attracted attention as candidates for use in molecular electronic and photoelectronic
applications.
In continuing our investigation concerning the electrical properties of 12-phosphotungstic
acid (POM) self-assembled materials, a more thorough study of the molecular junctions based
on POM monolayer or bilayer that started in 2010 was held during this year. Thus, by using the
same configuration of Au electrodes and focusing in the parallel fingers junctions with 2µm
overlap, we studied the influence of the number of POM layers and more importantly of the
measurement temperature on the obtained current-voltage characteristics (IVs) in order to reveal
the conduction mechanisms related to the POM materials.
POM anions can be considered as a group of regularly arranged semiconducting islands
which -in the device under investigation- were placed between two electrodes. Under bias,
charge can be stored in any of these anions and then move to the next one, consequently
‘bridging’ the gap between the electrodes. Obviously, the more anions between the electrodes,
the more favorable is the situation about the junctions conductivity, thus junctions made by a
bilayer material presented higher values of current under the same bias compared to monolayerbuilt junctions.
A number of different conduction mechanisms were tested by studying the temperature
dependence of the obtained IVs in the monolayer junctions; namely, space charge limited
current (SCLC), thermionic conduction, hopping and tunneling. For low bias, current was
independent on temperature, so tunneling was the prevailing conduction mechanism. Taking into
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account the junctions’ dimensions (minimum distance 50nm), an indirect tunneling mechanism
should be considered. The same mechanism applied also for high voltages and low
temperatures (lower than 150K). A quantitative analysis of the tunneling regime was made using
2
the Fowler-Nordheim (FN) representation (ln(I/V )=f(1/V) ) of the obtained IVs. Linear fitting in
the FN regime (Fig 1) using the geometrical dimensions of the junction provided the tunneling
barrier height φ. It was found that tunneling barrier was slightly decreasing with the rise of
temperature, due to the variation of available electronic states in the metal electrodes (Fig 2) in
agreement to a theoretical prediction made by Simmons. The intercepts (φ @ T=0K) of the fitting
lines in Fig 2 were found to be approximately 0.5eV, which coincide with the Au Fermi level –
POM LUMO energy difference, and independent on the electrodes distance. For temperatures
higher than 150K, hopping arises as conduction mechanism and actually dominates when
T≥200K as implied by the change in slope of the Arrhenius plots of Fig 3. Activation energies
were found to be 82±1meV for the 50nm-distant junctions and 76.3±0.7meV for the 75nm
distance. The lower value of activation energy obtained in the case of 100nm distance
(43±2meV) was attributed to long range structural defects of the POM monolayer.

Fig. 1. FN representation of the IVs in the case
of 50, 75 and 100nm distance junctions and
120K measurement temperature. The solid
magenta lines are fitting according to Simmons
model for FN tunneling.

Fig. 2. Obtained tunneling barriers for the POM
monolayer junctions as a function of temperature.

2. Study of the charging properties of molecular polyoxometalate capacitors
A. Balliou, A. Douvas, D. Velessiotis, V. Ioannou, P. Normand, P. Argitis, N. Glezos
The combination of molecular systems with semiconductors opens the road to hybrid
systems with a potential for new applications such as sensors, switches, memories, or quantum
devices based on discrete molecular levels. In this work we investigate the possibility of using
inorganic tungsten polyoxometalate (POM) molecules as the charge trapping medium in future
hybrid molecular/silicon memory devices. Capacitor devices containing molecular layers of a
Keggin-structured polyoxometalate (POM: 12-tungstophosphoric acid) as trapping material and
Isopentylamine (IPA: C5H13N) as cap dielectric on 3-aminopropyl triethoxysilane (APTES)modified silicon surface, were fabricated via the layer-by-layer (LBL) self-assembly method (Fig.
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Fig. 3. Arrhenius plots of conductance
in the case of 50, 75 and 100nm
distance junctions and 3MV/cm applied
field.
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1). Our intention is to isolate the molecular layer by means of two insulating layers, i.e the SiO2
layer from below and the IPA on top, thus allowing charge retention within the molecular layer.

Fig. 2. Ramp rate current-voltage characteristics at
140 K under gate injection. The emerging transient
peaks (Q1, Q2) are manifestations of dynamic carrier
exchange between the gate and the POM molecules.

The fabrication process parameters as well as the effect of the precursor solution
composition were monitored by means of UV reflection spectroscopy, Fourier-transform IR
spectroscopy (FTIR) multi wavelength variable angle ellipsometry, AFM and SEM. The technique
12
-2
resulted in an average density of 5*10 cm active trap centers. The conduction and charging
mechanisms in the composite MIS structures were elucidated by electrical characterization both
of quasi-static, dynamic and transient type in a wide range of temperatures ([80->300] K) and the
appropriate theoretical analysis. The special features rising in J-V characteristics yielded to the
extraction of electrical parameters as well as to identification of the electronic structure of the
-11
functional molecules. More specifically, we determined the tunneling capacitance (Ct=4.59*10
F) associated with the transfer process to the available POM states via determination of the
displacement current under gate injection and assumption of linear dielectric medium. The two
transient peaks (Q1 and Q2) observed in the experimental current versus voltage ramp rate
curve (Fig. 2) are manifestations of POM molecular states and are attributed to the filling of the
ground and first excited quantum states of POM molecules respectively.
The effective carrier confinement in the states of POM nanostructures and the relatively
large separation of their molecular levels, allows for single-electron effects to be observed even
at RT.
Transient capacitance measurements supply additional information, via a modified Zerbst
equation, for the effective generation lifetimes in the molecular structures and the rate of change
in the space charge region generated charge.
The mechanisms encountered are in reasonable correlation with the structural
characteristics of the film. These are accompanied by hopping, coherent and incoherent
tunneling in the low field regime. Each barrier dominates the current in a different bias and/or
temperature regime. Moreover, the device exhibits discrete resistive states under gate injection
possibly due to strong correlation effects originating from POM charging in that field region,
indicating the potential of the POM molecules as sensitive resistive switches or memory
elements.

PROJECT OUTPUT IN 2011
Publications in International Journals
1. “Molecular junctions made of tungsten-polyoxometalate self-assembled monolayers: Towards
polyoxometalate-based molecular electronics devices”, D.Velessiotis, A. M. Douvas, S. Athanasiou, B.
Nilsson, G. Petersson, U. Södervall,G.Alestig,G., P. Argitis, N. Glezos, Microelectronic Engineering 88
(8) , pp. 2775-2777 (2011)

Conference Presentations
1. “Conduction mechanisms in tungsten-polyoxometalate self-assembled molecular junctions”, D.
Velessiotis, A. M. Douvas, P. Dimitrakis, P. Argitis, N. Glezos, MNE Conference, September, Berlin
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Fig. 1. Planar MIS and incorporated functional
layers.
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PROJECT II.4 THEORETICAL NANOTECHNOLOGY
Project Leader: N. Papanikolaou
Post Doctorals: G. Gantzounis , I. Psarobas
PhD Candidate : E. Almpanis
Collaborating Researchers: N. Stefanou, B. Djafari Rouhani, V. Laude, A. Martinez, J. Pennec,
I. Raptis.
Research orientation: Theoretical study of the optical and elastic properties of periodic micro
and nano structures, acousto-optic interaction.

MAIN RESULTS IN 2011
The main results obtained in 2011 within the different tasks of the project are given below.
A. PhoXonic architectures for tailoring the acousto-optic interaction
Artificial materials that have frequency regions where no wave propagation is allowed are
known for both light (photonic crystals) and sound waves (phononic crystals). Structures that are
simultaneous photonic and phononic (phoXonic) crystals were recently predicted theoretically.
We have systematically investigated and proposed one-dimensional, two-dimensional and threedimensional phoxonic crystals and studied cavities and waveguides in such environments. The
simultaneous localization of light and elastic fields can give strong acousto-optic interaction and
lead to new generation, miniaturized, acousto-optic devices.
B. Acousto-optic interaction in dielectric particles

A spherical particle of radius 500 nm
made of a-As2S3: optical absorption cross
section spectrum (left)
and total electric field distribution upon
illumination at a wavelength
of 500 nm (right)
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Light modulation by acoustic phonons through the acousto-optic interaction has been used
for several decades now in optical systems. We investigate spherical dielectric particles that
exhibit simultaneously optical and acoustic resonances as potential candidates to enhance the
interaction and achieve strong modulation of light through excitation of their acoustic
eigenmodes. More specifically, we consider a spherical particle made of a chalcogenide glass
material, subjected to excitation of its acoustic breathing modes by a femtosecond visible light
pulse, and monitor the modulation of the optical scattering cross section over a broad wavelength
range in the near infrared region. Our results reveal the occurrence of strong effects beyond the
linear-response approximation, which lead to enhanced modulation of light by acoustic waves
through multiphonon exchange mechanisms when both photons and phonons have a very long
lifetime inside the particle.
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The optical scattering cross section of the
a-As2S3 particle in the near-infrared
region. The insets display the variation of
the TE7 and TM4 Mie resonances, in a
window of 5 nm, upon excitation of the
fundamental acoustic breathing mode of
the particle at a level corresponding to
0.1 nm (the curves on both sides of each
resonance of the unperturbed particle
correspond to snapshots at which
maximum shift is obtained).

C. Plasmonic nanostructres
Metallic nanoparticle arrangements show a rich variety of optical phenomena, due to the
excitation of surface plasmons. We have considered plasmonic crystals of metallic nanoshells
and report on the occurrence and properties of photonic surface states in fcc crystals of metallic
nanoshells.
Nanorod arrays in a spiral staircase arrangement shows interesting optical properties. The
fact that a chiral arrangement of the atomic/molecular constituents (structural chirality) or an
inherent chiral structure of the molecules themselves (molecular chirality) is responsible for the
observed optical activity in some naturally occurring substances and materials has long
motivated microwave studies on model systems of macroscopic bodies with helical symmetry.
More recently, in the context of photonic crystals, three dimensional (3D) chiral dielectric
structures were first proposed as artificial composite media that exhibit strong optical activity.
Spiral staircase structures of metallic nanorods show negative refraction, as well as strong optical
activity and circular dicroism.

Our study show that the combination of plasmonic modes and helical arrangement of the
nanorods results in the formation of collective optical eigenmodes with a specific predominant
circular polarization character, sizable polarization gaps, and negative group velocity bands that
lead to negative refraction. Moreover, multilayer slabs of the given crystal exhibit strong optical
activity and circular dichroism combined with reduced dissipative losses, which make the
proposed structure potentially useful for polarization control applications in miniaturized
optoelectronic devices.
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Spiral staircase structure of metallic nanorods
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PROJECT OUTPUT IN 2011
Publications in International Journals

2.
3.
4.

5.
6.

7.

8.

9.

