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On behalf of the International, Scientific and 
Technical Committees we take great pleasure in 
welcoming you to Bilbao for the first edition of 
ImagineNano. 
 

ImagineNano 2011 is a step further, is the 
consolidation of years of work, an event that 
Phantoms Foundation has been thinking for years, 

totally dedicated to Nanoscience & Nanotechnology (N&N). ImagineNano plans to be a reference in 
Europe in the next upcoming years and the expertise, know-how in N&N enables us to create such an 
event.  
 

Under the same roof will be held 5 International Conferences (Graphene, NanoSpain, nanoBio&Med, 
PPM and TNA Energy), 1 Symposium (HPC), a huge Exhibition showcasing cutting-edge advances in 
nanotechnology research and development, an Industrial Forum and a Nano Art Exhibition (“A walk 
through the Nanoworld”) where everyone can meet and greet nanotechnology side by side.  
 

Internationally renowned speakers will be presenting the latest trends and discoveries in nanoscience 
and nanotechnology.  
 

We truly hope that ImagineNano serves as an international platform for communication between 
science and business.  
 

We are indebted to the following Scientific Institutions, Companies and Government Agencies for their 
help and/or financial support: 
 

Phantoms Foundation, Donostia International Physics Centre, CIC nanoGUNE, Universidad del País 
Vasco/Euskampus, Bilbao Exhibition Centre, Instituto Español de Comercio Exterior & “españa-
technology for life” program, FEDER Funds, EU/NMP nanomagma project, Ministerio de Ciencia e 
Innovación, CIC biomaGUNE, NanoSciences Grand Sud-Ouest, Universidad Autónoma de Madrid, 
GDRi Graphene Nanotubes, COST Bio-Inspired Technologies, Sandia National Laboratories, 
Nanosciences Rhône Alpes, Centro de Física de Materiales/CSIC, Fundação para a Ciência e a 
Tecnologia, Instituto de Bioingeniería de Catalunya, Centro Español de Metrología, Observatoire des 
Micro et NanoTechnologies, ICT/FET nanoICT Coordination Action, SUDOE Interreg IV B, European 
Commission, TRAIN² - SUDOE, Euskaltel/Fundación Euskaltel, FEI, NanoMed Spain, Tecnan/Centro 
Tecnológico Lurederra, CIBER-BBN, EU Hinamox project, Enterprise Europe Network, Nanoscale 
Journal, Graphenea S.L., Sociedad para la Promoción y Reconversión Industrial, nanobasque and 
Viajes El Corte Inglés. 
 

We also would like to thank all the exhibitors that joined us this year. 
 

One thing we have for granted: very few industries, one way or another, will escape from the influence 
of nanotechnology and the impact on businesses is here to stay.  
 

There´s no doubt that ImagineNano 2011 is the right place to see and be seen.  
 

Hope to see you again in the next edition of ImagineNano (2013). 
 

 
ImagineNano Organising Committee 
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IMAGINENANO MAIN ORGANISERS 

 
Phantoms Foundation, based in Madrid is a non-profit 
organization which focus its activities on Nanoscience, 
Nanotechnology and Emerging Nanoelectronics, bringing 
together and coordinating the efforts of Spanish and European 

universities groups, research institutes and enterprises through scientific and technological events, 
networks and participation in important international events like ImagineNano. Today is a key player in 
structuring and promoting European excellence and improving collaborations in these fields. It is also 
essential as a platform for spreading excellence on funded projects and for establishing new networks 
of collaboration. 
 
 

The CIC nanoGUNE Consolider is a newly established center 
created with the mission of addressing basic and applied world-
class research in nanoscience and nanotechnology, fostering 
high-standard training and education of researchers in this 
field, and promoting the cooperation among the different 

agents in the Basque Science, Technology, and Innovation Network (Universities and Technological 
Centers) and between these agents and the industrial sector. 
 
CIC nanoGUNE has been awarded as the first Consolider Center by the Spanish Education and 
Science Council. Consolider Centers are created under the Consolider-Ingenio 2010 Program which 
funds the highest ranked Spanish research consortiums with world-class research lines at the forefront 
of Science and Technology. 
 
CIC NanoGUNE Consolider represents a necessary step for the promotion of a solid knowledge 
community with the vocation of transfering the results of reasearch to an industrial sector. A world-
class research team, state-of-the-art facilities, close collaboration with other research laboratories and 
with industry, and a commitment to the society define CIC nanoGune way of understanding scientific 
research. 
 
 

The Donostia International Physics Center Foundation (DIPC) was 
created in 1999, the fruit of institutional collaboration between the 
Departments of Education and Industry of the Basque government, the 
University of the Basque Country, the Diputación Foral de Guipúzcoa, the 
San Sebastián City Hall, the Kutxa of Guipúzcoa and San Sebastián. 
Iberdrola S.A. also participated in the project from 2000-2003. In 2004, 
Naturcorp Multiservicios S.A, joined, followed by Telefónica S.A in 2005.The 

DIPC was created as an intellectual centre whose main aim is to promote and catalyse the 
development of basic research and basic research oriented towards material science to reach the 
highest level. Since its creation, the DIPC has been an open institution, linked to the University of the 
Basque Country, serving as a platform for the internationalizing of basic science in the Basque 
Country in the field of materials.  
 

 
The UPV/EHU is the academic institution that leads the way in higher education 
and scientific production in the Basque Country, and the proof of this lies in the 
wide range of its own qualifications and university Master’s degrees that it offers. 
 
The University of the Basque Country has three campuses (one in each 
territory), 31 centres and faculties, and offers a wide range of courses. The 
centres on its three campuses are spread out among different towns and cities in 
the Basque Country, namely in the three provincial capitals (Bilbao, San 
Sebastián and Vitoria-Gasteiz) and in towns such as Leioa, Portugalete, 
Barakaldo and Eibar. 
 



 

The University of the Basque Country provides teaching in Spanish, Basque and English within its 
own educational model, known as IKD. This is a model based on a practical view of teaching and on 
student participation. 
 
The UPV/EHU covers a large university community comprising over 50,000 people among students 
(45,000), teaching and research staff (5,200) and admin and service staff (1,800). 
 
The university offers services geared to dealing with all student needs, ranging from university 
guidance to a cultural advisory service, sports and international relations, etc. It also provides services 
aimed at assisting people with disability and applied psychology, and has student halls of residence on 
its three campuses.  
 
The University of the Basque Country boasts 350 research groups and over 600 partnership projects 
with companies. Around 300 PhD theses are read every year at the university and it has mobility 
programmes that have internationalized the make-up of its student body. 
 
 

Bilbao Exhibition Centre, BEC, is a unique project aimed at 
bringing people, ideas, economic forces and enterprise together 
under the same roof. It is a meeting place where technology and 
innovation work hand in hand in the generation of new business 
opportunities. As a major promoter of economic, social and cultural 
development, the BEC has its sights set on becoming one of the 
world´s leading business centres. 

 
The BEC is also a new concept in its sector, where exhibitors and visitors will benefit from more and 
improved means of communication. At the BEC, participants will have their own "Personal Trade 
Consultant" to assist them in any particular needs or formalities. In short, a continuously growing 
meeting place, always open, where everything is thought for your benefit and where virtually anything 
is possible. 
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FET FLAGSHIPS- A NOVEL APPROACH TO PARTNERSHIPS IN SCIENTIFIC RESEARCH 

Wolfgang Boch 

T. J. European Commission 
Head of Unit, INFSO/FET - Proactive, Information Technologies and Media Directorate General  

Belgium 
 
 

Large-scale, science-driven Partnership as a new collaborative mechanism 

 
FET Flagship Initiatives are science-driven, large-scale, multidisciplinary research initiatives oriented 
towards a unifying goal and nucleated from ICT future and emerging technologies. The goals of such 
initiatives should be visionary and highly ambitious, requiring cooperation among a range of scientific 
disciplines, building on European excellence. The overarching nature and magnitude implies that they 
can only be realised through a federated effort of key stakeholders (see examples below).  
 
FET Flagships are envisioned to run for at least 10 years, with a budget of up to 100 M€ per year and 
per initiative. This scale can only be achieved through cooperation between the EU Framework 
Programme and national research programmes (and, where appropriate, global partners and 
industry). In comparison, the Human Genome project is reported to have cost about 3 B$ over a 13-
year period. 
 
FET Flagships will also extend to other FP Themes and programmes (such as Health, NMP, 
Capacities…) and scientific disciplines and have cascading effects into more application-oriented 
research leading towards innovation. 
 
As Flagships will present a programme-level approach to a long-term scientific challenge, the activities 
funded in Flagships should extend beyond research, addressing aspects such as coordination, 
strategy development, mobility programmes, international cooperation, road-mapping activity, training 
and education, outreach / communication / PR activities. 
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3 

ELECTRON DYNAMICS AT SURFACES AND NANOSTRUCTURES 

P.M. Echenique 

Dpto. de Física de Materiales UPV-EHU, Donostia International Physics Center (DIPC) and  
Material Physics Center (CFM) 

P. Manuel de Lardizabal 4, 20018 San Sebastián, Basque Country, Spain 
 
 
Femtosecond and subfemtosecond time scales typically rule electron dynamics at metal surfaces. 
Recent advances in experimental techniques allow the experimental study of such dynamics. In this 
talk we shall analyze electron dynamics at surfaces and nanostructures with emphasis on screening 
times, spin dependence of charge transfer of adsorbates and smaller system sizes. Condensed matter 
effects on attophysics will also be discussed. 
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GRAPHENE-BASED ELECTRONICS AND OPTOELECTRONICS 

Phaedon Avouris 

T. J. Watson Research Center, Yorktown Heights, NY 10598, USA 
avouris@us.ibm.com 

 
 
Graphene a two-dimensional, single atomic layer material with linear electron dispersion has rather 
unique electrical and properties [1]. There is currently strong interest in taking advantage of these 
properties for technological applications [2]. In my talk I will review the key properties of graphene, 
how these are affected by environmental interactions and how they can be utilized in electronics and 
optoelectronics.  
 
Specifically, I will discuss high frequency (>100 GHz) graphene transistors [3], their fabrication and 
operation, as well as related device physics aspects, such as transport mechanisms, contacts, 
temperature effects, dissipation, etc. Simple integrated graphene circuits will also be presented. I will 
then discuss key optical properties of graphene and how they can be combined with its excellent 
electrical properties and used in optoelectronics applications. Specific examples involving ultrafast 
graphene photodetectors [4] and their applications in optical data detection[5]  will be presented.    
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NANOELECTROMECHANICAL RESONATORS BASED ON GRAPHENE 

Adrian Bachtold 

ICN, CIN2, Campus UABarcelona, Bellaterra, Spain 

adrian.bachtold@cin2.es 

 
 
The theory of damping finds its roots in Newton’s Principia and has been exhaustively tested in 
objects as disparate as the Foucault pendulum, mirrors used in gravitational-wave detectors, and 
submicron mechanical resonators. Owing to recent advances in nanotechnology it is now possible to 
explore damping in systems with transverse dimensions on the atomic scale. Here, we study the 
damping of mechanical resonators based on a graphene sheet, the ultimate two-dimensional 
nanoelectromechanical systems (NEMS). The damping is found to strongly depend on the amplitude 

of the motion; it is well described by a nonlinear force 
•

xx
2η  (with x  the deflection and 

•

x  its time 

derivative). This is in stark contrast to the linear damping paradigm valid for larger mechanical 
resonators. Besides, we exploit the nonlinear nature of the damping to improve the figure of merit of 
graphene resonators. 
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TWO-DIMENSIONAL THERMAL TRANSPORT IN GRAPHENE: INTRINSIC VS. EXTRINSIC EFFECTS 

Alexander A. Balandin 
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Engineering Program, Bourns College of Engineering, Univ. of California, Riverside, CA 92521 USA 

balandin@ee.ucr.edu 

 
 
Recent years witnessed a rapid growth of interest of the scientific and engineering communities to 
thermal properties of materials. The increasing importance of thermal properties is explained both by 
practical needs and fundamental science. Heat removal has become a crucial issue for continuing 
progress in electronic industry [1]. The knowledge of how well and how fast the material conducts heat 
becomes essential for design of the next generation of integrated circuits. From another side, efficient 
thermoelectric energy conversion requires finding materials, which simultaneously have high electrical 
conductivity but strongly suppressed thermal conductivity K. Material’s ability to conduct heat is deeply 
rooted in its atomic structure, and knowledge of thermal properties can shed light on many other 
materials’ characteristics. Thermal conductivity of materials changes when they are structured on a 
nanometer scale. The latter can happen because of the intrinsic effects, e.g. phonon dispersion and 
velocities of the low-dimensional crystal differ from those in bulk [2], or extrinsic effects such as 
increased phonon - rough boundary scattering when the feature size of nanostructure becomes 
comparable to that of the phonon mean free path (MFP) in a given material [3]. Other extrinsic effects 
on thermal conductivity include strain in the lattice and phonon scattering on lattice defects or 
impurities.  
 
The discovery of graphene [4-5] further stimulated the interest to thermal properties because, for the 
first time, it became possible to study experimentally heat conduction in strictly 2D crystals. The heat 
conduction in 2D crystals is particularly intriguing because of the theoretically predicted logarithmic 
divergence of thermal conductivity K with the size of 2D crystal [6-7]. The K divergence in 2D crystals 
means that unlike in 3D bulk, the crystal lattice anharmonicity along is not sufficient for restoring 
thermal equilibrium, and one needs to either limit the system size or introduce disorder to have the 
physically meaningful finite value of K. To elucidate the physics of heat conduction in graphene, it is 
important to determine whether thermal transport is mostly limited by the intrinsic properties, e.g. by 
the dimensionality of the lattice and its dynamics, or by the extrinsic effects, e.g. phonon scattering 
from rough interfaces, edges, defects and impurities or graphene – substrate interactions. Heat 
conduction in the suspended graphene will be closer to the intrinsic phonon transport regime while 
that in the encased graphene will be closer to the extrinsic transport regime. The first experimental 
study of the evolution of heat conduction in few-layer graphene (FLG), found that K of suspended 
uncapped FLG, which is the highest in the single-layer graphene (SLG), decreases with increasing 
number of the atomic planes n, and approaches the bulk graphite limit (see Figure 1a) [8]. For 
comparison, the thickness dependence of thermal conductivity of the encased disordered carbon films 
is also shown [9].  
 
Recent years witnessed a rapid growth of interest of the scientific and engineering communities to 
thermal properties of materials. The increasing importance of thermal properties is explained both by 
practical needs and fundamental science. Heat removal has become a crucial issue for continuing 
progress in electronic industry [1]. The knowledge of how well and how fast the material conducts heat 
becomes essential for design of the next generation of integrated circuits. From another side, efficient 
thermoelectric energy conversion requires finding materials, which simultaneously have high electrical 
conductivity but strongly suppressed thermal conductivity K. Material’s ability to conduct heat is deeply 
rooted in its atomic structure, and knowledge of thermal properties can shed light on many other 
materials’ characteristics. Thermal conductivity of materials changes when they are structured on a 
nanometer scale. The latter can happen because of the intrinsic effects, e.g. phonon dispersion and 
velocities of the low-dimensional crystal differ from those in bulk [2], or extrinsic effects such as 
increased phonon - rough boundary scattering when the feature size of nanostructure becomes 
comparable to that of the phonon mean free path (MFP) in a given material [3]. Other extrinsic effects 
on thermal conductivity include strain in the lattice and phonon scattering on lattice defects or 
impurities.  
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The discovery of graphene [4-5] further stimulated the interest to thermal properties because, for the 
first time, it became possible to study experimentally heat conduction in strictly 2D crystals. The heat 
conduction in 2D crystals is particularly intriguing because of the theoretically predicted logarithmic 
divergence of thermal conductivity K with the size of 2D crystal [6-7]. The K divergence in 2D crystals 
means that unlike in 3D bulk, the crystal lattice anharmonicity along is not sufficient for restoring 
thermal equilibrium, and one needs to either limit the system size or introduce disorder to have the 
physically meaningful finite value of K. To elucidate the physics of heat conduction in graphene, it is 
important to determine whether thermal transport is mostly limited by the intrinsic properties, e.g. by 
the dimensionality of the lattice and its dynamics, or by the extrinsic effects, e.g. phonon scattering 
from rough interfaces, edges, defects and impurities or graphene – substrate interactions. Heat 
conduction in the suspended graphene will be closer to the intrinsic phonon transport regime while 
that in the encased graphene will be closer to the extrinsic transport regime. The first experimental 
study of the evolution of heat conduction in few-layer graphene (FLG), found that K of suspended 
uncapped FLG, which is the highest in the single-layer graphene (SLG), decreases with increasing 
number of the atomic planes n, and approaches the bulk graphite limit (see Figure 1a) [8]. For 
comparison, the thickness dependence of thermal conductivity of the encased disordered carbon films 
is also shown [9].  
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Figure 1:  Thermal conductivity of the suspended FLG (a) and in the encased ultra-thin diamond-like carbon 
films (b) as function of thickness. The figure (a) is adapted from Ref. [8] while the figure (b) is based on the data 
reported in Ref. [9].  
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THE INTERACTION OF GRAPHENE WITH METALS STUDIED BY IN-SITU ELECTRON MICROSCOPY 

F. Banhart
1
, J. A. Rodríguez-Manzo1, O. Cretu1, A. Krasheninnikov2,3 

1 Institut de Physique et Chimie des Matériaux, UMR 7504, Université de Strasbourg, 
23 rue du Loess, 67034 Strasbourg, France 

2 Materials Physics Division, University of Helsinki, P.O. Box 43, FI-00014 Helsinki, Finland 
3 Department of Applied Physics, Aalto University, P.O. Box 1100, FI-00076 Aalto, Finland 

Banhart@ipcms.u-strasbg.fr 
 
 
The interaction between graphene and metals is of high importance in the understanding of the growth 
of graphene from catalytically active metals but also from the viewpoint of doping graphene with 
foreign atoms. In-situ electron microscopy allows the atomic-scale observation of this interaction in a 
wide temperature range. Dissolution or precipitation phenomena, where carbon atoms are taken up by 
or extruded from metallic crystals, can be observed as well as the interaction between the graphenic 
lattice and individual metal atoms [1]. Of particular importance in this context are structural defects in 
graphene [2] due to the possibility of trapping dopant atoms and thus changing the electronic 
properties of graphene locally. Since the formation energy of single or multiple vacancies in graphene 
is above 7 eV, the replacement of carbon by other atoms needs an energetic process such as the 
ballistic atom displacement by electron beams [3]. Therefore, both defect formation and interaction of 
defective graphene with metal atoms can be observed in the same experiment in an electron 
microscope. 
 
The mechanism of trapping metal atoms in graphene was studied by creating defects in the graphene 
lattice under electron irradiation while metal atoms were migrating on the surface of graphene [4, 5]. In 
a certain temperature range, tungsten atoms were seen to be trapped in localized defects but can also 
escape from the defects at sufficiently high temperature. A detailed analysis in a combination of 
experiments and computation shows that reconstructed divacancies (figure 1) such as the 555-777 
type (3 pentagons and 3 heptagons) act as traps, binding the metal atom with an energy of 2 eV [4]. A 
direct replacement of carbon by metal atoms was excluded, showing the instability of single vacancies 
in graphene at elevated temperatures. The diffusive migration of trapped Au and Pt atoms was also 
studied by in-situ observation of the metal atoms. Activation energies of the order 2.5 eV were 
obtained [6].  
 
Trapping of metal atoms at defects in graphene can also be induced selectively with atomic precision. 
In an electron microscope with aberration-corrected condenser, the electron beam spot with a 
diameter of 1 Å was focused on pre-selected positions of the graphene lattice, leading to subsequent 
trapping of metal atoms in these locations [5]. This was used to create a pattern of dots, decorated 
with foreign atoms, on a graphene sheet. 
 
The interaction between graphene and catalytically active bulk crystals was studied by heating a 
bilayer system, consisting of an amorphous carbon film covered with a polycrystalline layer of Fe, Ni, 
or Co. Above approximately 600°C, the dissolution of carbon in the metal layer was observed, 
followed by the segregation of single- or multi-layer graphene on the metal surface (figure 2) [6]. 
Ostwald ripening of the metal crystals at increasing temperature allowed us to liberate the graphene 
areas and thus to observe the growth of graphene in-situ. This is a solid-state growth process (no 
gases are involved) which is induced by the lowering of the energy of the carbon system from the 
energetically higher amorphous phase to graphene by using a catalytically active metal. At the same 
time, the metal crystals act as a diffusion channel for carbon atoms.  
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Figures:  
 

 
 
F igure 1 :  Trapping of a W atom on a reconstructed divacancy such as the (5555-6-7777)-defect as shown in 
the model on the left hand side. The Electron microscopy image shows a W atom trapped on such a defect in the 
uppermost layer of a multi-layer graphene sheet [4]. 

 

 
 
F igure 2 :  Solid-state transformation of amorphous carbon to graphene in the presence of a catalytically active 
transition metal. The metal initially covers the amorphous carbon film. After heating, the amorphous carbon is 
taken up by the metal. Subsequently, graphene nucleates on the metal surface which can be seen as the metal 
retracts by a ripening effect (model image on the left hand side). The TEM image shows a retracting Co crystal, 
leaving a graphene layer in its trace [7]. 
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GRAPHENE-BASED NATURAL DYE-SENSITIZED SOLAR CELLS 
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Dye-sensitized solar cells (DSSCs) [1] have attracted much attention due to their good light-to-
electricity conversion efficiency and simple fabrication. The counter electrode (CE) employed for the 
regeneration of electrolyte is commonly constituted of a catalytic Platinum (Pt) film deposited on 
TCOs. TCOs, usually Indium Tin-oxide (ITO) and Fluorine-doped Tin-oxide (FTO), require high 
temperature processing, hindering the deposition on some substrates (e.g., polymeric substrates). 
Moreover, they are brittle, limiting their use in applications where flexibility is required. On the other 
hand, Pt tends to degrade over time when in contact with the (I-/I3

-) liquid electrolyte, reducing the 
overall efficiency of DSSCs [2]. Thus, the replacement of such elements with low-cost and/or more 
versatile materials is at the centre of an ongoing research effort. In this context carbonaceous 
materials feature good catalytic properties, electronic conductivity, corrosion resistance towards 
iodine, high reactivity, abundance, and low cost [3,4]. Another fundamental part of a DSSC is the dye. 
Generally, transition metal coordination compound complexes [5] and synthetic organic dyes [6] are 
used as effective sensitizers in DSSCs. However, the preparation routes for these dyes are based on 
tedious and expensive chromatographic purification procedures. Natural dyes and their organic 
derivatives are non toxic, biodegradable, low in cost, renewable and abundant, so they are the ideal 
candidate for environmentally friendly solar cells [7].  
 
Here we show that the combination of graphene and natural sensitizers opens up new scenarios for 
totally green, natural, environmentally friendly and low cost DSSCs, Figure 1. In particular, its unique 
electronic [8] and optical properties [9] make graphene an attractive material for CEs in DSSCs. 
Indeed, graphene matches all the key requirements needed for CE materials such as high specific 
surface area, high exchange current density and low charge-transfer resistance.  
 
Graphene thin films were produced by liquid phase exfoliation of graphite [10], and spin-casted on 
stainless steel, FTO and glass. We show that graphene CEs have promising activity, similar to the Pt 
one. Indeed, DSSCs assembled with CE made of graphene deposited onto FTO (1.42%) outperform 
the total conversion efficiency of those based on Pt (1.21%). Moreover, we show that graphene, 
contrary to Pt, can both catalyses the reduction of tri-Iodide and back transfers the electrons arriving 
from the external circuit to the redox system. DSSCs assembled with graphene deposited onto glass 
as CE show efficiency ~0.8%. This demonstrates the potential of graphene to simultaneously replace 
both the Pt catalyst and the conductive glass. We also demonstrate an environmentally friendly DSSC 
assembled using natural dyes, which show high Internal Photocurrent Efficiency (Figure 2), and 
graphene as CE with efficiency of ~ 0.40%.  
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Figures:  
 

 
 
F igure 1 :  Schematic representation of the where the synthetic dyes are replaced by the natural dyes and 
graphene is used at the CE to simultaneously replace TCO films and Pt. 
 
