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PREFACE
The Nanoelectronics, Photonics and Microsystems program comprises 16 projects
and covers a wide area of research fields, ranging from materials to devices, circuits
and integrated systems. In all the above it includes fabrication, characterization,
modeling, simulation and theoretical work. It involves 24 scientists and a large
number of Phd students, post-doctoral scientists and external collaborators from
Greece and abroad.
The

existing

research

infrastructure

comprises

a

unique

national

nanofabrication/nanoelectronics facility, including the Silicon processing lab in a
clean room area of 300 m2, complemented by satellite laboratories for Si
micromachining, plasma etching, thin film deposition, chemical and electrochemical
processes, as well as electrical, optical and structural characterization laboratories
for materials, devices and systems. In addition to the above, the epitaxy and surface
science lab, equipped with an MBE system, a colt wall CVD lab and

analytical

surface characterization tools and accessories, offers important possibilities in
developing

novel

two-dimensional

materials for

nanoelectronics and

other

applications. The electron microscopy lab, with state-of-the art transmission electron
microscopes,

equipped

with

analytical

techniques,

offers

an

important

characterization facility for novel materials and devices. The above integrated facility
being unique in Greece, its role for the country is also unique in promoting high
technology development in the field of micro and nanotechnologies, the transfer of
technology and know-how to the industry and the development of human potential in
the above fields.
The existing expertise and know-how within the different groups of the program,
complimented by a unique integrated infrastructure developed throughout the years,
make the program highly competitive at European and international level. The group
members are very active in National and European projects and have established
strong partnership with a large number of European groups. The researchers of this
program are leading a large number of funded projects and have a long history in
networking at European level.

Participating to the European Institute of
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Nanoelectronics Sinano (www.sinano.eu), and founding member of the national
scientific society Micro&Nano (www.micro-nano.gr).
Education and training are also among the main objectives of the program
scientists. They contribute to the MSc and PhD programs of the Greek universities,
with a major contribution to the MSc and Phd program on Microelectronics of the
University of Athens and the MSc program on Microsystems and Nanodevices of the
National Technical University of Athens.
The main long term objectives of the program include excellence in research,
development of fundamental knowledge, development of novel technologies,
processes and high added-value technology products, development of human
potential through educational and training activities, and service provision in
advanced technologies, as well as transfer of technology to the industry.
The program coordinator
Androula Nassiopoulou
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MATERIALS FOR LITHOGRAPHY AND ORGANIC ELECTRONICS
Project Leader: P. Argitis
Permanent Research Staff: M. Vasilopoulou, A. M. Douvas
Contract Researchers: D.G. Georgiadou
PhD Candidates: C. Katsogridakis, A. Soultati
Master Students: S. Kazazis, E. Polydorou, F. Vrettou
External Collaborators: M. Chatzichristidi (Univ of Athens), L. Palilis, S. Kennou, N.
Vainos, S. Kouris, D. Alexandropoulos (Univ of Patras), E. Kapetanakis (TEI Kritis),
S. Kakabakos, P.S. Petrou, (IPRETEA-NCSR-D), N. Stathopoulos, S. Savaidis (TEI
Piraeus), D. Dimotikali (Nat. Tech. Univ. Athens), A.G. Coutsolelos, M. Vamvakaki,
T. Manouras (Univ of Crete/FORTH), I. Petsalakis, I. Theodorakopoulos (Nat. Hel.
Res. Foundation)
Objectives:
1.

Research on materials for organic electronic devices of advanced

performance
2.

Research on organic thin films for new lithographic materials, micro-

nanopatterning processes and coatings characterization
Activities and Main Results

Main research activities
-

Electron/hole transporting interfacial layers for organic optoelectronic devices

(OPVs and OLEDs)
-

Lithographic materials for nanopatterning and alternative patterning schemes

aiming at MEMs, bio-MEMs and optical storage
-

Development of characterization methods for organic protecting coatings

Representative results
1)

Solution-processed triphenylsulfonium salts as electron injection layers in

OLEDs
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All-organic triphenyl sulfonium (TPS) salts have been shown to improve polymer
light emitting diodes (PLEDs) characteristics when used as cathode interfacial layers
(CILs), deposited from their methanolic solution, in poly[(9,9-dioctylfluorenyl-2,7-diyl)co-(1,4-benzo-2,1’,3-thiadiazole)] (F8BT)-based PLEDs. This is proposed as a new
simple strategy for circumventing the use of unstable low work function metals and
obtaining charge balance and high electroluminescence efficiency in PLEDs.
The device structure is depicted in Figure 1a and comprises a glass/ITO anode, a
PEDOT:PSS hole injecting layer, the electroluminescent conjugated copolymer F8BT
emitting layer, various TPS-salts differing in the anion as the electron injection
assisting layer and an Aluminum cathode. The triphenylsulfonium (TPS)-salts that
have

been

tested

are

TPS-trifluoromethanesulfonate

(triflate),

TPS-

perfluorobutanesulfonate (nonaflate) and TPS- perfluoroctanesulfonate (PFOS),
which differ in the perfluorinated chain length of the anion. Their chemical structures
are shown in Figure 1b.
It was found that the incorporation of TPS-salts, especially of TPS-triflate and
TPS-nonaflate, at the polymer/Al interface improved substantially the luminous
efficiency of the device, reduced the turn-on and operating voltage, whereas an up to
4-fold increase in brightness was observed in the F8BT-based PLEDs. This was
mainly attributed to the favourable decrease of the electron injection barrier, due to a
favourable dipole that forms at the interface with Aluminum cathode, which was also
assisted by the conduction of electrons through the triphenylsulfonium salt sites. A
schematic of the energy levels alignment in a flat band configuration, along with the
interfacial dipole that forms upon deposition of the TPS-salts, is shown in Figure 1c.

(a)

(b)

(c)

Figure 1. (a) PLED device structure: glass/ITO/PEDOT:PSS/F8BT/TPS-salt/Al (b) Chemical structures
of the TPS-salts: TPS-triflate, TPS-nonaflate, TPS-PFOS (c) Schematic energy level diagram depicting
also the orientation of the dipole formed upon electron injection to the TPS-salt/Al interface.
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A critical parameter for achieving efficient electron injection and transport at the
respective interfaces that was investigated thoroughly was the morphology
optimization of the TPS-salt interlayer through controlling the processing parameters.
This was mainly performed through precise tuning of the concentration of the
methanolic solution from which the TPS-salts were spin-cast on F8BT as well as of
the spin-coating rotational speed. The optimised surface morphologies for each TPSsalt are presented in Figure 2. It can be seen that the F8BT surface is not fully
covered with the TPS-salt; instead the TPS-salt forms agglomerates with a moundlike geometry that tend to grow higher and bigger as the solution concentration
increases (not shown here). In particular, the higher the degree of fluorination of the
anion (PFOS vs nonaflate vs triflate) the better the wettability of the hydrophobic
F8BT, as surface energies are matched more evenly. This explains why TPS-triflate
tends to form large size agglomerates (Figure 2a) and, eventually, dewets from the
substrate

as

the

concentration

increases,

whereas

the

TPS-nonaflate

is

homogeneously distributed on F8BT underlayer at very high concentration solutions
(Figure 2b), while it hardly covers the surface when spin-coated from very dilute
solutions. TPS-PFOS is the only salt that covers completely, albeit inhomogeneously,
the polymer surface (Figure 2c).
The above are correlated with the respective devices performance. A pronounced
difference between the TPS-triflate and TPS-nonaflate layers when used as CILs is
the substantially different solution concentrations that lead to relatively high surface
coverage and optimum device performance for each salt. In particular, we observe
that for TPS-nonaflate the relatively dense (15-20 % w/v) solutions are the ones
showing the best performance, in the case of TPS-triflate the optimum solutions are
below 1 % w/v. In both cases, by further increasing the concentration (above 20%
and 1 % w/v, respectively), the overall performance starts to deteriorate. The best
performing PLEDs showed a substantially improved luminous efficiency (from
2.4 cd/A for the reference device without the interfacial layer to 7.9 and 7.8 cd/A for
the device with TPS-triflate and TPS-nonaflate interlayers, respectively), reduced
turn-on and operating voltage and an up to 4-fold increase in brightness
(~11250 cd/m2 for TPS-triflate and ~14682 cd/m2 for TPS-nonaflate compared to
~3221 cd/m2 for the reference device).
TPS-PFOS showed also methanolic solution concentration dependence. It can be
deduced that the higher concentration (6% w/v) results in better coverage of the
surface and thus improved PLED characteristics. However, the overall device
performance was not significantly ameliorated as compared to the reference device
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and this was attributed to the higher resistivity induced by this salt when inserted at
the polymer/Al interface.

(b)

(a)
Height 6Χ6 μm2

Error Image

Phase contrast

35 nm

Figure 2. (a) SEM image of TPS-triflate deposited on the surface of F8BT. (b) AFM topography of TPSnonaflate film on F8BT substrate. (c) AFM height, error and phase contrast images of TPS-PFOS on
F8BT polymer.

From the above study, (see also journal publication 8) we conclude that complete
coverage of the emitting layer is not always a prerequisite for optimal performance; in
fact, a morphology characterized by a large number of relatively small size TPS-salt
agglomerates, evenly distributed on the F8BT layer, is desirable for highly efficient
PLEDs. All the above highlight the importance of finding the optimum processing
conditions for each material that is being used as interfacial layer, especially when it
is deposited from solution.

2)

Ferroelectric properties of meso-tetrakis(1-methylpyridinium-4-yl)porphyrin

chloride thin films
Ferroelectric materials are characterised by spontaneous polarization of their
molecular dipole moments, which is a polarization occurring in the absence of an
applied electric field; ferroelectricity is their ability to switch this spontaneous
polarization by the application of a suitable electric field. Such materials have found
application in electronics, photonics, security, medicine, different types of
automations, etc.
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We

have

studied

the

ferroelectric

properties

of

the

meso-tetrakis(1-

methylpyridinium-4-yl)porphyrin chloride, [H2TMPyP]4+Cl4 thin films. The chemical
structure of this porphyrin compound is shown in Figure 3a.

Al

+ + + + + + + + +

Al

MPyP]4+Cl4 (100nm)

μ2

μ1

SiO2 (3.5 nm)

p-Si

Before poling

[H2TMPyP]4+Cl4

Al

After positive poling

(b)

(a)

(c)

Figure 3. (a) Chemical structure of the meso-tetrakis(1-methylpyridinium-4-yl)porphyrin chloride,
[H2TMPyP]4+Cl4. Illustration of molecular orientation in the porphyrin film (b) before and (c) after
applying a positive bias in the Al/p-Si/SiO2 (3.5 nm native oxide)/porphyrin (100 nm)/Al device.

The molecular ordering was investigated with scanning tunnelling microscopy
( on the obtained results, a
(STM), X-ray diffraction (XRD) and ellipsometry and based
b)

supramolecular array consisting of molecules with face-to-face orientation parallel to
the substrate is proposed for the [H2TMPyP]4+Cl4 films (Figure 3b). The extensive
hydrogen-bonded network of this porphyrin, which is composed of interstack and
intrastack hydrogen bonds, promotes local charge transfer and alignment of the
dipole moments, inducing thus a spontaneous polarization. The latter at room
temperature has a value of Ps~0.5 μC cm-2, which increases linearly with the applied
voltage and above 5V becomes comparable (≈ 3 μC cm−2) to those of organic
polymers such as poly(vinylidene difluoride) (PVDF≈ 8 μC cm−2) and Nylon-11 (≈ 5
μC cm−2). By applying a positive voltage at the top electrode (positive poling),
molecules are forced to further align (Figure 3c) and achieve a higher degree of
orientation, resulting in a larger dipole moment formation and, as a consequence, in
larger polarization.
The ferroelectric properties of this porphyrin (see also journal publication 6) can be
further explored for application as charge transport layers in organic optoelectronics
devices.
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NANOSTRUCTURES FOR NANOELECTRONICS, PHOTONICS AND
SENSORS
Project Leader: A. G. Nassiopoulou
Permanent research staff: S. Gardelis
Contract researchers: E. Hourdakis, V. Gianneta
Phd candidates: P. Manoussiadis, P. Sarafis, I. Leontis, K. Valalaki
External Collaborators : N. Vouroutzis, N. Frangis (University of Thessaloniki), A.
Othonos, E. (University of Cyprus), E. Agocs, P. Petrik (MFA, Hungary), S. Milita
(CNR, Italy), C. Roda Neve, K. Ben Ali, J.-P. Raskin UCL, Belgium), V. Ievtukh, A.
Nazarov, V. Turchanikov, V. Lysenko (Kiev), P. Ferrari, H. Issa (IMEP-MINATEC,
Grenoble, France)
Objectives:
The research activities of the group focus on the following:

1.

Si nanowires, nanocrystals, porous materials and their applications

Work focuses on the fabrication and properties of two-dimensional arrays of Si micro
and nanocrystals for solar cell applications and the study of SiNWs by metal-assisted
chemical etching: synthesis, characterization and applications

2.

RF and mm-wave passive devices

A local RF substrate using nanostructured porous Si is investigated for the on–chip
integration of RF passive devices. State-of-the art co-planar waveguides, inductors,
MIM capacitors and antennas are fabricated on porous Si, measured at RF and mmwaves and compared to modelling/simulation results.

3.

Sensors, thermoelectric devices and solar cells

Novel devices and systems are developed, including a state-of-the art thermoelectric
device and Si-based thin film solar cells.
Activities and main results

1)

Electrical transport and photocurrent mechanisms in silicon nanocrystal

multilayers
The lateral electrical properties and photocurrent mechanisms in multilayers of
two-dimensional arrays of silicon nanocrystals (SiNCs), grown on quartz substrates
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were investigated (Fig. 1a). The goal of this study was to understand the properties
of such structures for their application in 3rd generation solar cells. We found that the
electrical transport was ohmic at low voltages and space charge limited in the
presence of traps at higher voltages. At temperatures higher than 200 K, electrical
transport was determined by thermal activation of carries across the energy band
gap, whereas at lower temperatures transport was due to carriers hopping from
occupied to unoccupied traps within the energy band gap, with the aid of phonons.
Similarly, photocurrent was thermally activated at temperatures above 200K. At lower
temperatures, photocurrent was independent of temperature (Ref. [1] and (Fig. 1b).