"Nonlinear interactions between high-Q optical and acoustic modes in dielectric particles", G.
Gantzounis, N. Papanikolaou, and N. Stefanou, Phys. Rev. B 84, 104303 (2011)
"Photonic surface states in plasmonic crystals of metallic nanoshells" C. Tserkezis, N. Stefanou, G.
Gantzounis, and N. Papanikolaou, Phys. Rev. B 84, 115455 (2011)
"Spiral-staircase photonic structures of metallic nanorods" , Christofi, N. Stefanou, G. Gantzounis, and
N. Papanikolaou, Phys. Rev. B 84, 125109 (2011)
"PhoXonic architectures for tailoring the acousto-optic interaction" , N. Papanikolaou, I. E. Psarobas,
G. Gantzounis, E. Almpanis, N. Stefanou, B. Djafari-Rouhani, B. Bonello, V. Laude, A. Martinez Proc.
of SPIE 8071 80710Z-1 (2011) doi:10.1117/12.886562
"Light modulation in phoxonic nanocavities" , N. Papanikolaou, I.E. Psarobas, N. Stefanou, B. DjafariRouhani, B. Bonello, V. Laude Microelectron. Eng. (2011), doi:10.1016/j.mee.2011.04.069
"Band gaps and waveguiding in phoxonic silicon crystal slabs" , Pennec, Y., Djafari Rouhani, B., El
Boudouti, E.H., Li, C., El Hassouani, Y., Vasseur, J.O., Papanikolaou, N., Benchabane, S., Laude, V.,
Martinez, A. Chinese Journal of Physics, 49, p100-110 (2011)
"Simultaneous guidance of slow photons and slow acoustic phonons in silicon phoxonic crystal slabs" ,
Vincent Laude, Jean-Charles Beugnot, Sarah Benchabane, Yan Pennec, Bahram Djafari-Rouhani,
Nikos Papanikolaou, Jose M. Escalante, and Alejandro Martinez Optics Express Vol. 19, Iss. 10, pp.
9690–9698 (2011)
"Fluorescence enhancement from plasmonic Au templates" , P. Petrou, I. Raptis, S. Kakabakos, Th.
Speliotis, A. Gerardino and N. Papanikolaou Microel. Eng. in press doi:10.1016/j.mee.2011.02.073 ,
(2011)
"Multiple scattering calculations for layered phononic structures of nonspherical particles" , G.
Gantzounis, N. Papanikolaou, N. Stefanou, Phys. Rev. B 83, 214301 (2011)
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PROJECT III.1A MECHANICAL AND CHEMICAL SENSORS
Key Researchers: S. Chatzandroulis, P. Normand, I. Raptis
Collaborating Researchers: V. Tsouti, A. Botsialas
Phd students: I. Ramfos, K. Manoli, P. Oikonomou, Ch. Kokkinos, P. Broutas
External Collaborators: M. Sanopoulou (IPC, NCSR 'Demokritos'), Th. Speliotis (IMS, NCSR,
'Demokritos'), D. Goustouridis (TEI Piraeus), E. D. Kyriakis-Bitzaros (TEI Piraeus), G.Tsekenis
(IIBEAA), I. Zergioti (NTUA)

Objectives
Development of micromachining processes for the realization of novel chemical and
mechanical sensors.
Development of low power silicon sensors based on new materials and new processes.
Design, fabrication and testing of microsystems using silicon sensors.
Realization of sensors for specific industrial applications with emphasis on medical, food and
automotive fields.
Funding
Hellenic National Strategic Reference Framework (ESPA) 2007-2013, Contract no. MICRO2- 45,
S. Chatzandroulis

MAIN RESULTS IN 2011:
In 2011, our main activities were focused on the following tasks:
A. Polymer based chemical sensor arrays
B. Capacitive Type Sensors

A: Polymer based chemical sensor arrays
1

1

1,2

1

2

P. Oikonomou , A. Botsialas , K. Manoli , D. Goustouridis , M. Sanopoulou , I. Raptis

1

1

Institute of Microelectronics, NCSR ‘Demokritos’
Institute of Physical Chemistry, NCSR ‘Demokritos’

Chemoresistors and chemocapacitors have been successfully applied in a wide range of
diverse applications with high sensitivity and detection limit, offering the advantage of very low
power consumption and output signal acquisition-digitization. In order such a system to be
suitable for real life applications it should be able to be fabricated with microfabrication
technologies to form low-cost with high repeatability arrays, and be able to quantify the
concentration of the analyte of interest in the presence of humidity. Furthermore the system
footprint should be very small to allow for installation at any point in the area under monitoring
and be compatible with the commercially available electronics for wireless control and data
transmission (e.g. ZigBee protocol).
A promising approach in this direction is the development of a hybrid gas sensing module
consisting of (a) polymer coated capacitive sensor array and (b) low power control and read-out
electronics. In the present work, a compact gas sensing module comprised of 8-chemcapacitors
and all the necessary commercially available electronics for control and data acquisition through
PC is introduced, fig. 1. The chemocapacitor array is fabricated with standard microelectronics/
micromachining processes allowing for the realization of IDEs with critical dimension of 2µm and
the formation of a well for controlled deposition of the polymeric solutions. The control and readout electronics sub-module consists of an analog multiplexer for the sequential measurement of
2
the chemcapacitors array elements, a capacitance to 24-bit converter and a USB to I C interface,
2
fig. 2. The total size of the module is 10cm and could be further decreased by 50% through the
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use of smaller package for the chemocapacitor array. The module is connected with a PC
through a standard USB cable, that provides the necessary power for the operation of all
electronic components. The electronic sub-module developed, presents a noise of ~0.2fF that
leads to limit of detection for p-xylene to be ~30ppm and for toluene ~90ppm (200ppm is the
Permissible Exposure Limit for Industry). The packaging of chemocapacitor array into a standard
package allows for the use of the electronics sub-module in numerous applications where
capacitors are used. Furthermore by employing the two channels available on AD7746 converter,
further improvement of the limit of detections is expected.
In fig. 3 the dynamic responses of two chemocapacitors for small concentration of pure
volatile organic compounds (toluene and xylene), as well as in the presence of 35% humidity are
illustrated. The VOC removal lowers the capacitance, indicating the potential detection of such
concentrations at real environment. By applying standard PCA algorithms over the responses of
the chemocapacitors array, fig. 4, the detection of minute concentrations of those two analytes is
illustrated.

*For more information please contact Dr. I. Raptis (e-mail:raptis@imel.demokritos.gr)
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B. Capacitive Type Sensors*
1

S. Chatzandroulis, D. Goustouridis, V. Tsouti, I. Ramfos, P. Broutas, C. Boutopoulos , I.
1
1
Zergioti , D. Tsoukalas , P. Normand
1

National Technical University of Athens

Micromechanical Capacitive DNA Sensor Arrays
A micromechanical capacitive biosensor array has been developed using a novel
fabrication process. Each biosensor in the array consists of a flexible membrane and a fixed
electrode implemented on the substrate. Probe molecules are immobilized on the membrane
surface and the surface stress variations during biological interactions force the membrane to
deflect and effectively change the capacitance between the flexible membrane and the fixed
substrate. The array consists of 60 sensors and thus is suitable for parallel sensing. The process
is characterized by the self-alignment of the sensitive flexible membranes and the use of silicon
fusion bonding to fabricate the complete device.

(a)

(b)

Fig. 5: (a) Microphotograph of a fully processed biosensor array and (b) SEM view of the circular
membranes.

To test the array performance 15mer synthesized thiol-modified oligonucleotide probes
and corresponding targets were used. In order to immobilize the probes on the arrays, the latter
were first functionalized with 3-glycidoxypropyl-tri-methoxy silane (GOPTS). Selective spotting of
the probes on each membrane was then performed using the Laser Induced Forward Transfer
(LIFT) technique. First experimental results indicate that the sensors are able to detect the
hybridization of 10µM synthesized 15mer oligos (Fig. 6).
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Fig. 6: The average response of several
sensing elements during DNA hybridization of
the 15mer model oligos

Fig. 7: Image of part of the sensor array
consisting of membranes (sensing elements) and
an Al capacitor.
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PROJECT OUTPUT IN 2011
Publications in International Journals
1. “A Chemocapacitive Sensor Array System for gas sensing applications”, S.Dimopoulos, M.Kitsara,
D.Goustouridis, S.Chatzandroulis. I.Raptis Sensor Lett. 9 577(2011)
2. “Disposable lithographically fabricated bismuth microelectrode arrays for stripping voltammetric detection
of trace metals”, Ch.Kokkinos, A.Economou, I.Raptis, Th.Speliotis, Electrochem. Comm. 13 391(2011)
3. “Performance simulation, realization and evaluation of capacitive sensor arrays for the real time
detection of volatile organic compounds”, P.Oikonomou, G.P.Patsis, A.Botsialas, K.Manoli,
D.Goustouridis, N.A.Pantazis, A.Kavadias, E.Valamontes, Th.Ganetsos, M.Sanopoulou, I.Raptis,
Microelectron. Eng. 88 2359 (2011)
4. “Capacitive Microsystems for Biological Sensing”, V. Tsouti, C. Boutopoulos, I. Zergioti, S.
Chatzandroulis., Biosensors and Bioelectronics, vol. 27 (1), pp. 1-11 (2011)
5. “A Reconfigurable, Multi-Channel Capacitive Sensor Array Interface”, E. D. Kyriakis-Bitzaros, N. A.
Stathopoulos, S. Pavlos, D. Goustouridis and S.Chatzandroulis, IEEE Transactions on Instrumentation &
Measurement, vol. 60 (9), art. no. 5765495, pp. 3214-3221

Publications in International Conference Proceedings
1. “Hybrid integration of microfabricated chemcapacitor arrays with miniaturized read-out electronics
towards low-power gas sensing module”, P.Oikonomou, A.Botsialas, G.Patsis, K.Manoli, D.Goustouridis,
E.Valamontes, N.Pantazis, M.Sanopoulou, I.Raptis, EuroSensors 2011 (Athens, Greece, 09/2011)
2. “Disposable microfabricated bismuth microelectrode arrays for trace metal analysis by stripping
voltammetry”, Ch.Kokkinos, A.Economou, I.Raptis, Th.Speliotis, EuroSensors 2011 (Athens, Greece,
09/2011)
3. “Chemocapacitance response simulation through polymer swelling and capacitor modeling”,
P.Oikonomou, A.Salapatas, K.Manoli, K.Misiakos, D.Goustouridis, E.Valamontes, M.Sanopoulou,
I.Raptis, G.P.Patsis EuroSensors 2011 (Athens, Greece, 09/2011)
4. “Direct laser printing of oligonucleotides for the fabrication of a label-free biosensor”, M. Chatzipetrou, G.
Tsekenis, V. Tsouti, S. Chatzandroulis, D. Thanos, I.Zergioti, Proc. Eurosensors XXV, September 4-7,
2011, Athens, Greece, Procedia Engineering 25 (2011) 851 – 855
5. “Self-Aligned Process for the Development of Surface Stress Capacitive Biosensor Arrays”, V. Tsouti, M.
Filippidou, C. Boutopoulos, P. Broutas, I. Zergioti, S. Chatzandroulis, Proc. Eurosensors XXV,
September 4-7, 2011, Athens, Greece, Procedia Engineering 25 (2011) 835 – 838

Conference Presentations
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1. “Oligonucleotide deposition through Laser Induced Forward Transfer on functionalized LTO surfaces,
Gold surfaces and capacitive sensors”, M. Chatzipetrou, G. Tsekenis, S. Chatzandoulis, V. Tsouti, G.
Thireos, I. Zergioti, EMRS 2011, 9-13 May, 2011
2. “Laser Induced Forward Transfer of thiol modified oligonucleotides on GOPTS functionalized capacitive
sensors”, M. Chatzipetrou, G. Tsekenis, V. Tsouti, S. Chatzandoulis, D. Thanos, I.Zergioti, Conference
on Laser Ablation COLA 2011, Playa del Carmen México, 13-19 November, 2011.
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Project III. 2B: ENERGY HARVESTING MATERIALS AND DEVICES
Project Leader: C. Tsamis
Post-doctoral scientists: E. Makarona
PhD candidates: G. Niarchos
MSc Students: S. Katsaridis, S. Voulazeris
Students: C. Fritz
External Collaborators: T. Speliotis (IMS/NCSR “D”)
Objectives:
- Design and optimization of Energy Scavengers for autonomous Microsystems
Novel materials for high efficiency energy conversion (mechanical, thermal, etc)
- Development of single and dual-transduction mechanical harvesters for improved power
characteristics
- Device fabrication and characterization
Funding:
“Development of Innovative sensor systems offering distributed intelligence – MEMSENSE”,
National Funds and European Regional Development Funds, NSRF 2007–2013, contract no. 45
(5/2009 - 2/2013)

MAIN RESULTS IN 2011

Estimation and optimization of power output characteristics of ZnO nanorod arrays grown
with a hydrothermal technique
G. Niarchos, E. Makarona, C. Tsamis
ZnO nanostructures -owing to their multifunctional nature that combines semiconducting
and piezoelectric properties- have successfully demonstrated their ability to efficiently convert
nanoscale mechanical energy into electric energy, becoming thus the most prominent candidates
for the development of nanogenerators. In this work, a cost-efficient, bottom-up method
developed for the production of ZnO nanorods (NRs) on pre-patterned surfaces is scrutinized via
FEM-based simulations. Analysis of the expected potential across the nanorods when subjected
to mechanical deformation -taking into account the nanorods’ size and shape distribution- has
revealed that the presented method not only allows for high tolerance in the control of the
structural properties of the resulting nanorods, but suggests that the morphological diversity of
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Energy Scavenging from the ambient has been actively explored using several methods
such as solar power, electromagnetic fields, thermal gradients, fluid flow, energy produced by the
human body, and the action of gravitational fields. Most of all, mechanical vibration is a potential
power source which is easily accessible through Microelectromechanical Systems (MEMS)
technology for conversion to electrical energy. The reported examples use a mass–spring system
which resonates when the frame of the device is vibrated. The motion of the mass relative to the
frame is damped by one of several energy conversion mechanisms, namely electromagnetic
force, electrostatic force, or piezoelectric force.
From these scavenger types, the ones based on electromagnetic and piezoelectric
principle appear to be the most promising ones and has been the main target of our activities.
Furthermore, our research effort focuses on an innovative concept and design approach,
targeting to a novel energy scavenger, capable of harvesting mechanical vibration energy with
the aid of two transduction mechanisms. Additionally, our research efforts are also focused on
the development of novel piezoelectric materials.
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the resulting nanostructures can lead to higher conversion efficiencies compared to highlyordered arrays.
The miniaturization of MEMS devices and the corresponding decrease of their
consumption requirements have solved only half the problem of autonomous wireless sensor
devices. Rendering a device completely autonomous and battery-free has as a prerequisite the
development of equally miniaturized power micro/nanogenerators that can become an integral
part of the sensor chips. ZnO-nanowire nanogenerators have successfully converted nanoscale
mechanical energy into electricity, but the production of a viable, low-cost and above all highly
efficient nanogenerator is still elusive. Towards this goal, a cost-efficient, bottom-up hydrothermal
method has been further investigated for the production of patterned arrays of nanorods on the
wafer scale (fig. 1). Systematic analyses of the arrays reveal that various nanorod shapes can
co-exist (fig. 2), while the size distribution is intricately related to the growth parameters.