 

 
 
Figure 2:  Internal Photocurrent Efficiency spectra of: Wild Sicilian Fig (green line), Aubergine (purple line), Red 
Mulberry (red line) and Red Cabbage (violet line). 
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a Istituto Nanoscienze – CNR Centro S3, Modena. Via Campi 213/a 41125 Modena. Italy 
b Dipartimento di Fisica, Università di Modena e Reggio Emilia, Via Campi 213/a 41125 Modena. Italy 

c Institut Néel, CNRS, BP166, 25 Av des Martyrs, 38042 Grenoble, France 
andrea.candini@unimore.it 

 
 
We report a systematic study of the low temperature magnetoconductance of various graphene 
devices with the field applied in the plane of graphene. At temperatures below 1K, the 
magnetoconductance signal depends on the gate and its sign is related to universal conductance 
fluctuations. When the field is swept at high enough rates (dB/dt > 10mT/s) a hysteresis is observed in 
the signal. We have systematically measured different devices of various sizes, form unpatterned 
large flakes down to narrow ribbons (50nm large) and constrictions (30nm in width), finding that the 
magnetic signal does not depend on the size nor on the transport regime of the device. We attribute 
the origin of the signal to the magnetization reversal of paramagnetic centers in graphene, which might 
originate from structural defects in the graphene layer, most probably vacancies [1]. Based on the field 
and temperature dependencies of the hysteresis, we conclude that the spin of the localized moments 
is higher than S = 1/2, in agreement with recent works[2,3]. 
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Figures:  

 
Figure 1:  Parallel magnetoconductance of a graphene device for a fixed gate voltage, taken at 0.04 K and at a 
field sweep rate of 0.05 T/s. The hysteresis is clearly visible. Figure taken from reference [1]. 
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MOBILITY OF SUSPENDED BILAYER GRAPHENE AT FINITE TEMPERATURE 

Eduardo V. Castro
1, Héctor Ochoa1, M. I. Katsnelson2, F. Guinea1 
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Recent realization of suspended monolayer [1, 2] and bilayer [3] graphene samples made possible a 
direct probe of the intrinsic, unusual properties of these systems. In particular, intrinsic scattering 
mechanisms limiting mobility may now be unveiled [4]. In a recent publication we have shown [5] that 
in suspended, non-strained monolayer graphene room temperature mobility is limited to values 
observed for samples on substrate due to scattering by out of plane – flexural – acoustic phonons. 
This limitation can, however, be avoided by applying tension. Bilayer graphene has a different low 
energy electronic behavior as well as different electron-phonon coupling. It is then natural to wonder 
what is the situation in the bilayer regarding electron scattering by acoustic phonons, and in particular 
by flexural phonons. 
 
In the present contribution, after reviewing the single layer graphene case, we will present our recent 
results for scattering by both acoustic in-plane phonons and flexural phonons in doped, suspended 
bilayer graphene. We have found the bilayer membrane to follow the qualitative behavior of the 
monolayer cousin [5]. Different electronic structure combine with different electron-phonon coupling to 
give the same parametric dependence in resistivity, and in particular the same temperature behavior. 
In parallel with the single layer, flexural phonons dominate the phonon contribution to resistivity in the 
absence of strain, where a density independent mobility is obtained. This contribution is strongly 
suppressed by tension, similarly to monolayer graphene [5]. However, an interesting quantitative 
difference with respect to suspended monolayer has been found. In the latter, as shown in [5], flexural 
phonons limit room temperature mobility to values obtained for samples on substrate,.~1 m2/(Vs), 
when tension is absent. In bilayer, quantitative differences in electron-phonon coupling and elastic 
constants lead to a room temperature mobility enhanced by one order of magnitude, ~10–20 m2/(Vs), 
even in nonstrained samples. This finding has obvious advantages for electronic applications. 
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STRAIN ENGINEERING IN GRAPHENE 

Antonio Castro Neto 

Department of Physics, Boston University, USA 
Graphene Research Centre, National University of Singapore 

 
 
Graphene is a unique example of a one atom thick metallic membrane. Hence, graphene brings 
together properties of soft and hard condensed matter systems. The elementary electronic excitations 
in graphene, the Dirac quasiparticles, couple in a singular way to structural distortions in the form of 
scalar and vector potentials. Therefore, graphene has an effective electrodynamics where structural 
deformations couple to the Dirac particles at equal footing to electric and magnetic fields. This so-
called strain engineering of the electronic properties of graphene opens doors for a new paradigm in 
terms of electronic devices, where electronic properties can be manipulated at will using its 
membrane-like properties. 
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GRAPHENE: PROPERTIES, PREPARATION AND APPLICATION PERSPECTIVE 

Yongsheng Chen 

State Key Laboratory for Functional Polymer Materials and Center for Nanoscale Science & 
Technology, Institute of Polymer Chemistry, College of Chemistry, Nankai University,  

Tianjin 300071, China 

 
 
The large scale preparation and characterization of graphene materials and their hybrid and 
composite materials, together with their various device applications will be presented. These include 
the results for organic photovoltaic device, light emission device, transparent electrode and memory 
device, room-temperature ferromagnetism, nonlinear optical limiting, electromagnetic interference 
shielding and absorbing and photoconducting applications and so on. 
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THERMAL EXPANSION COEFFICIENT OF SINGLE-LAYER GRAPHENE MEASURED BY  
RAMAN SPECTROSCOPY 

Duhee Yoon,1 Young-Woo Son,2 and Hyeonsik Cheong1* 

1Department of Physics, Sogang University, Seoul 121-742, Korea, 
2School of Computational Sciences, Korea Institute for Advanced Study, Seoul 130-722, Korea 

hcheong@sogang.ac.kr 
 

 
Graphene is attracting much interest due to potential application as next generation electronic material 
as well as its unique physical properties. In particular, its superior thermal and mechanical properties, 
including high thermal conductivity and extremely high mechanical strength that exceeds 100 GPa, 
make it a prime candidate material for heat control in high-density, high-speed integrated electronic 
devices. For such applications, knowledge of the thermal expansion coefficient (TEC) as a function of 
temperature is crucial, but so far few reliable measurements on the TEC have been reported [1]. 
Several authors have calculated the TEC using various models [2-6]. Mounet et al. estimated the TEC 
of graphene as a function of temperature by using a first-principles calculation and predicted that 
graphene has a negative TEC at least up to 2500 K [6]. Bao et al. experimentally estimated the 
thermal coefficient in the temperature range of 300 – 400 K by monitoring the miniscule change in the 
sagging of a graphene piece suspended over a trench and found that it is negative only up to ~350 K 
[1]. It is not yet clear whether this discrepancy between theory and experimental data is caused by 
uncertainties in the accuracy of the experimental measurements or limitations in the theoretical 
calculation. Since precise knowledge of the TEC in the temperature range around room temperature is 
crucial in designing graphene-based devices and heat management systems, more precise 
measurements are needed. In this work, we analyze the temperature-dependent shift of the Raman G 
band of monolayer graphene on SiO2 to estimate the TEC of graphene. We find that the data can be 
explained in the temperature range of 200 – 400 K with the help of the calculated temperature 
dependence of the Raman G band of free standing graphene. 
 
When the temperature of a graphene sample fabricated on a SiO2/Si substrate is raised, two effects 
should be considered: the temperature dependence of the phonon frequencies and the modification of 
the phonon dispersion due to strain caused by mismatch of the TEC’ss of the substrate and graphene. 
The Raman frequency shift of the G band of free standing graphene as a function of temperature has 
been estimated by first-principles calculations [7]. Since most graphene samples are fabricated on 
SiO2 substrates or over a trench held at the edges, the pure effect of temperature change on the 
Raman spectrum cannot be measured directly and compared with the theory. The discrepancy 
between the experimentally measured Raman frequency shift and the theoretical prediction can be 
reconciled by accounting for the TEC mismatch between the substrate and graphene. 
 
Graphene samples used in this work were prepared on silicon substrates covered with a 300-nm-thick 
SiO2 layer by mechanical exfoliation of natural graphite flakes. The number of graphene layers was 
determined by inspecting the line shape of the Raman 2D band. Temperature-dependent Raman 
spectra of graphene and graphite were obtained while cooling and heating the samples in a 
microscope cryostat where the temperature could be controlled between 4.2 K and 475 K. The 514.5-
nm line of an Ar ion laser was used as the excitation source, and low power (< 0.3 mW) was used to 
avoid unintentional heating. A long-working-distance microscope objective (40x, 0.6 N.A.) was used to 
focus the laser beam onto the sample and collect the scattered light. The Raman scattered light signal 
was dispersed by a Jobin-Yvon Triax 550 spectrometer (1800 grooves/mm) and detected with a liquid-
nitrogen-cooled CCD detector. The spectral resolution was ~0.7 cm–1. 
 
Figure (a) shows the frequency shifts of the Raman G band of single-layer graphene (SLG), bilayer 
graphene (BLG), and graphite samples as functions of temperature. The Raman peaks redshift as 
temperature rises and blueshift as temperature falls from room temperature. The Raman peak shift of 
SLG as a function of temperature is largest. Temperature-dependent Raman shift is commonly 
attributed to thermal expansion of the lattice and an anharmonic effect which changes the phonon self-
energy. As the temperature rises, the SiO2 layer expands whereas the graphene sheet contracts. This 
TEC mismatch would induce a biaxial tensile strain on the graphene sample. When the sample is 
cooled, a compressive strain is induced instead. In order to interpret our data correctly, we should 
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consider the effect of stain on graphene induced by the TEC mismatch between the SiO2 layer and the 
graphene sheet.  
 
We estimated the TEC by fitting our data to the theoretical prediction [7] of temperature dependence 
of the Raman G band of free standing graphene. Figure (b) shows the temperature dependent TEC 
obtained from the fitting. TEC at room temperature is estimated to be –9×10–6 K–1, which is similar to 
the previous experimental value of –7×10–6 K–1 [1].  
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Figures:  
 
 

 
 
Figure 1:  (a) Raman frequency shifts of graphene and graphite as functions of temperature. (b) Thermal 
expansion coefficient of single layer graphene that gives the best fit between data and theoretical estimate. 
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OPTO-ELECTRONIC PROPERTIES OF GRAPHENE OXIDE 

Manish Chhowalla 

Rutgers - The State University of New Jersey; Department of Materials Science and Engineering; 
607 Taylor Road, Piscataway, NJ 08854, USA 

 
 
The In this presentation, a solution based method that allows uniform and controllable deposition of 
reduced graphene oxide (GO) thin films with thicknesses ranging from a single monolayer up to 
several layers over large areas will be described. The oxidation treatment during synthesis of GO 
creates sp

3 C-O sites where oxygen atoms are bonded in the form of various functional groups. GO is 
therefore a two dimensional network of sp

2 and sp
3 bonded atoms, in contrast to an ideal graphene 

sheet which consists of 100% sp
2 carbon atoms. The most notable difference between GO and 

graphene is that photoluminescence from blue to red emission can be observed. The atomic and 
electronic structure along with tunable photoluminescence of graphene oxide at various degrees of 
reduction will be described. 
 
High temperatures (~ 1000 ºC) are typically required for efficient removal of oxygen functional groups 
from GO. Furthermore, the attractive properties of graphene are not fully recovered due to creation of 
structural defects and the presence of residual oxygen in the reduced material. In the second part of 
the talk, the synthesis and properties of partially oxidized graphene (POG), a material that exhibits 
significantly different chemical structure to GO will be described. Due to low initial oxygen content, as-
synthesized POG can be reduced in mild annealing conditions (< 300 ºC). Our results suggest that 
fine-tuning the oxidation chemistry of graphene will allow bulk production of highly soluble graphene 
without extensively compromising its intrinsic properties. We will demonstrate that partial oxidation 
approach opens up new promising routes to high-performance graphene-based electronics plastic 
platforms. 
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UNIFORM MONOLAYER GRAPHENE IN 6-INCH SCALE: ITS ORIGIN AND APPLICATION 
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Hyun Jae Song, Seongjun Park 
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Monolayer graphene has been grown on Cu thin film in 6-inch scale at low temperature using 
inductive coupled plasma chemical vapor deposition. More than 99% of the film is single layer 
according to Raman mapping and optical microscopy. [1] Scanning tunneling microscopy and 
spectroscopy study reveals line structure and undisturbed spectroscopy of graphene which could be 
the origin of the thinner layer than thermally grown graphene on Cu foil. [2] More than 2000 Hall bars 
were fabricated on the 6-inch wafer and measured Id-Vg and Id-Vd curves. Also, screening effect for 
multi-layer graphene was measured using Kelvin probe force microscopy. [3] 
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GRAPHENE FOR BEYOND CMOS DEVICES 
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Electronic devices fabricated on silicon, III-V, and II-VI compounds require the highest quality material 
that can be achieved in order to meet the performance, uniformity, reliability, and cost requirements. 
The semiconductor industry has demonstrated the ability to produce and provide high quality and 
reliable devices to the community for many decades as a result of its ability to produce and integrate 
the highest quality materials. As we move toward trying to replace the basic electronic device, the 
transistor, with new materials whether it is using Ge, III-Vs or graphene, the highest quality material 
will be needed to continue meeting the stringent requirements. 
 
Graphene is being studied as a new switch material for devices beyond CMOS. Assuming that the 
material has the necessary fundamental properties required to fabricate the new switch, namely a 
Bose-Einstein condensate (BEC), it is will be necessary to grow large area films with the highest 
quality in order to fabricate these new devices in a manufacturing environment. Graphene will have to 
be integrated with dielectrics and metals to fabricate the simplest device structures and thus it may be 
necessary to grow this material defect free. Graphene can be produced by several techniques: 1) 
exfoliation from bulk graphite [1-3]; 2) chemical reduction of exfoliated graphite oxide [4]; 3) 
precipitation from bulk metals [5-7]; 4) growth on SiC by silicon desorption [8,9]; and 5) chemical vapor 
deposition on copper surface [10] or metal surfaces with extremely C solubility of C diffusivity. Growth 
on very low carbon solubility substrates like copper occurs by a surface mediated process and can 
cover extremely large areas. Recently Li et al. [11] have also discovered that large single crystals can 
be grown without domains or grain. The objective of this presentation is to describe the growth 
process of graphene on metals and how we can use this process to create high quality large area 
graphene. Figure 1 shows an SEM image of a single graphene domain that according to LEEM (Li et 
al) is single crystal across the entire domain (400 to 500 m) [11]. 
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Figures:  
 

 
 
Figure 1: Large single crystals of graphene grown by low pressure chemical vapor deposition. LEEM analysis 
has shown that these crystals are mostly single crystals. (Li et al.). 
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BAND-GAP ENGINEERING IN GRAPHENE THROUGH FUNCTIONALIZATION WITH FLUORINE 
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Rece Graphene – a single layer of sp2 bonded carbon atoms arranged in a honeycomb pattern – is an 
indefinitely large aromatic molecule, of unique interest in the field of transparent organic electronics. 
This is a transparent material where charge carriers (relativistic Dirac fermions) exhibit mobilities 
(>106 cm2/Vs) higher than Si at room temperature. However, the energy dispersion of graphene is 
gap-less, and this would limit its applications in electronic devices. For instance, in a graphene-based 
transistor the absence of the gap in the band-structure results in a relatively small resistance 
difference between the electro-neutrality (Dirac) region and a region with large carrier concentration 
(i.e., between the “on” and “off” states). Due to this significant limitation in the use of graphene in 
electronics, intensive research is currently underway aimed at the creation of a (tunable) gap in 
graphene’s energy spectrum.  
 
The ability to chemically functionalize graphene, for instance with fluorine [1] and hydrogen [2] atoms, 
paved the way towards band-gap engineering. This type of functionalization transforms the graphene 
planar crystal structure, with sp2 bonds between the carbon atoms, into a three-dimensional structure 
with sp3 bonding between them. Theoretical predictions show that a band gap of 3.8 eV and 4.2 eV is 
expected for hydrogen and fluorine for 100% functionalization, respectively [3, 4]. 
 
Here I will review recent results on fluorinated graphene transistors [1] produced by mechanical 
exfoliation of natural graphite which is fluorinated to 24% and 100% (as measured by mass uptake). 
Transport measurements over a wide range of temperatures (from 4.2K to 300K) show a very large 
and strongly temperature dependent resistance in the electro-neutrality region. The strong 
temperature dependence of fluorinated graphene is due to the opening of a mobility in gap in the 
energy spectrum of graphene where electron transport takes place via localised electron states.  
 
Magneto-transport experiments through fluorinated graphene as a function of gate voltage, bias 
voltage, and temperature show that a magnetic field systematically leads to an increase of the 
conductance on a scale of a few tesla. This phenomenon is accompanied by a decrease in the energy 
scales associated to charging effects, and to hopping processes probed by temperature-dependent 
measurements. All these results demonstrate that disorder induced sub-gap states originate strong 
localization effects in the transport of charge carriers for energies below the energy-gap of fluorinated 
graphene.  
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EPITAXIAL GRAPHENE GROWN ON SILICON CARBIDE FOR FUNDAMENTAL PHYSICS AND 
NANOELECTRONICS 

Walt de Heer 

Georgia Institute of Technology, USA 
 
 
The invention of graphene based electronics at Georgia Tech (patented in 2003 [1]) was based on 
carbon nanotube properties of ballistic and coherent transport as well as several other outstanding 
features of carbon nanotubes, including the possibility of tuning the bandgap in graphene ribbons 
using the ribbon width. Silicon carbide, with its natural property to produce epitaxial graphene layers 
after heating in vacuum was considered to be the most promising platform for graphene based 
electronics.  
 
Considerable advances have since been made in realizing graphene electronics however it is clear 
that the field is still in its infancy. Graphene devices are not yet competitive with those produced from 
standard electronic materials. Nevertheless, currently, epitaxial graphene on silicon carbide is still 
considered to be the most viable platform for high performance graphene based electronics. (In 
contrast, mechanically transferred CVD graphene is showing potential for low end electronics 
applications; exfoliated graphene is not scaleable and backgating is not useful for electronics.) There 
have been demonstrations of extremely high frequency transistors and the possibility of using epitaxial 
graphene Hall bars as resistance standards. But there remain serious questions whether graphene 
based nanoelectronics can be realized. The moblities of narrow ribbons produced by standard 
lithography methods generally show strong localization effects and the apparent band gaps are most 
likely mobility gaps. Many of these problems can be traced back to edge scattering effects that 
ultimately result from rough and chemically poorly defined edges.  
 
Recent work at Georgia Tech has demonstrated that many of these problems can be overcome by 
“growing” graphene on the edges of structures that are directly etched onto the silicon carbide in order 
to produce interconnected narrow graphene ribbons.  These graphene ribbons are demonstrating 
many of the advantageous properties of carbon nanotubes. Gated ribbons show evidence of single 
channel ballistic transport, also observed in carbon nanotubes, and PN junctions show evidence of 
“Klein tunneling” effects. On the other hand, the ribbons produced by this method apparently do not 
have band gaps. Nevertheless, it is clear that “sidewall” graphene electronics is opening new 
directions in graphene based electronics, that resembles nanotube based  electronics. But this does 
imply a departure from the standard field effect transistor paradigm of electronics.   
 
This talk will present an overview of these developments as well as providing a survey of the vast 
fundamental physics that has been accomplished with graphene that it epitaxially grown on silicon 
carbide.  
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GRAPHENE PROCESSING FOR ELECTRONICS AND SENSING 
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The unique electronic properties of graphene of potential applications in future electronic devices. The 
quality of graphene layers is crucial for those applications, as contamination, impurities, morphology 
and defects can substantially affect the electronic properties and the performance of these devices. 
After numerous studies on hand grafted devices CVD growth of graphene yield macroscale samples, 
opening a pathway to reliably fabricate devices. 
Graphene surfaces are ultra sensitive to local chemical environment due to changes in their electrical 
properties by vicinity doping of adsorbed molecules. Their chemical stability and lithographic 
manufacturability make them an appealing candidate for next generation biosensors. To exploit the full 
potential of graphene in sensing, however, selectivity to analytes must be established. 
We present a comprehensive study on large scale CVD grown graphene films. Challenges faced in 
structuring graphene with conventional microfabrication techniques are discussed. Mild plasma 
treatments for cleaning graphene surfaces and novel hardmasks are introduced, leading reproducible 
devices with high field effect mobilities. With extensive analysis based on high resolution XPS, Raman 
spectroscopy and microscopy the metallicity, defect density and contaminations can be clearly 
identified. This work, therefore, will help high volume processing of graphene using these scalable 
processes steps, yielding interconnects, FET and sensor device arrays. 
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ELECTRONIC STRUCTURES OF NANOGRAPHENE WITH ZIGZAG AND ARMCHAIR EDGES 
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The electronic structure of graphene is described in terms of massless Dirac fermion with two Dirac 
cones (K and K’) in the Brillouin zone, giving unconventional features of zero-gap semiconductor. 
When a graphene sheet is cut into fractions, the created edges affect seriously the electronic structure 
depending on the edge shape (zigzag and armchair edges) as observed with the electron wave 
interference and the creation of non-bonding π-electron state (edge state). We investigated the 
edgeinherent electronic features by STM/STS observations and Raman spectra. Graphene 
nanostructures were fabricated using graphene oxide with an AFM tip. 
 
STM/STS observations of hydrogen-terminated graphene edges demonstrate that edge states are 
created in zigzag edges in spite of the absence of such state in armchair edges [1]. In addition, zigzag 
edges tend to be short and defective whereas armchair edge is long and continuous in general. These 
findings suggest that zigzag edge is less energetically stable in comparison with armchair edge, 
consistent with Clar’s aromatic sextet rule. In a finite length zigzag edge embedded between armchair 
edges, electron confinement is observed in the edge state. 
 
The electron wave scattering takes place differently between zigzag and armchair edges, showing 
different superlattice patterns in STM lattice images. In the vicinity of an armchair edge, a hexagonal 
pattern was observed together with a fine structure of three-fold symmetry at the individual superlattice 
spots [2] (Fig.1), different from the √3×√3 superlattice observed in bulk graphene and also in zigzag 
edge. At a zigzag edge, the electron wave is subjected to the K-K intra-valley scattering without 
interference, whereas the K-K’ inter-vallery scattering with interference takes place in the scattering 
event at an armchair edge. Tight binding calculation reproduces the hexagonal superlattice observed 
in the armchair edge. The three-fold symmetric fine structure is understood as the antibonding 
coupling between the adjacent spots in the hexagonal superlattice with the mediation of the wave 
function at the STM tip. 
 
The Raman G-band shows the edge-shape dependence same to that observed in the STM 
superlattices in relation to the intra-valley/inte-rvalley transition for the scattering at zigzag/armchair 
edges [3]. The inter-valley scattering at an armchair edge gives specific dependence of the G-band 
intensity on the polarization direction of the incident beam as expressed by cos2Θ (Θ ; the angle 
between the polarization and the armchair edge direction). A nanographene ribbon of 8 nm × >1 µm 
prepared by heat-treatment of graphite step edges shows this angular dependence, being 
demonstrated to consist of pure armchair edges [4]. 
 
Single sheet graphene oxide was found to form a two dimensional arrangement of linear corrugations 
of oxidized lines running along the zigzag direction with an interline spacing of ca.10 nm [5] (Fig.2). 
This suggests that zigzag edged nanographene ribbons with a width of ca.5 nm are created between 
the oxidized lines. Nanofabrication by an AFM tip can allow us to create a nanostructure of graphene 
sheet intentionally. 
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Figure 1:  (a) √3×√3 and hexagonal superlattices near an armchair edge. (b) Calculated current image of the 
hexagonal superlattice. 