(a)

(b)

Figure 1. (a) Schematic of the device for electrical and photocurrent measurements. (b) Temperature
dependence of photocurrent [1]

2)

Structure, morphology, and photoluminescence of porous Si nanowires: effect

of different chemical treatments
We investigated the effect of different chemical treatments on the structure,
morphology, and light-emitting properties of SiNWs, fabricated by a single-step
metal-assisted chemical etching process on highly boron-doped Si. We showed that
the nanowires on the highly doped Si substrate are fully porous, contrary to the case
of nanowires on higher resistivity p Si, and show intense photoluminescence at room
temperature, while nanowires on lightly doped Si did not. The investigated
recombination mechanism was consistent with the structural characteristics of the
SiNWs, composed of assemblies of Si nanocrystals with a size dispersion and
different surface passivation.
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Figure 2. SEM images of the Si NWs on p+ Si (porous NWs) (a) and on p-type Si (non-porous) (b) [2]

3)

Thermal conductivity porous Si at cryogenic temperatures for cooling

applications
We investigated the thermal conductivity of porous Si in a wide temperature range
from 20–350K and clearly demonstrated that the thermal conductivity of porous Si is
much lower than that of bulk crystalline Si, especially at cryogenic temperatures. This
makes the material very promising for thermal isolation on the Si wafer. The
effectiveness of local thermal isolation from the Si substrate in a wide temperature
range by a thick highly porous Si layer (thickness of the order of 40 μm) was
demonstrated.

C)

Figure 3. (a) (b) SEM images of the studied porous Si layer (cross section (a) and top view (b)). (c)
Thermal conductivity of porous Si versus temperature, compared to that of other low thermal
conductivity dielectrics [5].
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4)

Broadband electrical characterization of nanostructured porous Si as a local

platform on Si for RF and mm-wave passive device integration
The dielectric properties of porous Si were investigated in the frequency range 140 GHz, for its use as a substrate material in Si-integrated RF passive devices. We
demonstrated the advantages of this material for this application. The dielectric
parameters of porous Si layers have been thoroughly investigated using analytical
expressions within the frame of the broadband transmission line characterization
method in the frequency range 1-40 GHz.

5)

Advanced Si-based substrates for RF Passive Integration: Comparison

between Local Porous Si Layer Technology and trap-rich High Resistivity Si
Two novel RF substrate technologies have been compared, namely local porous
Si RF substrate technology and high resistivity Si with a trap-rich layer on top (traprich HR-Si). Using standard Si processing, identical co-planar waveguide
transmission lines, crosstalk structures and test inductors were fabricated on the
above two substrates, as well as on quartz and on standard p-type Si. Broadband
electrical characterization in the frequency range from 40 MHz to 40 GHz revealed
that porous Si substrate provides much higher effective resistivity and lower dielectric
constant than trap-rich HR-Si.

(a)

(b)

Figure 4. Schematic representation of the two RF substrates used (a) Attenuation versus frequency of
on the four substrates that were investigated (b) [6].

6)

A silicon-wafer based p-n junction solar cell by aluminum-induced

recrystallization and doping
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A Si-based solar cell was fabricated by simultaneous Al-induced doping and
recrystallization of a very thin Si emitter and conversion efficiencies as high as 11%
were achieved without using any anti-reflecting coating or conventional doping.
(b)

(a)

(b)

Figure 5. Transmission electron microscopy image of the Si emitter after annealing (a). Photovoltaic
characteristics of the device (b)

7)

Thermoelectric Generator Using Porous Si Thermal Isolation
A miniaturized Si-based thermoelectric generator using p-doped polycrystalline

Si/Al thermocouples and a thermal isolation platform based on a thick porous Si layer
was developed. A housing was also designed and fabricated in order to transfer any
external temperature change on the device. The output power of the thermoelectric
generator depends on the porous Si isolation layer thickness, porosity, structure and
morphology. For a mesoporous Si layer of 60% porosity and a macroscopic
temperature differential of 10 K, an output power of 0.39 μW/cm2 was measured for
a 50 μm thick porous Si layer. This result competes with the state-of-the-art MEMS
devices using free standing membranes, while having the additional advantage of
being very simple to fabricate, cost effective and structurally very robust.

(a)

(b)

(c)

Figure 6. (a) Schematic representation of a cross section of the thermoelectric generator (b) Plane view
of the thermoelectric device, showing the different thermocouples in series, with their “hot” contact on
porous Si (c) Output power of the thermoelectric generator versus the applied ΔT [3].
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THEORETICAL

MODELING

OF

WAVES

IN

THE

MICRO

AND

NANOSCALE
Project Leader: N. Papanikolaou
PhD Candidates: E. Almpanis
External Collaborators: N. Stefanou (UoA).
Objectives:
1.

Develop methods and simulation tools for the study of the propagation of

electromagnetic and elastic waves in complex media.
2.

Study the optical and elastic properties of nano-patterned materials, and

develop structures with novel optical or elastic functionalities, as well as novel
acousto-optic materials.
3.

Support of experimental groups active in optics and photonics

Activities and Main Results

1)

Designing light absorbing surfaces
The development of smart surfaces that absorb electromagnetic waves has been

an active field of research since many years since they can be useful in microwave
and radar technology but also photovoltaics and light harvesting as well as optical
sensors. We have studied surfaces decorated with periodic arrays of spherical
particles in front of a reflector and studied both metallic films and dielectric Bragg
mirrors. Following a simple optimization procedure our analysis shows that strong
absorption can be engineered by choosing the appropriate geometry with either
metals or dielectrics.
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Figure 1. (a) Reflectance spectra for a square array of Si spheres, shown in the inset, for normally
incident light in water. The array is separated with a silicon oxide spacer (75nm) from an Ag film of
thickness 100nm the lattice constant is 400nm, and diameter of the spheres 150nm. Corresponding field
profiles for resonances close to 555nm, 580nm, 620nm and 640nm are shown in (b-e) respectively. The
structure supports perfectly absorbing narrow bands that can be tuned through the geometry.

2)

Engineering structures for tailored acousto-optic interaction
Photonic

circuits

are

important

ingredients

in

modern

information

and

communication technologies. In this respect it is useful to develop schemes that can
actively control the flow of light in small dimensions, preferably at the nanoscale, in
order to decrease the device size to the ultimate limit. So far, optical processes, like
electro-optic, thermo-optic or magneto-optic have been extensively used for light
modulation. At the same time, light control through elastic waves is also a wellestablished and mature technology, and acousto-optic (AO) cells have become
important elements in today’s telecommunication circuits. Our goal is to explore new
ways to exploit localized-phonon-driven AO interactions, for the design of
miniaturized photonic components of novel and controllable functionalities. In
particular, we aim at developing the concept of a simultaneous photonic and
phononic nanocavity, and study the influence of localized elastic excitations on
resonant light transport.
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ELECTRON MICROSCOPY AND NANOMATERIALS
Project Leader: A. Travlos
Permanent Research Staff: N. Boukos
Contract Researchers: C. Chandrinou
Masters Students: I. Moschos
External Collaborators: Dr. H. J. Kim (Korea Basic Science Institute, Korea), Dr. A.
Kean (Mantis Deposition Ltd, UK), Prof. D. Tsoukalas (NTUA Greece), Prof. D.
Sidiras (U. Piraeus, Greece), Prof. S. M. Alhassan (Petroleum Institute, UAE)
Objectives:
1.

Growth and study of semiconducting oxide nanostructures with applications in

optoelectronics and energy.
2.

Study of nanomaterials utilizing electron microscopy methods in order to

optimize their properties
Activities and Main Results

1)

Semiconducting oxide nanostructures
ZnO is a wide (Eg=3.37eV) and direct bandgap II-VI n-native semiconductor with

relatively large exciton binding energy (60meV) at room temperature and high
electron mobility. Thus, it has attracted considerable research interest as candidate
for applications in optoelectronics, solar cells, sensors and photocatalytic cells.
However, ZnO due to its wide bandgap cannot absorb visible light. Moreover up till
now, despite the significant research effort endeavored, ZnO cannot be successfully
p-doped. Consequently heterostructures of ZnO with other semiconducting materials
are examined for the above applications.
Cuprous oxide Cu2O, a non-toxic semiconductor with a direct band gap of 2.1 eV,
is an attractive alternative absorber material because it has high absorption
coefficient (2*105 cm-1– 3.7*106 cm-1 for Ephoton>2.7eV) and can be grown by a variety
of techniques such as sputtering, oxidation of metallic copper sheets, or
electrodeposition. The Shockley–Queisser theoretical value of a Cu2O solar cell
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efficiency (Z) is about 20% when considering only radiative recombination. Cu2O film
contains native ionic defects, single-charged copper vacancies and doubly charged
oxygen interstitials and is a native p-type semiconductor. The n-type Cu2O film is not
achievable due to the self-compensation mechanism and/or the low solubility of the
doping impurities, i.e. the n-type dopants are significantly self-compensated by the
native ionic defects. Therefore, high efficiency Cu2O homojunction devices cannot be
realized, and efforts to improve Cu2O solar cell performance have focussed on
heterojunction devices.
The best approach is therefore to use a heterojunction between Cu2O and a ntype oxide. Among all possible combinations, ZnO/Cu2O heterojunctions have
attracted a renewed interest of several research groups because of the favorable
alignment of the conduction band edges.
A two step electrochemical deposition method for the synthesis of ZnO/Cu2O
heterojunctions, developed in our laboratory last year, was applied. It is a low-cost,
non-toxic and low temperature fabrication procedure. The substrates used were
SiO2/Si seeded with a ZnO thin film by e-gun evaporation. The first step consists of
growing ZnO nanorods on seeded substrates, while in the second step Cu2O
particles are grown. In both steps the growth is accomplished in an aqueous
formamide solution, utilizing Zn and Cu foils as Zn and Cu sources (counterelectrodes) respectively. In the latter case O2 is bubbled in the solution.
The effect of growth parameters such as solution temperature, formamide
concentration,

growth

time

and

O2

supply

on

the

obtained

ZnO/Cu2O

heterostrustrures was studied. An example can be seen in Figure 1 a and b where
plane-view SEM images of the ZnO/Cu2O heterostrustrures obtained with 600cc/min
and 1300cc/min O2 flow are presented. It is evident that in the first case individual
Cu2O particles grow on top of the ZnO nanorods, while for the high O 2 supply a
continuous Cu2O layer is formed.
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(a)

(b)

Figure 1. Plane-view SEM images of the ZnO/Cu2O heterostrustrures obtained with (a) 600cc/min and
(b) 1300cc/min O2 supply.

The mean Cu2O crystallite size for the low and high O2 flow is 4.5μm and 6μm
respectively. The increase of the O2 supply results in an increase of the current
during growth as can be seen in Figure 2. The charge surface density was calculated
as 6,05 C/cm2 and 7,83 C/cm2 respectively. Taking into consideration that each
electron corresponds to the deposition of one Cu ion to the substrate, the larger size
of the Cu2O crystallites can be attributed to the larger Cu mass deposited on the ZnO
nanorods due to the increase of the O2 supply.
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Figure 2. Growth current of Cu2O particles deposited with (a) 600cc/min and (b) 1300cc/min O2 supply.

2)

Electron Microscopy of nanomaterials
A wide range of nanomaterials were studied by SEM and TEM techniques

including HRTEM, EELS and EFTEM in order to optimize their growth conditions and
tailor their properties, including nanomaterials for nanoelectronics, photovoltaics,
catalysis, drug delivery, biomedical, energy and environmental applications.
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TiO2 nanoparticles for memristors

PMAAS−S@Fe3O4@Ag hollow microspheres

Anatase nanoplates with dominant highly reactive {001} facets for environmental applications

MoS2 nanosheets grown on carbon nanofibers for hydrodesulpurization of oil.
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GRAPHENE AND GRAPHENE AND TWO DIMENSIONAL MATERIALS
FOR NANOELECTRONICS
Project Leader: Dr. A. Dimoulas
Contract Researchers: S. Kassavetis, N. Kelaidis, P. Tsipas, D. Tsoutsou, E.
Xenogiannopoulou
PhD Candidates: K. E. Aretouli, S. A. Giamini, E. Golias, J. Marquez-Velasco
Masters Students: A. Kordatos
External Collaborators: V. Ioannou-Sougleridis (INN), G. Pilatos (INN), P. Falaras
(INN), Th. Speliotis (INN), L. Tsetseris (NTUA)
Objectives:
The research activities of the ‘Epitaxy and Surface Science Laboratory’
(www.ims.demokritos.gr/MBE_LAB) in year 2013 focus in the following:

1.

Post-CMOS 2-dimensional materials research-MBE growth
The main objective of this research activity is to MBE grow new forms of matter,

not existing in Nature, which will combine some of the good properties of graphene
with enhanced flexibility allowing for the control of their electronic properties.
Specifically, silicene and germanene the Si and Ge sp2-hybridized analogues of
graphene have been extensively studied by our group, in terms of their epitaxial MBE
growth as well as their physical characterization (such as electronic band structure by
ARPES and structural characterization by STM). In addition, the sp2-hybridized
dielectric AlN has also been investigated as a template for silicene and germanene
growth since it could serve as gate insulator necessary for charge and current control
in the 2d-layer. Finally in 2013 the Lab expanded its research activities to the MBEgrowth of other 2d-graphene like materials such as 2D layered transition-metal
dichalcogenides (MoSe2) and topological insulators (Bi2Se3), which can also be used
for post-CMOS devices. The aforementioned materials, in analogy with silicene and
germanene, could couple weakly with each other through Van der Waals forces,
maintaining the integrity of each layer and preserving their good physical properties.
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2.