Fig. 1: SEM image of a patterned ZnO nanorod (NRs)
array.

Fig.2: SEM image of a NRs array where the coexistence of various shapes (A: regular hexagons, B:
elongated, C:non-hexagonal) can be seen.

Fig. 3: FEM modeling of the expected piezoelectric
potential from a mechanically deformed elongated
hexagonal nanorod.

Fig. 4: Schematic of regular and elongated NRs
indicating the surfaces where the external force is
applied.
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FEM-based simulations have been performed for each discrete nanorod shape to estimate
the conversion efficiency as a function of the geometrical characteristics (fig. 3). It is
demonstrated that activation of additional deformational modes can be achieved when the
external stimulus that deflects the nanorods is applied at certain directions (fig. 4), due to torsion
of the elongated nanorods (fig. 5). As a result higher piezoelectric potential values can be
obtained for the elongated nanorods compared to hexagonal ones (fig. 6) revealing that the coexistence of morphologically diverse nanorods can have a beneficial role in increasing the
conversion efficiency of the arrays. The combination of the FEM-modeling with the fine-tuning of
the growth parameters of the suggested hydrothermal technique can provide a valuable
methodology for the optimization of the statistical distribution of various nanorod shapes and the
production cost-efficient nanowire arrays suitable for highly-efficient nanogenerators.
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Fig. 6: Simulated piezoelectric potential as a function of
nanorod’s diameter. The ratio R/D for the simulation of
elongated NRs is extracted from experimental results
obtained for the various process conditions.

SOI-based Vibrational Energy Harvesting Microgenerators
*

G. Niarchos, E. Makarona, G. Voulazeris, Th. Speliotis, A. Arapoyanni , C. Tsamis
*

The miniaturization of MEMS devices and the corresponding decrease of their
consumption solves only partially the requirement for autonomous wireless sensor devices.
Rendering a device completely autonomous and battery-free has as a prerequisite the
development of equally miniaturized power micro/nanogenerators that can become an integral
part of the sensor chips. ZnO-nanowire nanogenerators have successfully converted nanoscale
mechanical energy into electricity [1], but the production of a viable, cost-efficient micronanogenerator that can be readily integrated on-chip along with the devices to be powered-up is
still elusive. Towards this goal, we have successfully fabricated a cantilevered microgenerator
based on SOI technology employing as its functional core a novel nanotextured ZnO film as the
piezoelectric material.
An illustrative schematic of the device in shown in Fig.1 As starting material, SOI wafers
were used with a silicon overlayer thickness –and hence a cantilever thickness- of 5µm. The
piezoelectric nanotextured layers, sandwiched between aluminum electrodes, were developed
via the hydrothermal technique [2,3] on seeding layers that were either deposited by sputtering or
by spin-coating of solutions (sol-gels and zero-gels) in order to further decrease the fabrication
cost. During the growth the wafers were placed face down on the surface of aqueous equimolar
solutions of zinc nitrate hexahydrate [Zn(NO3)2.6H2O] and hexamine (HMTA). Depending on the
growth conditions (solution concentration, temperature, duration) the properties of the
piezoelectric material could be tuned according to the required specifications. The final release of
the cantilevers was achieved with a combination of dry and wet etching techniques. Fig. 2 shows
that the hydrothermal technique can produce in a controlled and repeatable way highly textured
columnar ZnO films with a thickness of up to several µm.
The complete devices are shown in Fig.3, where it is exhibited that the marrying of
microfabication and hydrothermal techniques can be applied on wafer-scale and have the
potential to infiltrate mass-production. The microgenerators containing the ZnO nantoextured
films even when imposed to random impulses were able to provide output voltages up to
hundreds of mV for open circuit (Fig.4). Detailed measurements and a systematic analysis are
performed for various mechanical excitations and external loads showing the feasibility of the
proposed methodology for on-chip power generation.
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: Al bottom electrode
: Al top electrode
: nanotextured ZnO film
: Si cantilever with proof-mass
Fig. 1: Schematic illustration of the microgenerator.

Fig 2: ZnO nanotextured film on Al electrodes.

Fig 3: Photograph of a completed SOI wafer with
MEMS-based generators showing the potential for
mass-production. Inset: photograph of the back side
where the proof-masses of the suspended
cantilevers are shown.

Fig. 4: Photograph showing the actual size of single
die containing 4 microgenerators.
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Fig 5: Voltage outputs of the microgenerator
under random impulses (open circuit)
showing the ability of the nanotextured
piezoelectric material to convert mechanical
energy to electricity even far from the
resonant (optimum) conditions
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Applications of ZnO technology:
Wettability control of ZnO nanorod arrays on micropatterned substrates for
low-cost versatile microfluidic components
*

E. Makarona, A.Tserepi, Th. Speliotis and C. Tsamis
*

Institute of Materials Science, NCSR “Demokritos”, 15310 Aghia Paraskevi, Attiki, Greece

The geometrical structure of solid surfaces is an important factor in determining surface
wettability. Indeed, surface roughness enhances the hydrophobic or hydrophilic properties of
surfaces, depending on the inherent surface wettability. A plethora of methods have been
proposed for the wettability control of surfaces, however simple and low-cost processes are in
pursuit for their commercial or industrial adoption. Such a method for the preparation of ZnO
nanorod films with the additional advantage of being fully CMOS-compatible and can be readily
implemented to wafer-scale microfabrication techniques, is the hydrothermal growth of ZnO
nanrods [1,2]. Moreover, as-prepared ZnO films with a variety of morphologies have been used
to achieve controlled wettability [e.g.3]. In this work, ZnO nanorod films are prepared either on
planar or micropatterned substrates and are used for controlling wettability. In Fig. 1, images of
water droplets sitting on ZnO as-grown surfaces are shown, indicating that by tuning the growth
parameters and thus affecting the morphology and the density of the nanorods, the apparent
contact angle (CA) of water on ZnO nanorod films can be increase from 70º to 140º. Given the
inherent hydrophilicity of a smooth ZnO surface, this behavior is indicative of partially
inhomogeneous wetted ZnO nanorod films.

(a)

(b)

However, CA hysteresis measurements indicate that all such investigated surfaces are not
superhydrophobic (SH). To achieve superhydrophobicity, ZnO nanorod films are grown on
micropaterned surfaces (Fig.2) to achieve dual scale topography, the effect of which on further
control of the surface wettability will be demonstrated along with the controlled wettability of ZnO
nanorod arrays via the growth conditions and the resulting nanotopography.
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Fig. 1: Turning a ZnO nanorod array from very hydrophobic to hydrophilic via the duration of the
hydrothermal growth step. SEM images of the corresponding nanorod arrays grown in the same nutrient
solution for (a) 2 hours exhibiting a CA of 140º and (b) 6 hours exhibiting a CA of 70º. Insets: optical
microscope images of water droplets on the films
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Fig. 2: SEM image of a dual topography
sample for wettability control and development
of superhydrophobic surfaces where the
applicability of the porpsed method for largescale patterning is shown.

PROJECT OUTPUT IN 2011
Conference Presentations
1.

2.

3.

“Growth and characterization of uniform ZnO film as piezoelectric material using a
hydrothermal growth technique”, E. Makarona, C. Fritz, G. Niarchos, Th. Speliotis, A.
Arapoyanni and C. Tsamis, SPIE-Microsystems, Smart Sensors, Actuators and MEMS, 18–
20 April 2011, Prague, Czech Republic
“Nanostructured ZnO-based Field Effect Transistors for Enhanced Gas Sensing
Applications”, N. Kelaidis, M. Widmann, E. Makarona, M. Kompitsas, Th. Speliotis, F.V.
Farmakis, P. Jedrasik and C. Tsamis, SPIE-Microsystems, Smart Sensors, Actuators and
MEMS, 18–20 April 2011, Prague, Czech Republic
“Wettability Control of ZnO nanorod Arrays on micropatterned Substrates for Low-Cost
Versatile Microfluidic Components”, E. Makarona, A. Tserepi, T. Speliotis, C. Tsamis, ,
EUROSENSORS XXV, September 4-7 2011, Athens, Greece

Invited Talks
“Micro and Nanotechnology for Sensing and Energy Harvesting”, C. Tsamis,
Nanotechnology and Materials Science and Engineering Multinational Workshop, Univ. of
North Texas, June 27-28 2011, Denton, Texas (USA)

Diploma Thesis
1.
2.

“Growth and characterization of ZnO nanorods for energy harvesting applications” Claudia
Fritz, nta Hochschule Isny, University of Applied Sciences, Germany (2/2011)
“Fabrication and characterization of ZnO MOSFET-type gas sensors for environmental
monitoring”, Matthias Widmann, nta Hochschule Isny, University of Applied Sciences,
Germany (2/2011)
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PROJECT III.2 BIO-MICROSYSTEMS
Project Leader: K. Misiakos
Key Researchers: I. Raptis, E. Gogolides, A. Tserepi
Post-doctoral scientists: E. Makarona
Research Engineer: A. Botsialas
External Collaborators: S.E. Kakabakos (IRRP/NCSR-D), P.Petrou (IRRP/NCSR-D)
Graduate Students: A. Salapatas

Objectives

- Development of bioanalytical lab-on-a-chip devices based on monolithic optoelectronic
transducers (bioactivated optocouplers).

- Development of monolithically integrated interferometric biochips for label-free biosensing
- Development of white light interferometric setup for label free monitoring of biomolecular
reactions.

- Develop highly sensitive and/or label free assays suitable for point of care applications
Funding

- EU, FP7-ICT, STREP, “PYTHIA”, Monolithically integrated interferometric biochips for labelfree early detection of human diseases (start 01-05-2008, duration 42months), www.pythiaproject.eu

MAIN RESULTS IN 2011
A: Monolithically integrated interferometric biochips for label-free biosensing

Fig. 1. Cross section of the basic sensor concept with the integrated light source, planar waveguide (sensing
arm) and photodetector.
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The progress of integrated optical structures, such as waveguides and gratings, has
allowed the implementation of various evanescent wave sensors which found wide application in
real-time monitoring of biomolecular interactions offering high sensitivity, and fast response time.
Among the evanescent field sensors, the Mach–Zehnder Interferometric (MZI) biosensor is one
of the most promising devices due to its high sensitivity and accuracy. In the framework of the
PYTHIA project a novel approach, Broad-Band Mach-Zehnder Interferometry (BB-MZI) (fig. 1)
is explored as an alternative operation principle based on a monolithically integrated
biosensor array that is fabricated by standard silicon technology. This radical concept is
suitable for the early diagnosis of human diseases through the label-free, multi-analyte
detection of gene mutations and proteins.
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Fig. 2. CCD image of the waveguided fundamental mode: (left image) TE and (right image) TM.