 

 
 
Figure 2 :  (a) 1D wrinkles in graphene oxide nanohsheet observed by non-contact AFM. (b) schematic model of 
graphene oxide consisting of zigzag edged nanographene sheets inter-connected through oxygen bridges. 
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GRAPHENE QUANTUM CIRCUITS 

F. Molitor, J. Güttinger, S. Schnez, S. Dröscher, A. Jacobsen, C. Stampfer, T. Ihn and K. Ensslin 

ETH Zurich, Switzerland 

 
 
Graphene quantum dots and constrictions have been fabricated by mechanical exfoliation of graphene 
followed by electron beam lithography and dry etching. The single layer quality of graphene has been 
checked by Raman spectroscopy. The electron hole-crossover can be investigated by linear transport 
experiments as well as using non-linear effects in three-terminal junctions. A variety of nanostructures 
such as graphene constrictions, graphene quantum dots and graphene rings have been realized. Of 
particular interest is the electron hole crossover in graphene quantum dots, spin states as well as the 
electronic transport through graphene double dots. The goal is to establish the peculiar consequences 
of the graphene bandstructure with its linear dispersion for the electronic properties of nanostructures. 
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The Integer Quantum Hall Effect (IQHE) constitutes the hallmark of two-dimensional systems 
subjected to a strong perpendicular magnetic field. So far, three different realizations of 2D systems 
displaying distinctive IQHE features have been reported in the literature. These are conventional 
semiconducting heterostructures, graphene and bi-layer graphene. In the case of graphene-based 
systems, it has been anticipated that the dynamics of charged carriers drastically change every time 
an extra graphene layer in added [1,2]. Therefore, the LL spectrum of N-layer graphene systems 
would display unique IQHE features eventually characterizing their N.π Berry’s phase [3]. This 
property particularly applies to trilayer graphene for which 3π Berry’s phase would drastically change 
the sequence of QH plateaus as compared to mono or bi-layer graphene systems. Making use of both 
Raman spectroscopy and high field magneto-transport, we report for the first time on a fourth type of 
IQHE in tri-layer graphene. The sequence of QH resistance plateaus is similar to graphene, however 
the v=2 QH plateau is missing. The experimental data are supported by a theoretical analysis where 
both the Bernal and rhombohedral stacking order have been considered. We notice that a nice 
comparison between theoretical and experimental results is achieved only for the rhombohedral 
stacking order. At very high magnetic field, the QH resistance tends to vanish as the system is driven 
close to CNP. We show that the presence of charge puddles is necessary to explain this trend, which 
is further confirmed by analysing the zero-field temperature and carrier density dependence of the 
resistance [4]. 
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Figure 1: a) Raman spectra of the sample under study (graphene trilayer) and monolayer graphene for 
comparison. b) High field Quantum Hall resistance for monolayer, bilayer and trilayer graphene. Inset : optical 
image of the sample under study. 
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Understanding the coupling of graphene with its local environment is absolutely critical to be able to 
integrate it in tomorrow's electronic devices. Previous studies have shown that highly perfect sheets of 
graphene can be obtained by epitaxial growth on metal surfaces, and for some transition elements, 
like Ir or Pt, the interaction is so weak that many characteristic properties of graphene, such as the 
Dirac cones, are preserved [1,2]. In this work, we show how the presence of a metallic substrate of 
this kind affects the properties of an atomically tailored graphene layer. After growing a pristine 
monolayer on a Pt(111) surface, we have deliberately created single carbon vacancies on the 
graphene sheet, and studied its impact in the electronic, structural and magnetic properties. To this 
end, we combine low temperature scanning tunneling microscopy (LT-STM) experiments [3] with 
density functional theory calculations (DFT) and non-equilibrium Green's functions (NEGF) methods to 
model the electronic transport [4]. The DFT calculations have been performed using the PBE 
functional empirically corrected to take into account dispersion interactions [5]. Some of our results are 
displayed in Figure 1. For the non-defective graphene adsorbed on Pt(111), our calculations show that 
the periodic modulations typically observed by STM on the Moiré patterns can be explained as a 
purely electronic effect, because the simulated image is anticorrelated with the topmost regions of the 
corrugated sheet. For the vacancies on graphene/Pt(111), the calculations help us to associate the 
STM images observed with the positions of the atoms. Our experiments reveal a broad electronic 
resonance which is shifted above the Fermi energy, and resembles that previously observed near the 
Fermi level on graphite [6]. Vacancy sites become reactive, leading to an increase of the coupling 
between the graphene layer and the metal substrate at these points. This gives rise to a rapid decay 
of the localized state and the quenching of the magnetic moment associated with carbon vacancies in 
free-standing graphene layers. 
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Figures:  
 

 
 
Figure 1:  (a) 14x20 nm2 STM image of the pristine graphene/Pt(111) surface showing two different Moiré 
structures: an R19xR19 on the upper left side and a 3x3 in the rest of the image. Sample bias: 50 mV, tunneling 
current: 1.0 nA. (b) STM image of a single vacancy on graphene/Pt(111). Sample bias: -30mV, tunneling current: 
0.8 nA. (c) and (d) One of the possible adsorption sites for a single vacancy in graphene on Pt(111). The 
supercell used is fully displayed in (c). In (d) we show only the topmost Pt layer for clarity. 
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RAMAN SPECTROSCOPY OF GRAPHENE: STATE OF THE ART 

Andrea C. Ferrari 

Department of Engineering, University of Cambridge, Cambridge CB3 OFA, UK 
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Raman spectroscopy is the most common and informative characterization technique in graphene 
science and technology. It is used to determine the number of layers, doping, strain, defects, 
functional groups, quality and type of edges [1-15]. I will outline the state of the art in this field, the 
recent developments and future directions of research, focussing on the link between Raman spectra 
and sample mobility, the quantification and identification of defects, and the role of electron-electron 
interactions.  
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PHYSICAL CONSEQUENCES OF ELECTRON-ELECTRON INTERACTIONS IN  
GRAPHENE LANDAU LEVELS 
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The relative role of electron-electron interactions in graphene can be triggered via the magnetic field. 
Whereas in the absence of such quantising field, the relative strength of the interactions is given in 
terms of the “graphene fine-structure constant”, the latter is relevant in graphene in a magnetic field 
only in the integer quantum Hall effect, i.e. when an an integer number of Landau levels is completely 
filled. In this case, a perturbative treatment of the electron-electron interactions provides valuable 
insight into the collective excitations of graphene in a magnetic field. In comparison with non-
relativistic 2D electron systems, graphene displays a similar upper-hybrid mode (the magnetic-field 
descendant of the 2D plasmon), but also linear magneto-plasmons (see figure) that are an original 
feature of Dirac fermions in monolayer graphene [1,2]. 
 
However, because of the large Landau-level degeneracy, the situation is drastically different when the 
levels are only partially filled. In this case, inter-Landau-level excitations constitute high-energy 
degrees of freedom, due to the level separation, whereas the low-energy physical properties are 
governed by intra-Landau-level excitations [3]. Since these excitations do not alter the kinetic energy, 
the latter does not play any dynamical role and may be omitted, such that the remaining energy scale 
is set by the Coulomb interaction. One therefore obtains the regime of the fractional quantum Hall 
effect, or generally speaking that of strong electronic correlations. The observed fractional quantum 
Hall effect in graphene [4] displays the large internal symmetry [SU(4)] due to the fourfold spin-valley 
degeneracy of the relativistic Landau levels. The SU(4) picture of the fractional quantum Hall effect 
[5,6] has very recently found an experimental proof in four-terminal measurements on an h-BN 
substrate [7]. Most saliently, the family of 1/3 states may be stabilised in the case of even very small 
symmetry-breaking fields, such as the Zeeman effect, and displays novel collective spin-flip excitations 
beyond the Laughlin state [8]. 
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Figure 1: Imaginary part of the particle-hole 

excitation spectrum for graphene in the integer 

quantum Hall regime, calculated within the 

random-phase approximation. In addition to the 

upper-hybrid mode, which disperses as the 

square root of the wave vector at small values of 

the latter, one obtains linear magneto-plasmons 

that disperse roughly linearly parallel to the 

central diagonal. 
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LOW MAGNETIC SIGNALS MEASURED BY A COMBINATION OF MFM AND KPFM 

M. Jaafar1, D. Martínez1, R. Pérez2, J. Gómez – Herrero1, O. Iglesias- Freire3, L. E. Serrano4, 
R. Ibarra5, J. Mª de Teresa4 and A. Asenjo3 

1 Dpto. Física de la Materia Condensada, Universidad Autónoma de Madrid, Spain 
2Dpto. Física Teórica de la Materia Condensada, Universidad Autónoma de Madrid, Spain 

3Instituto de Ciencia de Materiales de Madrid, CSIC, Spain 
4Instituto de Ciencia de Materiales de Aragón, CSIC, Zaragoza, Spain 

5Instituto de Nanociencia de Aragón, Zaragoza, Spain 
miriam.jaafar@uam.es 

 
 
The most outstanding feature of the Scanning Force Microscopy (SFM) is the capability to detect 
different short and long range interactions. In particular, Magnetic Force Microscopy (MFM) is used to 
characterize the domain configuration in ferromagnetic materials like thin films grown by physical 
techniques or ferromagnetic nanostructures. It is a usual procedure to separate the topography and 
the magnetic signal by scanning at a lift distance of 25-50nm so the long range tip –sample 
interactions dominate. The MFM is nowadays proposed as valuable technique to characterize more 
complex system such as organic nanomagnets, magnetic oxide nanoislands and carbon based 
materials [1]. In those cases, the magnetic nanoelements and its substrate present quite different 
electronic behavior i.e. they exhibit large surface potential differences which causes heterogeneous 
electrostatic interaction between tip and sample [2] that could be interpreted as magnetic interaction. 
To distinguish clearly the origin of the tip-sample forces we propose two different methods: (i) by 
applying in situ magnetic field during the MFM operation to detect the variation in the image contrast 
corresponding to the modification of the magnetic state of the tip or sample [3], (ii) by performing a 
combination of Kelvin Probe Force Microscopy (KPFM) and MFM to compensate the electrostatic 
contribution in the frequency shift signal The useful of the KPFM-MFM combination is illustrated by 
studying Co nanostripes grown by Focused Electron Beam [4] (Figure 1). As another example of this 
technique we investigate possible ferromagnetic order on the graphite surface [5]. The results show 
that the tip-sample interaction along the steps is independent of an external magnetic field. By 
combining KPFM and MFM, we are able to separate the electrostatic and magnetic interactions along 
the steps obtaining an upper bound for the magnetic force gradient of 16 µN/m (Figure 2). Our 
experiments suggest the absence of ferromagnetic signal in graphite at room temperature in strong 
contradiction with [1]. 
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Figures:  
 

 
 
Figure 1:  (a) Topography and (b) MFM signal (frequency shift) of a cobalt nanostripe without electrostatic 
compensation. The contrast drastically changes when KPM is used simultaneously: (c) Surface potential image 
and (d) MFM signal with KPFM. 

 

 
 
Figure 2:  3 µm x 3 µm AFM, KPFM, and MFM images taken in high vacuum with a cobalt-coated probe on 
ZYHHOPG. (a) Topography. (b) Edge enhanced image of (a) showing the surface steps. (c) KPFM image 
simultaneously taken with (a), showing electrostatic domains and steps on the sample surface (the potential 
difference between bright and dark areas is 200 mV). (d) KPFM image taken in retrace at 50 nm lift distance. (e) 
Frequency shift image taken simultaneously with (d). The total frequency shift variation in figure (e) is 0.4 Hz. 
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IMPURITY SCATTERING IN COHERENT AND INCOHERENT SINGLE AND BILAYER GRAPHENE 

Sophie Gueron, M. Monteverde, C. Ojeda Aristizabal, R. Weil, K. Bennaceur, C. Glattli, M. Ferrier,  
H. Bouchiat, J.N. Fuchs and D. Maslov, 

Laboratoire de Physique des Solides, U. Paris Sud Orsay, France 
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The nature of the scatterers which to this day limit the mobility of graphene, and determine most of its 
conduction properties, is still highly debated. Some groups attempt to deduce the nature of these 
scatterers from the effect of the dielectric surrounding the graphene. I will describe our approach in 
Orsay, which consists in comparing two different scattering times, the elastic scattering time and the 
transport scattering time, which play different roles in the magnetoresistance of the samples. I will 
show that the ratio of these two times, as well as their dependence with charge density, point to 
dominant scattering originating from strong, neutral, short range scatterers, rather than from charged 
impurities. 
I will also present a consequence on quantum transport of the existence of these scatterers, namely, 
the reproducible conductance fluctuations in these samples at low temperature, when the quantum 
coherence extends over the entire sample length.  We exploit the possibility to control the diffusion 
constant with gate voltage in monolayer and bilayer graphene to test the theory of mesoscopic 
fluctuations. We find that the correlation energy is given by the Thouless energy, and that the 
correlation field corresponds to a magnetic flux quantum threading a coherent area in the sample. But 
we find that the ergodicity hypothesis is not verified: the gate-voltage dependent fluctuations vary with 
gate voltage, and are largest near the charge neutrality point, whereas the magnetic field dependent 
fluctuations do not change with doping. The percolating nature of transport near the charge neutrality 
point may explain this unexpected result. 
 
In both experiments, we exploit the asset of monolayer and bilayer graphene, namely the fact that the 
different band structures lead to different gate-voltage dependences of the diffusion coefficients, 
enabling a quantitative test of  heories over broad ranges, impossible to realize with other materials. 
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LARGE INTRINSIC BAND GAPS, FERROMAGNETISM, AND ANOMALOUS MAGNETORESISTANCE 
OSCILLATIONS DERIVED FROM GRAPHEME EDGE STATES: 
NANORIBBONS AND ANTIDOT-LATTICE GRAPHENES 

Junji Haruyama 

Faculty of Science and Engineering, Aoyama Gakuin University, 5-10-1 Fuchinobe, Sagamihara, 
Kanagawa 252-5258, Japan 

J-haru@ee.aoyama.ac.jp 
 

 
A variety of quantum phenomena observed in graphene is attracting significant attention. In contrast, 
few works have experimentally reported edge states and related phenomena, although there are so 
many theoretical reports, which predicted that electrons localize at zigzag edges of graphene due to 
presence of flat bans and the electron spins strongly polarize. One main reason for lack of 
experimental reports is high damages at edges introduced by lithographic fabrication. 
 
Here, in the talk, I will present the following two systems fabricated by non-lithographic methods in 
order to reveal edge-related phenomena; 1. Graphene nanoribbons (GNRs) fabricated by chemical 
unzipping of carbon nanotubes (CNTs) and 3-stepped annealing [1] and 2. Antidot-lattice graphenes 
(ADLGs; graphene nano-pore arrays) fabricated using nano-porous alumina templates as etching 
masks [2, 3]. 
 
In the GNRs, we confirm low defects by Raman spectrum, HRTEM, single electron spectroscopy, and 
also electrical measurements. I present a large an intrinsic energy band gap of 55 meV, which is 7-
times larger than those in lithographically fabricated GNRs with defects. It can be understood by 
calculation for arm-chair edge GNRs. 
 
In the ADLGs, we confirm high electronic density of states at antidot (nano pore) edges by STM. I will 
show appearance of room-temperature ferromagnetism and anomalous magnetoresistance 
oscillations derived from edge-localized spins in hydrogen-terminated ADLGs. They can be 
qualitatively understood by theories for zigzag edges. These results must open a new door to all-
carbon (rare-metal free) magnets and also spintronic devices based on spin Hall effects by inducing 
spin-orbit interaction. 
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SUBSTRATE DEPENDENCE IN HYDROGEN-GRAPHENE INTERACTION 

L. Hornekær, L. Nilsson, M. Andersen, R. Balog, J. Bjerre, B. Jørgensen, J. Thrower, E. Friis, E. 
Lægsgaard, F. Besenbacher, I. Stensgaard, P. Hoffman and B. Hammer 

Dept. Physics and Astronomy and Interdisciplinary nano-science center, iNANO, Aarhus University, 
Ny Munkegade Bygn. 1520, Aarhus C, Denmark 

liv@phys.au.dk 
 

 
Theoretical and experimental studies have revealed that the properties of graphene can be changed 
substantially by hydrogenation. Theoretical calculations show that fully hydrogenated graphene, 
referred to as graphane, is an insulator [1] and that hydrogen line structures can induce graphene 
nanoribbon – like band gaps in graphene [2]. Experimental investigations reveal a change of electronic 
properties of graphene upon hydrogenation [3-6]. The experiments also show that graphene 
hydrogenation is substrate dependent [6-9]. Here we report on the substrate dependence of hydrogen 
adsorbate structures on graphene on SiC, Ir(111), Pt(100) and graphite. 
 
Combined STM, TPD, DFT and XPS investigations of the interaction of graphene with atomic 
hydrogen reveal the formation of different types of hydrogen adsorbate structures on the graphene 
surface, depending on the degree and type of interaction between graphene and the underlying 
substrate. In the case of low substrate interaction, dimer like structures, similar to those displayed in 
figure 1.a. are observed, while in the case of a higher degree of interaction with the substrate, cluster 
structures with higher stability, similar to those displayed in figure 1.b. are observed. Furthermore, in 
some systems hydrogenation is observed to lead to increased graphene-substrate interaction. 
 
In e.g. the graphene-Pt(100) system the graphene-substrate interaction is observed to be coverage 
dependent. At low coverage, hydrogen atoms are observed to form dimer structures similar to those 
observed previously on graphite, while, at higher coverage the reconstruction of the platinum substrate 
is lifted and more stable hydrogen adsorbate structures are observed. The experimental data indicate 
that the Pt substrate plays an active role in stabilizing these adsorbate structures on graphene. 
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Figures:  
 

 
 
Figure 1 :  a) Hydrogen dimer structures on graphene on SiC [8], b) Hydrogen clusters on graphene on Ir(111) [6]. 
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NANO-CARBON MATERIALS: SYNTHESIS AND CHARACTIRIZATION 

Sumio Iijima 

Faculty of Science and Technology, Meijo University, Tenpaku, Nagoya, Aichi, Japan 
National Institute of Advanced Industrial Science and Technology / Nanotube Research Center 

and, NEC Corporation 
iijimas@meijo-u.ac.jp 

 
 
Formation of a large size graphene sheet by a thermal CVD method using a copper substrate foil has 
been reported. The method requires a high temperature CVD reactor (near 1000ºC), so that it cannot 
be used in a conventional Si device process and therefore an alternative low temperature synthesis of 
graphene is needed. For this purpose we utilized a new surface-wave micro-wave CVD method which 
has been developed originally for the nano-diamond film growth at low temperature down to room 
temperature. We shall demonstrate the growth of an A4-size graphene sheet formed at 300ºC. 
 
Another subject to be presented is concerned with structural characterization of nano-carbon materials 
using atom-resolution electron microscopes as well as other characterization methods. The advantage 
of high resolution electron microscopy (HRTEM) over other techniques is to be able to characterize 
local atomic structures such as lattice defects and edge structures of nano materials which cannot be 
studied in conventional techniques. Another emphasis of HRTEM will be on dynamic observation of a 
reaction process which is not available for other high resolution probe microscope techniques such as 
STM. A recent progress of HRTEM technology such as aberration correction and EELS, has allowed 
us to do elemental analysis, distinction of charge valency and more on the individual atom basis. 
Some latest examples of above mentioned observations on graphene edge structures and electronic 
states will be demonstrated. 
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ELECTRONIC TRANSPORT IN GRAPHENE ON HEXAGONAL BORON NITRIDE DEVICES 

Pablo Jarillo-Herrero 

Massachusetts Institute of Technology 
77 Massachusetts Avenue, Bldg. 13-2017; Cambridge, MA 02139, USA 

pjarillo@mit.edu 

 
 
Hexagonal boron nitride (hBN) has been recently shown to be a high quality substrate for graphene 
devices. In this talk I will review our recent experiments on graphene on hBN devices. In particular I 
will describe STM measurements that show that electron-hole puddles are much reduced for 
graphene on hBN compared to graphene on SiO2, and also our experiments on quantum Hall effect 
and Landau level crossings of Dirac fermions on high mobility trilayer graphene on hBN. 
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GRAPHENE SPINTRONICS 

Roland Kawakami, Wei Han, Kathy McCreary, Keyu Pi 

Department of Physics and Astronomy, University of California, Riverside, CA, 92521, USA 

roland.kawakami@ucr.edu 

 
 
Graphene is an attractive material for spintronics due to the low intrinsic spin-orbit coupling, low 
hyperfine coupling, and high electronic mobility. These should lead to long spin lifetimes and long spin 
diffusion lengths. Experimentally, the gate-tunable spin transport at room temperature has been 
achieved with spin diffusion lengths of ~2 microns. This makes it a very unique and promising material 
for spin transport. However, the spin injection efficiency has been low and the spin lifetime is still much 
shorter than expected theoretically. Overcoming these challenges will make graphene a very strong 
material for spintronics. 
 
In this talk, I will present three of our recent results in graphene spintronics. 
 
(1) Tunneling spin injection into graphene [1]. We utilized TiO2-assisted deposition of MgO 
tunnel barriers in order to reduce pinholes, which easily form for thin films on graphene. The use of 
tunnel barriers enhances the spin injection efficiency by alleviating the conductivity mismatch between 
the ferromagnetic metal (Co) and the single layer graphene (SLG). The non-local spin signal is found 
to be as high as 130 ohms at room temperature, with a spin injection efficiency of 30%. This is the 
highest spin injection efficiency observed in graphene spin valves. 
 
(2) Long spin lifetimes in graphene [2]. In addition to enhancing the spin injection efficiency, we 
find that the measured spin lifetime is also enhanced by the tunnel barriers. This indicates that the 
reported values of spin lifetime are shorter than the actual spin lifetime in graphene due to the invasive 
nature of the ferromagnetic contacts. Using the tunneling contact to suppress the contact-induced spin 
relaxation, we investigate the gate and temperature dependence of SLG and bilayer graphene (BLG) 
spin valves. We find spin lifetimes as high at 771 ps at 300 K in SLG, 1.0 ns at 4 K in SLG, and 6.2 ns 
at 20 K in BLG (see figure). These are the longest spin lifetimes observed in SLG, and the 6.2 ns is 
longest spin lifetime observed in a graphene spin valve so far. 
 
(3) Modification of spin transport properties by surface doping [3]. Because graphene is 
extremely surface sensitive, there are opportunities to manipulate the spin transport properties by 
modifying the surface with various dopants. In the initial study, we investigated the effect of gold 
doping on spin transport and spin lifetime. We find that the spin transport properties such as nonlocal 
signal and spin lifetime can be enhanced, despite the presence of additional charged-impurity 
scattering. Mainly, the presence of the gold impurities does not produce a degradation of spin 
transport, despite greatly reducing the electronic mobility. 
 
These advances are important for the development of spin-based computing with integrated logic and 
memory. 
 
 

References:  
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Physical Review Letters, 105 (2010) 167202. 
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Figures:  

 
Figure 1:  Long spin lifetimes in graphene. (a) Schematic drawing of a graphene spin valve in the nonlocal 
measurement geometry. A current source (I) is utilized to inject spin-polarized carriers into the graphene at 
electrode E2. The spins subsequently diffuse to electrode E3 where they are detected as a voltage VNL measured 
across electrodes E3 and E4. The spin injection and transport is measured as the nonlocal resistance 
(RNL = VNL/I). Hanle spin precession measurements are performed to determine the spin lifetime. An out-of-plane 
magnetic field is applied to induce spin precession. (b) Hanle measurement of a bilayer graphene spin valve with 
L = 3.05 microns, gate voltage (Vg) tuned to the charge neutrality point (CNP), and T = 20 K. The red (black) data 
is for parallel (antiparallel) alignment of the the Co magnetizations. The narrow Hanle peak corresponds to a spin 
lifetime of 6.2 ns. (c) Gate dependence of spin lifetime (black) and diffusion coefficient (red) in bilayer graphene at 
20 K. Their opposite behaviors indicate the relevance of Dyakonov-Perel spin scattering. 
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MANIFEST OF ELECTRON INTERACTIONS IN QUANTUM HALL EFFECT IN GRAPHENE 

Philip Kim 

Columbia University, USA 
 
 
The quantum Hall ferromagnetism (QHFM) and fractional quantum Hall effect (FQHE) in 2-
dimensional electron gas with multiple internal degrees of freedom provides a model system to study 
the interplay between spontaneous symmetry breaking and emergent topological order. In graphene, 
the structure of the honeycomb lattice endows the electron wavefunctions with an additional quantum 
number, termed valley isospin, which, combined with the usual electron spin, yields four-fold 
degenerate Landau levels (LLs). This additional symmetry modifies the QHFM and FQHE with 
intriguing interplay between two different spin flavours. As a consequence, it is conjectured to produce 
new incompressible ground states in graphene, reflecting strong electron interactions. In this 
presentation we report multiterminal measurements of the FQHE in high mobility graphene devices 
fabricated on hexagonal boron nitride substrates. The measured energy gaps of observed FQHE are 
large, particularly in the second Landau level where they measure up to times larger than those 
reported in the cleanest conventional systems. In the lowest Landau level, the hierarchy of FQH states 
reflects the additional valley degeneracy. We will also discuss the implication of QHFM with spin and 
valley spin degree of freedoms. 
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UNDERSTANDING THE POTENTIAL OF GRAPHENE WITHIN COMPOSITES: INTERFACIAL STRESS 
TRANSFER IN IDEAL GRAPHENE COMPOSITES 

I.A. Kinloch
1, L. Gong1, A. Raju1, I. Riaz2, R. Jalil2, K.S. Novoselov2, R.J. Young1 

1School of Materials, 2School of Physics and Astronomy, University of Manchester, Manchester, U.K 
ian.kinloch@manchester.ac.uk 

 
 
Graphene is one of the stiffest and strongest known materials with a Young’s modulus of the order of 
1 TPa and a fracture stress ~ 130 GPa. These properties make graphene an ideal candidate for use 
as a reinforcement in high-performance composites. However, being one-atom thick crystalline 
material, graphene poses several rather fundamental questions: (1) Can decades of research on 
carbon based composites be applied to such ultimately thin crystalline material? (2) Would traditionally 
used continuous mechanics still be valid at atomic level? (3) How does the macroscopic matrix interact 
with microscopic graphene crystals (in terms of stress transfer, for instance) and what kind of 
theoretical description would be appropriate? (4) How does stress transfer between the layers in 
bilayer and thicker graphene? 
 