Graphene research-CVD growth
The objective here is to use our recently acquired 4-inch graphene CVD system to

grow high quality graphene on single crystal catalysts such as Cu(111), Ir(111),
Rh(111) and Ni(111). In addition to the various physical characterization techniques
accessible in our lab (ARPES, RHEED), in 2013 the UHV-STM with atomic surface
resolution was also used to confirm the honeycomb hexagonal structure of the lattice
in the CVD grown graphene layers.
Activities and Main Results

1)

Graphene-like 2D hybrid surface metallic bands in 4x4 silicene on Ag(111)
Silicene, the graphene analogue for silicon with a hexagonal honeycomb lattice

similar to graphene has recently attracted intense attention, mainly due its
compatibility with current Si-based nanoelectronic devices. Although a large number
of silicene phases with different superstructure have been reported, the question
about the existence of a Dirac cone is wide open. Evidence for Dirac fermions in
(4x4) silicene on Ag (111) has been provided ARPES and STS measurements.
Nevertheless, experimental evidence is debated by theoretical works. In this work,
the electronic band structure of monolayer (4x4) silicene on Ag(111) is in-situ imaged
by ARPES, in an attempt to resolve the issue of the existence of Dirac cone. We
have observed a dominant hybrid surface metallic located near the bulk Ag sp-band
which is also faintly visible. The surface band exhibits a steep linear dispersion
around the KAg point and has a saddle point near the MAg point of Ag(111)
resembling the -band dispersion in graphene (Fig. 1). The discovery of new
graphene-like hybrid states in the 4x4silicene/Ag system may open a new area of
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research targeting hybrid systems which have graphene-like surface bands.

Figure 1. ARPES mapping reveals a 2D hybrid surface metallic band with a saddle point at the M point
of Ag SBZ (left). A schematic illustration of the surface band resembles the -band of graphene
featuring a steep almost linear dispersion near KAg and a saddle point at MAg (right).

2)

Graphite-like hexagonal AlN nanosheets epitaxially grown on single crystal

Ag (111)
2D graphite-like crystalline insulating substrates are considered a good choice for
the growth of a 2D material such as silicene. Our work in the framework of 2D
NANOLATTICES project is about the epitaxial growth and characterization of thin
AlN films on Ag(111) substrates. RHEED pattern of the Ag(111)/AlN sample, points
out to the formation of ultrathin AlN layers stabilized in a hexagonal graphite-like
rather than a wurtzite structure. In addition, large scale STM image in Fig. 2 shows
that, in the submonolayer growth regime, the AlN on atomically flat Ag(111) forms
well-defined, triangle-shaped, 2D islands, compatible with a hexagonal order inside
each single 2D flat island. Finally, UPS data further support the claims on the basis of
structural analysis that thin AlN/Ag (111) adopts a hexagonal graphite-like lattice with
different electronic valence band structure compared to bulk wurtzite AlN.
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Figure 2. (a) STM topography (100x100 nm2) of 2D triangle-shaped islands epitaxially grown on Ag(111)
substrates; (b) magnification (20.5x20.5 nm2) of a single AlN island and line profile along the green line;
(c) atomic resolution (2.5x2.5 nm2) STM topography inside an island (see green contour in panel (b)).

3)

Growth and characterization of High-Quality Ultrathin Epitaxial Bi2Se

Topological Insulator on AlN(0001) Dielectric
In the framework of the 2D-NANOLATTICES Project we attempted to grow
germanene by evaporating Ge on Ag (111) in UHV. The main observation is that at a
coverage of about 1/3 of a monolayer a

 3  3 R30

0

superstructure appears (Fig. 3-

left) with a rich surface electronic band structure (Fig. 3-right). In particular, the
Ge/Ag(111) system has, notably, some similarities with the 4x4 Silicene on Ag(111).
Overall it has been concluded that Si and Ge hybridize with Ag and turn the Ag(111)
surface into a graphene-like system. This shows the way towards engineering new
hybrid materials which could mimic the graphene electronic properties.

Figure 3. RHEED pattern compatible with a

( 3  3 ) R30 0 reconstruction of Ge/Ag (111) (left). kx-

ky contour plot showing the Fermi surface of Ge/Ag(111) as imaged by ARPES (right)

4)

Few layer graphene on single crystals Rh (111) and Ir (111) grown by CVD
In this work, the growth of few layer CVD grown graphene on single crystal Ir

(111) and Rh (111) substrates using methane (CH4) as the carbon precursor has
been studied. High quality graphene layers have been achieved on both metal
substrates as confirmed by Raman measurements. In addition, the high resolution
STM image (Fig. 4-left) shows the hexagonal symmetry of the lattice in the
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graphene/Ir (111) system. Finally a nearly ideal Dirac cone is observed along the Rh
K direction in k-space for the graphene/Rh (111) system (Fig. 4-right).

Figure 4. UHV-STM imaging of few-layer graphene on Ir (left) and ARPES imaging of the Dirac cone
recorded from a few-layer graphene on single crystal Rh(111) (right).
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ELECTRONIC SPECTROSCOPY LABORATORY: MOLECULAR
ENGINEERING OF PHOTO-FUNCTIONAL SUPRAMOLECULAR
NANOSYSTEMS.
Project Leader: George Pistolis
Contract Researchers: Nikolaos Karakostas, Antonia Kaloudi – Chantzea.
PhD Candidates: Elisabeth Martinou
External Collaborators: Dr. Florian Pitterl, Institute of Legal Medicine and Core
Facility Metabolomics, Innsbruck Medical University, Müllerstraße 44, 6020
Innsbruck, Austria. Ioannis Petsalakis, National Hellenic Research Foundation,
Athens
Objectives:
1.

Supramolecular synthesis - via coordination driven self-assembly – of artificial

light-harvesting functional nanoporous materials

for performing specific light

functions e.g., accumulation and tuning in fluorescence, Up-conversion of light,
electronic energy transfer (EET), EET based sensing systems, solar energy
conversion etc.
2.

Stability, dynamics and photoreactivity of certain guests in nanocavities.

3.

Photophysical and photochemical studies in organized supramolecular

nanoarchitectures.
4.

Metallosupramolecular host nanoarchitectures for organic photovoltaics

5.

Color Tunability in Organic Light Emitting Diodes and Optical Lithography.

6.

Excited-state kinetics and thermodynamics of rotational phenomena in

suitably tailored organic photosystems for molecular machinery.
The group focuses on the design and supramolecular synthesis – via various selfassembly protocols - of cleverly engineered self-assembled molecular networks
capable of harvesting light for tuning and tailoring the properties of advanced
photonic nanomaterials. More specifically, we are interested in constructing stiff and
compact chromophoric arrays in a topologically well–defined way through
programmable self-assembly in an effort to mimic photosynthetic light-harvesting
antenna fragments and design the properties of artificial photosystems. Specific
attention

is

being

given

to

the

formation
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of

host-guest

self-assembled

multichromophoric scaffolds with remarkable rigidity and ordering. The realization of
such supramolecular structures with fixed separation and orientation between
peripheral and encaged chromophoric building blocks could make the structural basis
for maximizing chromophore communication through donor/acceptor electronic
energy transfer phenomena.
Activities and Main Results

1)

Host-guest self-assembled multichromophoric arrays

Figure 1. Schematic illustration of the coordination–driven

Figure 2. Crystal structure of the

supramolecular synthesis of the rhomboid cavitand (12)2 and

inclusion complex 4SPy(12)2

its inclusion complex with 4SPy via ionic self-assembly

The concept of controlling and tuning the emission of light in a host-guest
multichromophoric array based on the above host materials has also been
demonstrated very recently by our group. More specifically, the coordination-driven
synthesis of a rhomboid cavitand composed of two different Bodipys and its inclusion
complex with 1,3,6,8- tetrasulfopyrene via ionic interactions (SO3- ••• Metal)

was

established by X-ray crystallography (see Figure right). Highly efficient and
unidirectional intra-host and guest-to-host energy transfer was demonstrated by
femtosecond fluorescence spectroscopy.
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2)

Self-Organizing Highly Fluorescent Metallosupramolecular Cavitands into

Nanowires via Electrostatic Interactions with Anionic Photoactive Linkers

In this project we pay attention to the construction of
photonic supramolecular polymers via the combination of
various supramolecular interactions. To this end, taking
advantage of the stereodirectionality that can be
achieved by both coordination – driven ( Pt+2 – pyridyl)
and ionic (SO3- … Pt+2) self-assembly, we combine highly fluorescent coordination
self-assembled rhomboid cavitands such as (4) with disc-like anionic linkers (4) to
form nanowires via a self-associative chain reaction.

3)

Construction of highly fluorescent closed polygonic multichromophoric arrays
In this project we investigate electronic energy transfer phenomena in closed

polygonic multichromophoric arrays made via coordination-driven self – assembly
between Bodipys (donors) and perylene bisimides (acceptors). The green (Bodipys)
and red (perylenes) fluorescent building blocks are placed respectively at the corners
and edges of the polygon. The inherent rigidity of the supramolecular skeleton
combined with the high stereodirectionality of the metal (Pt) – pyridine bonding
impose the long molecular axes of the adjacent dyads (Bodipy-Perylene) to be
essentially perfectly orthogonal. The main subject is to explore the effect of
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orthogonal chromophoric orientation on the efficiency of energy transfer and to
compare the results with theory.
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CIRCUITS & DEVICES FOR SENSOR NETWORKS & SYSTEMS
Project Leader: S.Chatzandroulis
Permanent Research Staff: H.Contopanagos, A.Tserepi
PhD Candidates: P.Broutas, M.K.Filippidou
External Collaborators: A.Papió Toda, F. De Flaviis, I.Zergioti
Objectives:
Develop the necessary technologies for future sensor networks and systems. In
this context the research targets the development of
1.

Sensors and their sensor readout systems

2.

Wireless telemetry

3.

RF remote powering

Activities and Main Results

1)

RF harvesting and passive sensor tags
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, following the development of a power-harvester with an embedded
antenna operating at the 430 MHz band capable of operating near ground or metal
planes, a new PIFA antenna and harvester were developed for operation at 2.5GHz.
The antenna, printed on FR4, is a Planar Inverted-F Antenna (PIFA)-type design
with a set of optimized slots and provides high radiation efficiency and appropriate
bandwidth, while presenting a low profile and very small area. Integrated on the
systems’ PCB it provides an inexpensive approach of equal or better performance to
expensive ceramic antennas. The small size is due to the optimized multiple slots

44

and the scaling with the permittivity of the FR4. A special design separating the PIFA
into two stacked dielectric layers by-passes the traditionally suppressed efficiencies,
which was the main obstacle for integrating PIFAs on PCBs, and restores much
higher efficiencies. A prototype embedded within the PCB of an autonomous RFID
tag vas validated by measuring its return loss, efficiency, and radiation patterns at the
operation frequency band.

Figure 1. System implementation on FR4 PCB with

Figure 2. Voltage RF harvester output vs input

the PIFA antenna.

power at 2.5 GHz.

2)

Temperature control for uPCR devices.
A temperature controller system for the control of temperature of the heating

zones of micro- and isothermal PCR has been developed. The latter consists of a
microfluidic circuit and 3 embedded resistive heating elements (microheaters)
fabricated on a common substrate. The layout of the 3 heating elements forms 3
planar temperature zones and the controller is designed to keep the temperature
variation within each zone within ±1°C.
The circuit is built around a micro-controller (for the PID control loop and
communication) and 16-bit external DACs and ADCs for driving and sensing the
micro-heaters. Temperature control is achieved by controlling the voltage across the
resistive heaters whilst a small sensing resistor is used to measure the current
flowing through them. Communication with a host PC is done using a USB serial port
in order to set the operating parameters of the PCR (e.g. zone temperatures,
calibration data and control coefficients) as well as log data during its operation. The
unit has been tested in the target temperatures useful for the PCR protocol; that is,
95oC for denaturation, 72oC for extension and 55oC for annealing.
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Figure 3. Final assembled temperature controller

Figure 4. Thermal cycling between temperatures

prototype.

of interest for the uPCR protocol.

3)

Micromechanical Capacitive DNA Sensor Arrays
A label-free micromechanical capacitive biosensor array has been developed.

Each biosensor in the array consists of a flexible membrane and a fixed electrode
implemented on the substrate. Using direct laser printing (NTUA/Physics) thiolmodified

oligonucleotides

are

immobilized

onto

the

surface

of

3-

glycidoxypropyltrimethoxysilane (GOPTS)-functionalized ultra-thin Low temperature
oxide (LTO)/Si membranes for the fabrication of the capacitive biosensor. During the
hybridization of the target oligonucleotides with their immobilized complementary
strands, various interaction forces develop, which contribute toward the deflection of
the ultrathin LTO membranes, resulting in a capacitance shift. A number of different
parameters were investigated for the laser printing conditions of the oligonucleotides
that in turn affect the maximum deflection of the membranes and therefore the
capacitance variation.
Figure 5. Response of the array during the
hybridization experiments. First, the buffer
solution is introduced (up to 0.3 h), then
hybridization takes place (up to 2.4 h) and
finally the unbound target molecules are
washed away (after 2.4 h). Only the
membranes

with

probes

fully

complementary (FC) to the target molecules
respond during the hybridization.
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Figure 6. Optical microscopy image of the deposited fully complementary oligonucleotide probes onto
the surface of the sensing elements
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PHOTONIC CRYSTALS, METAMORPHIC MATERIALS AND
NOVEL RF SYSTEMS
Project Leader: H. Contopanagos
Objectives:
1.

To design, optimize and fabricate photonic crystals and frequency-agile

metamaterials (metamorphic materials) for electromagnetically active filters,
substrates and radomes
2.

Applications in novel embedded antenna architectures, filters, waveguides

and resonators operating in the microwave/mm-wave region, for integration into
novel RF transceivers.
Activities and Main Results

1)

Extraordinary Electromagnetic Transmission in Almost-shorted Dual Screens
Good electric conductors are completely opaque to electromagnetic waves at any

frequency up to the plasma frequency of the corresponding metal. At microwave and
mm-wave frequencies, a planar screen made of metals like Cu and Al behave almost
as Perfect Electric Conductors (PEC) with a complex reflection coefficient extremely
close to the PEC value S11  1 , while the corresponding transmission coefficient is
S21  0 .