Fig. 3. CAD design of assembled chip.
LED contact pads are on the left-hand
side while detector is at the right hand
side. The ten waveguides (orange colour)
are coupled to the LEDs at the one side
and at the other side merge to the
common photodetector. The common
fluidic cell (light green colour) for all
sensors with the inlet and outlet ports is
placed on top over the sensing areas.

Encapsulation with an appropriately designed microfluidic system performed at wafer-level
scale (Jobst Technologies GmbH) allow for the easy delivery of the samples to be analyzed and
ensure the facile contact with the external low-noise electronic components. The encapsulated
1

a) K. Misiakos, S. Kakabakos “Integrated optoelectronic silicon biosensor for the detection of biomolecules
labeled with chromophore groups or nanoparticles”, PCT WO2007/074348, US7319046 b) K. Misiakos, S.
Kakabakos, I. Raptis, E. Makarona, “Integrated optoelectronic silicon biosensor for the detection of
biomolecules labeled with chromophore groups or nanoparticles”, OBI, 1006509 2008 c) Ι. Raptis, K.
Misiakos, S. Kakabakos, P. Petrou, E. Makarona, M. Kitsara, “Monolithically Integrated Physical Chemical
and Biological Sensor Arrays based on Broad-band Mach-Zehnder Interferometry”, PCT WO2009/115847
A1 (2009)
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The PYTHIA optoelectronic transducer is based on the monolithic optocoupler platform
1
that has been developed and patented at the Institute of Microelectronics. The optocoupler
consists of waveguide self-aligned to a VIS-NIR light source (avalance photodiode) and a
photodetector. The monomodal waveguide, fig. 2, is patterned to a Mach-Zehnder interferometer
and its principle of operation is the spectroscopic interference due to the optical path difference
originating by biochemical events. This way all necessary active and passive optical components
are integrated on the same chip resulting in a miniaturized optoelectronic lab-on-a-chip. The
integrated nature of the basic biosensor scheme allows for the development of arrays tailored to
specific diagnostic applications. Each biosensor array is comprised of individually functionalized
light source/optical waveguide series coupled to a single detector for multiplexing operation.
2
Currently, each chip carries 10 sensors in an area of less than 40mm , fig. 3, and is the smallest
multi-sensing truly integrated optical transducer ever made This layout allows for two chip
configurations: the fully integrated where the output signal is photodetector’s current and the
semi-integrated where the photodetector part is diced-off and the detection is performed through
an external spectrometer.
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array is fixed on a cartridge (fig. 4), ready to be manually inserted to its final position in the
housing, where it is directly connected to the optical and electrical interconnects. Measurements
are performed through the light-weighted measuring apparatus developed by VTT, fig. 5. Thus
unit provides all the necessary power, control and read-out electronics and external fluidic
connections and components in order to supply the necessary reagents and perform the
measurements through especially developed software.

Fig. 4. Picture of a chip holder frame
made with attached brass foil and chip

Fig. 5. PYTHIA measuring apparatus

The performance of the PYTHIA device was evaluated with models assays but also in
particular applications concering concerning the:
a) Quantitative determination of free- and total-PSA for early diagnosis of prostate cancer.
b) Detection of selected RET mutations diagnosing predisposition for MEN2
c) Detection of known PRPF31 and RPE65 mutations aiming at efficient diagnostic tools for
Retinitis Pigmentosa.
The evaluation was performed using appropriately spotted chips after packaging and
dicing using the prototype PYTHIA measuring apparatus installed at IRRP NCSR-D, fig. 6.
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Fig. 6. Response from chip spotted with wild- and mutant-type sequences corresponding to G533C RET gene
mutation during hybridization with: Left: PCR product obtained from the DNA of a wild-type individual; and
Right: PCR product from a heterozygote carrying the mutation. Fluid sequence was as follows: start to 1:
5xSSC (hybridization buffer); 1 to 2: PCR product; 2 to end: 5xSSC.

B. Microfluidics and Microarrays (see detailed description in Project I.2)
Significant work has been done in both microfluidics and microarrays and is described in
detail in Project I.2. In the area of microfluidics, the following 3 topics were pursued:
I. Flame Aerosol Deposition of TiO2 Nanoparticle Films on Polymeric Microfluidic Devices for
On-Chip Phosphopeptide Enrichment (see Fig. 7a,b). This work is a continuation of our
previous work on wet deposition of TiO2 in polymeric microchips.
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II. Controlled protein adsorption on rough microchannel walls (see Fig. 7c). Here we
demonstrate significant selectivity between large protein adsorption on rough plasma treated
hydrophilic microchannels, compared to rough plasma treated superhydropohobic channels.
III. Continuous-flow microfluidic device for DNA amplification (µPCR) on flexible polyimide
substrate (see Fig. 7 d). We have designed and implemented an on-chip µPCR unit.

Super

Super

hydrophobic

hydrophilic

(a)
Roughness from etching
175 μm

Titania Film

375
368K
370
365
360
355
350
345
340 denaturation
(heater 1)
335
(b)
330
0.00
0.01

(c)
PI based
Si based
SiO2 based
350K

(heater 2)
0.02

350K
annealing
(heater 3)
333K

extension
(heater 2)

0.03
0.04
0.05
0.06
arclenth along the channel axis (m)

0.07

(d)

Fig. 7. (a), (b) The PMMA micro-column after the flame-deposition of TiO2, consisting of 7 µm wide, 12 µm
deep microchannels. Notice that the microchannel bottom surface is rough and the walls in between are flat.
The particles (white) cover both the walls and the microchannel bottom. The deposition is uniform over large
areas. (c) Fluorescence image of a microchannel with patterned wettabilty (from superhydrophobic, contact
angle CA~150º, to superhydrophilic, CA<10º) formed in PMMA by O2 plasma etching, deposition of a
hydrophobic Teflon-like film in the left zone, and adsorption of AF488 labelled goat anti-rabbit IgG antibody.
(d) Temperature along the channel axis (simulation) for three different device materials (PI, SiO2, Si). The
inlet velocity is 1 mm/s for a µPCR chip

In the area of microarrays, two new technologies were developed and demonstrated for high
capacity, high density, high intensity microarrays
I. Highly dense and uniform protein and DNA microarrays through photolithography and plasma
modification of glass substrates (see Fig. 8 a)
II. High Capacity and High Intensity DNA Microarray Spots Using Oxygen-Plasma Nanotextured
Polystyrene Slides (see Fig. 8 b)
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Fig. 8. (left) Scanning of microarrays for the simultaneous detection of four deleterious mutations in BRCA1
gene. The wild- (w) and the mutant-type (m) corresponding to 1: G1738R, 2: 5382insC, 3: 3741insA and 4:
3099delT mutation were spotted on commercial (a) PS slide (b) epoxy modified glass slide, and our developed
(c) Ormocomp/glass slide. Fluorescence intensity values for the spots corresponding to wild-type (black
columns) or mutant-type (red columns) of the four BRCA1 mutations obtained from (d) PS slide (e) epoxy-glass
slide, and our (f) Ormocomp/ glass slide shown to outperform the commercial ones.
(right) Fluorescence signals from microarrays created by spotting wild- (white columns) and mutant-type
sequences (black columns) corresponding to 5382insC, 3099delT and R175IX BRCA1 gene mutations on an
untreated A (top) and 10-min O2 plasma treated PS slide B (bottom)) after hybridization with fluorescently
labelled oligonucleotides complementary to the wild-type sequences. The arrays have been washed sequentially
o
o
with HEN buffer dilutions from 1 to 0.063 HEN at 30 C and distilled water at 4 C. Each point is the mean value
of 30 spots ± SD. Notice the better discrimination on the plasma treated slides.

Detailed description of the above can be found in Project I.2 Micro and Nanofabrication using
lithography and plasma etching.

PROJECT OUTPUT IN 2011
Publication in International Journals

Conference Papers
1. “Monolithically Integrated Frequency-Resolved Mach-Zehnder Interferometers for Highly-sensitive
Multiplexed Label-free Bio/Chemical Sensing” K. Misiakos, A. Botsialas, I. Raptis, E. Makarona, P. Petrou
and S. Kakabakos, G. Jobst, R. Stoffer, M. Hoekman, IEEE Sensors 2011 (Limerick, Ireland, 10/2011)

Invited Presentations
1. “Monolithic Silicon Optocouplers for Bio-Chemical Sensing”, Konstantinos Misiakos, Eurosensors 2011
(Athens, Sept. 4-7, 2011)
2. “Monolithically Integrated Mach-Zehnder Biosensors for Real-time Label-free Monitoring of Biomolecular
Reactions”, E. Makarona, P. S. Petrou, A. Bourkoula, A. Botsialas, M. Kitsara, S. E. Kakabakos, R.
rd
Stoffer, G. Jobst, G. Nounesis, I. Raptis, K. Misiakos 33 Annual Int. Conf. IEEE EMBS (Boston, USA,
09/2011)
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1. “Real-time monitoring of nanomolar binding to a cyclodextrin monolayer immobilized on a
Si/SiO2/novolac surface using white light reflectance spectroscopy: The case of triclosan” Author(s): D.
Maffeo, Z. Velkov, K. Misiakos, K. Mergia, A. Paulidou, M. Zavali, I.M. Mavridis, K. Yannakopoulou,
JOURNAL OF COLLOID AND INTERFACE SCIENCE, 358-2, Pages: 369-375, 2011
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PROJECT III. 3 THIN FILM DEVICES for LARGE AREA ELECTRONICS
Project leader: D.N. Kouvatsos
Collaborating researchers from other projects: D. Davazoglou.
Postdoctoral researchers: D.C. Moschou
External collaborators: C.A. Dimitriadis (University of Thessaloniki), G.J. Papaioannou
(University of Athens), N. Stojadinovic (University of Nis), A.T. Voutsas (Sharp Laboratories of
America)

Funding
-

Sharp Labs of America grant, 2003 – 2005.
Two GSRT bilateral Greece-Serbia projects, 2003 – 2007.
PENED contract, project code 03ED550, 2005 – 2009.
One postdoctoral fellowship (Dr. Moschou), 2010 – 2012.
Currently, participation in IMEL cooperation project with Heliosphera (initiation in 2010).

Objectives
The project research objective is the optimization of the active layer of polysilicon films obtained
using advanced excimer laser crystallization methods and of the resulting performance
parameters of thin film transistors (TFTs) fabricated in such films. Such advanced TFTs are
necessary for next generation large area electronics systems, which are now in the research and
development phase. Specifically, the scientific targets of the project are:
- Evaluation of device parameter hot carrier and irradiation stress-induced degradation and
identification of ageing mechanisms in TFTs fabricated in advanced excimer laser annealed
(ELA) polysilicon films with sequential lateral solidification (SLS).
- Investigation of the influence of the crystallization technique and the film thickness on TFT
performance, defect densities and degradation for technology optimization.
- Investigation of effects of variations in TFT device structure and in the fabrication process on
device performance and reliability.
- Investigation of polysilicon active layer defects using transient drain current and noise analysis
in ELA TFTs.
- Assessment of material properties of ELA poly-Si TFTs using optical measurements.
On the application level, the project aims at the utilization of these advanced TFTs in the
development of novel TFT-addressed displays and microsystems.