We have prepared model composites consisting of single graphene flakes (monolayer and thicker) 
sandwiched between thin polymer films and employed Raman spectroscopy to monitor stress transfer 
from the polymer matrix to the graphene during deformation of the composite [1]. Typically, a PMMA 
beam was coated with 300 nm of epoxy, onto which mechanically exfoliated graphene was placed, 
finally a 50 nm PMMA coating was then spun onto the graphene. The coated beam was tested in 4- 
point bending and the Raman spectra were collected to confirm the morphology of the flake being 
studied and map the strain within it. 
 
The rate of peak shift of the G’ peak with applied strain has been shown for carbon reinforcements to 
be proportional to the effective modulus of the filler in the composite [2]. (This effective modulus takes 
into account the efficiency of the polymer-filler interface). A shift of ~ 35 cm-1/% was obtained for the 
monolayer graphene upon initial loading, corresponding to an modulus of ~ 0.6 TPa. The 
polymergraphene interface was found to fail at high strains but would heal upon relaxation of the 
sample. The peak shift rate upon unloading, however, was 60 cm-1/%. This shift rate is the highest we 
have ever observed in any composite system and corresponds to an effective modulus of ~ 1 TPa. 
This result shows that the full modulus of graphene can be achieved within a polymer matrix. 
 
Mapping the G’ peak shift across the flake showed that the strain in a flake was virtually zero at the 
ends of the flake and built up to the applied, global strain value in the middle. This behaviour was 
successfully modeled using the continuum shear-lag theory, which is the established model for 
macroscale fillers. In particular, the diamond shape of the flake that was studied allowed an accurate 
fit of the model since it meant that the strain data over a range of aspect ratios could be obtained. The 
maximum shear force at the polymer-graphene interface was calculated as 3 MPa, which is an order 
magnitude less than that typically achieved in conventional carbon fibre-epoxy composites. Such a low 
shear force maybe expected, given the weak nature of the van der Waal forces at the interface. One 
result of these poor interfacial properties is that the critical length of the graphene required to obtain 
efficient reinforcement was found to be 30 microns. This result implies that in order for graphene to be 
used in structural composites, the graphene flakes either need to be large (> 30 microns long) or 
chemically functionalised to improve the interfacial strength with the matrix. 
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Figures:  
 

 
 
Figure 1 :  1a) An optical micrograph showing the flake studied for b) and c), with its outline and the direction the 
deformation was applied highlighted. b) The position of the G’ band at the centre of the flake as function of global 
strain. The relaxation in the slippage region occurred during mapping of the strain in the flakes. c) The strain 
distribution down the centre of the flake, scanned perpendicular to the direction of the applied deformation. The 
curves show the fits of the shear lag model for different values of the factor of stress efficiency transfer, n, and aspect 
ratio, s. 
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LOCAL ON-OFF CONTROL OF A GRAPHENE P-N PHOTODETECTOR 

F.H.L. Koppens
1,4, M.C. Lemme1, A.L. Falk1, M.S. Rudner1, H. Park1,2, L.S. Levitov3, C.M. Marcus1 

1Department of Physics, Harvard University, Cambridge, MA 02138, USA 
2Department of Chemistry and Chemical Biology, Harvard University, Cambridge, MA 02138, USA 

3Department of Physics, Massachusetts Institute of Technology, Cambridge, MA 02139, USA 
4ICFO, The institute of Photonic Sciences, Barcelona, Spain 

frank.koppens@icfo.es 
 

 
Graphene is a promising photonic material whose gapless band structure allows electron-hole pairs to 
be generated over a broad range of wavelengths, from UV, visible, and telecommunication bands, to 
IR and THz frequencies [1]. Previous studies of photocurrents in graphene have demonstrated 
photoresponse near metallic contacts [2] or at the interface between single-layer and bilayer regions. 
Photocurrents generated near metal contacts were attributed to electric fields in the graphene that 
arise from band bending near the contacts and could be modulated by sweeping a global back-gate 
voltage with the potential of the contacts fixed. 
 
Here, we will discuss the photoresponse of graphene devices with top gates, separated from 
otherwise homogeneous graphene by an insulator. When the top gate inverts the carrier type under 
the gate, and a p-n junction is formed at the gate edges, a highly localized photocurrent is observed 
using a focused scanning laser [3]. Interestingly, a density difference induced by the top gate that 
does not create a p-n junction does not create local photosensitivity. In this way, by switching from the 
bipolar to ambipolar regime, our devices allow for on-off control of photodetection (see Figure). 
 
Comparing experimental results to theory suggests that the photocurrent generated at the p-n 
interface results from a combination of direct photogeneration of electron-hole pairs in a potential 
gradient, and a photothermoelectric effect in which electric fields result from optically induced 
temperature gradients. We envision that this type of local on-off control of photodetection allows for 
the implementation of broadband bolometers with submicron pixelation. 
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Figures:  
 

 
 
F igure  1:  a) Photocurrent (left axis, circle markers) as a function of top gate voltage with the laser positioned on 
either side of the top gate. Photocurrents turn on at the charge neutrality point under the top gate, as the device is 
switched from n-n′-n to n-p-n configuration. Source-drain conductance (right axis, cross markers) of the 
photodetector measured in FET configuration as a function of top gate voltage with charge neutrality point at VT = 
0.9 V (drain voltage VD = 0.6 mV). Due to hysteresis when sweeping the top gate voltage, this curve is shifted 
compared to the data in Fig 1c. b) Photocurrent as a function of top gate voltage taken across the center of the 
photodetector in Fig 1. The laser wavelength was λ = 600 nm and the power was P = 40 µW. c) Theoretical model 
of the photocurrent (Eq. 1), plotted as a function of top gate voltage and position along the center of the 
photodetector. P0 = 40 µW and we assume 4.6% absorption of the laser light because it passes through the 
graphene sheet twice due to mirroring at the SiO2/Si interface. 
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TUNABLE MANY BODY INTERACTIONS IN GRAPHENE 

Alessandra Lanzara 

University California, Berkeley 
Materials Sciences Division, Lawrence Berkeley National Laboratory, USA 

 
 
The discovery of graphene in 2004 has opened a new exciting area of research in condensed matter 
physics. Not only graphene is the first real two dimensional material ever observed in nature, but it is 
also characterized by an unusual electronic structure with respect to most condensed matter systems. 
Indeed, the low energy excitations in graphene behave as Dirac fermions, chiral quasiparticles with 
zero effective mass, and obey the relativistic Dirac equation, where the speed of light is replaced by 
the Fermi velocity. This is in striking contrast with most of materials known today, where the low 
energy excitations obey the non-relativistic Shcroedinger equation and have finite effective mass. 
 
This unusual electronic structure leads to a variety of novel properties and huge potential for 
applications, the most striking one being the failure of the standard Landau-Fermi liquid picture for 
quasiparticles. 
 
In this talk I will present an overview of the electronic structure of this amazing two dimensional 
material and will discuss how this linear dispersion can be easily modified by quantum size effects, 
substrate interaction, doping and disorder. 
 
Moreover, I’ll discuss how fundamental properties such as electron-phonon and electron-electron 
interactions are modified with respect to a standard metal and do not obey the Fermi liquid picture for 
quasiparticles. 
 
The implications of our study on the properties of Dirac materials and their potential role for 
applications are also discussed. 
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DOUBLE RESONANT RAMAN IN GRAPHENE: ALL YOU WANTED TO KNOW ABOUT 

M. Lazzeri
1, P. Venezuela1,2, F. Mauri1 

1IMPMC, Paris 7, CNRS, Paris, France 
2Instituto de Fisica, Universidade Federal Fluminense, 24210-346, Niteroi RJ, Brazil 

michele.lazzeri@impmc.jussieu.fr 
 

 
Raman specrtroscopy is the most widely used experimental characterization technique to study 
graphene samples. Raman lines such as the defect-induced D and D', their overtones and the D'+D'', 
are usually interpreted within the double resonance mechanism. These lines are very well studied 
since they can be used as an experimental probe of the presence of defects but, also, to determine 
the presence of a monolayer in few-layers graphene samples. 
 
Several excellent theoretical works already appeared on this topic providing an overall good 
understanding of the situation. However, the many different approximations used by different authors 
(e.g. constant electron-phonon matrix elements, resonant phonons are assumed to be on some high 
symmetry line, in some cases the electronic dispersion is conic, the electronic life-time is a parameter, 
etc.) and the several debates still going on leave with the unpleasant sensation that something is 
missing. Besides, some fundamental questions are basically untouched: Which kind of defects are 
probed by measuring different lines? Does Raman spectroscopy probe the defects which mostly 
influence electronic transport? 
 
We determined [1] the DR Raman spectra of graphene by using the most precise available electronic 
bands, phonon dispersions, and electron-phonon coupling matrix elements (obtained by combining 
ab-initio density functional theory and many-body GW methods). Three different model defects are 
considered. The method results in a consistent framework to determine the position, the shape, the 
width and the intensity of the Raman lines as a function of the laser energy and of the defect 
concentration. Moreover it allows to treat at the same level defect-induced lines and two-phonon lines. 
The overall agreement with available experimental data is very good. 
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MAKING NANO-GRAPHENE 

Kian Ping Loh 

Department of Chemistry, National University of Singapore, 3 Science Drive 3, Singapore 117543 
chmlohkp@nus.edu.sg 

 
 
In this talk, I will discuss new chemical strategies to synthesize graphene, from large area sheets to 
nanographene. 
 
Majority of the solution-phase methods produce irregularly-sized and shaped graphene sheets due to 
the intrinsic randomness in the defect-mediated exfoliation or cutting process of the precursor graphitic 
flakes. To produce highly regular graphene nanostructures, a fabrication process that is driven by 
thermodynamics, as in crystal growth, should be more suitable than defect-mediated fragmentation 
processes. To this end, we will show how we apply templated-directed synthesis to fabricate regular-
sized graphene quantum dots. The dynamics of carbon cluster diffusion and aggregation to form 
nanographene islands is recorded by dynamic Scanning Tunneling Microscopy. The charge transfer 
interactions between graphene and fullerene, as well as the Van der waals epitaxy of Grapnene on 
self-assembled C60 will be discussed.  
 
Graphene form functional hybrids with organic molecules, quantum dots and polymers and these can 
exhibit non-linear optical limiting properties, saturable absorption properties, outstanding photovoltaic 
and biosensing properties. Some examples of these applications studied in our laboratory will be given 
in this talk. 
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PROBING QUANTUM INTERFERENCE EFFECTS IN EPITAXIAL GRAPHENE BY STM AND 
MAGNETOTRANSPORT STUDIES 

A. Mahmood 
1, C. Naud1, C. Bouvier, F. Hiebel, J.-Y. Veuillen1, P. Mallet1, D. Chaussende2, 

T. Ouisse2, L.P. Lévy1 
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A comprehensive understanding of the relationship between growth conditions and the resulting 
atomic and electronic structure is expected by characterizing the morphology of grown grapheme 
layers which also allows comparing the mechanisms of electron diffusion in graphene and hence 
controlling the charge transport through it. The graphitization can be achieved under ultra-high 
vacuum (UHV) conditions or in controlled atmosphere, starting from either the 6H-SiC(0001) (Si face) 
or 6H-SiC(000-1) (C face) surfaces. The resulting graphene layers have different disorder and 
morphologies depending on the growth conditions. 
 
We present the scanning probe characterization of a gently graphitized 6H–SiC (0001) [1] surface 
prepared under ultra-high vacuum conditions and compare it with low temperature magneto-transport 
studies. The general surface morphology and atomically resolved Local Density of States (LDOS) is 
mapped by Scanning Tunneling Microscopy (STM). The differentiation between mono- and bi-layer 
graphene, presence of defects and interlayer coupling is determined by STM. LDOS mapping 
demonstrates the observation of quantum interference effects when quasiparticles are scattered off 
graphene edges, where the later represents line defects. The quantum transport properties are quite 
sensitive to the nature of disorder in graphene, due mainly to the presence of two additional 
symmetries: the symmetry between A and B sites in the unit cell (isospin) and the symmetry between 
the different valleys K-K’ (pseudospin). The nature of disorder (local defects or folds in grapheme 
sheets for example), is responsible for locally breaking either of these symmetries, opening intra- and 
intervalley scattering processes [2]. 
 
Depending on the intrinsic disorder observed in the sample’s morphology and on its mobility, the 
magneto-resistance shows either the conventional weak localization when intervalley scattering is 
strong or the weak anti localization (WAL), in agreement with the recent WAL theory for graphene [3]. 
Typically, the feature at small values of magnetic field, show a negative magneto resistance 
characteristic of weak localization, whereas at larger field a positive magneto resistance typical of 
antilocalization is observed. The weak localization at small fields depends only upon the phase 
coherence time, whereas the high field behaviour is dominated by a combination of the intervalley and 
intravalley scattering time. Each of these scattering times can be extracted from the magneto 
resistance curves and correlated to the surface morphologies. The consistency of this analysis has 
been checked using a “universal” scaling for the magneto-transport which will be presented [4]. 
 
 
References:  
 
[1] P. Mallet, F. Varchon, C. Naud, L. Magaud, C. Berger, J.-Y. Veuillen, Phys. Rev. B, 2007, 76, 

041403(R) 
[2] X. Wu, X. Li, Z. Song, C. Berger, and W. A. de Heer, Phys. Rev. Lett. 2007, 98, 136801 2007. 
[3] E. McCann, K. Kechedzhi, V. I. Fal’ko, H. Suzuura, T. Ando, and B. L. Altshuler, Phys. Rev. Lett., 

2006, 97, 146805; V. I. Falko, K. Kechedzhi, E. McCann, and B. L. Altshuler H. Suzuura and T. 
Ando, Solid State Comm, 2007, 143, 33.; K. Kechedzhi, E. McCann, V. I. Falko, H. Suzuura, T. 
Ando, and B. L. Altshuler, eur. Phys. J. Spec.; Topics, 2008, 148, 39 

[4] C. Naud, A. Mahmood, C. Bouvier, F. Hiebel, P. Mallet, J-Y. Veuillen, D. Chaussende, T. Ouisse, 
[5] L. Levy, submitted to Phys. Rev. B 
 
 
 
 



 

 

    G
R
A
P
H
E

G
R
A
P
H
E

G
R
A
P
H
E

G
R
A
P
H
E
N
E
N
E
N
E
N
E
2
0
1
1

2
0
1
1

2
0
1
1

2
0
1
1
 

 
 

 
 

Im
a
g
in
e
N
a
n
o
 A
p
ri
l 
1
1
-1
4
, 
2
0
1
1
 

 

86 

Figures:  
 

 
 
Figure 1 :  (a) STM topographic image of graphene on Si face SiC showing terraces of buffer zone, monolayer 
and bilayer graphene. (b) Low bias STM image of zig-zag and armchair edges present on a monolayer graphene 
on SiC. (c) Magnetoresistance curves for mulitlayered graphene samples grown under Ar atmosphere (shown in 
inset). 
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DESIGNING ALL-GRAPHENE NANO-JUNCTIONS BY EDGE FUNCTIONALIZATION: 
OPTICS AND ELECTRONICS 
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The recent advances in production techniques of graphene nanostructures call for strategies towards 
all-graphene nanodevices. We study the effect of covalent edge functionalization on the opto-
electronic properties of realistic graphene nano-flakes and junctions. 
 
By means of well tested semi-empirical methods, we compute both mean-field ground state electronic 
properties and configuration-interaction optical excitations. Our study shows that functionalization can 
be designed to tune electron affinities and ionization potentials of graphene nanoflakes [1]. This effect 
can be exploited to realize both type-I (straddling) and type-II (staggered) all-graphene nano-junctions. 
At variance to type-I [2], we find that type-II junctions can display indirect excitations with electrons 
and holes localized on different sides. The optical properties are characterized in terms of size and 
functionalization, and the conditions to obtain charge transfer excitons are discussed [3]. 
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Figures:  
 
 

 
 
Figure 1 :  (a) Scheme for type-II graphene nano-junction: edge covalent functionalization with electron-
withdrawing COCH3 groups down shifts the gap region with respect to the hydrogenated side (H); (b) Localized 
frontier orbitals of H-COCH3 nano-junction. 
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THE POLYMER CHEMISTRY OF CARBON MATERIALS AND GRAPHENES 
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Research into energy technologies and electronic devices is strongly governed by the available 
materials. We introduce a synthetic route to graphenes which is based upon the cyclodehydrogenation 
(“graphitization”) of well-defined dendritic (3D) polyphenylene precursors. This approach is superior to 
physical methods of graphene formation such as chemical vapour deposition or exfoliation in terms of 
its (i) size and shape control, (ii) structural perfection, and (iii) processability (solution, melt, and even 
gas phase). The most convincing case is the synthesis of graphene nanoribbons under surface 
immobilization and in-situ control by scanning tunnelling microscopy. 
Columnar superstructures assembled from these nanographene discs serve as charge transport 
channels in electronic devices. Field-effect transistors (FETs), solar cells, and sensors are described 
as examples. 
Upon pyrolysis in confining geometries or “carbomesophases”, the above carbon-rich 2D- and 3D-
 macromolecules transform into unprecedented carbon materials and their carbon-metal 
nanocomposites. Exciting applications are shown for energy technologies such as battery cells and 
fuel cells. In the latter case, nitrogen-containing graphenes serve as catalysts for oxygen reduction 
whose efficiency is superior to that of platinum. 
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DEFECTS IN GRAPHENE: A RAMAN SPECTROSCOPIC INVESTIGATION 

Zhenhua Ni
1, Zexiang Shen2, Kostya Novoselov3 and Andre Geim3 
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Graphene, the one monolayer thick flat graphite, has been attracting much interest since it was firstly 
reported in 2004. Graphene has many unique properties which make it an attractive material for 
fundamental study as well as for potential applications. Raman spectroscopy has been extensively 
used to study graphene, i.e. identify graphene layer numbers; probe electronic band structure; 
determine type of edges (zigzag or armchair); measure the concentration of electron and hole 
dopants. Here, we present our results on the Raman spectroscopic investigation of defects in 
graphene. 
 
The Raman D peak (~1345 cm-1) is commonly used to estimate the amount of defects in graphitic 
materials. However, no such peak has been reported for pristine cleaved graphene, this seems 
suggest that pristine cleaved graphene is a perfect crystal without defects (or defects are 
undetectable). Here, we point out that, although small and usually unnoticed under the noise level, the 
D peak is generally present in cleaved graphene and, typically, reaches ~1.5% in amplitude with 
respect to the G peak.[1] This small D peak could be due to a certain concentration of sp3 adsorbates 
and vacancies in grapheme (in other words, defects), and such resonant scatters can effectively limit 
the carrier mobility in graphene. By comparing the amplitude of D peak and carrier mobilities obtained 
in transport measurement; we show that the observed small D peak is sufficient to account for the 
limited mobilities (~2 m2/Vs) currently achievable in graphene on a substrate. 
 
We have also monitored graphene sheets with defects that are introduced during insulator layer (such 
as SiO2, HfO2) deposition using different methods (Sputtering, PLD, E-beam evaporation), and our 
results show that defects were introduced in graphene during deposition and the amounts of defects 
increase as the graphene thickness decreases. After annealing, the defects in graphene can be 
greatly reduced.[2] In addition, we also studied the defects in epitaxial graphene grown on SiC 
substrate [3] and graphene treated by plasma (H2 and Ar) and electron beam. 
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Figures:  
 

 
 
Figure 1:  Raman spectra for pristine and defected graphene (red and blues curves, respectively). In the latter 
case, the defects were induced by exposure to atomic H. The curves are normalized with respect to the G peak 
amplitude and shifted for clarity. The inset zooms into the D band region. In our experience, such small D peaks 
are universally present in Raman spectra of cleaved graphene. 
 

 
 
Figure  2:  (a) Raman spectra of single layer graphene before and after the 5 nm SiO2 deposition. (b) Raman 
spectra of graphene with different thicknesses as well as that of bulk graphite after 5 nm SiO2 deposition. Raman 
images of graphene sheets before SiO2 deposition generated from the intensity of the D band (c) and G band (d). 
Raman images of graphene sheets after 5 nm SiO2 deposition using the intensity of D band (e), and G band (f). 
The thinner graphene sheets have stronger D band, hence they contain more defects. 
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WEAK LOCALIZATION VS WEAK ANTILOCALIZATION IN GRAPHENE 
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The understanding of quantum-transport phenomena in graphene-based materials is the current 
subject of great excitation. Indeed, low energy excitations can be formally described as massless 
Dirac Fermions exhibiting a linear dispersion relation together with an additional degree of freedom, 
namely pseudospin, which stems from the underlying sublattice degeneracy. In the presence of 
disorder, one of the predicted signatures of pseudospin is the change in sign of the quantum 
correction to the semiclassical Drude conductivity (1). This phenomenon, referred to as weak 
antilocalization (WAL), indeed results from complex quantum-interferences effects of charge carriers in 
a disordered potential landscape, and in grapheme these characteristics are markedly different from 
ordinary metals.  
 
The effect of WAL has been recently observed experimentally with weak-field magneto-transport 
measurements in samples of high quality because the quantum-interference effects are preserved 
when the phase-relaxation length of the electrons is large enough. (2) 
 
In this talk we present a numerical weak-field magneto-transport study of huge graphene samples and 
the influence of a realistic disorder potential describing charges trapped in the gate oxide causing 
long-range scattering potentials (3). Our simulations give clearly different magneto-conductance 
responses in different regimes which are fingerprint of either weak localization or WAL. Depending on 
the strength of the perturbing potential, the magneto-conductance can be tuned from positive to 
negative. The energy of the charge carriers as determined by the gate potential provides a second 
handle to modify these characteristics. 
 