If we open a hole in such a screen, transmission of electromagnetic waves
depends on the hole' s electrical size. Bethe’s small hole theory [R1] and subsequent
calculations for infinitesimally thin conductors showed that, for a hole smaller that a
wavelength, the transmission is small, but increases substantially for larger holes.
Ebbesen et al. [R2] discovered that, despite these results, a planar array of subwavelength holes presents substantially increased electromagnetic transmission
relative to previous expectations. This phenomenon is termed Extraordinary
Transmission (ET) and arises from the collective excitation of the sub-wavelength
holes in the array and a variety of explanations including plasmonic excitation, leaky
mode and dynamic diffraction effects has been advanced.
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This work advances and analyzes a very different system presenting extraordinary
resonant electromagnetic transmission properties, based on a different physical
principle. The system consists of an array of metal disks interacting with the dual

array of holes, i.e., with a metal screen containing the negative printing of the disc
array. The two arrays can be ultra-thin and arbitrarily close to each other. We show
that a new phenomenon of resonant ET occurs, under these conditions. The
transmission is extraordinary, not only because it involves holes much smaller than in
the standard ET phenomenon; Rather, because it involves a system almost

completely shorted, i.e., a composite screen that is almost completely metallized.
The physical mechanism for this phenomenon has no relationship to what occurs at
standard ET, but is based instead on a single-frequency cancellation between the
scattering of electromagnetic waves from the disk array and from the negatively
printed (hole) array. This work presents a general analytical theoretical analysis of
dual screens, treating the phenomenon of resonant transmission in a unified way
focusing on ultra-thin systems, either for dual screens in the regime of extraordinary
transmission described above (i.e., when the dual screens are complementary and
almost shorted), or for general capacitive-reactive dual screens. Further, numerical
studies using the HFSS full-wave simulator are presented, corroborating the
analytical results. A special case of this approach describes the class of screens
composed of coaxial hole arrays of arbitrary shape. Experimental validation of the
theory and simulations is supplied by construction and measurement of a prototype
waveguide filter. We present all our results for microwave/mm-wave frequencies but
the same effect clearly exists at optical frequencies.

2)

Theoretical Results and Experimental Validation
We will first test our theory focusing on complementary dual screens, Fig. 1, with

zero-thickness PEC metallization, aspect ratios as noted and length scale fixed at 2r
= 1mm. For theoretical validation, we will compare our analytical predictions with
numerical electromagnetic simulations using the HFSS finite-element code. In Fig. 1c
we compare results for d = 5µm (U.C. of Fig. 1b). There is rather excellent
agreement between the analytical results, where the full high-order expressions have
been used, and the simulations throughout the frequencies examined, from DC up to
120 GHz. We notice indeed that we have extraordinary power transmission reaching
almost 100% at 90-100 GHz, corresponding to a hole diameter of 1/3.3 wavelengths,
and 50% at 75 GHz corresponding to 1/4-wavelength diameter.
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Figure 1. (a) A super-thin dual screen containing an array of metal disks printed on the front surface of a
dielectric layer and the complementary array of holes etched on the metal-cladded back surface of that
layer and the corresponding unit cell. Screen thickness d/2r = 0.025 (b) Unit cell with screen thickness
d/2r = 0.005. (c) Reflectivity and Transmittance (in dB) with the analytical method [(1) and (2)] and
simulation [(3) and (4)] for d = 5µm.

We validated the theory experimentally by constructing and measuring a prototype
complementary dual screen following the layout of Fig. 1. We measured its response
by inserting it into a rectangular waveguide, and designing the U.C. so that the
system has extraordinary resonant transmission in the TE10 frequency band of the
waveguide. The screen is composed of two thin FR4 layers, of complex
permittivity   4.41  j0.02 , each with a single metallization on the surface. One layer
contains 2×4 U.C. of discs, while the other the negative printing. The FR4 layers
have been milled to a thickness of 600µm each, while the Cu metallization is 17
microns thick. The dual screen is designed to fit a Ka-band rectangular waveguide
with inner dimensions 3.6mm×7.2mm. Hence the U.C. size is a  1.8 mm. We
choose the ratio a / 2r  1.1, same as in Fig. 1, giving a disk/hole radius r  0.82 mm.
The two FR4 layers are then inserted inside one end of a rectangular waveguide
section, with the metallization facing outwards, as shown in the photograph of Fig.
2a. Using an appropriate spacer, the two metallizations are separated by an air gap
d  80 µm, when the two waveguide pieces are brought together, reconstructing the

schematic of the fabricated complementary dual screen as shown in Fig. 2b. The
correspondence of the waveguide excitation to oblique plane-wave incidence on a
laterally infinite screen is due to the scatterer images on the waveguide walls. This is
shown in Fig. 2c, where a photograph of the hole FR4 of Fig. 2a has been taken from
the opposite (open) end of the waveguide section.
Fig. 2d compares theoretical HFSS simulations and measurements. The
waveguide cut-off frequency is 21 GHz, while the upper frequency limit of the VNA
coincides with the cut-off of higher guided modes. In the range shown, only the
dominant mode propagates. Agreement between theory and measurement is
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excellent. The extraordinary resonant transmission peaks at 29 GHz and equals -1
dB (80%) while the dielectric, metallization and waveguide loss is about 17%.

Figure 2: (a) The two parts of the fabricated dual screen inserted at the waveguide section ends before
joining them. (b) The fabricated dual screen scaled for a Ka-band rectangular waveguide. (c) Reflection
images of holes on the waveguide walls. (d) Measured Reflectivity and Transmittance (in dB) [(1) and
(2)] and simulated [(3) and (4)] for the fabricated system.

Turning now to engineering issues, it is possible to tune the resonance of the
ultra-thin dual screens to frequencies dramatically lower than the already very low
ones shown previously, without changing the size of the unit cell. This is very
important for most engineering applications where the electrical size of the unit cell is
of paramount importance, especially for RF and mm-wave on-chip and embedded
systems, where area is very expensive and dictates the fate of any system candidate
for integration. Examples of such specific engineering designs are summarized in
Fig. 3 and described in detail in the corresponding publication [1].
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Figure 3. (a) Self-similar complementary dual U.C. using a single metal layer. (b) Non-complementary
dual super-cell, d=5µm. (c) Reflectivity and Transmittance (in dB) for the design of Fig. 3b [(1) and (2)]
and for a screen of only the hole array of that U.C. [(3) and (4)].

References
R1. Bethe, H.A., Theory of Diffraction by Small Holes, Phys. Rev. 66, pp. 163-182, 1944.
R2. Ebbesen, T.W., Lezec, H.J., Ghaemi, H.F., Thio, T. and Wolff, P.A., Extraordinary optical

transmission through sub-wavelength hole arrays, Nature 391, pp. 667-669, 1998.

OUTPUT
Publications in International Journals
1.

Contopanagos, H., Induced resonant electromagnetic transmission in Almost-shorted

Dual Screens, Journ. Opt. Soc. Am. B, 30 (4), pp. 874-883, 2013.

53

PLASMA ENABLED NANOFABRICATION:
PROCESSING, SIMULATION, METROLOGY AND APPLICATIONS
Project Leaders: E. Gogolides, A. Tserepi
Permanent Research Staff: V. Constantoudis
Contract Researchers: G. Kokkoris, K. Tsougeni, G. Papadakis, D. Moschou
Technical staff: A. Zeniou
PhD Candidates: M.-E.Vlachopoulou, D. Kontziampasis, A. Malainou, K. Ellinas, A.
Smyrnakis, A. Zeniou, G. Kaprou, A. Kastania, D.P. Papageorgiou
Masters Students: S. Mouchtouris, E. Cunaj, A. Passos, I. Kefala, V. Papadopoulos,
G. Memos
External Collaborators: Dr. J. Foucher (CEA/LETI), Dr. J. Biafore, Dr. A. P. Vaglio
(KLA-Tencor), Dr. R. Gronheid Dr. V.M. Kuppuswamy (IMEC), Dr. T.R. Younkin
(IMEC, Intel),

Dr. E. Pargon (CNRS/LTM), U. Cvelbar (Josef Stefan Inst.), Z.

Petrovic, N. Puač, S. Lazovic, N. Skoro (Inst. of Physics, Belgrade), C. Vahlas (U. de
Toulouse), P. Brault, A.L. Thomann (Univ. d’Orléans), A. Boudouvis, N. Cheimarios,
G. Pashos, A. Papathanasiou, C. Charitides, E. Pavlatou, D.S. Mathioulakis (NTUA),
K. Beltsios, I. Panagiotopoulos (Univ. of Ioannina), E. Amanatides, D. Mataras (Univ.
of Patras), H. Zuilhof, S.P.Pujari (Wageningen Univ.), S. Kakabakos, P. Petrou
(INRASTES, NCSR-D), A. Speliotis (INN, NCSR-D), E. Gizeli (FORTH, UOC), J.L.
Viovy, S. Descroix (Inst. Curie), B. Depuis (Inst. Pasteur), G. Jobst (Jobst Tech), H.
Archontaki (UOA)
Objectives:
1.

The heart of our activities and our first objective is to advance and promote

plasma nanofabrication, and plasma nanotechnology. This is described in section 1
below. Around plasma nanotechnology a series of activities are clustered.
2.

Our second objective is to develop nanometrology and characterization

methodologies for nanostructure description.
3.

Our third objective is to understand and improve plasma and other processes

using modeling and simulation.
4.

Our fourth objective is to exploit our plasma nanotechnology toolbox to enable

a variety of applications with focus on:
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- Surface engineering (“smart surfaces”),
- Microfluidics and Lab on Chip for Life Sciences,
- NanoDevices for Energy
For all these objectives, we work in coordination with the clean room facility, often
transferring samples to and from it, and in collaboration with several other projects
such as the biomicrosystems project, and the Lithography project.
Activities and Main Results

1)

Plasma Nanofabrication
Plasma Directed Organization, Plasma Nanoassembly
In the previous years, we demonstrated plasma directed and organized nanodot

formation on organic polymers. This year, we expanded our work on the process and
materials effects. We demonstrated that plasma power, and pressure had little effect
on the phenomenon, while sample temperature, gas type and gas flow significantly
affected the morphology and order (see Fig. 1).
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Nanoscale Si etching: Mechanical Stability of High aspect-ratio plasma etched Si
nanowires
The mechanical stability of nanowires is studied theoretically and experimentally
against adhesion and capillary forces. It is shown that for Aspect Ratios (ARs) above
50:1 for spacing 1 um, SiNWs tend to bend due to adhesion forces between them.
Such large adhesion forces are due to the high surface energy of silicon.Wetting the
SiNWs with water and drying also gives rise to capillary forces.
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We find that capillary forces are less important for SiNW collapse/bending
compared to adhesion forces of dry SiNWs, contrary to what is observed for
polymeric nanowires, which have a much lower surface energy compared to silicon.

Figure 2. Bending and collapse of SiNWs due to adhesion to neighbors at the limit of the critical aspect
ratio. SiNWs collapsed at AR ~ 42:1 for pitch 1μm. Top and side view SEMs are shown in left and
middle image respectively. SEM image of SiNWs fabricated by colloidal lithography followed by
cryogenic plasma etching process are shown on the right. Dimensions: diameter ~200 nm with an
aspect ratio of 37:1.

2)

Nanometrology
In this activity, we develop methodologies and software for the dimensional and

roughness metrology of patterned (XERDEMO software) and open (freeform) plasma
treated surfaces (surfanalysis software) through the analysis of SEM and AFM
images.

Nanometrology of patterned structures: This year, we have a) extended the
applicability of XERDEMO software and methodology in the analysis of Directed SelfAssembly Lithography Line/Space patterns, and b) applied it to the evaluation of the
process and material origins of size (Critical Dimension) variability and sidewall
roughness in EUV and e-beam contact patterns.

Nanometrology of open surface morphologies: During this year, we have a)
initiated a hybrid metrology approach to surface roughness measurement combining
AFM and SEM data through a model for rough surface generation (see Fig. 4b), and
b) applied our methodology and software to the analysis of surface morphologies in
polymer solar cells and light-emitting diodes.

3)

Modeling and Simulation
A multiscale modeling framework for the investigation of plasma induced surface

roughness. The interaction of plasma with surfaces usually induces roughness on the
surfaces. Given the importance of surface roughness on the surface properties, it is
critical to investigate the mechanisms of roughness formation. A modeling framework
for surface morphology evolution is utilized. Surface processes, the existence and
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the origin of etch-inhibitors (impurities or depositing particles) are found to be critical
for the surface morphology.

Figure 3. a) The multiscale modeling framework consists of a reactor scale model (RSM), an ion energy
and direction model (IEDM), and a surface model (SM). Surface morphology at a point on the wafer
when there is b) a local source and c) a global source of etch-inhibitors. Periodicity is observed for the
global source as manifested by the peak in the power spectral density [insets in (b) and (c)].

Energy barrier for the transition from the Cassie-Baxter to Wenzel state on
hydro(oleo)phobic surfaces: The surface morphology which favors heterogeneous
wetting (Cassie-Baxter, CB) state and exhibits increased resistance to fully wetting
(Wenzel, W) state, under the effect of external disturbances is computationally
sought. The resistance of a surface morphology to fully wetting comes from the
energy barrier from CB to W state.

Designing non-uniform wafer micro-topography for macroscopic uniformity in
chemical vapor deposition processes: The potential of an additional degree of
freedom in the effort to meet film macroscopic uniformity (along the wafer) in
chemical vapor deposition (CVD) is investigated.

Figure 4. a) Deposition rate along the wafer radius at a wafer including (9844) trenches with a uniform
and with the designed density. Uniformities values ( U) are shown. b) Deposited film in trenches at
locations of extreme values (minimum and maximum) of the deposition rate (DR) for the case of uniform
(b) and non-uniform (c) designed density of trenches on the wafer. The case study is metal organic CVD
of Al.
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The common practice is a uniform density of patterns or features (e.g. trenches or
holes). A multiscale modeling framework is utilized to design a non-uniform density
with the objective to improve uniformity

4)

Applications
Hierarchical, oxygen plasma nanotextured, superoleophobic polymeric surfaces:

Superhydrophobic and superamphiphobic towards superoleophobic polymeric
surfaces of polymethyl methacrylate (PMMA), polyether ether ketone (PEEK), and
polydimethyl siloxane (PDMS) are fabricated. Depending on the absence or not of an
etch mask (i.e., colloidal microparticle self-assembly on it), random or ordered
hierarchical micro-nanotexturing can be obtained. Hydrolytic and hexadecane
immersion tests prove that superamphiphobicity is stable for more than 14 days

Figure 5. Tilted SEM images of the hierarchical, ordered
hexagonical packed pillar-like structured superoleophobic
surfaces using 3 µm PS particles followed by plasma
etching

Biomimetic, Antireflective, Superhydrophobic and Oleophobic PMMA and glass
surfaces: Mimicking nature, we use plasma induced roughness to create ‘‘smart’’
surfaces, with controlled optical and wetting properties. An impressive broadband
reduction of total reflectance (i.e. an increase in transmittance) for short single-sided
treatment of PMMA plates or PMMA coated glass slides is measured. The treated
surfaces attain superhydrophobicity after a 90 s etching, having a contact angle of
150 and hysteresis less than 5.