Our work during 2011, after conclusion of electrical characterization of single gate thin film
transistors and material / optical investigation of polycrystalline silicon films, concentrated in the
characterization, degradation and noise investigation of double gate TFTs, fabricated using
sequential lateral solidification excimer laser annealing.
Task 1 Characterization of double gate SLS ELA TFTs
Advanced polycrystalline silicon thin film transistors, such as devices fabricated at very low
temperatures using sequential lateral solidification excimer laser annealing techniques, are
essential for large area electronics and high performance flat panel displays. The objective of this
task is the characterization of poly-Si TFTs having various technologically important structures
and crystallized with different SLS ELA variations, as well as the determination of process
parameters that affect device performance. We have studied the effect of the TFT active region
film microstructure, relating the film characteristics themselves with the electrical performance
and reliability characteristics of the TFTs. During 2011 we focused on the investigation of double
gate TFTs; the presence of a second gate in advanced SLS ELA polysilicon TFTs offers
additional possibilities, which cannot be realized with standard top or bottom gate devices, such
as the control of TFT electrical parameters by appropriately biasing the bottom gate. Our aim is to
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determine the role of both gate lengths on TFT performance and electrical characteristics,
probing possible short channel effects.
We characterized TFTs with the same bottom gate length Lbottom = 4 µm and channel width
W = 16 µm. The top gate length Ltop varied from 0.5 µm to 4 µm. In Fig. 1 we can see the
threshold voltage Vth values extracted from the Ids-Vgt characteristics, for all top gate lengths Ltop
and bottom gate biases Vgb from –3 V to 3 V. As we can observe, there is an almost linear
relationship between Vth and Vgb, as predicted by physical models for SOI MOSFETs with
symmetrical top and bottom gate lengths. We also see that by increasing the top gate length, the
threshold voltage also increases. This trend can be attributed to the increase of grain boundary
traps as the channel length increases, since more grain boundaries and sub-boundaries will be
present.
This explanation is further supported by the evolution of Vg,max – Vth, also shown in Fig 1, for
increasing channel length. We have previously shown that this difference is directly proportional
to the grain boundary trap density; therefore its increase indicates the increase of these traps
with channel length, which is consistent with the increase of Vth with increasing channel length.
Also, for all devices we observe an increase of Vg,max – Vth with increasing Vgb. This is
reasonable, as the increase of the bottom gate bias forces the current carriers deeper in the polySi active layer, thus “seeing” more traps. More traps are expected to be present as we go deeper,
since in previous work we have shown the superiority of the top interfaces compared to the
bottom ones.
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Fig. 1. Threshold voltage Vth (left) and Vg,max – Vth (right) variation versus bottom gate bias Vgb for different
top gate lengths, with W = 16 µm and Lbottom = 4 µm.

In order to verify that the trends observed are attributed solely to the top channel length (i.e.,
that we actually see short channel effects relevant to top gate operation) and not to the variation
of the top to bottom length ratio Ltop/Lbottom, we also characterized double gate structures with a
set top gate length Ltop = 2 µm and channel width W = 8 µm and the bottom gate length as a
variable. In this case, the ratio Ltop/Lbottom changes through Lbottom variation, not through Ltop; thus
there is no channel shrinking and any effects on device parameters extracted from Ids-Vgt
characteristics can be attributed solely to the Ltop/Lbottom variation. This way we are able to
distinguish the two factors that affect the device performance: short channel effects and
Ltop/Lbottom variation.
Indeed, in Fig. 2 we observe only a small Vth variation (slight increase) as Ltop/Lbottom
decreases. On the contrary, in our previous analysis we saw a significant Vth decrease with
decreasing Ltop/Lbottom. Therefore, our previous observations seem to be independent from any
Ltop/Lbottom effects and can mainly be attributed to short channel effects. The same observations
can also be made in Fig. 2 for the Vg,max – Vth variation with Ltop/Lbottom; as Ltop/Lbottom decreases,
the grain boundary trap density slightly increases, contrary to the trend in Fig. 1, where we varied
the top gate length only.
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Fig. 2. Threshold voltage Vth (left) and Vg,max – Vth (right) variation versus bottom gate bias Vgb for different
bottom gate lengths, with W = 8 µm and Ltop = 2 µm.

Summing up, a significant Vth increase is observed with increasing top gate length in
double gate TFTs and is attributed to the larger number of grain boundaries included in larger
channels. This is also indicated by the Vg,max – Vth increase with increasing Ltop. The parameter
Gm,max was not as clearly affected by the channel shrinking, thus indicating that surface scattering
of carriers is more important in its determination. We have verified that the observed trends are
attributed to short channel effects and not to Ltop/Lbottom variation; the effects of Ltop/Lbottom variation
were insignificant compared to short channel effects.

We applied DC stress to double gate TFTs with various top gate lengths Ltop, channel
width W = 8 µm and bottom gate length Lbottom = 4 µm. The measured Ids-Vgt characteristics after
each stress cycle, shown in Fig. 3, indicate that the degradation becomes much more intense for
longer channels, although the horizontal electric field is exactly the same as for shorter ones. We
believe that this is attributed to the structure of the polysilicon film, since the longer the channel
the more grain boundaries and sub-boundaries will be present. The more traps are present within
the film the larger the degradation that will occur in the device, due to the extra trap state
generation.
The threshold voltage Vth evolution with stress time, shown in Fig. 4, indicates that different
degradation mechanisms are present for each top gate length. For shorter channels (Ltop = 0.5
µm) we see only an increase in Vth for larger stress times, attributed to hot electron injection. For
Ltop = 0.8 µm we initially observe a small tendency for a Vth decrease, indicating minor hole
injection, followed by a severe increase, much like for the shorter channel, but at longer stress
times. For even longer channels (Ltop = 1.3 µm) the initial decrease trend is even more intense,
followed again by a large increase for long stress times. The fact that the initial hole injection
mechanism is only present for long TFT channels and is more intense as the channel is enlarged
indicates that it is a channel length dependent degradation mechanism. On the other hand, the
electron injection is present for all lengths and is dominant for large stress times in all TFTs. We
believe that both mechanisms involve trap generation mainly at the polysilicon interface and not
by oxide injection, since we observe a similar picture for the evolution of subthreshold slope S
with stress time, also shown in Fig. 4. We see again a clear monotonous behavior only for shorter
channel TFTs, while the increase of S (which reflects mid-gap energy level states near the
interface) for all devices implies that there occurs mainly mid-gap trap generation near the
interface.
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Fig. 3. Ids-Vgt characteristics after successive dc stress cycles for a double gate TFT with Ltop = 0.5 µm (left),
0.8 µm (middle), 1.3 µm (right).
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Fig. 4. Threshold voltage Vth (left) and subthreshold swing S (right) evolution with stress time for double
gate TFTs of different Ltop and Lbottom = 4 µm.

On the other hand, the evolution of the maximum transconductance Gm,max with stress time,
shown in Fig. 5, does not indicate different degradation mechanisms for different channel lengths.
For all devices we see a monotonous Gm,max decrease, clearly more pronounced for larger length
TFTs. This degradation can be attributed to trap generation within the semiconductor, particularly
at the channel grain boundaries and sub-boundaries, as indicated by the stress evolution of Vg,max
– Vth, also in Fig. 5. This is the parameter we have shown to be directly proportional to the trap
density at the grain boundaries and sub-boundaries; thus, the Vg,max – Vth increase for large
stress times reflects an increased trap density and can explain the respective Gm,max decrease.
Also, we observe a much larger trap generation for the largest channel, thus explaining the much
larger Gm,max decrease in this case.
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Fig. 5. Maximum transconductance Gm,max (left) and Vg,max – Vth (right) evolution with stress time for double
gate TFTs of different Ltop and Lbottom = 4 µm.
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Task 3 Low frequency noise investigation
The drain current noise power spectral density SI versus frequency, for sub-micron channel
length double gate TFTs was investigated; these measurements were carried out at the
University of Thessaloniki, in a project collaboration. Typical plots of the drain current noise
power spectral density SI versus frequency, measured for sub-micron devices (Ltop = 0.5 µm)
4
before and after stress for time t = 10 s, are presented in Fig. 6. Before stress, the spectra
exhibit 1/f noise behaviour (flicker noise) in the regions from weak to strong inversion. After
stress, they consist of two distinct components: a flicker noise and a Lorentzian noise
2
characterized by a plateau at low frequencies and a fall-off according to 1/f , related to trapping /
detrapping processes of carriers at discrete traps, with SI given by a relation of the form SI = A/f +
2
B/(1+(f/fc) ). The corner frequency fc is directly related, through the relationship fc = 1/2πτ, to the
trap time constant τ characterizing the capture and emission processes of electrons in the traps.
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Fig. 6. Typical noise spectra, measured at drain voltage Vds = 0.1 V and different drain currents in a DG
polysilicon TFT with Ltop = 0.5 µm and Lbottom = 4 µm before stress (a, left) and after stressing (b, right).

The noise spectra of Fig. 6(b) were decomposed to obtain the flicker and the Lorentzian
noise components. It is shown that the extracted corner frequency fc in sub-micron DG TFTs
does not change with top gate voltage Vgt; this suggests that the trap centres responsible for the
observed Lorentzian noise are located in a semiconductor region at some distance from the top
gate oxide/polysilicon interface. The physical mechanism of the flicker noise is the variation of the
interfacial oxide charge after dynamic trapping and detrapping of free carriers into slow oxide
traps at/or near the interface, which leads to surface potential fluctuation and in turn to
fluctuations in the inversion charge density. Trapping and detrapping occur through tunneling
processes. It has been determined that the normalized noise is increased after stressing,
12
12
-2
-1
indicating an increase of the interface trap density from 1.2×10 to 2×10 cm eV .
For the above-micron gate length DG TFT (Ltop = 1.3 µm), the drain current noise spectra
γ
show 1/f behavior (with γ < 1) both before and after stress (yielding plots similar to 6(a), with a
single slope). Generally, if the traps near the interface are distributed uniformly and have uniform
energy distribution within the band-gap, they give rise to 1/f spectra; if the interface trap
distribution is non-uniform over the oxide, then the noise spectrum frequency dependence
γ
deviates from pure 1/f and is approximated as 1/f with γ ≠ 1. For a trap distribution with
increasing density towards the interface, there are a greater number of high-frequency traps
leading to γ < 1; similarly, for a trap distribution with increasing density away from the interface,
there is a greater number of low-frequency traps leading to γ > 1.
γ
As shown in Fig. 7, the 1.3 µm unstressed device exhibits an 1/f noise, with γ = 0.65,
originating from interface traps with density decreasing with distance into the gate oxide from the
top gate interface. However, after stressing the exponent γ increases with increasing gate bias,
which implies that the channel carriers, tunneling at a constant energy into the gate oxide,
encounter an increasing trap density due to band-bending caused by the gate bias, i.e. the trap
concentration becomes higher towards the band edges. This result clearly indicates generation of
hot-carrier induced band tail states, related to the distorted-bond defects located at the grain
boundaries and sub-boundaries, caused by stressing. The generation of these band tail states
can explain the dramatic decrease of the on-state current observed after stressing of long

ANNUAL REPORT 2011

2

SI(A /Hz)

10

-15

SI(A /Hz)

10

91

INSTITUTE OF MICROELECTRONICS (IMEL) NCSR “DEMOKRITOS” - Project III

channel DG polysilicon TFTs, in which a
large number of grain boundaries and
sub-boundaries are present within the
channel. Thus, the overall results
obtained from these low frequency noise
measurements support the proposed
degradation mechanisms of DG ELA
polysilicon TFTs with shrinking channel
length, as discussed in the Task 2
section.
Fig. 7. Frequency noise exponent against
gate voltage for double gate polysilicon TFT
with W = 8 µm, Ltop = 1.3 µm and Lbottom = 2.5
µm before and after stressing.
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CIRCUITS & DEVICES FOR SENSOR NETWORKS &
SYSTEMS

Project Leaders: S.Chatzandroulis, H.Contopanagos
PhD Candidates: P. Broutas
External Collaborators: E.D. Kyriakis-Bitzaros

Objectives
The main objective of the activity is the development of the necessary technologies for future
sensor networks and systems. In the context of this objective the research targets of sensor
readout, wireless telemetry, RF remote powering in the near as well as the far field are pursued.
Special consideration is given in operation in special environments such as large engineering
structures (e.g. buildings, bridges, naval ships etc).

MAIN RESULTS IN 2011
Wireless telemetry and RF remote powering of sensor tags

Fig. 1. System implementation on FR4 PCB with the
PIFA antenna..

Fig. 2. Simulated radiated gain of the antenna with
the backplane 1cm apart.
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RF power-harvesting systems are of particular interest in autonomous sensor tag design
because of their ability to draw power from electromagnetic fields generated by controlled and
stable RF power sources. RF sensor tags are based on the technology of RF identification
systems which are widely used in product chain applications. A variety of real-time monitoring
applications such as structural health monitoring in large structures, often require the deployment
of such remotely powered sensor tags. In this case the tags are often installed in inaccessible
places or integrated in the monitored structure during construction.
In this work, a power-harvester with an embedded antenna operating at the 430 MHz band
capable of operating near ground or metal planes has been developed. The tag uses discrete
components including an onboard microcontroller for supervision of system functions and
interfacing with different types of low power sensors, thus resulting to a flexible passive sensor
platform. Furthermore, the system comprises a low-profile optimized multi-slotted PIFA (Planar
Inverted F Antenna) integrated within the system volume, which enables operation near metal
and ground surfaces, and results in a slim packaged system. A power harvesting strategy that
allows tag operation over cycles has been implemented in order to allow operation at an incident
power level that is lower than the power required when the tag is fully active. Tag operation is
divided in two cycles; a standby mode during which only the energy-accumulation supervising
circuit is active, as well as a fully operational mode.
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In order to compare the performance of the selected PIFA antenna to a half-wavelength
dipole antenna, measurements with a Vector Network Analyzer (VNA) in free space as well as
near a metal plate have been performed in order to compare the two antennas. In addition, a
wireless link established between a low power base station emitting 200 mW of power at 430
MHz and the tag placed at 1cm distance from a metal plane has been demonstrated.