Our results therefore shed new light on experiments and unveil the possible origin of multiple 
crossovers from positive to negative magneto-conductance. 
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Figures:  
 

 
 

Figure 1 :  (a) Typical long-range disorder potential. (b) Magneto-transport response. 
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THERMODYNAMICALY STABLE GRAPHENE SOLUTIONS 

Alain Pénicaud 
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Graphite is insoluble in all media but may be 
dispersed with surfactants and/or sonication to obtain 
metastables suspensions. However, some graphite 
intercalation compounds (GICs) have been shown to 
be spontaneously soluble in polar organic solvents 
without the need for any kind of additional energy, 
such as sonication or high shear mixing.[1-3] Flakes 
of several µm2 can be deposited from these solutions. 
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TRANSPORT SCATTERING TIME PROBED THROUGH RF ADMITTANCE OF A GRAPHENE CAPACITOR 

B. Plaçais, E. Pallecchi,  A.C. Betz, J. Chaste, G. Feve, B. Huard, T. Kontos, J.-M. Berroir 
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We have investigated electron dynamics in top gated graphene by measuring the gate admittance of a 
diffusive graphene capacitor in a broad frequency range as a function of carrier density. The density of 
states, conductivity and diffusion constant are deduced from the low frequency gate capacitance, its 
charging time and their ratio. The admittance evolves from an RC-like to a skin-effect response at GHz 
frequency with a crossover given by the Thouless energy. The scattering time is found to be 
independent of energy in the 0- 200 meV investigated range at room temperature. 
This is consistent with a random mass model for Dirac Fermions. 
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IDENTIFYING REACTIVE SITES ON GRAPHENE SHEETS AGAINST 1,3-DIPOLAR CYCLOADDITION 
AND AMIDATION REACTIONS 
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1Center of Excellence for Nanostructured Materials (CENMAT), INSTM UdR di Trieste, Dipartimento di 
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The production of graphene by micromechanical cleavage [1] has triggered an enormous experimental 
activity. Since then, many studies have demonstrated that graphene monolayers possess novel 
structural, [2] electrical [3] and mechanical [4] properties. However many important issues need to be 
addressed before this material can be used in an ideal way. Much workhas been produced that 
proposes chemical functionalization as a tool for tuning graphene chemical and physical properties. 
For example, chemical functionalization can render graphene dispersable in different solvents. [5] To 
exploit the high mobility of graphene, the band gap engineering and controllable doping of semimetal 
graphene can be achieved by chemical functionalization. [6] Moreover, the non-uniformity of graphene 
edges and the potential for dangling bonds are thought to have significant influence on their chemical 
properties and reactivity. [7] Chemical modification of various forms of graphene, including reduced 
graphene oxide, [8] liquid-phase exfoliated graphite, [9] pristine graphene and its multilayers has been 
obtained. [5] For instance, the aryl diazonium-based reaction has been extensively studied as a 
specific radical reaction on graphene layers. [10] In graphene, the edges exhibit a higher reactivity 
than the interior during this specific reaction. Instead, we have recently reported the functionalization 
of graphene layers by condensation of a protected α-amino acid and paraformaldehyde, [11] 
demonstrating that even if the reactivity of graphene differs from that of fullerenes and carbon 
nanotubes, the 1,3-dipolar cycloaddition can be efficiently performed and yields a highly functionalized 
material taking place not just at the edges but also at the C=C bonds in the center of graphene sheets. 
However, further work needs to be performed for understanding the chemical structure of the 
functionalized graphene and their reaction mechanisms.  
 
In this work we present a detailed study on the reactivity of graphene sheets stabilized in DMF using 
two different reactions: the 1,3-dipolar cycloaddition reaction and the amide-bond condensation 
reaction achieved between the free carboxylic groups already present in the exfoliated graphene and 
the amino functionalities of the attached moieties. Thus, we have functionalized graphene with a first 
generation polyamidoamine (PAMAM) dendron possessing an anchoring amine point and two terminal 
Boc-protected amines. Indeed, dendrimers and dendrons containing polar groups in their structures 
have been widely conjugated to carbon nanostructures in order to increase the solubility, modifying in 
this way their inherent apolar character to obtain more tunable structures. [12] Even more, the 
presence of free terminal amino groups can serve as ligands in the stabilization of gold 
nanostructures. [13] As first step to identify the reactive sites on graphene layers the free amino 
groups were quantified by the Kaiser test. These amino groups selectively bind to gold nanoparticles, 
which can then be employed as contrast markers. The interaction between Au nanoparticles and 
functionalized graphene was followed by UV-Vis spectroscopy, while the morphological changes were 
characterized by transmission electron microscopy (TEM). The presence of the organic groups and 
their interaction with Au nanoparticles were verified by X-ray photoelectron spectroscopy. Au 
nanoparticles distributed uniformly all over the graphene surface were found for functionalized 
graphene via 1,3-dipolar cycloaddition. Instead, in functionalized graphene by amidation reaction Au 
nanoparticles were observed mainly at the edges of graphene sheets. All these results confirm that 
graphene produced by mild sonication of graphite in DMF are relatively free of defects and can be 
efficiently functionalized by well establish organic reactions. 
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Figure 1 :  Schematic representation of functionalized graphene (left). TEM images of reactive sites on 
graphene marked by Au nanoparticles. 
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NON-COVALENT FUNCTIONALISATION OF GRAPHENE USING SELF-ASSEMBLED MONOLAYERS 
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Graphene, monolayer sheets of sp2-bonded carbon atoms arranged in a honeycomb-like structure, 
continues to attract intense research interest due to its unique electronic properties and potential 
applications. As a “surface-only” nanomaterial, the properties of monolayer or few-layer grapheme 
structures are extremely sensitive to adsorbed ambient contaminants, with a correspondingly severe 
impact on the electrical characteristics and stability of graphene-based devices. Development of 
strategies for functionalisation of graphene without adversely affecting its electronic properties are of 
key importance. Here we report on a simple, versatile functionalisation method based on solution-
phase formation of alkane-amine self-assembled monolayers (SAMs) on graphene; see Figure 1a for 
a schematic. 
 

Ab initio calculations (2nd order Møller–Plesset perturbation theory), applied to a cluster model 
(methylamine on pyrene) yield a binding energy, Eb = -220 meV for the anchor amine group, when the 
amine is located above a C-C bond (an “over-bond” site). Similar values were found for calculations 
with the amine group located over a carbon atom (“over-atom” site, Eb = -223 meV) and for the amine 
located over the centre of one of the phenyl rings (“over-ring” site, Eb = -215 meV), indicating that 
there is no strong preferential bonding site to the graphene plane. The results are consistent with a 
noncovalent amine-graphene interaction (~220 meV binding energy), which is strong enough to 
enable formation of a stable aminodecane monolayer at room temperature (T = 300 K, Eb ~ 8 kT), but 
also sufficiently labile to allow the necessary mobility of the molecules required for formation of a 
closepacked monolayer. Atomistic molecular dynamics simulations for 784 1-aminodecane molecules 
on a 13 nm x 15 nm graphene substrate (not shown) predict formation of a mobile but stable alkane-
amine SAM, with nearest-neighbour distances for the amine anchor groups ~ 0.33 nm. 
 

Measured Raman spectroscopy data for graphene monolayers deposited on thermally oxidised silicon 
substrates and then functionalized with 1,10-diaminodecane (red data in Fig. 1b) are also consistent 
with a non-covalent, charge-transfer interaction between the alkane-amine molecules and graphene. 
The presence of a sharp two-phonon 2D peak (full-width at half-maximum intensity, FWHM ~ 24.5 cm-

1), a characteristic of monolayer graphene, and the absence of a defect (D) peak close to 1350 cm-1 

following functionalization (Fig. 1b, inset) confirms that the layer of 1,10-diaminodecane molecules 
does not perturb the sp2-hybridisation of the graphene monolayer and does not introduce additional 
structural defects. Further, the spectrum for the functionalised monolayer shows several significant 
differences when compared with data measured for an as-deposited graphene monolayer (Fig. 1b, 
gray data). Both the shift in the G peak position towards higher energy and the reduction in intensity of 
the 2D peak following functionalisation of the exposed graphene surface with 1,10-diaminodecane are 
consistent with doping, likely via charge transfer from the amine anchor groups to the graphene. 
 

Figure 1c shows two-probe resistance (R2P) vs gate voltage (Vg) data measured in vacuum for a 
monolayer graphene field-effect device following fabrication. The data show the expected behaviour 
for unpassivated graphene devices exposed to ambient conditions – hysteretic ambipolar conduction, 
with minimum conductivity (Dirac Point, Vg,DP) at positive gate voltage. This positive value of Vg,DP 
indicates unintentional hole doping, likely from contaminants at the graphene surface and the 
graphene-substrate interface, e.g., adsorbed water and organic residue from the fabrication process. 
Figure 1d shows the R2P-Vg data for the same device, acquired following ex situ annealing to 250 ºC 
under nitrogen for 1 hour, functionalisation in solution with 1-aminodecane and transfer under ambient 
conditions (~ 1 hour) to the vacuum measurement chamber. Several significant changes are evident, 
including a shift in the Dirac Point to negative gate voltage and a sharper resistance peak (higher 
carrier mobility) around the Dirac Point for each sweep. These negative values for Vg,DP in the 
functionalised device indicate adsorbate-induced electron doping, presumably from the amine anchor 
groups in the 1-aminodecane molecular layer. Kim et al. have proposed a simple device model to 
interpret two-probe R2P-Vg data25. Using three fit parameters — the contact resistance (Rc), the 
impurity carrier density (n0) and the fieldeffect mobility (µFE) — the two-probe device resistance can be 
expressed as 
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     (1) 
where L (≈ 6µm) and W (≈ 10µm) are the device length and width, respectively, e is the electronic 
charge and n is the gate-induced carrier density, n ∝ |Vg-Vg,DP| if quantum capacitance effects are 
excluded. The inset to Fig. 1d shows fits to Equation 1 for the data in the main panel, yielding 
estimates for both the mobility, µFE ≈ 2350–2500cm2V-1s-1, and the impurity carrier density, 
n0 ≈ 0.8x1012 cm-2, assuming a constant contact resistance Rc = 200Ω for both sweeps. In general, 
devices functionalized with 1-aminodecane following annealing show higher carrier mobilities and also 
improved stability upon re-exposure to ambient conditions compared with annealed “bare” devices, 
suggesting that the 1-aminodecane layer can act as a barrier to hinder the readsorption of 
contaminants, e.g., water. 
 

A key challenge in the development of graphene-based nanoelectronics is the deposition of inorganic 
dielectrics onto graphene for top-gated devices. “Seeding” processes for atomic layer deposition 
(ALD) of inorganic dielectrics onto graphene have been reported, including ozone pre-treatment, and 
also deposition of thin (~10 nm) polymer layers containing appropriate binding groups. Use of 
selfassembled monolayers represents an attractive complementary process. The smaller thickness of 
the alkane-amine SAM, compared to polymer layers, would increase the effective total dielectric 
capacitance, and the defect density in SAM-modified graphene should be lower than for ozone-treated 
graphene. Figure 1e shows a scanning electron microscopy image of an ultra-thin film of aluminium 
oxide (5 nm nominal thickness), which was deposited onto highly-oriented pyrolytic graphite that had 
been functionalised with 1,10-diaminodecane. Uniform coverage of the substrate (including some 
small defects and a step edge) is evident. Figure 1f shows the edge of the aluminium oxide film 
following removal of part of the film using adhesive tape. The remaining aluminium oxide shows good 
adhesion to the substrate. The film is quasi-continuous film arising from coalescence of two-
dimensional islands, as expected for the chosen film thickness. 
 

In conclusion, self-assembled monolayers of alkane-amines represent a versatile new route for 
noncovalent functionalisation of graphene without adversely affecting its unique properties. 
Advantages for nanoelectronic applications include adsorbate doping, surface passivation and seeded 
ALD. Selection of suitable terminal groups for binding of target species onto graphene opens up 
possibilities for selective and sensitive graphene-based electromechanical or electrochemical 
(bio)sensors. 
This work was supported by the European Commission under the FP7 ICT project “GRAND” (215572). 
 

Figures:  

 
Figure 1 :  (a) Left: Structure of 1,10-diaminodecane (DA). Right: Schematic of a graphene layer functionalised 
with a monolayer of alkane amines. (b) Raman spectra (514.5 nm excitation) for a graphene monolayer deposited 
onto an unmodified Si/SiO2 substrate (gray) and also for a graphene monolayer (red) following following 
functionalisation in solution with 1,10-diaminodecane (DA). Inset: No defect (D) peak ~ 1350 cm

-1
 is observed 

following functionalisation. (c) Two-probe resistance vs. gate-voltage (R2P–Vg) characteristics measured in 
vacuum for a back-gated, monolayer graphene device following fabrication.(d) R2P–Vg characteristics for the same 
device measured following ex situ thermal annealing under nitrogen (200 C) and functionalisation in solution with 
1-aminodecane. Fits to the R2P–Vg data for the functionalised device (d, inset) yield estimates for the device 

mobility, µFE ≈ 2350–2500 cm
2
V

-1
s

-1
. (e) SEM image of a conformal 5 nm thick Al2O3 film deposited using atomic 

layer deposition onto a graphite substrate, which had been functionalised with 1,10-diaminodecane. (f) SEM 
image of the edge of the Al2O3 film and the underlying graphite (HOPG) substrate following removal of part of the 
Al2O3 film using adhesive tape. 
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HIGH EFFICIENCY ENERGY STORAGE OF GRAPHENE-BASED COMPOSITES 
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Feng Li, and Hui-Ming Cheng 

Shenyang National Laboratory for Materials Science, Institute of Metal Research, Chinese Academy 
of Sciences, Shenyang 110016, P.R. China 

wcren@imr.ac.cn 
 

 
Energy storage is vital to meet the challenge of global warming and finite fossil-fuel supplies in modern 
society [1]. Graphene, a unique two-dimensional carbon material, is predicted to be an excellent 
electrode material candidate for energy conversion/storage in supercapacitors and lithium ion batteries 
(LIBs) because of its high specific surface area, good chemical stability, excellent electrical and 
thermal conductivity as well as remarkably high mechanical strength and Young’s modulus [2-4]. 
 
Controllable synthesis of graphene sheets (GSs) in a large scale is the prerequisite and essentially 
important for the energy storage applications of graphene. We proposed a simple and effective 
strategy to tune the number of graphene layers by selecting suitable starting graphite using a chemical 
exfoliation method [5], developed a mild oxidation and exfoliation method to prepare large-area 
graphene oxide with a size up to 200 micrometers and realized the size-controlled synthesis of 
graphene oxide by simply tuning the content of C-O in graphite oxide [6], proposed a hydrogen arc 
discharge exfoliation method for the synthesis of GSs with excellent electrical conductivity from 
graphite oxide [7], and developed a rapid and nondestructive low-temperature reduction method to 
effectively improve the electrical conductivity of graphene oxide by using HI acid [8]. 
 
In order to fully utilize the advantages of GSs for energy storage, we proposed the use of GSs/metal 
oxide (or conducting polymer) as electrode materials for high performance supercapacitors and LIBs. 
Based on this idea, we designed and synthesized a series of graphene/metal oxide nanoparticles 
composites by combining sol-gel and low-temperature annealing processes, including GSs/hydrous 
RuO2 composites for high energy supercapacitors [9], GSs/Co3O4 and GSs/Fe3O4 composites for high 
energy LIBs [10, 11], and GSs/TiO2 and GSs/Li4Ti5O12 composites for high power LIBs [12]. In order to 
achieve high energy and power densities, we also developed a high-voltage asymmetric 
electrochemical capacitor based on graphene as negative electrode and a GSs/MnO2 nanowire 
composite as positive electrode in a neutral aqueous Na2SO4 solution as electrolyte [13]. Moreover, by 
incorporating with polyaniline, we fabricated GSs/polyaniline composite paper via in situ anodic 
electropolymerization for high performance flexible supercapacitor electrodes [14]. 
 
All the above composites show a greatly improved capacity, cycling stability and rate capability 
compared to solo graphene and metal oxide, demonstrating the positive synergistic effect of GSs and 
metal oxide on the improvements of electrochemical performance. We believe that the performance of 
GSs-based composite electrodes can be further improved by optimizing the composition and structure 
of GSs and particles, and the architecture and synthesis process of composites, to meet the future 
requirements for high energy and high power energy storage systems. 
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Figure 1 :  GSs/hydrous RuO2 composites for high energy supercapacitors (left panel) [9] and GSs/TiO2 
composites for high power LIBs (right panel) [12]. 
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Graphene’s high carrier mobility [1], large saturation current [2], low noise, and superior scalability 
make it of interest as a channel material for RF-FET applications. The practicality and success of such 
a technology depends on the ability to, first, regularly and controllably synthesize graphene, second, 
integrate it with metals and dielectrics in a reproducible manner, and, finally, to develop device 
designs that take advantage of (or overcome) graphene’s unique properties while minimizing 
performance-limiting parasitics. In this talk, we will provide insight into ultra-large area growth, 
integration of graphene with ultra-thin dielectrics (EOT ~ 1nm), and how growth and device processing 
effect the transport properties of epitaxial graphene. 
 
Graphene synthesis is accomplished on SiC (Figure 1) and Sapphire up to 100mm wafers, with 
excellent uniformity (Figure 2). Graphitization of SiC(0001) is achieved by low-pressure sublimation of 
Si from the Si-face of semi-insulating 6H-SiC (II-VI, Inc.) at 1600°C and mediated by an Ar 
atmosphere [3]. Graphene films grown under these conditions are primarily one- to two-layers thick 
according to Raman spectroscopy and transmission electron microscopy, [4] with a D/G peak ratio of 
0.07 ± 0.03. Direct growth of graphene on sapphire is accomplished via the decomposition of methane 
at 1425 – 1600ºC, where film nucleation and quality are found to be a strong function of methane 
concentration, growth time, and growth temperature [5]. Raman spectroscopy confirms, for the first 
time, the formation of monolayer and bilayer graphene on sapphire, with improved structural quality as 
deposition temperature increases. 
 
In addition to synthesis of large area, high quality graphene, the successful implementation of a 
graphene-based electronic technology must address low resistance metal/graphene contacts, and the 
integration of graphene with high-k dielectrics. We have developed a robust method for forming high 
quality ohmic contacts to graphene, which improves the contact resistance by nearly 6000x compared 
to untreated metal/graphene interfaces [6]. Optimal specific contact resistance for treated Ti/Au 
contacts is found to average 5x10-8 Ohm-cm2, demonstrating a significant improvement in ultimate 
resistance compared to current technology. It is found that most metallizations result in similar contact 
resistances in this work (Figure 3), regardless of the work function difference between graphene and 
the metal over layer, which is explained by the chemical and structural modification of graphene during 
device processing. 
 
Finally, we discuss the successful integration of ultra-thin high-k dielectrics and their impact on 
graphene transport. All oxides deposited via atomic layer deposition require some type of seeding 
method. Additionally, heterostructures (seed ≠ overlayer) have deleterious effects on Hall mobility 
while homostructures can lead to an increase in Hall mobility (Figure 4). Doping appears to be 
material dependent and varies with film thickness. Importantly, 5nm thick EBPVD HfO2 gate dielectrics 
with an EOT of ~1nm are successfully demonstrated and show improved Hall mobility, on-off ratio, 
and transconductance relative to Al2O3 gates and heterostructure gates comprised of various 
dielectrics (Figure 5). 
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Figure 1:  Photographic image of graphene grown 
SiC(0001) wafers up to 100 mm 
 

 
 

Figure 2:  Sheet resistance (Ohm/sq) map of a 
75mm graphene wafer illustrating high uniformity 

 

 
 

Figure 3:  Specific contact resistance of various 
metals versus graphene/metal work function 
difference. 

 

 
 

Figure 4:  Normalized Graphene carrier mobility vs. 
density as a function of dielectric overlayer. 

 

 

Figure 5 :  Graphene transistor drain current vs. gate 
electric field. 5 nm HfO2 exhibits superior transport 
characteristics compared to all other dielectrics.  
 

 
 



 

 

    G
R
A
P
H
E
N
E
2

G
R
A
P
H
E
N
E
2

G
R
A
P
H
E
N
E
2

G
R
A
P
H
E
N
E
2
0
1
1

0
1
1

0
1
1

0
1
1
 

 
 

 
 

Im
a
g
in
e
N
a
n
o
 A
p
ri
l 
1
1
-1
4
, 
2
0
1
1
 

107 

NON-ADIABATIC GRAPHENE QUANTUM PUMPS 

Pablo San-Jose
1, Elsa Prada2, Sigmund Kohler2, Henning Schomerus3 
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3Department of Physics, Lancaster University, Lancaster, LA1 4YB, United Kingdom 
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We present a theoretical study of the non-adiabatic operation of graphene-based quantum pumps, 
along with a comparison to the semiconductor-based analogues. We show that due to the open nature 
of graphene contacts resulting from quasiparticle chirality conservation, the current pumped through 
evanescent modes scales linearly with frequency, and may allow for a competitive advantage respect 
to the semiconductor-based alternative. Moreover, the scale-free nature of graphene pumps at the 
neutrality point results in a universal weak-pumping response, reminiscent of that previously identified 
in the adiabatic regime [1]. In contrast to the latter, however, the differential pumping response 
becomes maximum at the neutrality point. We provide a full analytical solution of the pumping problem 
in the weak pumping regime. 
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Figures:  
 

 
Figure 1 :  Differential pumping response dI/dϵ as a function of Fermi energy ε and transverse momentum 

εq = ħ vF q in a single parameter graphene quantum pump. The red region, extending up to the pumping 

frequency εq=ω at the neutrality point ε=0, represents efficient pumping of evanescent modes. 
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MAGNETISM OF COVALENTLY FUNCTIONALIZED GRAPHENE 
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We have recently applied ab initio density functional calculations to explore the magnetism induced by 
several types of defects in graphene and graphenic nanostructure, including doping with transition 
metals [1,2,3] and vacancies [4]. In the present contribution we concentrate on the effect of covalent 
functionalization on the electronic structure and magnetism of graphene [5] and single-walled carbon 
nanotubes [6]. We have performed calculations of the functionalization of graphene layer alkanes, 
polymers, diazonium salts, aryl and alkyl radicals, nucleobases, amide and amine groups, sugar and 
some organic acids. We find that, independently of the particular adsorbate, whenever a molecule is 
linked to the carbon layer through single C-C covalent bond, a spin moment of 1.0 µB is induced. This 
is similar to the effect of H adsorption, which saturates the pZ orbital in the layer, and can be related to 
the spin moment observed for a single carbon vacancy in a simple π-tight-binding description of the 
graphene layer. Consistently with this analogy, the calculated spin moment is almost entirely localized 
in the carbon layer, with an almost negligible contribution from the adsorbate (see Figure 1 below). 
When the electronegativity of the atom bonded to the layer increases, even if still linked through a 
single bond, the value of the observed spin moment is modified and eventually goes to zero. 
 
The magnetic coupling between adsorbates has also been studied, using H and CH3 for graphene [5] 
and only H for the nanotubes [6], and revealed a key dependence on the sublattice adsorption site 
(see Figure 2 below): Only molecules at the same sublattice stabilize a ferromagnetic spin order, with 
exchange coupling decaying quite slowly. When the molecules are adsorbed in different sublattices 
we always converge to non-magnetic solutions, at least for the supercell sizes used here. Using our 
previous analogy with a π-vacancy, we can now understand this behavior in terms of the so-called 
Lieb theorem for bipartite lattices [7]. In the case of the carbon nanotubes, exchange interactions are 
much larger and have a slower decay for metallic than for semiconducting tubes. 
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Figures:  
 

 

 
Figure  1:  (a) Scheme of the “on top” adsorption 
geometry, through single covalent bond to the layer, 
considered in this work. Panels (b)-(e) show the 
isosurfaces of the magnetization density induced by 
the adsorption of the Adenine group, CH3, Pmma 
and PTFE on the carbon surface. The cutoff is at 
±0.0191431 e/bohr

3
. Positive and negative spin 

densities correspond respectively to light and dark 
surfaces, which alternate on graphene atoms with a 
slow decay length in all cases. Panels (f) and (g) 
show, respectively, the spin polarized band 
structures for a 8x8 graphene supercell with, 
respectively, a single Adenine radical and a CH3 

molecule chemisorbed on top of a carbon atom. The 
black and red lines denote the majority and minority 
spin bands, respectively. EF is set to zero. 

 

Figure 2 :  Exchange coupling as a function of the 
position of two adsorbates, H and CH3, 
chemisorbed on top of a C atom in a 8x8 graphene 
supercell. One of the molecules is moved along (a) 
the armchair and (b) the zigzag directions, while the 
other remains at the origin. The filled and empty 
squares correspond, respectively, to H and CH3 at 
the same sublattice (e.g. AA). Triangles correspond 
to both adsorbates at different sublattices (e.g. AB), 
where it was impossible to stabilize magnetic 
solutions. The circles correspond to the best fit of 
the AA data to a Heisenberg model. 
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VISUALIZATION OF CHARGE TRANSPORT THROUGH LANDAU LEVELS IN GRAPHENE 

Peter Sutter,1 George Nazin,1 Yan Zhang,2 Liyuan Zhang,3 Eli Sutter1 
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Band bending and the associated spatially inhomogeneous population of Landau levels play a central 
role in the physics of the quantum Hall effect (QHE) by constraining the pathways for charge carrier 
transport and scattering. Spatially inhomogeneous charge distributions, e.g., due to adsorbate-induced 
surface doping, are expected to be particularly pronounced in graphene due to the proximity of the 
carrier gas to the surface, and can cause significant deviations from pure edge-state transport. 
Progress in understanding such effects in low-dimensional carrier gases in conventional 
semiconductors has been achieved by real-space mapping using local probes. We have recently 
developed spatially resolved photocurrent microscopy in the QHE regime, i.e., at variable temperature 
from 300 K to 4 K and at high magnetic fields, to study the correlation between the distribution of 
Landau levels and the macroscopic transport characteristics in graphene [1]. 
 