Comparison of flow field in superhydrophobic and hydrophilic microchannels with
micro PIV: Plasma processing is used to randomly roughen and tailor the wetting
properties of polymeric PMMA trapezoidal microchannels to superhydrophilic or
superhydrophobic, depending on the plasma duration and chemistry.

Microfluidic devices for DNA amplification (μPCR) integrated with microheaters:
The development of low-cost and low-power μPCR devices integrated with
microresistors on commercially available substrates was continued this year further
improving the device design and the fabrication process, to yield robust and reliable
devices. Numerical computations led the design so that there was no thermal
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uniformity within each zone. In addition, the total power consumption during the chip
operation is calculated to be in the order of a few Watts, verified experimentally. The
PCR chip was validated by a successful amplification of a 90 base-pair DNA
template.

Figure 6. (left) Temperature profile across each temperature zone of the μPCR chip. (middle) The unit
cell of the fabricated μPCR chip. (right top) Optical image of the fabricated chip with integrated
microheaters and (bottom) demonstration of on-chip DNA amplification, compared to a commercial
thermocycler

Passive micromixers for enzymatic digestion of DNA: A passive micromixer with
zig-zag geometry is designed through simulation and used for the enzymatic
digestion of DNA. The micromixer is fabricated on a PCB substrate using flexible
circuit board (FCB) technology and allows easy integration of the microdevice in
more complex Lab-on-a-Chip platforms.

Photovoltaic device based on Silicon Nanopillars: The use of nanowires instead of
bulk material or thin films provides opportunities to minimize losses of light
absorption, in electron-hole generation and separation as well as in collection
efficiency, and combine lower cost. We continued our work on energy conversion
devices by the fabrication of ordered silicon nanopillar arrays of different diameter
and period with p-n junctions along the axial or the radial direction. Impressive
reduction of reflectance and increase of light collection was observed, while device
fabrication is under way.
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Etch Technologies for Nanopatterning, 8685, art. no. 868505, San Jose, CA, 2013
16.

Tserepi,

A.,

Efficient

Immobilization

of

Biomolecules

on

Chemically

and

Topographically Modified Substrates (invited talk) , COST Training School on “Phototech for
Biosensors and Biochips”, Vouliagmeni, Greece, October 21-25, 2013
17.

Tserepi, A., Miniaturized Devices for DNA amplification (invited talk), Seminars of

Chemistry Dept., Univ. of Athens, Athens, Greece, June 6, 2013
18.

Kontziampasis, D., Gogolides, E., Plasma nanotexturing and plasma nanoassembly

on polymeric surfaces for optical and biological applications (invited talk), 4th International
Symposium on Plasma Nanoscience (iPlasmaNano-IV), Asilomar, California, USA, August
25th-29th, 2013
19.

Constantoudis, V., Kokkoris, G., Gogolides, E., Pattern transfer: Modeling reveals the

key role of resist roughness (invited talk), 10th International Conference on Nanosciences &
Nanotechnologies (NN13), Thessaloniki, Greece, 9-12 July, 2013
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20.

Kallikounis, N., Kokkoris, G., Cheimarios, N., Boudouvis, A. G., Designing uniform

films through multiscale computations (poster), EuroCVD 19, Varna, Bulgaria, September 1-6,
2013

Conference / Workshop Organisation
1.

Tserepi, A., (conference chair), BioMEMS and Medical Microdevices Conference in

SPIE Microtechnologies 2013, April 2013, Grenoble, France
2.

Raptis, I., Tsoukalas, D., Tserepi, A., “MinaSens” workshop, March 2013, NCSR

“Demokritos”, Athens, Greece
3.

Chaired by Ahmed Busnaina (Northeastern U., USA), Evangelos Gogolides (NCSR

Demokritos, Hellas), Symposium on: Nanofabrication & Nanomanufacturing (partially
sponsored by the MinaSys Center of Excellence for Micro & Nano Systems), June 16-20
2013
4.

25 July 2013: Workshop “Νanotechnology and microengineering as enabling factor

for innovation and growth”, Organized by Dr. P. Argitis, Dr. E. Gogolides (NCSR
"Demokritos") and Prof. D. Tsoukalas (NTUA)

Teaching and Training Activities
“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
“Fabrication and Characterization of nanostructures using plasma etching and bottom up
techniques”, (E. Gogolides, C. Charitidis), Postgraduate Programs on Microsystems and
Nanodevices of the National Technical 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, G. Kokkoris),
Postgraduate Program on Microsystems and Nanodevices of the National Technical
University of Athens
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"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
“Process and device simulation” (G. Kokkoris), Postgraduate Program on Microelectronics of
the National and Kapodistrian University of Athens
“Plasma Nanoscience and Nanotechnology for MEMS, bioMEMS and Life Science
applications” (E. Gogolides), Center Bio Nano Technologies, Italian Institute of Technology
(iit), Lecce Italy, two week intensive course and laboratory, May 2013.

Doctoral Dissertations completed in 2013
Dimitrios Kontziampasis
Title: Micro/nanomodification of polymers with plasma etching for bioanalytical applications
Thesis Research Supervisor at NCSR Demokritos: Dr. E. Gogolides
Thesis Supervisor at University .of Ioannina: Prof. K. Beltsios
University of Ioannina, Dept. of Materials Science and Engineering
Antonia Malainou
Title: Patterning and chemical modification of substrates for biochip fabrication in
bionanotechnology applications
Thesis Research Supervisor at NCSR Demokritos: Dr. A. Tserepi
Thesis Supervisor at University of Ioannina: Prof. I. Panagiotopoulos
University of Ioannina, Dept. of Materials Science and Engineering

Masters Dissertations completed in 2013
Theodore Christophoridis
Dissertation

Title:

Fabrication

of

plasma

nanotextured

superhydrophiclic

and

superhydrophobic microchannels and water flow field measurement via micro PIV
Research Supervisor at NCSR Evangelos Gogolides
University where the Thesis was presented: NTUA

Awards
2nd Prize of the Hellenic Innovation and Applied Research Contest
Researchers from the Plasma Project team received the 2nd Prize of the Hellenic Innovation
and Applied Research Contest organized by Eurobank and the Hellenic Industry Association
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for their previous research, related also to the Plasma Nanofactory research, on "Smart
nanostructured surfaces and bioanalytic labs on Chip".
For more details for the prize and the contest see:
http://www.kainotomeis.gr/App_Upload/swf/Kainotomia.swf
http://www.livemedia.gr/video/46701
https://www.youtube.com/watch?v=1lkywk14L80#t=11
http://www.demokritos.gr/Contents.aspx?lang=en&CatId=975&View=18
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THIN FILMS BY CHEMICAL VAPOR AND ATOMIC LAYER DEPOSITION
(CVD-ALD)
Project Leader: Dr. Dimitris Davazoglou
Permanent Research Staff: Dr. Dimitris Davazoglou
Contract Researchers: Dr. Georgios Papadimitropoulos
PhD Candidates: Ioannis Kostis
Masters Students: G. Dapei, N. Panousis, K. Tsevas
External Collaborators: Prof. A. Iliadis (Univ. of Mairyland), Prof. N. Konofaos (Univ.
of Thessaloniki), Prof. N. Stathopoulos (TEI of Pireaus), Prof. S. Savaidis (TEI of
Pireaus), Prof. I. Kostis (TEI of Pireaus), Prof. D. Koudoumas (TEI of Heraklion), Dr.
N. Vourdas (TEI of Chalkis)
Objectives:
The objectives of this group include research and development in the following:
1.

Process and material development

2.

Characterization of CVD-ALD films

3.

Fabrication and characterization of various devices: Si Solar Cells, Hybrid

Organic-Inorganic Solar Cells and Gas Sensors
Activities and Main Results

1)

Process and material development- Characterization of CVD-ALD films
1.1)

Doping of HWALD MoO3 films with hydrogen

The electronic structure of disordered-amorphous molybdenum oxide films was
investigated near the band gap by optical absorption and photoluminescence (PL)
measurements. It was found that in nearly stoichiometric films the, 3.2 eV wide, gap
is free of states and a PL band at 3.7 eV was attributed to electronic transitions
between the Mo 4d bonding-anti-bonding orbitals. In sub-stoichiometric films
electronic states appear within the gap giving rise to additional PL emmission within
the range 3-3.25 eV. The band gap remains at 3.2 eV and intermediate bands (IB)
are formed within the gap for oxygen-deficient hydrogenated samples. A substantial
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increase of the PL intensity within the range 2.75-3.75 eV was observed, attributed to
the IBs and the increase of the density of Mo 4d anti-bonding states within the
conduction band (CB). The band gap decreases to 2.7 eV in sub-stoichiometric and
hydrogenated samples while the rest of the elctronic structure remains unchanged as
for hydrogenated samples also giving enhanced PL intensity within the same range
(see Fig. 1).
2

Mo 4d* (dz )
O 2p*
Mo 4d* (dxz)
IB≈1.5 eV
Eg=3.2 eV

O 2p
Mo 4d
Stoichiometric MoO3

Oxygen deficient and Hydrogenated

MoOx
Figure 1. Formation of intermediate bands within the gap of amorphous molybdenum oxise. The deeped
band is due to oxygen defects and the shalower one due to the doping with hydrogen.

1.2)

Hot-wire deposition of MoS2

By heating a Mo filament in H2S ambient a layer composed mainly by MoS2, as
shown in the x-ray photoelectron spectroscopy spectra of Fig. 2, is deposited. The
Mo/S ratio in films varies between 1.6 and 2.4 and depends on the deposition
conditions such as the temperature of the filament, the ambient composition,
pressure, etc. The morphology of films also depends on the deposition conditions as
seen by the scanning electron microscopy pictures in Fig. 3.

Figure 2. C1s, O1s, Mo3d, Mo3p and S2p XPS surface signals collected on MoS2 samples deposited
at filament temperatures increasing from 600 to 1000 oC.
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Figure 3. SEM pictures taken on MoS2 films deposited at filament temperatures of 600 (left) and 1000
oC

(right).

During deposition the substrate remains at room temperature permitting the
deposition of MoS2 films on temperature sensitive substrates (e.g., plastics, paper,
etc.).

2)

Fabrication and characterization of various devices: Si Solar Cells, Hybrid

Organic-Inorganic Solar Cells and Gas Sensors
2.1)

Fabrication and characterization of Hybrid Organic-Inorganic Solar

Cells
Molybdenum oxide films, stoichiometric, oxygen defective and hydrogen doped
deposited by HWALD (see above) were used for the injection/extraction of carriers in
organic photovoltaic cells (OPVs). Carriers are injected/extracted taking advantage of
the intermediate bands that are formed within the band gap of these oxides, which
may be tailored to match exactly with the electronic structure of the organic
semiconductors used in these devices. In Fig. 4 the schematic of an OPV device is
shown ant the corresponding I-V characteristics measured on it using various
H:MoOx layers with various degrees of oxygen reduction and H doping.
10

PEDOT:PSS
MoO3

2

Current density (mA/cm )

8
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W-POM-12

P3HT:PC71BM / PCDTBT:PC71BM
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PC71BM
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WO3, WO3-x, HyWO3-x
ITO
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6
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4
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2
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0
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Figure 4. Schematic of the fabricated OPVs (left) and I-V characteristics taken on these devices (right).
The clear dependence of device efficiency on the choice of the injection layer is observed.
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2.2)

Fabrication of Si Solar Cells using Cu screen-printing metallization.

The substitution of Ag used for the metallization of commercial solar cells on multand single-crystalline silicon is a great demand of the industry. Cu must be deposited
by screen-printing, must adhere on the Si, must not diffuse in the substrate and must
support the soldering process. Commercial copper screen-printing pastes have been
used and various films, such as chemically vapor deposited tungsten, sputtered TiN,
and ALD H:MoOx have been used as adhesion promoters and diffusion barriers.
Some results are shown in Fig. 5.

Figure 5. Screen-printed Cu films on multi-crystalline (left) and single-crystalline (right) Si. The mini-PV
cells made on crystalline Si shown right are fabricated by fully integrating Cu screen-printing in the
fabrication process.

2.3)

Fabrication and characterization of semiconductor Gas Sensors by selective

CVD of the active material on filaments
Semiconductor gas sensors are based on the monitoring of the changes of the
electrical resistance of an “active” material when in contact with a particular gas
phase. The “active’ material is most of the times a metallic oxide and its resistance
changes are due to its oxidation/reduction. To facilitate the oxidation/reduction
reaction of the active material with the gas phase, it must be kept at temperatures of
the order of 200-400 oC. Within this activity filaments of a refractory metal (W, Mo,
Ta, etc.) are wire bonded in a usual dual-in-line (DIL) package (Fig. 6). These
packages are put in an ambient that contains precursors of the active materials to be
deposited and the filaments are power supplied and, therefore, heated. In this way
the active material is chemically vapor deposited (CVD) selectively on the filaments
only (Fig. 6, right), then contacts are formed on the active material, which allow the
measurement of its resistance. During operation of these devices the filaments are
acting as heaters. Also, arrays of sensors may be formed by depositing various
oxides on separate filaments.
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Figure 6. Photograph of a DIL package on which W wires, serving as substrates and heaters for the gas
sensors are bonded (left). The same as before filaments after WO3 selective CVD deposition (right).