Fig. 3. Output pulse train of the microcontroller, with
the system placed 1cm apart from the metal plane.

Fig. 4. Comparison of the PIFA antenna
performance (curve 1) to the dipole antenna (curve
2) at a distance of 1cm above a metal plate

PROJECT OUTPUT IN 2011
Publications in International Journals
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PHOTONIC CRYSTALS, METAMORPHIC MATERIALS AND
NOVEL RF SYSTEMS

Project Leader: H. Contopanagos
External Collaborators: C. Kyriazidou, N. Alexopoulos (Broadcom Corporation, Irvine, USA)

Objectives
To design, optimize and fabricate photonic crystals and frequency-agile metamaterials
(metamorphic materials) to be used as electromagnetically active filters and
substrates/superstrates for novel embedded antenna architectures and other systems (filters,
waveguides and resonators) operating in the microwave/mm-wave region, for applications in
novel RF transceivers.

MAIN RESULTS IN 2011

The new generation of integrated radio transceivers operating in the 60-GHz range,
opens up a wealth of future applications with communication bandwidths up to 9 GHz offering
great speed for data transmission, unmatched by current devices. These transceivers require
antenna elements and arrays optimally designed and integrated in close proximity to
transceiver dies, preferably embedded on-package. Even though 60-GHz radios allow for the
first time direct integration of antennas on die packages, integration and coupling problems
become significant due to the high frequencies involved and the macroscopic design rules and
low manufacturing tolerances of packaging technologies. Studying novel robust design
approaches maximizing antenna element performance for these future mobile terminals
becomes an area of great scientific and commercial interest, given the very stringent package
technology constraints and performance requirements fundamental for 60-GHz radios:
(1) Large bandwidths of 15% or more, covering the 57-66 GHz spectrum plus extra
band-edge to allow for detuning due to coupling. (2) Directional radiation with high element
gain and minimal back radiation on the die side. This is very important since high propagation
loss at these frequencies demands the radiated energy into tightly focused beams. (3) Small
areas and thickness fitting package integration resulting in antenna profiles a fraction of the
wavelength, even at 60 GHz. (4) Adherence to packaging layout rules allowing prescribed
values of permittivities, metal layer positions, large via diameters relative to antenna design
features, and package metal trace constraints. (5) As inexpensive a fabrication method as
possible.
In this work we present novel design rules for integration of dipole antennas on
appropriate metallodielectric materials based on printed spirals and operating as Artificial
Magnetic Conductors (AMC), that are very thin and suitable for on-package integration. We
also present novel designs of package-integrated antennas and arrays on spiral AMCs,
satisfying all the above technology and performance requirements. Several researchers have
studied antennas and other structures coupled to AMCs. However, very little exists on
applications of these concepts for 60-GHz radio transceivers, a subject which is quite
challenging and where existing designs are narrowband and occupy large areas.
SINGLE-LAYER SPIRAL AMC ON PACKAGE AND SURFACE PLASMONS
The objective here is to have as thin a substrate material as possible, creating on its
physical surface as good a broadband magnetic conductor as possible. We use only 3 Cu
metallization layers, of 15µm thickness each, separated by dielectrics of constrained thicknesses
T1=60µm, T2=190µm and complex permittivity ε = 4(1-j0.01). Fig. 1a shows the 3 metallization
layers of the package: M1 is the top layer reserved for the final antenna printing. M2 is the AMC
metallization layer. We will place it at the minimum distance from M1 (which in packaging
language will be layer L2). Finally, M3 is reserved in our approach for a backing conductor and
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we will place it two layers underneath M2 (on layer L4). The die lies underneath M3 where further
metallization layers may exist but are reserved for other functions such as signal routings, bump
pads etc. Fig. 1b shows the design of our AMC, within one lateral Unit Cell (UC). It consists of a
metal spiral, of adjustable length, edge-to-edge distance and trace width. For simplicity we will
consider the UC to be a square of side A and the spiral outer contour to be a square centered
within the U.C. The backing conductor is shown behind the spiral, printed on M3.

(a)

(b)

(c)

Fig. 1 a) Package metal stack. b) Spiral AMC Unit Cell c) Material response for normal plane-wave
incidence: Complex reflection coefficient S11 = (1) + j(2) and power loss (3).

In Fig. 1c we plot the complex reflection coefficient S11 of the structure composed of
the UC of Fig. 1b, under normal plane-wave incidence. We note that we have AMC behavior,
i.e., S11 ≈ +1, at 48 GHz, which is sufficiently broadband (8GHz). This shows that spiral
metallodielectric arrays are promising thin AMC metamaterials on-package. We also plot in Fig.
1c the total power absorption of the material. While at the AMC resonance we notice modest
(but non-negligible) absorption, we also observe a Surface Plasmon Polariton (SPP) resonance
at 65 GHz, within the radio operation band. At that region of the spectrum, the electromagnetic
waves are completely transformed into surface modes, absorbing 100% of the incident power.
Surface plasmons are detrimental to antenna operation, therefore the spiral AMC design has to
be optimized so that not only the AMC functionality be properly tuned within the operation
band, but also in such a way that SPPs completely disappear.

A spiral AMC without SPPs and integrated antenna is shown in the package layout of Fig.
2a, optimized according to general design principles developed in [1]. We have chosen a
minimum area package of 3×5 U.C., just enough to contain the dipole and leave a perimeter of
2
only 1 U.C. The total package size is 1.44×2.40 mm containing an AMC of truly small size of
0.28λ × 0.48λ at 60 GHz, with λ the free-space wavelength.

(a)

(b)
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Fig. 2 a) Optimized on-package spiral AMC antenna: Package dimensions 1.44 × 2.4 × 0.25 mm . b)
AMC
= (1) + j(2) (right scale) and return loss |S11| (3) of dipole printed onComplex reflection coefficient S11
package without any other metallization.
AMC

In Fig. 2b we show the response S11
of the optimized spiral AMC package, without
the antenna, with the AMC functionality projected on M1 tuned appropriately in order to accept
the dipole integration, according to the design rules in [1]. We also show the return loss |S11| of
the dipole antenna, without the AMC, also tuned appropriately for integration.
Fig. 3a shows the return loss of the integrated spiral AMC antenna of Fig. 2a. The -10dB
band extends from 56 GHz up to 76 GHz, easily containing the operation band. In fact, the
system’s bandwidth is 30%, twice the bandwidth required for the 60-GHz radio applications. In
Fig. 3b we plot the gain in the two principal cuts (in dBi), for 60 and 70 GHz. The maximum
gain is 6dBi, while the total radiation efficiency is 85%-88% flat within the band. The front-toback ratio is more than 10 dB, making this a very directive element, with minimal back-side
radiation, precisely due to the presence of the AMC.

(a)

(b)

Fig. 3 a) Return loss of the system of Fig. 2a. b) Realized gain G (θ) (dB) of the system of Fig. 2a at 60
o
o
GHz, for φ = 0 (1) and φ = 90 (2) and at 70 GHz, for φ = 0 (3) and φ = 90 (4).

(a)

(b)

Fig. 4 a) A 3×4 spiral AMC center-fed antenna array. b) Realized gain G (θ) (dB) of the array at 66 GHz, for
φ = 0 (1) and φ = 90o (2).
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Let us now present results of an array of antennas integrated on optimized AMC’s onpackage. We construct a 3×4 array of these antenna elements using as a cell the layout of Fig.
2a, where the 3 cells along the x-direction have an extra spacing of 1 row of unit cells each
(without spirals), while the 4 cells along the y directions are in tandem, as shown in Fig. 4a. The
2
total package size is 7.2 × 9.6 mm . We performed a 12-port HFSS simulation (1 million
tetrahedra, 31GB RAM), accounting for all couplings, with ideal in-phase 50-Ohm lumped ports.
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The realized gain at 66 GHz is shown in Fig. 4b and reaches a maximum of 15dBi
broadside, almost constant within the operation band, with excellent front-to-back ratio of >20 dB
and very suppressed sidelobes. This is a very directive broadband array integrated on a truly
2
small package area of 69 mm , ideal for 60-GHz radio transceiver applications. We have
fabricated a variety of prototypes of these antennas and arrays, which are currently being
measured and characterized.

PROJECT OUTPUT IN 2011
Publications in International Journals
“Space-Frequency projection of Planar AMCs on integrated antennas for 60 GHz radios”, C.
Kyriazidou, H. Contopanagos and N. Alexopoulos, IEEE Transactions on Antennas and Propagation,
Vol. 60, No. 4 (April 2012), pp. 1899-1909.
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ANNEX II : INFRUSTRUCTURE AT IMEL
PROCESSING
Equipment
Silicon processing laboratory in a clean room area
2
of 500 m , equipped with the following:

Techniques/competences
Nanopatterning technologies
Plasma etching

4 laminar flow chemical benches

Growth of metals and dielectrics

7 horizontal hot-wall furnace tubes

Growth of polycrystalline and nanocrystalline Si

2 horizontal LPCVD tubes for nitride, oxide
(TEOS), polysilicon

Growth of Si nanostructures embedded in a
dielectric matrix, ordering of nanostructures

1 horizontal LPCVD tube for LTO

Fabrication of MOS capacitors and MOSFETs

Ion Implanter (EATON medium current, 200 KeV)

Nanocrystal non-volatile memories

Optical lithography systems
(resolution down to 0,6 µm)

Micromachining, sensor fabrication, microfluidics

Reactive Ion Etcher

Thin film devices

Molecular materials and devices

Metallization equipment
(thermal, e-gun evaporation, sputtering)
Process inspection equipment
Processing equipment not in clean room:
High Density Plasma Etcher
Different thin film deposition systems
(Sputtering, MOCVD)

Equipment

Techniques/competences

DC Electrical measurements

Characterization of Dielectrics

3 probe stations for waferlevel measurements
HP measuring systems (4142B, 4084B, 8110A,
4140B, 4284, 4192A, 34401, 16500A)
Keithley measuring equipment (230, 220, 617,
195A, 6517A)
Oxford cryostat for temperatures in the range LN320K
Janis low temperature wafer prober(4 probes)
Cascade Microtech Summit 9101 Analytical Probe
Station for 150mm wafers
RFl measurements
Anritsu 37269D Vector Network Analyzer 40MHz40GHz
Optical
Jobin Yvon spectrometer,wavelengths 3001600nm

Admittance/Impedance measurements (10Hz1MHz, LN-400K)
-V measurements (2 up to 4-terminal devices,
LN-400K)
Dielectric strength and charge-to-breakdown
measurements (ISO/IEC 17025)
Bias-Temperature-Stress measurements
Characterization of MIS Devices
Admittance/Impedance measurements (1Hz up
to 1MHz, LN-400K)
I-V measurements (2 up to 4-terminal devices,
LN-400K)
Hot-carrier stress measurements
Bias-Temperature-Stress measurements
EEPROM device characterization and reliability
measurements
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Ar+ laser

Characterization of RF components

HeCd 325 nm laser

Optical characterization

UV lamp with monochromator
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Oxford optistat cryostat, 4.2-320K

Absorption measurements, wavelength range
UV-VIS-IR

FTIR: Bruker, Tensor 27

Photoluminescence (PL)

Morphology, structural characterization

Laser excitation: 325 nm, 457.8nm, 488nm,
514.5nm

JEOL JSM-7401F FEG SEM, Point-to-point
resolution below ~1nm

Spectrometer: 350nm-1600nm

Leo 440 SEM with Elphy/Raith e-beam lithography
attachment

Photocurrent-photovoltage (UV-VIS)

AFM/STM (Veeco CP-II, NT-MDT)