The conductance of typical two-terminal graphene devices (fig. 1 a) shows series of local extrema 
associated with individual Landau levels, with maxima predicted to occur at quantized Hall 
conductances of 2, 4, 6, 10, and 14 e2/h [2]. The observed maxima are consistently higher (fig. 1 c), 
suggesting deviations from ideal edge transport in these devices. We find that the gate-voltage 
dependent photocurrent at fixed locations is oscillatory, with polarity determined by the direction of the 
magnetic field (fig. 1 d). Such local oscillations are due to a recurring global photocurrent distribution 
across the device, synchronous with the filling of consecutive Landau levels, which can be used to 
visualize the gate-voltage dependent distribution of Landau levels in the graphene channel. 
 
Based on an analysis of the photocurrent generation mechanism in graphene subject to a quantizing 
magnetic field, we conclude that quantum Hall transport in graphene is governed by a non-uniform 
potential distribution across the channel (fig. 2 a). Multiple inhomogeneously filled Landau levels are 
populated simultaneously, with the dividing boundaries (traced in the experimental map of fig. 2 b) 
expected to form incompressible barriers that profoundly affect the electrostatic landscape and current 
pathways in the device. Besides Landau level mapping at low temperatures, we discuss the extension 
of photocurrent microscopy to imaging the temperature-dependent quantum Hall transport in graphene 
up to room temperature, and for characterizing the energy landscape across the graphene channel. 
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Figures:  
 
 

 
 
Figure 1 :  Low-temperature photocurrent measurements on graphene devices. a – Optical image of a typical 
two-terminal device. Dashed outlines mark the channel and the two connected electrodes. b – Schematic diagram 
of the photocurrent measurement. c – Conventional two-terminal conductivity, G, as a function of gate voltage, 
VG, measured at T = 4.2 K. Blue and red lines mark local conductivity minima and maxima. d – Photocurrent 

measured with laser spot at the center of the graphene channel (cross in a) for B = ±9 T. 
 
 
 

 
 
F igure  2:  Mapping photocurrent collection and the distribution of Landau levels in graphene. a – Dominant 
pathways of charge carrier relaxation and collection across the graphene channel (spatial dimension: X), for n-
doped graphene in the case of two Landau levels (n = 1, 2) at EF inside the channel, and local filling factors, n, of 
these levels across the device. Colored rectangles connect the Fermi level with the Landau levels responsible for 
carrier transport; the color indicates the resulting photocurrent polarity. b – Experimental photocurrent map at gate 
voltage VG = +37.5 V and magnetic field B = 9 T, measured on the device of fig. 1 a. The distributions of individual 
Landau levels at EF, and of the incompressible boundaries between them are indicated as dotted contours. 
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LARGE-SCALE ARRAYS OF SINGLE-LAYER GRAPHENE RESONATORS 
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Graphene’s unparalleled strength, small mass per unit area, ultra-high aspect ratio, and unusual 
electronic properties make it an ideal candidate for nano-electro-mechanical systems (NEMS)[1,2,3,4], 
but the lack of control over resonance frequency and low quality factor have been major challenges to 
overcome.  
 
Using graphene grown by chemical vapor deposition (CVD) on copper foils, we developed novel 
fabrication techniques to produce large arrays of suspended, single-layer graphene membranes on 
arbitrary substrates. With these fabrication methods, we produced large, high-yield arrays of both 
doubly-clamped graphene membranes with lengths and widths between 1 and 5 microns, and fully-
clamped circular and square graphene membranes with sizes between 2 and 30 microns (See 
Figure). 
 
With these membranes, we used both optical and electrical actuation and detection techniques to 
conduct systematic measurements of mechanical resonance as a function of size, clamping geometry, 
temperature, and electrostatic tensioning. We find that the CVD graphene produces tensioned, 
electrically-conducting, highly-tunable resonators with frequencies in the megahertz. In addition, we 
demonstrate that clamping the graphene membrane on all sides reduces the variation in the 
resonance frequency and makes the resonance frequency more predictable[5].  
 
While doubly clamped resonators typically show quality factors of 25-150, we find that the quality 
factor of fully clamped membranes show a striking improvement of the membrane quality factor with 
increasing size[6]. At room temperature, we observe quality factors as high as 2400 ± 300 for a 
circular resonator 22.5 microns in diameter.  
 
Using electrically-contacted, doubly-clamped, graphene resonators, we find the resonance frequency 
is tunable with both electrostatic gate voltage and temperature.  In addition, the quality factors improve 
dramatically with cooling, reaching values up to 9000 at 10 K.  
 
These measurements show that it is possible to produce large arrays of CVD-grown graphene 
resonators with reproducible properties and the same excellent electrical and mechanical properties 
previously reported for exfoliated graphene. In addition, we also demonstrate that the quality factor of 
fully clamped graphene resonators relative to their thickness are among the highest of any mechanical 
resonator demonstrated to date. 
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Figures:  
 
 

 
 
 
Figure 1:  a) Angled SEM of array of doubly clamped single layer graphene membranes. b) SEM of large, 
circularly-clamped graphene membrane.  Contaminants are clearly visible on the surface. 
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QUANTUM TRANSPORT PROPERTIES OF GRAPHENE NANORIBBONS AND NANOJUNCTIONS 
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The discovery of graphene and successive fabrication of graphene devices [1,2] have triggered 
intensive and diverse research on carbon related systems. The honeycomb crystal structure of single 
layer graphene consists of two nonequivalent sublattices and results in a unique band structure for the 
itinerant π-electrons near the Fermi energy which behave as massless Dirac fermion. In graphene, the 
presence of edges can have strong implications for the spectrum of the p-electrons. In graphene 
nanoribbons with zigzag edges, localized states appear at the edge with energies close to the Fermi 
level.[3] In contrast, edge states are absent for ribbons with armchair edges. Recent experiments have 
succeeded to synthesize graphene nanoribbons using lithography techniques [4], chemical 
techniques.[5,6]  
 
In my talk, we focus on edge and geometry effects of the electronic properties of graphene 
nanoribbons. The electronic states of graphene nanoribbons crucially depend on the edge orientation 
and boundary condition [3,7] (1) In zigzag nanoribbons, for disorder without inter-valley scattering a 
single perfectly conducting channel emerges associated with such a chiral mode due to edge states, 
i.e. the absence of the localization.[8-10] (2) In armchair nanoribbons, the single-channel transport 
subjected to long-ranged impurities is nearly perfectly conducting, where the backward scattering 
matrix elements in the lowest order vanish as a manifestation of internal phase structures of the 
wavefunction. [10,11] This phase structure can be related to the existence of Berry phase. [12] (3) 
Nano-graphene junctions are shown to have the zero-conductance anti-resonances associated with 
the edge states. The relation between the condition of the resonances and geometry is discussed. [13] 
(4) Finally, we will discuss the effect of edge chemical modification on magnetic properties of 
nanographene systems. [14] 
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BOTTOM-GATED EPITAXIAL GRAPHENE ON SIC (0001) 
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We carry out experiments employing epitaxial graphene, fabricated by thermal decomposition on 6H 
SiC (0001) surfaces [1,2]. A major advantage of this material is the reproducible fabrication of large 
area and high-quality graphene on an insulating surface. This allows, for example for building 
graphene Hall bars on atomically flat substrate terraces. However, a disadvantage was so far the 
absence of a back gate, because the graphene is grown out of the substrate material and an 
intermediate insulating oxide layer is not possible. 
 
Here we present the controlled fabrication of a bottom gate in the SiC with standard semiconductor 
technology [3]. A conductive layer at d = 700nm below the surface acts as gate electrode. It is created 
via implantation of nitrogen ions prior to the graphene growth. It is contacted to the surface with a box-
like implantation of a high dose (16 different energies between 30keV and 2MeV). Hence, we define 
insulating layers and conducting layers by controlling the dopands. The setup is shown in Fig. 1. 
 
A conversion of the graphene layer to quasi-freestanding epitaxial graphene turned out to be 
mandatory for a working device. This material is hole-filled in contrast to the electron filled standard 
epitaxial graphene and in magnetotransport measurements it shows the pseudo-relativistic behavior 
unique for graphene. 
 
A gate voltage applied to the implanted layer enables a variation of the charge carrier density over a 
wide range. We, find two different regimes of gating mechanisms with strongly different gating 
efficiency. First for low implanted doses or low temperatures the SiC between gate electrode and 
surface is insulating and the device behaves like an implanted plate capacitor (IPC). Second we find a 
Schottky capacitor (SC) regime for high implantation doses or high temperatures. Here the SiC gains a 
finite conductivity and the capacitance is mainly governed by the Schottky contact between SiC and 
graphene. The capacitance is higher by a factor of four compared to the IPC regime and is no longer 
independent from the gate voltage. With this extended Schottky model we can simulate the 
temperature dependence of the capacitance in Fig. 2. Illumination with ultra violet light extends the SC 
regime to lower temperatures by generating free carriers in the SiC. 
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Figures:  
 

 
 
Figure 1:  a) TRIM simulation of the implantation profile. The SiC is conducting where the implanted dose 
exceeds the vanadium compensation [V] (dotted line) and insulating elsewhere. b) Setup of the bottom gate with 
source (S), drain (D) and gate (G) electrodes on graphene; conductive gate layer and implanted connections. In 
the IPC regime the shaded area is insulating, in the SC regime conducting c) Electric field and band diagram for 
the region between graphene and implanted electrode in the IPC regime, which is self-consistently calculated in 
our extended Schottky model. A constant external electric field is superimposed onto the built-in field of the 
depletion layer. d) Electric field and band diagram for the SC regime. The conductive layer extends up to the 
depletion layer. Hence, the whole applied voltage drops across the depletion layer. 
 
 

 
 
Figure 1 :  Gate response of ρ and 1/eRH of sample HD3 in the IPC (triangles) and the SC regime (circles). The 
capacitance is much higher in the SC than in the IPC regime. In addition the minimal measured charge carrier 
concentration nmin = (1/eRH)min is much smaller in the SC than in the IPC regime indicating a higher homogeneity. 
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MOLECULAR INTERACTIONS ON EPITAXIAL GRAPHENE 
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The growth of high quality epitaxial graphene will facilitate the development and commercialization of 
graphene nanoelectronics devices, and the main substrate-based approaches are chemical vapour 
deposition (CVD) on metal catalytic thin films and thermal decomposition of silicon carbide (SiC). We 
have performed detailed studies using in situ scanning tunnelling microscopy (STM), synchrotron 
photoemission (PES) and density functional theory (DFT) calculations to investigate the structure of 
the various reconstructions of 6H-SiC(0001) prior to its thermal decomposition to form epitaxial 
graphene (EG) [1-3] (Fig. 1). We show that the transition from monolayer EG to trilayer EG adopts a 
bottom-up growth mechanism [4], and x-ray absorption fine structure studies indicate an increase in 
disorder of Si atoms in the SiC substrate beneath the surface and the formation of Si clusters [5,6]. 
 
A major challenge in graphene-based devices is opening the energy band gap and doping. Molecular 
functionalization of graphene is one approach to modifying its electronic properties. Surface transfer 
doping by surface modification with appropriate molecular acceptors represents a simple and effective 
method to non-destructively dope graphene [7-9]. Surface transfer doping relies on charge separation 
at interfaces, and represents a valuable tool for the controlled and non-destructive doping of 
semiconductors and nanostructures at relatively low cost, thereby facilitating the development of 
hybrid organic-graphene nanoelectronics. Molecular self-assembly of bimolecular systems on epitaxial 
graphene and HOPG is demonstrated [10,11] (Fig. 2). Surface transfer hole doping of epitaxial 
graphene using oxide thin films is also discussed [12]. 
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Figures:  
 

 
 
Figure 1:  LEED and corresponding STM images showing the evolution of various superstructures on 6H-
SiC(0001) as a function of annealing temperature: 3×3 (panels a and e); (panels b and f); nanomesh (panels c 
and g); graphene (panels d and g). Incident electron beam energies (LEED) of 100 eV for panels a, b and c, and 
175 eV for panel d. Adapted from Ref [9]. 

 

 
 

Figure 2 :  Molecularly resolved 15x15 nm
2
 STM images (top) and DFT simulated molecular models (below) of 

the F16CuPc molecular dot arrays with tunable intermolecular distance controlled by DIP molecular coverage. 
The scale bar in each STM image represents 5 nm. (from Ref [11]) 
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HALL EFFECT IN GRAPHENE NEAR THE CHARGE NEUTRALITY POINT 
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In single layer grapheme, when the carrier concentration through the charge neutrality point (CNP) is 
varied from hole-type to electron-type, the measured Hall resistivity ρxy close to the CNP shows a 
smooth zero crossing for magnetic fields up to 30 T. In contrast, ρxy diverges in a conventional 
semiconductor approaching the CNP from both the electron and the hole side. We explain our results 
in terms of a two-component carrier system where both electrons and holes with finite concentrations 
are present simultaneously around the CNP. The Hall resistivity is given by (supposing a similar 
mobility for electrons and holes) : 

                                                                                 (1) 
 

with n and p the charge carrier concentrations for electrons and holes, respectively, e is the electron 
charge and B the applied magnetic field. 
 
Our samples are monolayer graphene devices deposit on Si/SiO2 substrate using standard methods 
[1], and the charge carrier concentration is varied with a back gate from highly electron- to highly 
holedoped. Fig. 1(a) shows the low magnetic field data for one of our samples measured at T = 0.5 K 
where the Hall resistance does not yet show the quantum Hall effect (QHE). Knowing the total charge 
density q=n-p from the back-gate voltage, we have extracted the individual carrier concentrations n 
and p [Fig. 1(b)] as a function of the total charge with Eq. (1). We find that both types of charge 
carriers are present both above and below the CNP. For this sample, precisely at the CNP (q=0) we 
find n = p = 4.2·1014 m-2 only weakly dependent on the magnetic field in this non-quantized regime. 
Away from the CNP the system remains two-component and the minority carriers only disappear for 
|q| > 2·1015 m-2. 
 
When we increase the magnetic field into the quantum Hall regime at T = 4.0 K [2, 3] [Fig. 2(a)], we 
still observe a zero-crossing of ρxy and at the CNP in Fig. 2(b), we find that both n and p are present 
but their number increases with the magnetic field. Plotting charge carrier concentration as a function 
of B, n is found to be constant for B < 5 T after which it increases linearly as B increases. This 
behavior is attributed to transport dominated by electron-hole puddles for low magnetic fields evolving 
into a quantized density of states in high magnetic fields [4]. 
 
The observed presence of both electrons and holes near the CNP even deep into the quantized Hall 
regime may contribute to a better understanding of the nature of electronic states at the lowest Landau 
level in graphene [5]. In particular, in high magnetic fields it allows to distinguish between different 
splitting scenarios of the lowest Landau level: valley first where electrons and holes are separated and 
the Hall resistance is expected to diverge at the CNP, and spin-first where electrons and holes remain 
present above and below zero-energy and the Hall resistance crosses zero at the CNP [6]. 
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Figures:  
 

 
 
Figure 1 :  (a) Low-field Hall resistivity and (b) extracted carrier concentration for electrons n and holes p 
according to Eq. (1) as a function of total charge q. Both types of charge carriers are present below and above the 
CNP for |q| < 2·10

15
 m

-2.
 

 

 
Figure 2:  (a) High-field Hall resistivity in the quantum Hall regime; (b) Extracted carrier concentration for 
electrons n and holes p according to Eq. (1) as a function of the total charge q; (c) Charge carrier concentration 
increases with B due to a quantized density of states. Most carriers are localized in the tails of the Landau level 
and only about 1/3 of the total carrier concentration is measured as free charge carriers. 
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EDGE TRANSPORT CHANNEL ON A GRAPHENE NANORIBBON 

Sungjong Woo, Young-Woo Son 
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Recently, Scanning Gate Microscopy (SGM) experiment on a graphene nanoribbon by our 
collaborators has shown a clear evidence of the existence of an edge electronic transport channel; a 
remarkable SGM signal enhancement has been observed on the ribbon edge. 
Charge accumulation on the edge of doped graphene nanoribbons has been studied by Silvestrov 
et.al. 
 
For such a doped graphene nanoribbon, the effective local Dirac point deviates from the Fermi level 
depending on the local excess charge density, which is almost constant except the ribbon edge where 
charge is seriously accumulated. 
 
We have investigated the electronic band structures and transport properties of such doped 
nanoribbons especially with zigzag edge structures and have further studied their responses to an 
additional local gate potential given by the SGM tip.  
We have found that, once a graphene is doped, the energies of localized edge states of a zigzag 
graphene nanoribbon, which give a flat band for a neutral one, follow the shifted local Dirac point on 
the edge bending the corresponding flat band line. 
 
Based on this, we have further showed that one can control the bent edge-state band line using SGM 
tip gating resulting in single-channel conductance enhancement that was seen in the expriment.  
Our theory predicts that such conductance enhancement occurs when the polarity of the local tip 
potential is against the type of doping which is in good agreement with the experimental results. We 
have further confirmed that the phenomena persists on general edge structurs. 
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PROBING THE BANDGAP OF BILAYER GRAPHENE WITH THERMAL AND OPTICAL EXCITATIONS 
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1Center for Nanophysics and Advanced Materials  
2Department of Electrical and Computer Engineering 
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The opening of a tunable bandgap in bilayer graphene is an interesting problem that has attracted 
great recent attention. We study the bulk of dual-gated bilayer graphene using a Corbino-disk 
geometry which excludes the edge conductance channels. The temperature dependence of the 
maximum resistivity is found to be well described by simple thermal activation at high temperatures 
and variable range hopping at low temperatures, consistent with other transport studies, from which 
we conclude that edge transport is not significant [1]. The electric-field-dependent band gap extracted 
from thermal activation is found to be in good agreement with infrared spectroscopic studies [2, 3]. We 
further investigate the band gap effect by infrared photoconduction measurements in non-Corbino 
dual-gated devices. We have measured the photoconductive response as a function of band gap, 
temperature, incident wavelength, and power. We find that the response is proportional to the source-
drain current and that it increases for larger band gap. Interestingly, the signal does not always vanish 
at zero source-drain voltage and it exists even when the average electric field is zero, corresponding 
to zero band gap in a disorder-free sample. 
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Figures:  
 

 
 

Figure 1:  Bandgap of dual-gated bilayer-graphene Corbino-disk. Transport measurements (blue dots) are from 
Ref.[1]. Optical data (red squares) and self consistent tight binding (SCTB) as well as density functional theory 
(DFT) calculations are taken from Ref.[2]. 
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HIGHLY PHOTOSTABLE ORGANIC DISTRIBUTED FEEDBACK LASERS FABRICATED BY  
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Nanoimprint lithography (NIL) is a promising technique for the fabrication of surface pattern features 
down to 20 nm, even for future industrial applications, because of its high throughput, low cost and 
high fidelity pattern transfer. We have used this technique to make distributed feedback (DFB) 
resonant cavities for solid-state lasers based on semiconducting polymers, an active field of research 
in the past few years [1]. 
 
In this work we present the last results obtained with two kind of devices. First, DFB gratings in SiO2 
(periodicity of 368 nm and equal line and space) on which polystyrene (PS) films doped with 0.5 wt% 
of a perylenediimide (PDI) derivative were spin-coated afterwards. Using a master grating fabricated 
by e-beam lithography and plasma etching, the grating was first imprinted onto an mrI-8030E resist 
layer spin-coated on a thermally oxidized silicon wafer. The embossing was carried out at 180 ºC and 
the applied force (20000 N) was held for 900 s. The residual layer was removed using an O2 plasma 
and the grating was transferred to the SiO2 by CHF3/Ar plasma etching. Several grating depths were 
obtained by varying the etching time. 
 
On the other hand, we also imprinted DFB gratings directly on the active material using the same 
master stamp. After spin-coating a PS film doped with 0.5 wt% of PDI on a SiO2 wafer, it was 
embossed at 155 ºC applying 15000 N for 900 s. This way the dry-etching step can be avoided, so the 
fabrication process for this second kind of devices becomes more cost-effective. 
 
For the optical characterization of the samples, they were pumped with a circular spot (1.3 mm 
diameter) provided by a pulsed Nd:YAG laser (10 ns, 10 Hz) operating at 532 nm. The emitted light 
was collected normal to the surface with a fiber spectrometer. For DFB gratings in SiO2, the laser 
showed laser emission at between 569 nm and 572 nm, depending on the grating depth. In the case 
of imprinted DFB gratings, the emitted wavelength is at around 578 nm. Thresholds were drastically 
reduced compared with the amplified spontaneous emission of a sample without grating [2]. Moreover, 
the thresholds of the devices with gratings directly embossed on the doped PS film were even lower 
than for devices with gratings in SiO2. Furthermore, this combination of low threshold devices and 
material properties has shown to be very photostable. The half-life, defined as the number of 
excitation pulses at which the emission intensity decays at half of its maximum value, is longer than 
300000 pump pulses (i.e., more than 8 h at 10 Hz), at a pump intensity twice the threshold (see figure 
below). 
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Figure 1:  Normalized laser intensity vs irradiation time (bottomaxis) and vs the number of pump pulses (10 ns, 
10 Hz; top axis  for a DFB device based on a 0.5 wt % PDI- doped PS film and grating depth of 105 nm at 
4 µJ/pulse (twice the threshold) 
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PLASMONIC PARTICLES ORGANIZED IN NANOSTRUCTURED POLYMER MATRICES 
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New “bottom-up” fabrication techniques are now effectively explored for the production of 
nanostructured functional materials, and specifically for nanophotonic devices and metamaterials. 
Expected benefits from bottom-up approaches include assembling true three-dimensional 
metamaterials and synthetizing resonators with sizes appropriate for the optical range. Nanochemistry 
and self-assembly appear as interesting nanofabrication tools. Among the promising self-assembled 
systems are the diblock copolymers made of two molecular chains of distinct chemical nature linked 
together, which present solid state spontaneous structures with long-range order and tunable 
characteristic sizes between 10 and 50 nm. In particular, alternating lamellar and hexagonally-ordered 
cylindrical structures are described in many systems. These are, however, organic materials exhibiting 
moderate susceptibilities and low optical constant contrast. Therefore, in their native state, they should 
be considered essentially as ‘optically neutral’ templates, used to spatially organize ‘active’ entities. 
Our work focuses on nanoparticles presenting plasmonic resonances as these ‘active’ entities. Recent 
developments in the wet chemistry synthesis of plasmonic nanoparticles have allowed for significant 
improvements in terms of control of composition, surface chemistry, properties and size. In our study, 
gold nanoparticles are incorporated in polymer matrices with different nanostructures. We wish to 
correlate the nature, density and spatial organization of the nanoparticles with the optical properties of 
the nanocomposite materials. 
 
Two different experimental systems are studied. In the first system, 15-nm diameter gold spheres are 
dispersed randomly in poly(vinyl alcohol) thin films deposited on silicon wafers or glass plates. Volume 
fraction of gold is varied from 1 to 30% and film thickness from a few nanometers to 300 nm. The 
structure of the films is studied by atomic force microscopy (Fig. 1) and X-ray reflectivity. In the second 
system, 10-nm diameter gold nanoparticles are incorporated in the 18-nm thick poly(acrylic acid) 
layers of the ordered lamellar phase of a poly(styrene)-block-poly(acrylic acid) copolymer. Volume 
fraction of gold is varied in both thin films on silicon wafer and bulk samples. Small-angle scattering 
and reflectivity of X-rays, atomic force and electron microscopies (Fig. 2) are used to get a detailled 
structural description of the nanostructured composites and validate the control of the density and 
organization of the nanoparticles. The optical properties of the nanocomposites are studied using 
spectrophotometry and spectroscopic ellipsometry. 
 