Funding


Thalis

"Polymeric

photonic

systems

for

application

in

information

technologies, Photopolys” (2012-2015)


Archimides III “Novel and highly efficient Hybrid organic photovoltaic,

NHyOPV” (2012-2014)


Archimides III “Novel low power consumption Hybrid OLEDs with improved

operational characteristics, NHyOLED” (2012-2014)


Archimides III “Advanced Low Cost Electrochromic Windows” (2012-2015)



IKY Scholarships for Excellence “A novel chemical low power and cost

chemical sensor”, (2013-2014)

OUTPUT
Publications in International Journals
1.

Vasilopoulou, M., Kostis, I., Douvas, A.M., Georgiadou, D.G., Soultati, A.,

Papadimitropoulos, G., Stathopoulos, N.A., Savaidis, S.S., Argitis, P., Davazoglou, D., Vapor-

deposited hydrogenated and oxygen-deficient molybdenum oxide thin films for application in
organic optoelectronics Surface and Coatings Technology Volume 230, 15 September 2013,
Pages 202-207
2.

Kostis, I., Vasilopoulou, M., Papadimitropoulos, G.,Stathopoulos, N.,Savaidis, S.,

Davazoglou, D. Deposition of undoped and H doped WOx (x≤3) films in a hot-wire atomic

layer deposition system without the use of tungsten precursors ,Surface and Coatings
Technology Volume 230, 15 September 2013, Pages 51-58
3.

Kostis, I., Vourdas, N., Papadimitropoulos, G., Douvas, A., Vasilopoulou, M., Boukos,

N., Davazoglou, D, Effect of the oxygen sub-stoichiometry and of hydrogen insertion on the

formation of intermediate bands within the gap of disordered molybdenum oxide films, Journal
of Physical Chemistry C Volume 117, Issue 35, 5 September 2013, Pages 18013-18020
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4.

Vasilopoulou,

M.,

Dimitrakis,

P.,

Georgiadou,

D.

G.,

Velessiotis,

D.,

Papadimitropoulos, G., Davazoglou, D., Coutsolelos, A. G., Argitis, P, Emergence of ambient

temperature ferroelectricity in meso-tetrakis(1- methylpyridinium-4-yl)porphyrin chloride thin
films, Applied Physics Letters Volume 103, Issue 2, 8 July 2013, Article number 022908
5.

Kostis, I., Vourdas, N., Vasilopoulou, M., Douvas, A., Papadimitropoulos, G.,

Konofaos, N., Iliadis, A., Davazoglou, D., Formation of stoichiometric, sub-stoichiometric

undoped and hydrogen doped tungsten oxide films, enabled by pulsed introduction of O 2 or
H 2 during hot-wire vapor deposition, Thin Solid Films Volume 537, 30 June 2013, Pages 124130
6.

Kostis, I., Vasilopoulou, M., Soultati, A., Argitis, P. , Konofaos, N., Douvas, A.M.,

Vourdas, N., Papadimitropoulos, G., Davazoglou, D , Highly porous tungsten oxides for

electrochromic applications , Microelectronic Engineering Volume 111, 2013, Pages 149-153
7.

Vasilopoulou,

M. Davazoglou,

D.,

Hot-wire

vapor

deposited

tungsten

and

molybdenum oxide films used for carrier injection/transport in organic optoelectronic devices
(Review Article) Materials Science in Semiconductor Processing Volume 16, Issue 5, 2013,
Pages 1196-1216

International Conference Presentations / Invited Talks
1.

Davazoglou, D., Vapor-deposited hydrogenated and oxygen-deficient molybdenum

oxide thin films for application in organic optoelectronics , European Conference on Chemical
Vapor Deposition “EUROCVD19”, Varna Bulgaria, 1-6 September 2013
2.

Davazoglou, D., Deposition of undoped and H doped WOx (x≤3) films in a hot-wire

atomic layer deposition system without the use of tungsten precursors , European Conference
on Chemical Vapor Deposition “EUROCVD19”, Varna Bulgaria, 1-6 September 2013

Teaching and Training Activities
Name: Dr. Dimitris Davazoglou
Activity Title, Dates/Duration of lectures/training: Lectures on the “Fabrication Processes for
Micro and Nanosystems and ICs”, 2013, Master Program on “Microelectronics” (common
Program with the UA) and Master Program on Micro and Nanosystems (common Program
with NTUA)
Location/Academic Institute: NSCR “Demokritos”
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Doctoral Dissertations completed in 2013
Name: Ioannis Kostis
Dissertation Title: Micro- and Nano- Electronics Semiconductor Devices for Applications in
Advanced Information Systems
Research Supervisor at NCSR: Dr. D. Davazoglou
University where the Thesis was presented: University of Aegeon

Masters Dissertations completed in 2013
Name: N. Panousis
Dissertation Title: Development and study of the contact of multi-crystalline Si/Cu and
application in photovoltaic cells.
Research Supervisor at NCSR : D. Dvazoglou-G. Papadimitropoulos
University where the Thesis was presented: NTUA
Name: K. Tsevas
Dissertation Title: Advanced materials for the fabrication of photovoltaic cells
Research Supervisor at NCSR : D. Dvazoglou-G. Papadimitropoulos
University where the Thesis was presented: NTUA
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MOLECULAR MATERIALS AS COMPONENTS OF ELECTRONIC
DEVICES
Project Leader: N.Glezos
Permanent Research Staff: P.Argitis, P.Normand, A.Douvas, P.Dimitrakis
Post Doc Researcher: D.Velessiotis

PhD Candidates: A.Balliou
External

Collaborators:

S.Kennou

(University

of

Patras),Jiri

Pfleger,

Stan

.Nespourek, Samrana Kazim, David Rais (Czech Academy of Sciences), I.Kostic
(Slovac Academy of Sciences) ,Ulf Soderval , Bengt Nilsson (Chalmers University)
Objectives:
1.

Investigation of functional molecules as core components of hybrid molecular-

semiconductor and molecular-metal devices.
2.

Fabrication of hybrid devices on semiconducting and/or metal surfaces as a

test bed for molecular layers, while they can be directly exploited for fast switching,
diode and memory applications as well as for chemical sensors or bio-sensors.
3.

Development of consistent evaluation methods based on the electronic

transport properties at the nanolevel for the characterization of molecular few layered
systems.
4.

Development of techniques for thin film deposition and characterization of

molecular materials.
Activities and Main Results

1)

In plane conduction of Polyoxometalate self-assembled single and double-

layer nanostructures
Polyoxometalates (POMs) are complex inorganic anions that present a plethora of
diverse applications due to their wealthy, redox and photochemical, chemistry and
can be considered as the molecular analogs of transition metals oxides. POMs’
ability for electron storage and transfer without disintegration or even significant
change in structure have recently led to an increasing interest in using them for future
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molecular electronic and photoelectronic applications, a goal that our team have
been already pursuing for quite some time. We focused on studying the electrical
properties of POM self-assembled layers, aiming to use this kind of materials in the
fabrication of hybrid Si/molecular memories, two terminal memory elements or planar
molecular nanotransistors. Analysis of the obtained characteristics revealed a
hopping or tunneling conduction mechanism depending on the applied field and the
temperature of measurement: the low-fields region of the I-Vs corresponds to indirect
tunneling and the high-field region corresponds to hopping for T>Th (Th=150K for the
monolayer and 120K for the bi-layer junctions) and to Fowler-Nordheim (FN)
tunneling for lower temperatures. The slope of the ln (I/V) vs. (kB T)-1 plot (Arrhenius
plot for the conductance) would produce the activation energy (Ea) for the hopping
conductivity; it was found that Ea is ~80meV for the monolayer ju-nctions and
~50meV for the bilayer ones. A thorough study of the transport mechanisms reveals
the temperature and field dependence of nearest neighbor and variable range
hopping mechanisms.

Figure 1. Single and double layer
schematics

junctions’

Figure 2. Current-Voltage Measurements for the
monolayer and bilayer material in 190K along
with theoretical fitting

2)

Tungsten polyoxometalate molecules as active nodes for dynamic carrier

exchange in hybrid molecular/semiconductor capacitors
We study the utilization of POMs as active nodes for potential switching and/or
fast writing memory applications. The active molecules are being integrated in hybrid
Metal-Insulator/POM

molecules-Semiconductor

capacitors,

which

serve

as

prototypes allowing investigation of critical performance characteristics towards the
design of more sophisticated devices. The charging ability as well as the electronic
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structure of the molecular layer is probed by means of electrical characterization,
namely: capacitance-voltage and current-voltage measurements, as well as transient
capacitance measurements, C (t), under step voltage polarization. It is argued that
the transient current peaks observed are manifestations of dynamic carrier exchange
between the gate electrode and specific molecular levels, while the transient C (t)
curves under conditions of molecular charging can supply information for the rate of
change of the charge that is being trapped and de-trapped within the molecular layer.
Structural characterization via surface and cross sectional scanning electron
microscopy as well as atomic force microscopy, spectroscopic ellipsometry, UV and
Fourier-transform IR spectroscopies, UPS and XPS contribute to the extraction of
accurate electronic structure characteristics and open the path for the design of new
devices with on-demand tuning of their interfacial properties via the controlled
preparation of the POM layer.

Figure 3. Planar MIS structure and incorporated molecular layers in the active region. From bottom to
top: APTES (3-aminopropyl triethoxysilane) , forming an ordered molecular template on SiO2, POM
anion cage molecules self-arranged on top via electrostatic interactions in aqueous environment and
IPA (iso-pentylamine) oligolayer serving as passivation coating, gate dielectric and oxidation prohibitor
from the metal gate.

3)

Formation of Au nano-particle/CuPcSu ligands complex networks
We studied the electronic transport properties of planar devices based on nano-

dimensional components, namely semiconducting conjugated oligomers and metal
nanoparticles (NPs). Spherical gold (Au) NPs were linked by means of copper 3diethylamino-1-propylsulphonamide

sulfonic

acid

substituted

phthalocyanine

(CuPcSu) molecules to form a network confined between Au nanodistant electrodes.
Fabrication of these devices was realized via three different approaches: (a) liquid
phase approach: Au NPs (av. diameter ~17 nm) prepared as hydrosol with chemical
reduction were functionalized with CuPcSu and drop cast on the substrate, (b) selfassembling technique: The SiO2 surface was chemically modified with a stable,
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positively charged template molecule (3-aminopropyl triethoxysilane, APTES) and
the CuPcSu surface-functionalized Au NPs were subsequently adsorbed on the
surface driven by electrostatic-type forces and (c) solid state approach: Ultra-fine
(av. diam. ~ 4.5 nm) Au NPs were prepared by thermal evaporation and inter-particle
gaps were filled with CuPcSu ligands in a subsequent step. The above systems were
confined between Au nano-electrodes with inter-electrode distances of 25 and 50nm
fabricated on n-Si/SiO2 substrate via e-beam lithography. The conduction
mechanisms of these 2D systems were studied using quasi-static and dynamic
voltage-current measurements in the 78K-300K temperature range. It was possible to
discriminate between various transport mechanisms typical for such structures (i.e.
tunnelling and hopping), to evaluate conduction thresholds and to reveal charging
effects involving few electrons, at lower temperatures. The interpretation was
assisted by AFM, FE-SEM and TEM imaging techniques. The system of evaporated
NPs (case c) resulted in formation of closely-packed linked NP networks and yielded
the best stability and results’ reproducibility.

Figure 4. Schematics of the realized composite networks. Au/CuPcSu complexes fabricated via: (a) liquid
phase approach, (b) self-assembling technique and (c) solid state approach.

The conduction mechanisms of these 2D systems were studied using quasi-static
and dynamic voltage-current measurements in the 78K-300K temperature range. It
was possible to discriminate between various transport mechanisms typical for such
structures (i.e. tunnelling and hopping), to evaluate conduction thresholds and to
reveal charging effects involving few electrons, at lower temperatures. The
interpretation was assisted by AFM, FE-SEM and TEM imaging techniques. The
system of evaporated NPs (case c) resulted in formation of closely-packed linked NP
networks and yielded the best stability and results’ reproducibility.
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Funding


Greek- Czech Bilateral project “NANOTRAP”, Duration 22/5/2012-22/5/2014



Greek Slovak Bilateral Project “MOLFAB”, Duration 6/12/2012-6/12/2014

OUTPUT
Conference Presentations
1.

Velessiotis D., Study of the transport properties of self‐assembled monolayers

containing Keggin Si and P polyoxometalates, MNE, 16-19/9/2013, London, UK
2.

Balliou A., Formation of Au nano-particle networks with CuPcSu ligands- Electronic

transport in mesoscopic scale , 10th International Conference on Nanosciences &
Nanotechnologies (NN13),9-12/7/2013, Thessaloniki, Greece
3.

Velessiotis D., Nearest-Neighbor Hopping in Planar Tungsten-Polyoxometalate

Molecular Junctions, PCSSP, 22-25/9/2013,Crete, Greece
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THIN FILM DEVICES FOR MICROSYSTEMS AND LARGE AREA
ELECTRONICS
Project leader: Dr. D.N. Kouvatsos
Postdoctoral researchers: Dr. D.C. Moschou (until October 2013).
Collaborating researchers from other projects: Dr. P. Argitis, Dr. D. Davazoglou, Dr.
G. Papadimitropoulos.
Objectives
The project objective is the development and characterization of new technologies
for thin film transistors (TFTs) and thin film based microsystems. The principal aim for
the past decade has been the optimization of the active layer of polysilicon films
made with advanced sequential lateral solidification excimer laser annealing (SLS
ELA) methods and of the performance parameters of TFTs fabricated in them. Such
advanced TFTs are necessary for novel large area electronics systems. Specific
investigation targets were:
1.

Investigation of effects of variations in crystallization technique, film thickness,

TFT structure and fabrication process on film defects, device performance and
reliability.
2.

Evaluation and modeling of SLS ELA TFT parameter hot carrier and

irradiation stress-induced degradation and identification of ageing mechanisms.
3.