FTIR

Stylus profilometer model XP-2 of Ambios
Technology
Testing equipment

Electroluminescence (EL): 350nm-1600nm

Characterterization of sensors
Gas sensors
Microflow sensors

Systems for testing of gas flow, gas pressure,
acceleration, humidity sensors, biosensors and
systems, microfluidics testing etc.
Modeling and simulation software
SILVACO tools for process and device modeling
(Athina and Atlas)

Accelerometers
Optical devices
Biosensors
Microfluidics
Modeling and simulation

Suprem and Pisces

Process and device modeling

Floops and Floods

RF modeling

Synopsis – Coventorware
MATLAB-FEMlab
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“Plasma directed assembly and organization: Formation of ordered polymeric nanodots and silicon
nanopillars (poster)”, A. Smyrnakis, D. Kontziampasis, A. Tserepi, E. Gogolides, 4th International
Workshop on Plasma Etch and Strip in Microelectronics (PESM 2011), 5-6 May 2011, Mechelen,
Belgium
“Plasma directed assembly & organization: effects of processing/etching time and materials (oral)”, D.
Kontziampasis, V. Constantoudis, E. Gogolides, 18th International Colloquium on Plasma Processes
(CIP 2011), 4-8 July 2011, Nantes, France
“Plasma directed assembly & organization: anon-lithographic approach for nanodot & nanopillar
formation (poster)”, A. Smyrnakis, A. Tserepi, E. Gogolides, 18th International Colloquium on Plasma
Processes (CIP 2011), 4-8 July 2011, Nantes, France
“Plasma Directed Assembly and Organization: The Use of PET and PS and the Effect of Processing
Time (poster)”, D. Kontziampasis, V. Constantoudis, E. Gogolides, 3rd International Conference from
Nanoparticles and Nanomaterials to Nanodevices and Nanosystems (IC4N-2011) 26-29 June 2011,
Crete, Greece
“Self-assembly, Plasma Directed Assembly and Plasma Etching for vertical Silicon Nanowire Formation
(poster)”, A. Smyrnakis, A. Tserepi, E. Gogolides, 37th International Conference on Micro and Nano
Engineering (MNE11), 19-23 September 2011, Berlin, Germany
“Plasma Directed Assembly and Organization: The Use of PET and PS and The Effect of Processing
Time (poster)”, D. Kontziampasis, V. Constantoudis, E. Gogolides, 8th International Conference on
Nanosciences & Nanotechnologies (NN11) 12-15 July 2011, Thessaloniki, Greece
“Multiscale modeling of chemical vapor deposition of silicon” (oral), N. Cheimarios, S. Garnelis, G.
Kokkoris, A. G. Boudouvis, 21st European Symposium on Computer Aided Process Engineering –
ESCAPE 21, Chalkidiki, Greece, May 29- June 1, 2011
“Parallel multiscale computations in chemical vapor deposition processes” (oral), N. Cheimarios, A. N.
Spyropoulos, G. Kokkoris, A. G. Boudouvis, 7th GRACM International Congress on Computational
Mechanics, Athens, Greece, June 30 – July 2, 2011
“Multiscale computations in chemical vapor deposition processes: Coupling a reactor with a feature
scale model” (oral), S. Garnelis, N. Cheimarios, G. Kokkoris, A. G. Boudouvis, 7th GRACM
International Congress on Computational Mechanics, Athens, Greece, June 30 – July 2, 2011
“Linking the operating parameters of chemical vapor deposition reactors with film conformality and
surface nano-morphology” (oral), N. Cheimarios, S. Garnelis, G. Kokkoris, A. G. Boudouvis, EuroCVD
18, Kinsale, Co. Cork, Ireland, September 4 – 9, 2011
“Network analysis of rough surfaces (oral)”, V. Constantoudis, N. Karasmani, International Conference
on Statistical Physics (Sigma Phi) 2011, 11-15 July 2011, Larnaca, Cyprus
“A consistent approach for the treatment of Fermi acceleration in time-dependent billiards (oral)”, A.K.
Karlis, F.K. Diakonos, V. Constantoudis, International Conference on Statistical Physics (Sigma Phi)
2011, 11-15 July 2011, Larnaca, Cyprus
“Entropy analysis of word-length series of natural language texts: Effects of text language and genre
(poster)”, M. Kalimeri, V. Constantoudis, C. Papadimitriou, K. Karamanos, F.K. Diakonos, H.
Papageorgiou, International Conference on Statistical Physics (Sigma Phi) 2011, 11-15 July 2011,
Larnaca, Cyprus
“Electrical and Optical Properties of 2D arrays of Silicon Nanocrystals”, P. Manousiadis, S. Gardelis
and A. G. Nassiopoulou, XXVII Panhellenic Conference on Solid State Physics and Materials Science,
18-21 September Limassol 2011, Cyprus, oral presentation by Pavlos Manousiadis
“Si Nanowires in a single-step metal-assisted chemical etching. Properties and characterization”, V.
Gianneta and A. G. Nassiopoulou, (oral presentation by Violetta Gianneta), XXVII Panhellenic
Conference on Solid State Physics and Materials Science, Limassol, Cyprus, 18-21 September 2011
“Influence of control oxide ALD precursor chemistry on nitride memories”, Invited presentation, V.
Ioannou-Sougleridis, N. Nikolaou, P. Dimitrakis, P. Normand, K. Giannakopoulos, K. Mergia,
Mediterranean Conference on Innovative Materials and Applications CIMA 2011, 15-17 March, BeirutLibanon
“SONOS nonvolatile memories: Engineering of the nitride trapping layer”, Invited presentation, V.
Ioannou-Sougleridis, P. Dimitrakis, P. Normand, C. Bonafos, G. BenAssayag, M. Perego, 8th
International Conference on Nanosciences & Nanotechnologies – NN11, 12-15 July 2011,
Thessaloniki, Greece.
“Comparison of the memory properties of SONOS type devices with different high-k blocking oxides”,
N. Nikolaou, V. Ioannou-Sougleridis, P. Dimitrakis, P. Normand, K. Giannakopoulos, K. Mergia, K.
Kukli, J. Niinistö, M. Ritala and Markku Leskelä, 8th International Conference on Nanosciences &
Nanotechnologies – NN11, 12-15 July 2011, Thessaloniki, Greece.
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28. “Conduction mechanisms in tungsten-polyoxometalate self-assembled molecular junctions”, D.
Velessiotis, A. M. Douvas, P. Dimitrakis, P. Argitis, N. Glezos, 37th International Conference on Micro
and Nano Engineering (MNE 2011), 19 - 23 September 2011, Berlin, Germany
29. “Comparison of ALD precursor chemistry for high-k blocking oxides in SONOS-type devices”, N.
Nikolaou, V. Ioannou-Sougleridis, P. Dimitrakis, P. Normand, K. Giannakopoulos, K. Mergia, K. Kukli,
J. Niinistö, M. Ritala and M. Leskelä”, XXVII PanHellenic Conference on Solid State Physics and
Materials Science, 18-21 September 2011, Lemesos, Cyprus.
30. “Study of the electrical properties of ALD - deposited Al2O3”, M. Botzakaki, A. Kerasidou, N.
Xanthopoulos, S.N. Georga, C.A. Krontiras, L. Sygellou, S. Kennou, S. Ladas, V. Ioannou-Sougleridis,
Th. Speliotis, D. Skarlatos, XXVII PanHellenic Conference on Solid State Physics and Materials
Science, 18-21 September 2011, Lemesos, Cyprus.
31. “Short channel effects in double gate polycrystalline silicon SLS ELA TFTs”, D.C. Moschou, D.N.
th
Kouvatsos and A.T.Voutsas, to appear in Proceedings of the 28 International IEEE Conference on
Microelectronics (MIEL 2012), Nis, Serbia, May 2012.
32. “Trap properties of asymmetrical double gate polysilicon thin-film transistors with low frequency noise
in terms of the grain boundaries direction”, N. Hastas, A. Tsormpatzoglou, D.N. Kouvatsos, D.C.
th
Moschou, A.T. Voutsas and C.A. Dimitriadis, to appear in Proceedings of the 28 International IEEE
Conference on Microelectronics (MIEL 2012), Nis, Serbia, May 2012
33. “Short channel effects on LTPS TFT degradation”, D.C. Moschou, N.A. Hastas, A. Tsormpatzoglou,
th
D.N. Kouvatsos, C.A. Dimitriadis, and A.T. Voutsas, Proceedings of the 8 International TFT
Conference (ITC 2012), Lisbon, Portugal, January 2012.
34. “Vg,max - Vth: A new electrical characterization parameter reflecting the polysilicon film quality of LTPS
th
TFTs”, Moschou, D.C., F.V. Farmakis, D.N. Kouvatsos and A.T. Voutsas, Proceedings of the 7
International Thin Film Transistors Conference (ITC 2011), Cambridge, United Kingdom, March 2011.
35. “Multiscale computational analysis of silicon chemical vapor deposition” (oral), S. Garnelis, N.
Cheimarios, A. G. Boudouvis, G. Kokkoris, 8th PanHellenic Scientific Conference of Chemical
Engineering, Thessaloniki, May 26-28, 2011
36. “Polyoxomatalate nanostructures for charge transport control in electronic devices”, P. Argitis, , IC4N,
th
4 International Nanotechnology Conference Hersonisos, Crete, June 2011, invited
37. “Interface engineering in organic optoelectronic devices using polyοxometalate electron transport
layers”, P. Argitis, M. Vasilopoulou, A. M. Douvas, D.G. Georgiadou, L. Sygellou, S. Kennou, L.C.
th
Palilis, 11 International Nanotechnology Conference (NN11), Thessaloniki, July 2011, invited
38. “Interface engineering in organic optoelectronic devices”, Workshop on “Current Micronanoelectrionics Technologies, The Green Aspect”, P. Argitis, Univ. of Crete, Department of Physics,
Iraklio, Crete, July 2011, invited
39. “Polyoxometalate films as electron injection layers in OLEDs and OPVs”, M. Vasilopoulou, A. M.
st
Douvas, D. G. Georgiadou, L. Sygellou, S. Kennou, L. C. Palilis, and P. Argitis, BioSOL, 1
International Conference on BioInspired Solar Energy Utilization, Chania, September 2011, invited
40. “Water-soluble porphyrin thin films as electron injection layers in organic light emitting diodes”, M.
Vasilopoulou, A. M. Douvas, D. G. Georgiadou, L. C. Palilis, A. Mantalidi, A. G. Coutsolelos, P. Argitis,
1st International Conference on BioInspired Materials for Solar Energy Utilization (BIOSOL 2011),
Heraklion, Crete, Greece, September 12–17, 2011.
41. “All solution-processed polyoxometalate based high performance polymer light emitting diodes and
organic photovoltaics”,M. Vasilopoulou, L. C. Palilis, A. M. Douvas, D. G. Georgiadou, L. Sygellou, S.
Kennou, P. Argitis, International Conference on Organic Electronics (ICOE 2011), Roma, Italy, June
22–24, 2011.
42. “Reduction of transition metal oxides: a universal path for achieving highly efficient electron injection
and transport layer for organic optoelectronics”M. Vasilopoulou, L. C. Palilis, D. G. Georgiadou, P.
Argitis, S. Kennou, L. Sygellou, I. Kostis, G. Papadimitropoulos, N. Konofaos, A. Iliadis and D.
Davazoglou, , International Conf. on Organic Electronics (ICOE 2011), Rome, Italy, 22-24 June 2011.
43. “Improved Performance PLEDs by controlling charge distribution via sulfonium salt addition in the
emitting layer” D. G. Georgiadou, L. C. Palilis, G. Pistolis, M. Vasilopoulou, D. Dimotikali and P. Argitis,
1st International Conference on Bioinspired Materials for Solar Energy Utilization “BIOSOL2011"
Chania, Crete, GREECE, 12 -17 September 2011.
44. “Oligonucleotide deposition through Laser Induced Forward Transfer on functionalized LTO surfaces,
Gold surfaces and capacitive sensors”, M. Chatzipetrou, G. Tsekenis, S. Chatzandoulis, V. Tsouti, G.
Thireos, I. Zergioti, EMRS 2011, 9-13 May, 2011
45. “Laser Induced Forward Transfer of thiol modified oligonucleotides on GOPTS functionalized
capacitive sensors”, M. Chatzipetrou, G. Tsekenis, V. Tsouti, S. Chatzandoulis, D. Thanos, I.Zergioti,
Conference on Laser Ablation COLA 2011, Playa del Carmen México, 13-19 November, 2011.
46. “Growth and characterization of uniform ZnO film as piezoelectric material using a hydrothermal
growth technique”, E. Makarona, C. Fritz, G. Niarchos, Th. Speliotis, A. Arapoyanni and C. Tsamis,
SPIE-Microsystems, Smart Sensors, Actuators and MEMS, 18–20 April 2011, Prague, Czech Republic
47. “Nanostructured ZnO-based Field Effect Transistors for Enhanced Gas Sensing Applications”, N.
Kelaidis, M. Widmann, E. Makarona, M. Kompitsas, Th. Speliotis, F.V. Farmakis, P. Jedrasik and C.
Tsamis, SPIE-Microsystems, Smart Sensors, Actuators and MEMS, 18–20 April 2011, Prague, Czech
Republic