The refractive index results, in the visible and infra-red spectral regions, are confronted to effective 
medium models. As shown in Fig. 3, the classical Maxwell-Garnett model shows an important 
discrepancy with the measured results, and we will show how the situation can be improved taking 
into account the appropriate dispersion function for the nanoparticles, as well as substrate effects. 
Similar systems using rod-shape gold nanoparticles, developments towards unsual optical properties 
at high gold fraction, and search for experimental evidence of anisotropic optical properties will also be 
described in this presentation. The conclusions will allow discussing the use of self-assembly for 
fabrication of new nanostructured optical materials. 
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Figures:  
 

 
 

 

Figure 1: 2 x 2 µm atomic force microscopy topography 
(upper-view) image obtained on a thin composite film of 
gold nanoparticles randomly dispersed in poly(vinyl 
alcohol). 
 
 

Figure 2: Transmission electron micrograph (side 
view) of an ordered lamellar composite film of gold 
nanoparticles and poly(styrene)-b-poly(acrylic acid) 
copolymer. Bar = 50 nm. 

 

Figure 3: Optical index n and absoption coefficient k, 
determined by analysis of spectroscopic ellipsometry 
data, of a 77nm-thick composite film of gold 
nanoparticles randomly dispersed in poly(vinyl 
alcohol), as a function of the wavelength. The 
discrepancy with a simple Maxwell-Garnett model (full 
lines) is apparent and motivates the inclusion of other 
effect such as electron confinement and substrate 
effects. 
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Recent theoretical advances have unveiled the role of electron-phonon (e-ph) interactions in the 
current-current fluctuations (shot noise) versus voltage characteristics of molecular nano-devices 
[1,2,3]. For voltages crossing the inelastic threshold, the correction to the noise induced by e-ph 
interactions was shown to exhibit a crossover between a positive and negative correction, depending 
on the parameters describing the junction (position of the molecular level, asymmetry of the coupling 
to the leads) [1,2,3]. More generally the high-bias properties of the noise versus voltage characteristics 
were shown to result from both electronic and vibronic dynamics [4], the fluctuations of the later being 
responsible of a dynamical feedback inducing strong non-linear effects in the transport properties [5]. 
 
In this work, we would like to review the state of the art of the literature concerning transport properties 
of molecular junctions (current, noise and full counting statistics) in presence of such inelastic effects. 
We also would like to address the description of the remaining open questions, as well as some 
possible directions for further theoretical works. 
 
The aim of such investigations could be to generate simulation tools for computing noise 
characteristics as efficient as the one available for computing I-Vs [6], and to provide a new way of 
characterizing experimentally transport properties of molecular junctions [7]. 
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SPINTRONICS AND BEYOND 

S. D. Bader 
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Spintronics encompasses the ever‐evolving field of magnetic electronics.[1] It offers the possibility to 
communicate via pure spin currents as opposed to electric charge currents. [2] The talk provides a 
brief perspective of recent developments to switch magnetic moments by spin‐polarized currents, 
electric fields and photonic fields. Developments to reinvent today’s semiconductor electronics depend 
on the exploration and discovery of novel nanostructured materials and configurations. 
 
The talk highlights select promising areas, featuring recent work at Argonne, [3] including 
complex‐oxide‐based Mott‐tronics research [4] ferromagneticsuperconducting heterostructural 
opportunities, [5] and most strikingly, the realm of new cancer treatment approaches.[6] 
 
Work supported by the U.S. Department of Energy, Office of Science, Basic Energy Sciences, under 
contract No. DE-AC02-06CH11357. 
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OPTIMAL SWITCHING OF A NANOMAGNET ASSISTED BY A MICROWAVE FIELD 
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Magnetic recording is a key technology in the field of high density information storage. In order to 
increase thermal stability, small nanoparticles with a high anisotropy may be used. However, high 
fields are then needed to reverse the magnetization but these are difficult to achieve in current 
devices. In 2003 Thirion et al. [1] showed that the combination of a constant applied field (DC field), 
well below the switching field, with a microwave (MW) field pulse can reverse the magnetization of a 
nanoparticle. Further studies on single domain magnetic nanoelements [2] proved that the effect is 
stronger if the frequency of the MW field matches the ferromagnetic resonance frequency of the 
nanoelements. Numerical simulations [3] confirm that chirped MW fields are more efficient than 
monofrequency fields. 
 
The aim of this work is to find the optimal MW field triggering the switching of a nanoparticle under 
specified constraints. We consider a single-domain nanoparticle, modelled by a macroscopic magnetic 
moment (macrospin). The shape of the MW field is then sought by minimizing the absorbed energy, 
following the trajectory of the macrospin, which is a solution of the damped Landau-Lifshitz equation. 
The boundary conditions are a given initial state and a specified target state that is supposed to be 
reached after switching. This boundary value problem is reformulated by defining a cost functional that 
is then minimized using the Lagrange parameter technique [4]. The problem is then solved numerically 
using the conjugate gradient algorithm coupled to a simulated annealing scheme. 
 
The calculation is carried out for a nanoparticle with a uniaxial anisotropy in an oblique DC magnetic 
field and a linearly polarized MW field. According to our results, the optimal MW field is modulated 
both in amplitude and in frequency (see Fig. 1). Its role is to drive the magnetization from the 
metastable equilibrium position towards the saddle point, then damping induces the relaxation to the 
stable equilibrium position. A small magnitude of the MW field is sufficient to induce a substantial 
reduction of the switching field. For the pumping to be efficient, the MW field frequency must match 
the proper precession frequency of the magnetization, which equals the ferromagnetic resonance 
frequency at the early stage of the switching process. 
 
The MW field is optimized for various intensities and orientations of the DC field. The switching field 
curve (Stoner-Wohlfarth astroid) in presence of a given MW field is then computed. The results are in 
qualitative agreement with experiments on isolated nanoclusters [1] and on single-domain magnetic 
elements [2]. The effect of damping is also investigated. The strong dependency of the optimal MW 
field and the switching curve on the damping parameter provides a means of probing experimentally 
the latter in nanoclusters. 
 
This study is part of a collaboration with the teams of V. Dupuis (LPMCN, Lyon, France) and E. Bonet 
(Institut Neel, Grenoble, France), within the ANR project DYSC. 
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Figures:  
 

 
 
Figure 1: Optimized MW field (upper panel) and the corresponding spin trajectories (lower panel). The DC field is 
applied in the yz plane making an angle of 170° with respect to the easy axis (z axis), and its magnitude is 150 
mT. The inset is a 3D plot of the spin trajectory on the unit sphere. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

 N
a
n
o
S
p
a
in

N
a
n
o
S
p
a
in

N
a
n
o
S
p
a
in

N
a
n
o
S
p
a
in
2
0
1
1

2
0
1
1

2
0
1
1

2
0
1
1
  

 
 

 
Im
a
g
in
e
N
a
n
o
 A
p
ri
l 
1
1
-1
4
, 
2
0
1
1
 

149 

OBSERVATION OF ELECTRONIC RAMAN SCATTERING IN METALLIC CARBON NANOTUBES 

H. Farhat1, S. Berciaud2,3, M. Kalbac1, R. Saito4, T. F. Heinz2, M. S. Dresselhaus1, and J. Kong1 

1Massachusetts Institute of Technology, Cambridge, MA 02139, USA 
2Columbia University, New York, NY 10027, USA 

3IPCMS (UMR 7504), Université de Strasbourg and CNRS, F-67034 Strasbourg, France 
4Tohoku University, Sendai, 980-8578, Japan 

berciaud@unistra.fr 

 
 
Raman scattering spectroscopy, a powerful tool for studying elementary excitations in materials, has 
been instrumental in the progress of carbon nanotube research. The Raman features that have been 
studied to date in carbon nanotubes are associated with the phonon modes that scatter light due to 
electron-phonon coupling [1]. In metallic nanotubes, low energy electron-hole pairs are another 
important type of excitation [2], but their inelastic scattering of light [3], via the Coulomb interaction, 
has not been yet observed. Here, we report on a new feature in the Raman spectrum of individual 
metallic carbon nanotubes, that we attribute to resonant electronic Raman scattering (ERS) from low-
energy electron-hole pairs created across the “graphene-like” linear electronic subbands of metallic 
nanotubes. The ERS spectra exhibitbroad peaks that appear at a constant photon energy due to a 
resonance of the scattered photons with the optical transition energies of the metallic nanotube. Our 
results are consistent with the picture that the mild asymmetry in the lineshape of the Raman G-mode 
feature [4] is the result of an interference between the overlapping ERS and vibrational Raman 
scattering by the longitudinal optical (LO) phonon mode. 
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Figures:  
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Figure 1: Electronic Raman Scattering in a structure assigned (21,15) metallic carbon nanotube. The Rayleigh (a) 
and Raman (b) scattering spectra of an individual, freestanding metallic nanotube are used to determine its (n,m) 
indices [5, 6]. The labels in a indicate the optical transitions, while the laser energy for the Raman measurement is 
indicated with arrow. Likewise, the arrow in the Raman spectrum indicate the energies of the optical transitions as 
obtained from fitting the Rayleigh scattering spectra using an excitonic model [7]. The ERS feature is the broad 
peak at ~500 cm−1 in (b). The corresponding scattered photon energy (2.08 eV, see top axis in (b)) match the 
energy of the M-

22 transition. No ERS features are found in the Raman spectrum of semiconducting nanotubes. 
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MANNOSE-TARGETED MESOPOROUS SILICA NANOPARTICLES FOR PHOTODYNAMIC THERAPY 
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Covalent attachment of water-soluble photosensitizers (Figure 1) into mesoporous silica nanoparticles 
(MSN) for photodynamic therapy (PDT) applications is described. Those MSN were monodispersed 
with a diameter of 100 nm, a specific surface area of 860 m2/g and a pores diameter of 2.2 nm. These 
MSN were proved to be active on breast cancer cells after endocytosis. Moreover, MSN were 
functionalized on their surface by mannose using an original pathway with diethyl squarate as the 
linker. Those mannose-functionalized MSN dramatically improved the efficiency of PDT on breast 
cancer cells. In addition, the involvement of mannose receptors for the active endocytosis of 
mannose-functionalized MSN was demonstrated (Figure 2). 
 
 
 
Figures:  
 
 

 
 

Figure 1 

 

Figure 2 
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NANOWIRE ARRAYS OF BI2TE3 FOR THERMOELECTRIC APPLICATIONS 

O. Caballero-Calero
1, P. Díaz-Chao1, Deb2, Y. Shinohara2, M.S. Martín-González1 
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PTM, E-28760 Tres Cantos, Madrid, Spain  

2National Institute for Materials Science1-2-1 Sengen, Tsukuba, Ibaraki, 305-0047 Japan 
olga.caballero@imm.cnm.csic.es 

 
 
Thermoelectric materials are those which can convert heat into electricity and vice versa. These 
materials appear as a promising way to recover power from the heating produced in most of the 
motors and machines, which is usually wasted [1]. Their main disadvantage is their low efficiency, 
which depends on their figure of merit (ZT), which is defined as ZT=(S2·σ·T)/κ ,where S stands for the 
Seebeck coefficient, σ, κ are the electrical and thermal conductivity, respectively, and T is the absolute 
temperature. Nowadays, the increase of this ZT is the main objective to optimize them for practical 
device fabrication. In 1993 a theoretical work presented suggested that a way to enhance their 
efficiency is by quantum confinement of the electron charge carriers [2]. Therefore, a great effort is 
being made in demonstrating experimentally this prediction.  
 
One way of achieving this quantum confinement is reducing the dimensions of the material, which can 
be accomplished by fabricating wires of thermoelectric materials with wire diameters within the 
nanoscale range. Moreover, nanowire array configuration has some advantages over films, mainly 
due to a higher freedom in the design of morphology and composition. In our case, we have studied 
the nanowire formation and properties of Bi2Te3, which is a thermoelectric material that has been 
thoroughly studied in both bulk and film configurations. The fabrication and optimization of these 
nanowire arrays in order to obtain more efficient thermoelectric devices is the aim of this work. 
 
First of all, Bi2Te3 films were grown via electrochemical deposition, following the fabrication procedure 
described in Martín-González et al. [3,4]. These films were optimized and their morphology (SEM 
micrographs, see Figure 1), structure (XR-diffraction), and transport properties (Seebeck coefficient 
and electrical resistivity) were characterized. Finally, films with a well defined crystal orientation (c-axis 
parallel to the substrate plane, which is the best direction for the thermoelectric performance in this 
material, see Figure 2) with a homogeneous composition were obtained.  
 
Once this procedure was well established, the method was modified in order to give rise to nanowire 
arrays in a similar way. To this end, nanoporous anodic aluminium oxide membranes with a nominal 
pore diameter of 200nm from Whatman® were used. Prior to the growth of the nanowires, all 
membranes were coated with an evaporated layer of 50 nm Cr and 1500 nm Au. The synthesis of the 
nanowires was made inside these matrices by electrodeposition. The membrane was placed into 
electric contact with a Cu plate through the metallic layer, which served as back electrode, forming the 
working electrode of the electrochemical cell, in a similar arrangement to that described for the growth 
of Bi2Te3 films. Samples grown with different applied potentials between the electrodes and for 
different time periods were fabricated. SEM micrographs showed that the nanowires have grown along 
the whole width of the alumina template (Figure 3), giving rise to well oriented wires of Bi2Te3. Novel 
methods developed for the measurement of the thermoelectric-relevant parameters in these 
structures, comprising the electrical conductivity and thermal conductivity measurement will be 
presented.  
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Figure 1: SEM micrograph a Bi2Te3 film grown by 
electrodeposition.  
 

Figure 2: X-Ray Diffraction data from a  Bi2Te3 film. 
Appart from the peaks corresponding to the substrate 
(Au and Si), the most important diffraction occurs for 
Bi2Te3 oriented along (110), (2 2 0) and (3 0 0), that is, 
the sample is oriented with the c-axis parallel to the 
substrate plane (Ref. Natl. Bur. Stand. (U.S.) Monogr. 
25,3 (1964) 16) 

 

Figure 3: Different micrographs of the cross-section of 
nanowire arrays of Bi2Te3 grown by electro-deposition 
in an alumina matrix prepared at IMM. 
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The spin arrangement at the interface in layered magnetic nanomaterials is often crucial for the 
understanding of their magnetic properties and has profound consequences for practical applications. 
The most striking feature is the unidirectional coupling between the spins in an antiferromagnet (AFM) 
and those in an adjacent ferromagnet (FM), referred to as exchange bias [1]. FM/AFM structures are 
at the heart of today’s spintronic devices, stabilizing the direction of FM reference layers, while taking 
advantage of the interfacial exchange interaction effects [2]. In addition, there are a plethora of other 
magnetic phenomena associated in exchange-coupled FM/AFM systems, such as coercivity 
enhancement, magnetization reorientation, modified antiferromagnetic spin structures, and 
asymmetric magnetization reversal, which are not fully understood. Prospects for control, tailor, and 
enhancement of desirable effects depend upon a clear understanding of the mechanisms governing 
exchange bias. However, the lack of techniques capable of providing detailed magnetic information of 
buried interfacial layers with element selectivity and upon external fields is delaying this 
understanding. 
 
Only very few experimental techniques can address the microscopic magnetization reversal behavior 
of the different magnetic layers in a multilayered system with element selectivity. Scattering based 
techniques, such as soft x-ray magnetic resonant scattering (SXMRS) [3] and lensless holographic 
imaging [4], have been established as a powerful tools for studying magnetic structures in surfaces 
and thin films on the nanometer length scale. The soft x-ray range hosts the largest magnetic 
resonances of the magnetically important transition-metal and rare-earth series. Additionally, 
holographic imaging combines the magnetic sensitivity obtained with x-ray magnetic circular dichroism 
in transmission geometry with the spatial resolution from a simple Fourier inversion of a reciprocal 
space soft x-ray interference pattern from an object (sample) and a reference aperture (which defines 
the final spatial resolution). In addition, the technique can image deeply buried magnetic systems and, 
as a pure photon-based technique (photon-in/photon-out), can be used in applied magnetic fields. Up 
to now, soft x-ray holography has focused on [non magnetic/magnetic]n multilayers with perpendicular 
magnetic anisotropy for both remanence and field-dependent measurements. However, only relatively 
large (> 5 nm) effective magnetic thicknesses have been studied, and both element-specificity and 
quantification-availability has not been yet exploited. 
 
We have recently spread out the capabilities of soft x-ray holography for imaging the magnetization 
reversal, by adding the quantitative aspects of magnetic spectroscopy [5]. We have implemented a 
unique experimental set-up at beamline ID08 of the European Synchrotron Radiation Facility (ESRF) 
combining soft x-ray holography and spectroscopy capabilities. This new set-up allows performing 
element-selective soft x-ray holography measurements for imaging the domain structure of buried 
magnetic ultrathin films with perpendicular anisotropy under applied magnetic fields, adding the 
quantitative aspects of magnetic spectroscopy measurements in both total electron yield (TEY) and 
transmission detection modes. We have investigated ferromagnetic (FM) [Co/Pt]n multilayers with 
perpendicular anisotropy exchange coupled with antiferromagnetic (AFM) FeMn and IrMn films. From 
the spectroscopy analysis, both spectroscopy and element-selective XMCD hysteresis loops 
measurements confirm the existence of interfacial uncompensated AFM moments, i.e., ~1 ML 
(monolayer) thick, which behave differently during FM reversal. We have quantified the unpinned 
(pinned) uncompensated AFM moments, providing direct evidence of its parallel (antiparallel) 
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alignment with respect to the FM moments. In addition, the Fe-L3 hysteresis loop reproduces the 
Co- L3 one, i.e., it shows a horizontal shift to negative values (opposite to the field cooling FC) 
direction, exchange bias field µ0HE<0) and, it is slightly shifted vertically downwards (see Fig.1.a). This 
indicates that the majority (90%) of the uncompensated AFM moments rotates during FM reversal 
(unpinned moments) whereas a small amount (10%) stays aligned antiparallelly to the FC direction 
(pinned moments). 
 
The holography experiments allow to image the magnetization reversal of an exchange-biased FM 
layer with an equivalent Co thickness below 3 nm in real space (1.8 µm diameter field-of-view FOV 
with 50 nm spatial resolution) and in external magnetic fields [5]. The field dependence images shows 
that the reversal mechanism of the FM layer is via nucleation, propagation and annihilation of 
magnetic domains and, in addition, different nucleation sites were found in both hysteresis branches, 
pointing out a possible deterministic nature of the reversal. A remarkable highlight is that we could 
image for the first time the magnetization reversal of the uncompensated AFM moments, which 
correspond to an equivalent thickness of less than one monolayer only [6], and under applied fields 
[7]. The images show that the uncompensated AFM moments reproduce the magnetic domain 
structure of the FM layer during the whole hysteresis loop (see Fig1.b), which prove that the FM 
moments locally drag the unpinned AFM moments during reversal. 
 
Our results provide new microscopic insights into the exchange coupling phenomena and explore the 
sensitivity limits of these techniques. Future trends will be also discussed. 
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Figure 1: (a) Element-selective XMCD hysteresis loops of a [1.8 nm Pt/0.6 nm Co]8/10 nm FeMn system 
recorded in transmission geometry: XMCD data are normalized to their corresponding absorption L3 peaks. (b) 
Magnetic domain images of the FM layer (top) and the uncompensated AFM moments (bottom) at selected 
applied fields. FOV=1.8 µm. The images are retrieved from the Fourier transform of magnetic holograms acquired 
at the Co-L3 and Fe-L3 absorption edges, respectively. 
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VIRUS SCAFFOLDS AS ENZYME NANO-CARRIERS (ENCS) TO ORGANIZE BIO-CATALYTIC ENZYME 

CASCADES. DESIGN OF A SCANNING ELECTROCHEMICAL NANOREACTOR MICROSCOPY DEVICE 
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In cellular systems, the association of collaborating enzymes in supramolecular structures enables 
metabolic processes to be performed more efficiently, accelerating reactions rates and preventing the 
diffusion of intermediates in the cell medium. The aim of the Cascade project is to create a new 
experimental tool at the nanoscale level mimicking in vivo enzymatic cascade reactions. The set up 
will also offer the opportunity to study enzymatic processes at the level of one single or few molecules. 
To this purpose two model enzymes will be used to build artificial redox cascades: the lipase B (CalB) 
from Candida antarctica and the glucose oxidase (GOX) from Penicillum amagasakiense. The free 
electrons generated by enzymatic activities will be detected by electrochemistry. To this purpose a 
new nanoelectrochemical technique will be used to confine the clustered enzymes and to measure the 
final activity. The confined reaction medium will be permitted by a “nanocavity” microelectrode 
fabricated at the tip of an AFM probe; the combination of AFM/SECM (Scanning Electro Chemical 
Microscopy) will enable to measure the electrochemical current generated by a few enzyme 
molecules. Varying the diameter of the nanocavity from few hundreds to about ten nanometers should 
eventually permit to follow a single enzyme activity. 
 
In order to study one-single enzyme kinetics the very faint signal of the enzyme needs to be amplified. 
After CalB hydrolysis of p-aminophenyl acetate (pAPA) an electro-inactive substrate to p-aminophenol 
(pAP) the electro-active product the red-ox couple pAPA/pAP will be continuously recycled between 
two electrodes amplifying the single enzymatic initial event. Kinetics parameters of pAPA hydrolysis by 
CALB determined spectrophotometrically and electrochemically are in good agreement. This supports 
the suitability of pAPA for AFM/SECM single enzyme studies. 
 
In order to control the distribution of enzymes on the electrode we will use virus capsids as Enzyme 
Nano-Carriers (ENCs). To this aim, two plant viruses, Tobacco mosaic virus (TMV) and potato virus A 
(PVA) will be tested. Three different strategies will be attempted for the virus to enzyme interfacing: 
the fusion of leucine zipper (LZ) pairs to enzymes and capsomers, bi-specific antibodies and peptides 
obtained from phage display screening. 
 
Regarding the first strategy, three pairs of LZ having different characteristics in term of length, affinity 
and orientation have been selected and the cloning at the N- and C- terminus of CalB is in progress. 
One assembly CalB (LZKg-CalB) was expressed in Escherichia coli periplasm and we are currently 
optimizing its purification. 
 
Monoclonal antibodies for CalB have been produced and fusion with antibodies for TMV and PVA will 
be attempted. 
 
As third strategy, three peptides were selected that recognize PVA. Cloning at the N-terminus of CalB 
and GOX is in progress. 
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PLANT VIRUS PARTICLES AS NANOSCAFFOLDS FOR CONTROLLED POSITIONING OF ENZYME 

CASCADES ON SOLID SUPPORTS 
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In the cell, the close spatial location of enzymes catalyzing consecutive reactions increases the 
metabolic pathways efficiency, the product of an enzyme becoming substrate of the next enzyme 
(diffusion limitation or channeling). We intend to design an experimental plateform mimicking this 
enzyme organization to determine the parameters controlling the cascade reactions. If demonstration 
is made that a precise positioning of enzymes catalyzing consecutive reactions gives a net advantage 
upon diffusion controlled processes, the project’s outcomes will serve the technology of enzymatically 
assisted catalysis in organic synthesis with potential applications for the technology of microreactors 
and biosensors. 
 
Our first goal consists in controlling the distribution of active enzymatic systems on solid supports. The 
systems concerned are constituted of several enzymes catalyzing a cascade of up to 3 consecutive 
reactions. 
 
Virus particles are precisely defined nanometer-sized objects, well-ordered, formed by a self-
association of capsid proteins monomers. These particles will be used as Enzymes Nano -Carriers 
(ENCs). Subsequently these ENCs can be finely positioned on solid supports using nanolithography 
techniques. The rod shaped tobacco mosaic virus (TMV) and the flexuous filamentous potato virus A 
(PVA) were chosen as ENCs. 
 
Candida Antarctica lipase B (CALB), glucose oxidase (GOx) and horseradish peroxidase (HRP) were 
chosen as demonstrating enzymes. Three strategies are under investigation for enzymes to virus 
interfacing.  
 