Assessment of material properties and defects of polysilicon thin films using

optical measurements, as well as transient drain current and noise analysis in ELA
TFTs.
This work has recently been expanded to the investigation of TFTs fabricated in
metal oxide and metal sulphide films, aiming at the realization of flexible substrate
and room temperature fabrication. Such versatile devices will be far more conducive
to a wide range of applications, like wearable or ubiquitous electronics.
In this context, the project aims at the development of novel TFT-addressed
displays and microsystems, in collaboration with various research and development
partners, utilizing such advanced TFTs. These systems would incorporate thin film
sensors, display pixels and other elements. Even thin film photovoltaic cells might be
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included, their efficiency as a function of the grain size and geometry being
determined by polysilicon film characterization. A particular possibility being pursued
is support for the development of thin film photoelectric sensor – ZnO TFT
microsystem modules. Detailed proposals on these subjects for applications in
flexible imagers and endoscopic pills have been submitted in collaboration with
European consortia.
Past research grants
- Sharp Labs of America grant, 2003–2005.
- Two GSRT bilateral Greece-Serbia projects, 2003–2007.
- PENED contract, project code 03ED550, 2005–2009.
- Two postdoctoral fellowships (Dr. Exarchos 2008–2010, Dr. Moschou 2010–2012).
Activities and Main Results
Our work in 2013 completed the earlier electrical characterization of various
technologies of single and double gate SLS ELA TFTs, and of the material / optical
investigation of the respective polycrystalline silicon films, with the comparison of the
performance of p-channel vs. n-channel double gate devices. An overview of this
research was presented in an invited paper. During 2013, research on TFTs in novel
metal sulfide films has been initiated. Work on thin film integrated microsystems is
still in the form of funding proposals and is not discussed here.

1)

Characterization and degradation investigation of SLS ELA poly-Si TFTs
Advanced polysilicon TFTs, fabricated at very low temperatures using SLS ELA

techniques, are essential for large area electronics and high performance flat panel
displays. This task aims at the characterization and reliability investigation of poly-Si
TFTs having various device structures and film microstructures (derived from
different SLS ELA conditions), with determination of process parameters that affect
device performance. The second gate present in double gate (DG) TFTs allows for
additional possibilities, such as the control of TFT electrical characteristics and
parameters by appropriately biasing the bottom gate; thus, DG TFTs are considered
very important for future large area electronics. The dimensions of both gates affect
TFT characteristics, in ways like giving rise to short channel effects, as well as
affecting the degradation behavior of the devices. Such effects were extensively
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studied during 2011-2012, as previously reported; during 2013 we continued work on
double gate TFTs, investigating the differences in p-channel vs. n-channel
performance. We also further elucidated the significance of the proposed parameter
Vg,max – Vth compared to standard ones.
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Figure 1. Gm,max evolution with stress time in (a) p-channel and (b) n-channel DG TFTs.

In particular, double gate ELA TFTs fabricated in 50 nm thick polysilicon films,
which had been crystallized using the single-shot location control variation of the SLS
technique were characterized. The TFT channels were placed inside grain boundary
free regions. We examined whether there are differences in the degradation
mechanisms of n-channel and p-channel double gate TFTs of similar dimensions.
The bottom gate was biased at −3 V for the n-channel devices and at 3 V for the pchannel ones, to ensure that current carriers are pushed towards the top interface.
The drain stress biases were scaled with the channel length of the devices to exclude
the effect of different horizontal electrical fields. The stress condition used was Vdstress
= Vth + 2 V for all DG TFTs. For the case of Gm,max degradation, shown in figure 1, we
do not observe any variation of the associated degradation mechanisms, which
concern trap generation within the polysilicon film (particularly at the grain
boundaries). By reducing the top gate length in n-channel devices, we observe
significant trap generation within the semiconductor; this same mechanism is more
intense for larger length. For p-channel devices we see that in the case of short
channel ones no significant degradation takes place. In DG TFTs having either kind
of channel we determine that as the channel length increases, degradation becomes
more pronounced, due to the incorporation of more sub-boundary traps within the
channel area.
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Figure 2. Extrapolated threshold voltage Vth variation with bottom gate bias Vgb for double gate TFTs
(a). Vg,max – Vth variation with bottom gate bias Vgb for double gate TFTs (b).

In our double gate n-channel TFTs, Vth is observed to vary linearly with the bottom
gate bias Vgb, as expected for a fully depleted TFT (figure 2a). However, the
difference Vg,max – Vth (figure 2b) does not follow a similar pattern as Vth. For negative
Vgb values, Vg,max – Vth seems to be unaffected by the bias, while it increases for large
positive values, appearing to reach a plateau for the largest Vgb. This behavior could
be explained if we consider that for negative Vgb the channel is pushed towards the
top interface. This would mean that traps “seen” by Vg,max – Vth are mostly the
interface traps, since the channel depth is very short. On the contrary, Gm,max
decreases with decreasing Vgb for negative values (figure 3), affected by the increase
of surface scattering of current carriers as the vertical field intensifies. As Vgb
increases, the channel extends to larger depths. Thus, the grain boundary traps lying
in the poly-Si bulk more significantly affect the Vg,max – Vth value, increasing it. This is
also supported by the Gm,max decrease for the same positive bottom gate biases.

Figure 3.

Maximum transconductance Gm,max variation with bottom gate bias Vgb for double gate

devices.
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Therefore, from our previous analysis, we could say that the three electrical
parameters seem to be independent from each other, each one reflecting different
technological parameters: Vth is known to reflect mostly interface traps and oxide
charges, while Gm,max reflects the polysilicon traps obstructing the current flow and
the scattering of the current carriers. The third parameter Vg,max – Vth, which we have
proposed as a more encompassing one, reflects polysilicon traps irrespective of their
effect on drain current, and specifically tail states, if we consider traps distributed
within the band gap. We have, in fact, theoretically determined that this parameter is
proportional to the tail state (band edge) trap density, given by an equation of the
form:

Vg , max  Vth  A  B( Nt ( 2 F  )  Nt ( 2 F ) )  A  B  Ntband edge
2)

Development of room temperature TFTs in novel films
While polycrystalline silicon TFTs deposited on glass have been essential for

displays and, in general, for large area electronics systems, the development of novel
versatile microsystems requires TFTs that can be produced at very low or even room
temperatures on a variety of substrates. As mentioned, we have formulated and
submitted proposals on such microsystems. We have initiated preliminary work
towards fabricating TFTs in metal sulphide and metal oxide films. Thin films of
particular interest are MoS2, MoO3 and ZnO ones.
The first step is the characterization of these films, undertaken in collaboration
with other INN groups. Structural and optical characterization, as well as an
investigation of film uniformity, is in progress.
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Objectives
1.

Development of dielectrics and nanostructured materials for inorganic/organic

memory and advanced electronic applications.
2.

Design, fabrication and characterization of electronic devices with emphasis

on non-volatile memory cells.
Activities and Main Results
Our activities in materials and structures for memory applications started in 1996
with the development of the low-energy ion-beam-synthesis (LE-IBS) technique to
fabricate 2D arrays of Si nanocrystals (NCs) in SiO2 films (collaboration with Salford
Univ., FASEM EU project 1997-2000). LE-IBS development with target the realization
of non-volatile NC Memories in an industrial environment has been conducted further
within the EU project, NEON (2001-2004); collaboration with CEMES/CNRS, FZR
Dresden (DE), STMicroelectronics (IT), MDM-INFM (IT) & the ion implanter
manufacturer, Axcelis (US). In addition to these activities, major efforts have been
devoted the last 10 years (see previous annual reports) to the development of a wide
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range of materials and devices for memory and emerging electronics. These
activities were carried out in collaboration with (in addition to the above): ZMD AG
(DE), Aarhus Univ. (DK), Durham Univ. (UK), LETI/CEA (FR), INSA Toulouse (FR),
Cambridge NanoTech (USA), IBS (FR). In 2013, we focused mainly on the tasks
described hereafter.

1)

Charge transport in acid doped polymer matrices by impedance spectroscopy
We recently demonstrated gate dielectrics for MIS devices, which insure the

double function of super-capacitor 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 ion-trapping molecules. The
memory functionality of such gate stacks depends on the macroscopic transport
properties of the ion-conducting layer. Since 2011, 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, H3PW12O40) molecules where the moving ions are in the form
of protons. In 2013, the properties of such dielectric systems have been examined by
impedance spectroscopy in the time and frequency domains to gain a deeper
understanding of electrode polarization and proton transport. Our investigations on
Metal-Insulator-Metal devices revealed that the total surface charge density required
for capacitor charging is independent on humidity, POM-PMMA film thickness and
measurement temperature; a property of linear systems. Various procedures have
been tested and developed for extracting the DC conductivity of the POM-PMMA
films especially for film thicknesses less than 1μm (see Fig.1).
Figure 1. Conductivity (real part)
of POM-PMMA films with Low
(LMC) and High Moisture (HMC)
Contents

from

Impedance

Spectroscopy in the Time (ISTD)
and Frequency (ISFD) Domains.
The black circles indicate DC
conductivity as extracted from
the maximum of the second
derivative of log(ε') vs log(ω) with
ε' and ω the real part of the
permittivity and radial frequency,
respectively.
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2)

High-k dielectrics stacks for advanced non-volatile memory devices
Replacement of one or more dielectric layers of the standard oxide-nitride-oxide

(ONO) stack of SONOS memory cells leads to charge trapping devices with
improved memory functionality and performance. Here, our objective is to examine
the influence of advanced atomic layer deposition (ALD) precursor chemistry of highk dielectrics, which are used as tunnel or blocking dielectrics of nitride-based memory
structures. This year, we examined the influence of the post-deposition annealing
(PDA) conditions on the structural and electrical properties of MANOS (metalalumina-nitride-oxide-silicon) capacitors. The ALD Al2O3 process was performed
using TMA and H2O at 300oC with PDA temperatures in the 850 to 1050oC range.
TEM investigations showed that during PDA the Al2O3 crystallizes and condenses.
After PDA the memory properties of the MANOS capacitors were improved
significantly. The main reason for this is the drastic reduction of the leakage current
density in the negative gate voltage regime. For the as-deposited samples this
current arises mainly from gate-electrode electron injection and masks completely
the substrate hole injection current. After PDA the electron injection current is
suppressed and the MANOS capacitor operates as a memory element.

Figure 2. Write to Erase performance transition characteristics of the as-deposited and annealed
MANOS capacitors

3)

Front-end processing for Ge MOS technology
Ge substrates could relax the scaling constrains of MOSFET devices for logic

applications. However, Ge as a channel substrate faces important issues like the fast
in-diffusion of n-type dopants during post-implantation annealing and the passivation
of the Ge/dielectric interface. This year we focused on: (a) the mechanisms that
control nitrogen diffusion in Ge, (b) the design of nitrogen & phosphorus co-implant
experiments in collaboration with Univ. of Patras & Appl. Mater./ Varian company, (c)
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the electrical characteristics of Ge diodes fabricated by Pt-assisted dopant activation,
and (d) the Ge/Al2O3 interface as a function of the alumina deposition conditions and
passivation agents.

4)

Development of nanoscaled cross-bar redox resistive RAMs (ReRAMs) with

graphene modified electrodes
This research activity aims at developing advanced resistive memory (ReRAM)
cells with graphene modified electrodes. Graphene possesses high electronic
conductivity, is chemically inert to most chemistries and offers a perfect termination
of ionic activity at the electrode/electrolyte interface at rest. Moreover, it is sufficiently
thin to allow ion migration under high electric field conditions.

Figure 3. Schematic presentation of a ReRAM single cell with an intermediate graphene layer for the
control of the electrode / electrolyte interfaces (left) and its integration in a cross-bar memory array
architecture (right).

Two-terminal ReRAM cells are the most promising memory devices for technology
nodes <16 nm according to the latest edition of the international technology roadmap
for semiconductors (ITRS). It is well known that the resistance switching in these
devices is governed by the electrochemical interaction between the terminal
electrodes and the solid-state electrolyte material. The chemical instability and the
presence of (electro) chemical potential gradients at the electrode/electrolyte
interface are the main issues for ReRAM cells that affect both their performance and
reliability. The electrochemical interaction at this interface can be controlled by
inserting graphene as intermediate layer between the electrodes and the electrolyte
or using graphene as electrode materials. In this context, we aim at making an
important breakthrough in the current ReRAM technology together with the
demonstration of ReRAM memory cells having dimensions below 30nm.
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Objectives:
1.

Design

and

optimization

of

Energy

Scavengers

for

Autonomous

Microsystems:
2.

MEMS-based vibrational microgenerators

3.

Nanogenerators on Flexible Substrates

4.

Novel materials and techniques for high efficiency energy conversion

5.

Multifunctional ZnO Nanostructures for Smart Textiles & Biomedical

Applications
6.

Low-power chemical sensors on silicon and flexible substrates for safety and

security.
Activities and Main Results
One of the key features for the next generation of portable wireless nanodevices
and nanosystems (critical for sensing, medical science, environmental/infrastructure
monitoring, defense technology, and even personal electronics and implantable
devices) is for them to become battery-less and self-powered. Harnessing ambient
energy from the environment and in particular seizing the effects of motion to provide
power for these devices has been recognized as one of the most promising ways for
real, sustainable and energetically autonomous devices.
The main target of our work is the development of piezoelectric nanogenerators
onto silicon and well as flexible substrates by employing novel nanotextured ZnO
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films or ZnO nanowire arrays via a facile, low-cost, two-step chemical process. Our
methodology –apart from its low-cost- is non-hazardous, environmentally friendly and
can be readily implemented to mass-fabrication, and has thus the potential to
become the basis for the production of piezoelectric nanogenerators for cost-efficient
applications.
In addition, new applications for ZnO technologies have been identified and
pursued ranging from Organic Photovoltaics (OPVs), smart textiles to control of
surface wettability and biomedical applications.

1)

SOI-based Vibrational Energy Harvesting Microgenerators
The miniaturization of MEMS devices and the corresponding decrease of their

consumption solve 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, but the
production of a viable, cost-efficient micro-nanogenerator 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.
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 on seeding layers that were either deposited by sputtering or by spincoating of solutions (sol-gels and zero-gels). 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. Fig. 1
is a photograph of a single die containing 4 microgenerators. We can distinguish the
proof mass as well as the electrodes of the device. 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.
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Figure 1. Photograph showing the actual size of single die

Figure 2. ZnO nanotextured film on Al

containing 4 microgenerators.

electrodes.