ANNUAL REPORT 2011

INSTITUTE OF MICROELECTRONICS (IMEL) NCSR “DEMOKRITOS” - RESEARCH AND EDUCATION OUTPUT

INSTITUTE OF MICROELECTRONICS (IMEL) NCSR “DEMOKRITOS” - RESEARCH AND EDUCATION OUTPUT

110

Invited talks
1. “Towards control of plasma induced surface roughness: mechanisms and applications” (Invited), G.
Kokkoris, 18th International Colloquium on Plasma Processes (CIP 2011), 4-8 July 2011, Nantes,
France
2. “Electronic devices using porous anodic aluminum oxide” Hourdakis E. and Nassiopoulou A.G., Invited
talk presented by M. Hourdakis at the International Conference Nanomeeting 2011, Minsk, Belarus
3. “Nanocrystalline systems and porous materials on Si for Electronics applications”, invited talk presented
by A. G. Nassiopoulou, XXVII Panhellenic Conference on Solid State Physics and Materials Science,
Limassol, Cyprus, 18-21 September 2011
4. “Nanowires and nanostructured porous Si for novel applications in Electronics and photovoltaics”,
rd
Invited talk presented by A. G. Nassiopoulou, 3 International Conference IC4N, held in Crete island,
Greece, 26-29 June 2011
5. “Low-dimensional materials for applications in Nanoelectronics, photovoltaics and sensors”, invited talk
presented by A. G. Nassiopoulou at the Workshop on the “Fabrication and characterization of
nanomaterials and their applications”, organized by the “Micro&Nano” Scientific Society, Thessaloniki, 3
March 2011
6. “High performance passive RF devices on a local porous Si substrate on the Si wafer”, invited talk
presented by A. G. Nassipoulou at the Workshop on “Current trends in Nanoelectronics” organized by
the “Micro&Nano” Scientific Society and the Nano-dema Network, Patras, 25 February 2011
7. “Nanowires, nanodots and nanoporous materials for applications in Nanoelectronics and Sensors”,
th
Invited colloquium presented by A. G. Nassiopoulou at the University of Ioannina on the 5 of April 2011
8. “Transport, optical and photo-electric properties of 2D arrays of Si nanocrystals embedded in SiO2 for
solar cell applications”, S. Gardelis, P. Manousiadis and A. G. Nassiopoulou, Villa Conference on
Energy and Enviromental Research, 21-25 April 2011, Las Vegas, Nevada, US, invited talk presented
by Spiros Gardelis
9. “Electro-Optical properties of two-dimensional arrays of Si nanocrystals for
solar cell applications”, S.
th
Gardelis, P. Manousiadis and A. G. Nassiopoulou, 8 International Conference on Nanosciences and
Nanotechnologies, 21-15 July 2011, Thessaloniki, Greece, invited talk presented by Spiros Gardelis
10. “Silicon nanostructures for optoelectronic and photovoltaic applications”, S. Gardelis, P. Manousiadis
and A. G. Nassiopoulou, Nanotechnology and Materials Science and Engineering Multinational
Workshop, 27-28 June 2011, University of North Texas, Denton, Texas, USA, invited talk presented by
Spiros Gardelis
11. “Monolithic Silicon Optocouplers for Bio-Chemical Sensing”, Konstantinos Misiakos, Eurosensors 2011
(Athens, Sept. 4-7, 2011)
12. “Monolithically Integrated Mach-Zehnder Biosensors for Real-time Label-free Monitoring of Biomolecular
Reactions”, E. Makarona, P. S. Petrou, A. Bourkoula, A. Botsialas, M. Kitsara, S. E. Kakabakos, R.
rd
Stoffer, G. Jobst, G. Nounesis, I. Raptis, K. Misiakos 33 Annual Int. Conf. IEEE EMBS (Boston, USA,
09/2011)
13. “Micro and Nanotechnology for Sensing and Energy Harvesting”, C. Tsamis, Nanotechnology and
Materials Science and Engineering Multinational Workshop, Univ. of North Texas, June 27-28 2011,
Denton, Texas (USA)

Conference and Workshop Organization
“New Functional Materials and Emerging Device Architectures for Nonvolatile Memories”, D. Wouters,
E. Tokumitsu, O. Auciello, P. Dimitrakis, Y. Fujisaki, Symposium G, MRS Spring Meeting 2011, 25-29
April, San Francisco, CA, USA

Edition of Conference Proceedings
1.

2.
3.

4.

“Proceeding of the PSST2010 Conference”, held in Valencia in March 2011, Editors: A. Cantarero, M.
Sailor, A. G. Nassiopoulou, P. Schmuki, L. Canham, Published in: Physica Status Solidi (C) Current
Topics in Solid State Physics 8 (6), p.1723 (2011)
“Micro&Nano2010 - Special Symposium on Nanomaterials for sensing and energy harvesting devices”,
Edited by A. G. Nassiopoulou, Nanoscale Research Letters 6 (1), p. X1 (2011)
“Micro&Nano2010 - Proceedings of the International Conference on Microelectronics, Microsystems
and Nanotechnology”, Edited by A. G. Nassiopoulou, Microelectronic Engineering, published online in
2011
“New Functional Materials and Emerging Device Architectures for Nonvolatile Memories”, D. Wouters,
E. Tokumitsu, O. Auciello, P. Dimitrakis, Y. Fujisaki, Mater. Res. Soc. Symp. Proc. Vol. 1337,
Warrendale, PA, 2011
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Master Theses
1. “Fabrication of a microfluidic device for DNA amplification”, Efstathia Mavraki, Applied Physicist, MSc,
Thesis Advisor-Supervisor: Angeliki Tserepi, Interdepartmental Programme "Microsystems and
Nanodevices", National Technical University of Athens
2. “Peak-centered correlation function analysis of the order degree of surface morphologies”, Dimitrios
Zervas, Electrical Engineer, MSc, Thesis Advisor V. Constantoudis, Interdepartmental Programme
“Mathematical Modelling in Modern Technologies and Financial Engineering”, National Technical
University of Athens
3. “Entropy analysis of natural language” Maria Kalimeri, Physicist, MSc, Thesis Advisor V. Constantoudis,
Interdepartmental Programme “Mathematical Modelling in Modern Technologies and Financial
Engineering”, National Technical University of Athens
4. “PL-induced oscillations from porous anodic alumina on Si”, I. Leontis, supervised by A. G.
Nassiopoulou, defended at the University of Thessaloniki, March 2011
5. “Synthesis of diblock copolymers based on poly(ethylene oxide) and poly(tert-butyl methacrylate) for use
in top-down and bottom-up lithography”, Anastasia Giakoumaki, Graduate Program on Polymer Science
and Applications, Department of Chemistry, University of Athens, October 2010, Supervisors : M.
Chatzichristidi, P. Argitis
6. “Study on the influence of the light incidence angle to the performance characteristics of organic
photovoltaics”, Stepan R. Yesayan, Graduate Program “Microelectronics”, Department of Informatics,
University of Athens, Supervisors : M. Vasilopoulou, P. Argitis, N. Stathopoulos, L. Palilis

Diploma Thesis
1.

“Growth of Si nanowires by metal-assisted chemical etching”, Ch. Katsogridakis, Supervised by A. G.
Nassiopoulou, defended at the University of Ioannina, April 2011
2. “Growth and characterization of ZnO nanorods for energy harvesting applications” Claudia Fritz, nta
Hochschule Isny, University of Applied Sciences, Germany (2/2011)
3. “Fabrication and characterization of ZnO MOSFET-type gas sensors for environmental monitoring”,
Matthias Widmann, nta Hochschule Isny, University of Applied Sciences, Germany (2/2011)

1. “Microelectronics and Microsystems fabrication processes”, (E. Gogolides, D. Davazoglou, A.
Nassiopoulou), Postgraduate Programs on Microsystems and Nanodevices of the National Technical
University of Athens and Micro and Nano Electronics of the National and Kapodistrian University of
Athens
2. “Plasma Processing for Micro and Nano Fabrication”, (E. Gogolides, G. Kokkoris, V. Constantoudis, A.
Tserepi), Postgraduate Program on Microelectronics of the National and Kapodistrian University of
Athens
3. “Microfluidic systems”, (D. Mathioulakis, I. Anagnostopoulos, A. Tserepi), Postgraduate Program on
Microsystems and Nanodevices of the National Technical University of Athens
4. "Simulation of Micro and Nano-Patterning”, (E. Gogolides, G. Kokkoris, V. Constantoudis, A. Tserepi),
Postgraduate Program on Mathematical Modelling in Modern Technologies and Financial Engineering of
the National Technical University of Athens
5. “Fractal geometry and its applications in microelectronics”, (V. Constantoudis), Demokritos Summer
School, 05-16 July 2010
6. “Process and device simulation” (G. Kokkoris), Postgraduate Program on Microelectronics of the
National and Kapodistrian University of Athens
7. “Plasma etching for microelectronics, MEMS, Lab-on-Chip fabrication and nanotechnology” Short
Course, E. Gogolides, 18th International Colloquium on Plasma Processes (CIP 2011), 4-8 July 2011,
Nantes, France
8. “Silicon processing for Nanoelectronics” Lectures by A. G. Nassiopoulou within: a) the MSc program on
Microelectronics organized by the Department of Informatics of the University of Athens, in cooperation
with the Institute of Microelectronics of NCSR Demokritos and b) the MSc program on “Microsystems
and Nanoelectronics” organized by the National Technical University of Athens with the participation of
the Institute of Microelectronics of NCSR Demokritos
9. “Micromechanics and Sensors”, Lectures by the S. Gardelis within the MSc program organized by the
Department of Informatics, University of Athens, in cooperation with the Institute of Microelectronics of
NCSR “Demokritos”
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ANNEX IV: FUNDED PROJECTS in 2011
A. EU Projects
♦ SPAM (FP7) - Contract No 215723 (Marie Curie)
“Surface Physics for Advanced Manufacturing”
Duration: 1/10/2008-30/9/2012
Project leader: E. Gogolides
♦ SE2A - ENIAC JU
“Nanoelectronics for Sale, Fuel Efficient and Environment Friendly Automotive Solutions”
Duration: 1/1/2009-31/12/2011
Project leader: A. Nassiopoulou
♦ NANOFUNCTION - Contract No 257375
“Beyond CMOS Nanodevices for Adding Functionalities to CMOS”
Duration: 1/9/2010-31/8/2013
Project leader: A. Nassiopoulou
♦ NANO-TEC - Contract No 257964
“Beyond CMOS Nanodevices for Adding Functionalities to CMOS”
Duration: 1/9/2010-18/2/2013
Project leader: A. Nassiopoulou
♦ PYTHIA (FP7) - Contract No 224030
“Monolithically Integrated Interferometric Biochips for label-free Early detection of Human Diseases”
Duration: 1/5/2008-30/4/2011
Project leader: I. Raptis

B. Projects funded by GSRT
♦ Lab-on-chip Corralia - Contract No. MICRO2-45
“Microelectronic components for Lab-on-Chip molecular analysis
instruments for genetic and environmental applications"
Duration: 1/11/2009-31/12/2012
Project leader: S.Chatzandroulis
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♦ “DNA on waves: an integrated diagnostic system”
Contract No LS7 (276)
Duration: 7/12/2011 – 6/12/2014
Project leader: A. Tserepi

Institute of Microelectronics (IMEL)
NCSR “DEMOKRITOS”
Aghia Paraskevi, Athens, Greece
www.imel.demokritos.gr