2)

Flexible piezoelectric microgenerators based on nanotextured ZnO films
Piezoelectric microgenerators were developed onto flexible substrates employing

novel nanotextured ZnO grown on Kapton/PET substrates. It is known that the
growth of ZnO nanowire arrays as well as nanostructured ZnO films requires the
presence of a ZnO seeding layer onto the substrate. This layer provides the
necessary nucleation sites upon which the ZnO nanostructures can grow and
develop. Traditionally, fine (50-200nm) ZnO films deposited by sputtering have been
used to facilitate the hydrothermal growth. However, in order to further reduce cost
alternative methodologies are required. In our approach we have used two
alternative chemical techniques based on zero-gels with the scope to further reduce
the fabrication cost and complexity and to optimize the fabrication time.
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All devices are employing either high-density vertical-ZnO nanorod arrays or
nanotextured ZnO films grown via a facile, low-cost hydrothermal method on Kapton
and Polyethylene terephthalate (PET) substrates (Fig. 3). The first method exploits
ZnO seeding layers formed by sputtering, and the other two purely chemically
developed seeding layers by spin-coating zinc acetate-based zero-gels. Typical
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output voltages achieved under instantaneous and sinusoidal external excitation
reached up to 4V (Fig. 4).

3)

Multifunctional ZnO Nanostructures for Biomedical Applications & Smart

Textiles
An alternative rapid, facile and time-and cost-efficient technique is proposed in
order to explore the cell-artificial surface interactions and to elucidate the
mechanisms of cell immobilization on artificial surfaces while maintaining in-vivo like
conditions for in-vitro research. Our methodology is based on the hydrothermal
growth of ZnO nanorods. The proposed technique is used to produce nanostructured
templates of varying geometrical features that were employed as templates for
cellular cultures. The ZnO-nanowire based templates were seeded with Neuro-2A
mouse neuroblastoma cells and Human Embryonic Kidney (HEK) cells and their
viability over the course of 1 to 4 days was assessed. Our studies demonstrate that
the ZnO-templates are indeed biocompatible and can support cell growth and
proliferation suggesting that ZnO substrate can be used for the development of
neuronal cell-based platform technologies.

(a)

(b)

(c)

Figure 5. Characteristic SEM images of (a) Neuro2A cells after 48hrs in culture over the templates with
ZnO nanorods where proliferation (encircled areas) and neurite outgrowth (area in square can be
observed; (b) HEK cells on flat areas and (c) HEK cells on ZnO nanorods where the structural
modification of the cells can be seen.

A very important finding was that the cells tended to adhere onto the nanorods,
and a minimum amount, less than 15%, was attached to the flat surfaces, even
though these surfaces are topographically more relevant to the conventional glass
slides used for culturing. In the case of Neuro2A cells, cell population numbers
indicate that Neuro-2A cells prefer to adhere and grow on the nanotextured areas,
while migrating cells tended to adhere and conform to the shape of the borderlines
rather than relocate within the flat areas (Fig. 5a). In the case of HEK cells, no
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selective adhesion, but even at 24hrs the cell shape changes dramatically when the
HEK cells adhere onto the nanorods (Figs 5b, 5c).
In parallel, a new activity has begun focusing onto the integration of ZnO on
fabrics for the creation of smart textiles that can be employed in a plethora of
applications such as antimicrobial coatings, energy harvesting fabrics and athletic
garments. E-textiles, also known as electronic textiles or smart textiles, are fabrics
that enable digital components and electronics to be embedded in them. Many
intelligent clothing, smart clothing, wearable technology, and wearable computing
projects involve the use of e-textiles. Electronic textiles are distinct from wearable
computing because emphasis is placed on the seamless integration of textiles with
electronic elements like microcontrollers, sensors, and actuators. Furthermore, etextiles need not be wearable; for instance, e-textiles are also found in interior
design.
Hydrothermal growth of ZnO nanorods has been successfully applied to several
types of natural (cotton, silk and linen) and synthetic fabrics (polyester and acrylic).
The results are very promising and already show a great potential for the production
of smart textiles with an emphasis in biomedical and energy harvesting applications
(Fig.6).

(a)

(b)

Figure 6. Successful implementation of ZnO nanorods on a (a) polyester and (b) polyacrylic fabrics
for the development of smart textiles for biomedical and energy harvesting applications (insets:
magnifications of the ZnO nanostructures on single fibers)
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OPTICAL BIOSENSORS
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(VTT, Finland)
Objectives:
1.

Development of bioanalytical lab-on-a-chip devices based on monolithic

optoelectronic transducers (bioactivated optocouplers).
2.

Development of white light interferometric setup for label free monitoring of

biomolecular reactions.
3.

Realization of highly sensitive and label free assays suitable for Point of Care

and Point of Need applications
Activities and Main Results

1)

Monolithically integrated interferometric biochips for label-free biosensing
The new development in the monolithic optoelectronic biosensor is the

incorporation of a grating to analyze on chip the waveguided spectrum after the
interferometric interactions, as described in the Foodsniffer project DoW (see
funding). Two types of gratings were tried on an experimental basis: Echelle Gratings
(Fig.1) and Array Waveguide Gratings (AWG) (Fig.2a). The transmission losses were
measured by the Dutch partners (LIONIX) and as it turned out it the AWGs that
present the least losses. Consequently, the decision was made to follow the solution
of the AWG technology and associate spectral analysis design to implement the
spectroscopic chip. Additionally, e-beam lithography towards 0.4 μm wide strip
waveguides was tried (Fig.2b) on the optocoupler wafers to achieve monomodal
waveguides right at the front end of the optocouplers.
100

(a)
(b)
Figure 1. Echelle grating: (a).SEM photograph of the photoresist patterning through e-beam lithography
to create the echelle grating.The steps between the facets are quarter micron in size; (b) SEM photo of
the etched silicon nitride-silicon oxide stack (total of 3 μm). The surface roughness is seen on the
vertical facet.

(a)

(b)

Figure 2. Array waveguide gratings (AWG) and emitter patterning by e-beam lithography: (a) AWGs
featuring multiple inputs (10) and output spectral bands (8, from 650-850 nm).The line width is 1.2 μm ;
(b) E-beam patterning of the emitter-waveguide front end so that the strip waveguide is monomodal. The
photoresist line width is 0.4 μm.

2)

Development of white light interferometric setup for label free monitoring of

biomolecular reactions
An optical method was developed for the in situ monitoring of biomolecular films
via reflection microscopy on patterned substrates. The method is based on
measuring the reflection coefficient of a composite consisting of a substrate, a
patterned optical layer, the thin film to be monitored and the cover medium. The
optical layer is patterned so that an array of squares is surrounded by the bare
substrate. The periodic image is recorded by a digital microscope (Fig.3), and
through Fourier transform techniques, the normalized differential reflectance of the
patterned optical composite is calculated as the contrast factor of two dimensional bit
map. Model assays were performed (Fig.4) to explore the detection limit of the
method (0.2 nM).
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Figure 3. Schematic cross section and photograph of the opto-fluidic structure. In (a) the light through
the objective is focused on the oxide pattern within the fluidic structure. The Al plate seals the structure
by applying pressure on the quartz cover against the PDMS gasket and the underlying silicon wafer.
The shaded area is the assay buffer solution on top of the SiO2 squares (shown out of scale). In (b) the
gasket is illustrated sandwiched between the quartz cover (shown as a disk) and the silicon wafer
below. In the gasket the four diamond shaped bioreaction fluidic chambers are connected to the
reagent supply. Also shown is the top Al plate with the optical window and two of the clamping screws.

Figure 4. Experimental results for three streptavidin concentrations: 20 nM, 10 nM and 5nM. The signal
plotted is the peak in the Fourier transform domain normalized by its value at 0 time. The analyte is
introduced after the first 120 shots (vertical arrow). Every shot takes 4 seconds. In the 5 nM plot, the
straight line segment between shots 713 and 787 is an extrapolation of missing data due to air bubbles

3)

Development of miniaturized polychromatic Young interferometers for label-

free, point-of-need environmental analyses
Another development of the monolithic optoelectronic biosensor is the
transformation of the sensors into Young interferometers that will operate with a
broad input spectrum introducing thus a new principle of interferometric sensing,
polychromatic

Young

interferometry

(FR-YI:

Frequency-resolved

Young

Interferometry) that will be demonstrated for the first time. Within the project
AURORA (start date 19.09.2013), this new principle of biosensor operation will be
put to the test and ultra-miniaturized chips containing ten FR-YI biosensors will be
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realized -using as basis the technological know-how of the monolithic optocoupler.
The biosensors will be incorporated in a compact system and will be evaluated
through the determination of four pesticide residues (atrazine, endosulfan, paraquat
and glyphosate) in drinking water and/or fresh agricultural products. A a final step,
the final AUROA system will be compared to the standard, mainstream techniques
that have the disadvantage of being bound to specialized laboratories.
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Objectives:
1.

Μicromachined sensors with polymeric sensing layers for application in the

monitoring of the environment
2.

Polymeric structures and devices for photonic applications

Activities and Main Results
In 2013 the activities in polymer based sensors and systems were focused on the:
o

development of hybrid integrated sensing modules based on chemocapacitor

arrays for real-time monitoring of harmful species in industrial sites
o

monitoring of alcoholic fermentation processes using a chemocapacitor array

o

design and realization of polymeric photonic filter arrays

1)

Sensing modules for real-time monitoring of harmful species in industrial sites
A sensing system, in order to be useful for application in real conditions, should

meet a number of diverse specifications that are related to the size, the weight, the
energy consumption, the maintenance needs, and the cost. Such systems could form
sensor networks for long-term continuous and wireless sensing application such as
monitoring the gaseous environment of large working areas e.g. industrial plants. A
hybrid gas sensing module consisting of (a) 8-polymer coated capacitive sensor
array and (b) low power control and read-out electronics is developed, fig. 1, aiming
at the detection of Volatile Organic Compounds (VOCs) in air.
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Figure 1. Photos from the gas sensing module: (left) 8-sensor array and electronics and chamber,
(right) the read-out and control electronics sub-module.

A promising research field is the detection of toxic industrial chemicals in order to
protect human health. In this case, continuous monitoring of a specific VOC with high
sensitivity in real environment is needed. High sensitivity and selectivity is a
challenging goal, due to the low dielectric constants of non-polar toxic VOCs, such as
benzene derivatives, and the inherent low sorption selectivity of polymers. A typical
example of the equilibrium responses of different polymer coated sensors upon
exposure to low concentrations of toluene vapour is illustrated in fig. 2. In order to
simulate real environmental conditions, the response of the sensor array, is
evaluated upon exposure to different vapor environments consisting of realistic
humidity levels, and low concentrations of the analytes of interest. In fig. 3, the
dynamic response of a relatively hydrophobic sensor to 100ppm pure xylene at the
presence of 35% and 50% RH is shown. Although the response of the sensor to
these humidity levels is high, the presence of 100ppm xylene causes a clearly
detectable increase in the response. The system developed, exhibits potential
application in the detection of toluene, xylene and ethyl acetate at the presence of
real environment humidity level. The work is carried out in close collaboration with
the laboratory for transport of matter phenomena in polymers (Dr. M. Sanopoulou).
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2)

Monitoring of alcoholic fermentation processes
The real-time monitoring of the alcoholic fermentation of grape must to wine with

techniques other than conventional oenological processes is challenging. The use of
arrays of gas sensors, also known as electronic noses (e-noses), with purposelydesigned software for discrimination of signals seems to be the most promising for
olfactory assessment, since the proposed systems are fast, non-destructive and
objective, at a reasonably low cost, as compared to standard analytical methods. The
monitoring and evaluation of the alcoholic fermentation of a typical Greek grape must
variety, under laboratory conditions, with the use of a sensor array composed by 8
interdigitated chemocapacitors (IDCs) and signal processing software was realised
and evaluated.
One of the fermented musts is intentionally disturbed by adding excess amount of
acetic acid during the fermentation process. On a daily basis samples of fermented
must are extracted from the batch for chemical analysis and sensor array
measurements. In fig. 4 the evolution of the fermentation processes over time in
terms of sugar consumption and ethanol production is shown. For the sensor array
measurements, no pre-treatment steps are required.

Figure 4. Conventional oenological analysis

Figure 5. PCA analysis of the sensor array. Data

data. Sugar consumption and the ethanol

processed:

production during both fermentations

fermentation progress.

equilibrium

responses

during

the

Subsequently, the sensor array responses are processed with Principal
Component Analysis (PCA) software, and discrimination between a normal and a
“spoiled” fermentation is achieved, fig. 5. For the examined “spoiled” fermentation,
the PCA score is correlated with the undesirable enhancement of specific VOCs also
responsible for spoiled organonoleptic properties of the final product. Even though
the PCA pattern is not a quantitatively analytical tool of the fermenting medium
composition, it can be used for control and evaluation of the fermentation process.
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3)

Design and realization of polymeric photonic filter arrays
1-D photonic crystals (PCs) are devices composed of sequential layers of

materials with a refractive index contrast and therefore tunable reflectance
properties. All approaches that have been proposed and applied so far proved to be
reliable and can deliver 1-D PCs of very high quality and with tuned bandgap
properties. However none of these technologies at their present form is able to
realize 1-D photonic crystal arrays on the same substrate with different tuned optical
properties.

-

Figure 6. Schematic presentation of the fabrication of a Cross-PHEMA/Cross-EPR array having 4
different PCs. EPR and PHEMA act as lithographic materials.

In order to overcome this limitation, a methodology for the realization of 1-D
polymeric PC arrays is introduced and optimized, fig. 6. Carefully selected
patternable materials are applied via spin coating and each layer is processed via
mainstream lithographic steps [Post Apply bake, Exposure, Post Exposure Bake and
development]. Through this sequence of lithographic processing steps, 1-D polymeric
PC structures are realized. The shape and the dimensions of each PC is defined
through the lithographic mask and the lateral dimensions can be as small as few tens
of micrometer. The photoresist formulations and the processing conditions applied in
this technology have been carefully optimized in order to allow for the definition,
during a single lithographic step, of patterns exhibiting the desirable variation in
thickness (grey scale lithography). Due to the particular photopatternable materials
used, the tuning of the thickness is possible for the two polymers independently,
allowing for the realization of 1-D PC arrays e.g. as filters on top of already fabricated
electronic devices, figs. 7-8.
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