The first strategy consists in introducing complementary leucine zippers (basic and acid) peptides on 
TMV (or PVA) and enzymes. We are trying to produce engineered TMV in planta. The surface of TMV 
being negative, acidic leucine zipper (LZecoil) was genetically introduced at the C-terminus part of the 
capsid protein within the virus genome. A weak systemic infection of Nicotiana benthamiana plants by 
TMV-LZecoil was observed (2 plants/24).  The virus progeny eliminated the LZecoil insert in 
inoculated leaves 15 days after inoculation. Engineered PVA like particles will be reconstituted from an 
N-terminus fusion between acidic leucine zippers and capsid proteins expressed in Escherichia coli. 
 
A second approach consists in the selection by M13 phage display of peptides which present an 
affinity for the virus surface (TMV or PVA). The sequence of these peptides will be genetically 
introduced at the N-terminus part of the enzymes. 
 
Three peptide sequences were found to have a specific affinity for PVA particles; their genetic fusion 
to the enzymes is in progress. 
 
In a third approach, bispecific antibodies will be selected to insure the coupling between virus particles 
and enzymes. A selection of monoclonal antibodies against either the viruses (TMV, PVA) or the 
enzymes (CALB, HRP) is in progress. Then a fusion of the cells producing each monoclonal antibody 
will be attempted. 
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CELL PENETRATING PEPTIDE-SUPERPARAMAGNETIC IRON OXIDE NANOPARTICLE CONJUGATES 

AS BIMODAL IMAGING NANOAGENTS 
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Molecular imaging has attracted more and more attention in the past decades. There is a strong 
interest in developing and validating imaging technologies such as fluorescence imaging and magnetic 
resonance (MR) to image biological target in vivo. Exploiting the intrinsic properties of 
superparamagnetic iron oxide nanoparticles (SPION) could result in obtaining medical breakthroughs 
in diagnosis and therapy. SPION can be used as magnetic contrast agents in magnetic resonance 
imaging (MRI) as well as hyperthermia agents, where the magnetic particles are heated selectively by 
application of an high frequency magnetic field (i.e. in thermal ablation/hyperthermia of tumors) or as 
magnetic vectors that can be directed by means of a magnetic field gradient towards a certain 
location, such as in the case of the targeted drug delivery. [1] Cell penetrating peptides have been 
used to increase cellular uptake of these nanoparticles. As an example HIV-1 Tat protein-derived 
peptide sequences, in particular GRKKRRQR48-57, have been extensively used as an efficient way of 
increasing internalization into cells. [2] 
 
In this project we developed a bioorthogonal chemical approach [3] to functionalize SPION with a new 
class of cell-penetrating peptide, cis-g-amino-proline derived peptides, previously developed in our 
group. [4] A schematic representation of the general approach is shown in Figure 1. Commercially 
available amino-functionalized SPION (SPION-NH2) were partially modified with a reacting group (blue 
triangle, SPION-RG). Fluorescent labelled cell penetrating peptides, previously modified with a 
complementary reacting group (yellow triangle), were subsequently conjugated to SPION-RG 
exploiting bioorthogonal chemical reactions that occurred in buffer media close to physiological 
conditions. A Tat sequence, modified as described above, was included in the study as positive 
control for cellular uptake, while acetylated peptides were used as negative controls for proving the 
occurrence of the ligation. An advantage of this approach is that crude peptides could be used during 
the conjugation thanks to the high chemoselectivity of the reaction. Purification occurred during 
dialysis of the final nanoconjugate samples. 
 
This study comprised of a synthetic part, in which the peptide-nanoparticle conjugates were prepared 
and characterized, followed by biological studies conduced to evaluate their cellular uptake and 
toxicity. In Figure 2 confocal laser microscopy confirmed internalization into HeLa cells of the SPION-
CCP obtained by the conjugation of a cis-g-amino-proline derived peptide. Currently, we are 
performing MRI investigations to validate such new nanodevices as novel bimodal contrast agents for 
optical imaging as well as MRI. 
 
 
References:  
 
[1] a) M. J. Kogan, I. Olmedo, L. Hosta, A. R. Guerrero, L. J. Cruz and F. Albericio, Nanomedicine, 2 

(2007), 287. b) M. Arruebo, R. Fernández-Pacheco, M. R. Ibarra, J. Santamaría, Nanotoday, 2 
(2007), 22. c) C. Carot, P. Robert, J.-M. Idée, M. Port, Adv. Drug Delivery Rev., 58 (2006), 1471. 

[2] M. Lewin, N. Carlesso, C.-H. Tung, X.-W. Tang, D. Cory, D. T. Scadden, R. Weissleder, Nature 
Biotechnology, 18 (2000), 410. 

[3] E. M. Sletten, C. R. Bertozzi, Angew. Chem. Int. Ed., 48 (2009), 6974. 
[4] J. Farrera-Sinfreu, E. Giralt, S. Castel, F. Albericio, M. Royo, J. Am. Chem. Soc. 127 (2005), 

9459. 
 
 
 
 
 



 

 

N
a
n
o
S
p
a
in

N
a
n
o
S
p
a
in

N
a
n
o
S
p
a
in

N
a
n
o
S
p
a
in
2
0
1
1

2
0
1
1

2
0
1
1

2
0
1
1
  

 
 

 
Im
a
g
in
e
N
a
n
o
 A
p
ri
l 
1
1
-1
4
, 
2
0
1
1
 

 

162 

Figures:  
 
 

 
 
Figure 1: Schematic representation of the general approach. 
 
 

 
 

Figure 2: Confocal laser microscopy images of HeLa cells incubated with 1 µM concentration of SPION-CCP 
sample (left panel) and negative control with SPION-FG + AcCCP (right panel). 
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LANGMUIR-BLODGETT FILMS ON SURFACES: FROM MONOLAYERS TO MODEL LIPID MEMBRANES 
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Investigating the structure and the physico-chemical properties of biomimetic lipid membranes on 
surfaces is a pre-requisite for a detailed investigation of biological processes occurring within such bio-
films, and their selective detection. This also represents a platform to build-up reliable bio-devices 
mimicking the membrane behaviour. Indeed, the structure and the physico-chemical properties of thin 
films on surfaces are intrinsically linked. Knowing the organization of organic layers on surfaces is 
therefore a key element to understand, to control and to tailor their physical, chemical, or biological 
properties. This requires highly surface/interface sensitive techniques which are able to discriminate 
interfacial responses from those of the surrounding bulk phases. 
 
The analysis of the physico-chemical properties of bio-interfaces can be achieved by probing their 
vibrational response. Among the vibrational spectroscopies, sum-frequency generation (SFG) has 
emerged in the characterization of thin organic layers adsorbed on surfaces [1,2,3]. Indeed, being 
based on a second order nonlinear optical process, SFG spectroscopy is intrinsically specific to 
surfaces and interfaces [1,2,3], and therefore it represents an ideal tool to probe organic layers 
confined at solid surfaces. 
 
In this work, the vibrational signature of (bio)-organic films mimicking the membrane structure has 
been in order to retrieve information about their structural organization and their molecular orientation. 
In particular, self-assembled monolayers (SAMs) of thiols (Figure 1a), and solid-supported lipid layers, 
either in the form of monolayers (Figure 1b), or in that of hybrid bilayers (Figure 1c), have been 
investigated by SFG spectroscopy (Figure 1, top). 
 
Firstly, we have focused on the analysis of self-assembled monolayers (SAMs) of alkane and of 
aromatic thiols [4,5], which are models for the interpretation of the vibrational nonlinear optical 
response of more complex architectures mimicking the lipid membranes. Secondly, we have probed 
the organization of solid-supported lipid films, prepared either by vesicle fusion or by Langmuir-
Blodgett and Langmuir-Schaeffer methods on bare or pre-functionalized substrates. Different lipid 
molecules have been used to build the model membranes, such as the well-known 
phosphatidylcholine lipid (PC) or the less-known antigenic 2,4-dinitrophenyl lipid (DNP) [6]. Information 
about the lipid films order and organization has been obtained, and has indicated that the intimate film 
organization, which is probed through the analysis of the SFG signature of the lipid hydrophobic 
chains, strongly depends on the molecular composition and on the surface properties. The SFG 
responses have been interpreted with the support of DFT calculations, and of experimental 
measurements of the solid-state IR and Raman activities. This has enabled to predict the SFG active 
modes of the (bio)-organic films, and therefore to attribute, with high accuracy, the detected signals to 
vibrational motions. 
 
This analysis is performed in the framework of investigating the structural changes and the physical-
chemical interactions induced by recognition processes, which take place within such interfacial 
layers. 
 
In particular, the high interface/surface sensitivity of SFG spectroscopy may open the way to novel 
solutions for the detection of biological processes occurring within surface-confined (bio)-organic films. 
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Figure 1: Schematic representation of the SFG spectroscopy (top), and modeling of the (bio)-organic films which 
are investigated, namely Self-Assembled Monolayers (a), Lipid Monolayers (b), and Hybrid Lipid Bilayers (c). 
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Charge migration is a ubiquitous phenomenon with profound implications throughout many areas of 
chemistry, physics, biology and materials science. The long-term vision of designing functional 
materials with pre-defined molecular scale properties has triggered an increasing quest to identify 
prototypical systems where truly inter-molecular conduction pathways play a fundamental role. Such 
pathways can be formed due to molecular organization of various organic materials and are widely 
used to discuss electronic properties at the nanometer scale. Many of the mechanisms of charge 
migration in soft matter nanosystems are common to single molecule electronics and organic 
electronics. In this talk I will illustrate how recent important contributions of unimolecular electronics 
research can crossfertilize the field of organic electronics and vice versa how the recent breakthrough 
in engineering molecular materials in organic semiconductor could inspire new developments in 
molecular electronics. 
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NANOCONTAINERS: PROPERTIES, MANIPULATION AND BIO-MEDICAL APPLICATIONS 

Luisa De Cola 

Westfälische Wilhelms-Universität, and CeNTech, Mendelstr. 7, 48149 Münster, Germany 
decola@uni-muenster.de 

 
 
The creation of molecular (nano)containers: crystalline or 
amorphous, rigid or soft is a very fascinating field at the cross 
point of different disciplines. Our effort, in this talk, focuses on 
the synthesis and use of crystalline materials, zeolites L, which 
are transparent, stiff, nanocontainers. They are made of 
hundreds of parallel aligned unidimensional channels, which can 
be filled with molecular dyes or other responsive molecules. The 
selective and spatial resolved functionalization of these 
nanocontainers can lead to multifunctional systems [1]. 
Furthermore the selective functionalization of the channel 
entrances, lead to the self-assembling of the zeolites, and the 
assembly process can be extended to living organism such as 
bacteria [2]. The use of appropriate light responsive components 
in combination with the smallest zeolites (30 nm) has been very 
successfully applied for the labeling targeting and killing of 
antibiotic resistant bacteria (see figure) [3].  
 
Finally we have realized hierarchical supramolecular organization by optical control of nano-containers 
that contain highly ordered molecules. Holographic optical tweezers allow for precise, exible, and 
dynamic 3D position and orientation control of arbitrary shaped multiple container particles. [4]. 
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FOCUSED ELECTRON BEAM INDUCED DEPOSITION AND ETCHING OF FUNCTIONAL MATERIALS 

J.M. De Teresa
1,2, R. Córdoba2,3, A. Fernández-Pacheco1,2,3, L. Serrano1,2, F. Schoenaker1, 

 M.R. Ibarra1,2,3 
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deteresa@unizar.es 

 
 
Many working devices in the field of nanotechnology rely on the top-down approach for their creation. 
This implies the use of thin-film growth techniques in tight cooperation with micro- and nanolithography 
techniques. The method of choice should address crucial aspects such as resolution, roughness, 
shape, materials involved, cost, etc. Optical lithography is normally preferred down to the micron scale 
and electron-beam lithography below the micron scale. However, some of the involved steps are 
critical and the final sample nanometric features can be far from ideal. In order to circumvent the 
annoying use of resists, direct patterning by focused-ion-beam is not rare, but this technique can 
strongly modify the properties of the materials, restricting its use. It is in this context that 
focusedelectron-beam-induced-deposition (FEBID) and focused-electron-beam-induced-etching 
(FEBIE) techniques are becoming promising routes for the direct growth or patterning of functional 
nanostructures in a single step. These techniques do not involve the painful use of resists, etching or 
lift-off processes, whereas maintaining the high lateral resolution down to the nanometric scale. In the 
present contribution, we will show successful examples of the use of FEBID and FEBIE for the 
creation of functional nanostructures. The deposition or etching experiments have been carried out by 
means of a field-emission-gun scanning electron microscopy (SEM) and gas injectors which permit to 
deliver precursor gas to the area of interest. 
 
Cobalt-based nanostructures have been grown by FEBID using Co2(CO)8 as the precursor gas on Si 
substrates or insulating Si//SiO2 substrates. Our previous work has shown that Co by FEBID can be 
grown with high purity, showing remarkable properties for applications in magnetic sensing, storage 
and logic [1-4]. In the present contribution we show the successful growth of cobalt nanowires with 
lateral size down to 30 nm, which could be used for highly-integrated domain-wall manipulation. 
Besides, for the application in Hall sensing, we have grown Co squares with lateral size around 100 
nm plus narrower contact lines to permit injection of current from opposite edges of the square and 
measurement of voltage from the remaining two contacts. 
 
Titanium is a relevant technological material due to its extraordinary mechanical and biocompatible 
properties, its nanopatterning being an increasingly important requirement in many applications. We 
report the successful nanopatterning of titanium by means of Focused Electron Beam Induced Etching 
using XeF2 as a precursor gas [5]. Etch rates up to 1.25 x 10-3 µm3 s-1 and minimum pattern sizes of 
80 nm were obtained. Different etching parameters as beam current, beam energy, dwell time and 
pixel spacing are systematically investigated, the etching process being optimized by decreasing both 
beam current and beam energy. 
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Figures:  
 

 
 
 

Figure 1: One of the grown Hall devices based on Co by FEBID and its Hall characterization. 
 

 
 

Figure 2: SEM (top) and AFM (bottom) images of Ti etchings made with 2 kV electron beam energy and different 
beam currents and etching times. (a) Beam current of 1.35nA and a 30 s etching time. (b) Beam current of 318 pA 
and a 105 s etching time. (c) Beam current of 5.4 pA and a 600 s etching time. 
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DIRECT NEAR-FIELD STUDY OF GENERATION, COUPLING, PROPAGATION AND DESIGN OF SURFACE 
PLASMONS POLARITONS IN THE MID-INFRARED 

Y. De Wilde
1, A. Babuty1, I. Moldovan-Doyen1, L. Greusard1, R. Rungsawang1, J.-P. Tetienne2,  

D. Costantini2, A. Bousseksou2, R. Colombelli2, G. Beaudoin3 and I. Sagnes3 

1 Institut Langevin, ESPCI ParisTech, CNRS, 10 rue Vauquelin, 75231 Paris Cedex 05, France  
2 Institut d’Electronique Fondamentale, Université Paris Sud and CNRS, 91405 Orsay, France 

3CNRS/LPN, Laboratoire de Photonique et de Nanostructures, 91460 Marcoussis, France 
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Scattering-type near-field optical microscopy (sNSOM) uses the tip of an atomic force microscope to 
scatter the electromagnetic near-field towards a detector located in the far-field. Recording the 
scattered near-field as a function of the position of the tip while it is scanned over the sample surface, 
allows one to obtain an optical image of the scanned area with subwavelength resolution, at the same 
time as its topography is recorded. As the scattered light propagates in free space, sNSOM can be 
applied at any wavelength. Application of sNSOMs at low photon energies such as mid-infrared and 
terahertz wavelengths is the nanoscale observation of the dielectric contrast between materials [1], or 
the mapping of the spatial distribution of evanescent waves at the surface of waveguides or devices 
[2].  
 
Surface plasmons polaritons (SPPs) are propagating electromagnetic modes bound at the interface 
between a metal and a dielectric, which originate from electron oscillation in the metal. These 
electromagnetic waves are evanescent in the direction perpendicular to the interface, while they can 
propagate in a direction parallel to it. sNSOM is a unique tool to perform direct imaging with 
subwavelength resolution of SPPs propagating on metal surfaces. In this talk, we will give an overview 
of our recent sNSOM investigations of various types of plasmonic devices which are active, in the 
sense that they use a mid infrared (midIR) quantum cascade laser (QCL) as an electrical generator of 
SPPs [3,4].  
 
Due to their dispersion relation, the generation of SPPs generally requires the use of a prism or a 
grating combined with an external laser source. In situ generation is clearly required to produce 
compact integrated SPPs devices. We have achieved this goal in a device operating at ≈7.5 µm 
which includes all the building blocks required for a fully integrated plasmonic active source: an 
electrical generator of SPPs based on a 1st order distributed feed-back (DFB) metal grating at the 
surface of the laser cavity, a grating coupler, and a passive metallic waveguide. We have 
demonstrated the operation of the device by reproducing the analogue in the near-field of the slit-
doublet experiment, using the sNSOM to observe directly the standing wave pattern which is formed in 
the near-field on the passive section of the device, due to the interference of two counter-propagating 
SPPs [3]. An alternative method to inject SPPs on a passive waveguide is end-fire coupling, which we 
have used to generate SPPs on a flat metallic strip from the end facet of a QCL at ≈7.5 µm. We 
demonstrate the propagation of SPPs at distances of several hundreds of micrometers from the end 
facet of the laser via both far-field and near-field imaging techniques [4]. At midIR wavelength, SPPs 
propagating on a flat gold surface have a decay-length (perpendicular to the gold surface) of tens of 
micrometers [4]. The “designer’s” or spoof SPPs allow one to dramatically change this behavior by 
artificially designing the dispersion relation using structured surfaces [5]. The idea is to mimic at IR 
wavelengths features which in principle are observed at shorter wavelength, and which result in an 
enhanced confinement of the SPPs at the surface [5,6]. We have achieved this by replacing the flat 
surface of the SPPs waveguide by a properly designed sub-wavelength metallic groove grating. 
Increasing the groove depth results in an increased in-plane wavevector and, therefore, long 
wavelength spoof SPPs have a shorter decay-length and can be manipulated just as their short 
wavelength counterpart. Based on sNSOM imaging, we demonstrate curved spoof SPPs trajectories 
and we present our progress towards the realization of a sub-wavelength-sized “hot spot” where local 
field enhancement occurs (7).  
 
We acknowledge financial support from the French National Research Agency (ANR-07-NANO-039 
“NanoFtir” and ANR-09-NANO-020 “Gospel”) and from the Centre de compétences NanoSciences Ile-
de-France (Project PSTS).  
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Figure 1: (a) Schematic cross section of a spoof SPPs device using a mid IR QCL as generator, and 
schematic view of the sNSOM detection; (b) Dispersion relation of spoof SPPs corresponding to a metal 
grating with a pitch of 2 µm, duty cycle 0.5, and depth h; (c) sNSOM image measured on a curved spoof 
SPPs waveguide. 
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INTERNALISATION MECHANISMS OF MODIFIED TITANIUM OXIDE NANOPARTICLES IN SKIN CELLS 

AND MULTICELLULAR LIVING SPECIMENS: RESULTING TOXICITY 
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1CNRS, Université de Bordeaux, ICMCB, 87 avenue du Dr. A. Schweitzer, 
Pessac, F-33608 Cedex, France 
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Nanotechnologies are of great interest from both academic and industrial points of view, with 
numerous applications in domains such as medicine, catalysis and material sciences. However, their 
nanotoxicology has also attracted the attention of public and governments’ worldwide and established 
methods of chemical safety assessments have to be modified to address the special characteristics of 
nanoparticles and more especially to assess the biological effects of these highly reactive materials. 
 
Most of these manufactured nanoparticles have been produced for several decades on an industrial 
scale. There is an urgent need to evaluate the risks of these particles to ensure their safe production, 
handling, use, and disposal. Moreover, a comprehensive study is clearly needed to fully explore the 
toxicity of manufactured nanoparticles, which may help to better understand their deleterious health 
effects and create environmentally friendly and biologically relevant nanoparticles. In particular, the 
behavior of nanoparticles inside living cells is still an enigma, and no metabolic responses induced by 
these particles are understood so far. 
 
This presentation concerns the potential toxicity due to exposure of TiO2 NPs used in sunscreens and 
cosmetics. We propose to apply an original imaging methodology (Ion Beam Analysis, TEM, and 
Confocal microscopy) to in vitro studies, combining technologies for on one hand, the detection, 
tracking, and quantification of TiO2 nanoparticles and on the other one, the use of indicators for ion 
homeostasis, cell metabolism, or cell fate. 
 
The main goal is to precisely identify the molecular and cellular mechanisms involved in the 
nanotoxicity of TiO2 nanoparticles in eukaryotic cells and in multi-cellular organisms such as 
Caenorhabditis elegans (C. elegans). This study addresses the current knowledge gap of human cells 
and C. elegans responses to TiO2 nanoparticles exposure. Since the nematodes feed on bacteria and 
are considered as particle-ingesting organisms, the present study will offer new perspectives in 
nanoparticles-related risk assessment and food web accumulation modelling. 
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ROLE OF THE SURFACE ELECTRONIC STRUCTURE IN THE ENHANCEMENT OF QUANTUM FRICTION 

BETWEEN PARALLEL SILVER SLABS 

Vito Despoja
1;2, Pedro M. Echenique1, Marijan Sunjic1;2, and V. M. Silkin1 

1Donostia International Physics Center (DIPC), P. Manuel de Lardizabal, 
20018 San Sebastian, Basque Country, Spain and 

2Department of Physics, University of Zagreb, Bijenicka 32, HR-10000 Zagreb, Croatia 
 
 
In the framework of the recent debate [1, 7] about the existence and formulation of quantum friction 
between two moving metallic slabs, we provided a new, more effcient formulation and applied it to the 
investigation of the role of realistic electronic structure to friction between two silver slabs in relative 
motion. The results are compared with those of the Drude and jellium models. We show that low 
energy electronic excitations play a dominant role in the description of quantum friction, i.e. that the 
Drude model, because of the absence of low energy electronic excitations, is a completely 
inappropriate model in the description of friction phenomena. On the other hand, the jellium model, 
because of the absence of surface states (which reduce low energy electron hole intensity), and 
absence of low energy surface plasmons [9], gives a significant reduction of the frictional force. We 
show that in the range 0 < v < vF , the friction force shows an vα dependence whereas in the jellium 
model α = 3 and for a realistic model potential [10] α = 4. Because quantum size effects strongly 
modifed low energy electronic excitations [8], we provided an analysis of quantum friction as function 
of slab thicknesses. 
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NANOSTRUCTURED MATERIALS AS DRUG DELIVERY SYSTEMS 
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Nanotechnology represents a new field of research and includes a wide range of technologies and 
potential applications. One approach consists on creating new materials which are structured at the 
nanoscale using sol-gel chemistry. Such materials could be of different pore size or morphology. 
Nanostructured silicas such as Micelle-Templated Silicas (MTS) materials feature unique textural 
properties owing to their uniform distribution of mesopores with tunable sizes. Since 2002, we have 
developed a synthesis strategy to control the particle morphology of MTS at the micro- to millimeter 
scale. Concerning drug delivery systems, we have evaluated the ability of such mesoporous materials 
for hosting a non-steroidal anti-inflammatory drug (ibuprofen). Different procedures were evaluated: 
impregnation of calcined mesoporous materials[1], direct synthesis and drug grafting[2]. We show that 
it is possible to incorporate ibuprofen in MTS in a range compatible with poorly soluble drugs. The 
release depends on the way ibuprofen is incorporated. Fast release is observed for the “impregnation” 
and the “direct synthesis” methods that may indicate that ibuprofen is in a molecular state[3]. We have 
chosen a second direction that allows in fully investigating the potentialities of sol-gel, self-assembly 
and spray-drying processes in order to form directly new textured materials acting as DDS with 
tuneable properties. Spray-drying bears also the advantage of being a scalable process and reducing 
the number of steps. Furthermore we consider a one-pot synthesis in which organometallic oligomers, 
drug and surfactant molecules are mixed together in solution. During spray-drying of the solutions, 
these chemicals interact together, eventually phase-separate inside the droplets and form the final 
microspheres. Here, we particularly show how a simple tuning of the drug and the surfactant contents 
can lead to very different drug dispersions at the nanometre scale, and consequently to very different 
drug release profiles[4]. Finally, we proposed a novel approach to confine drugs in mesoporous silica 
materials. We first prepared a new ionic liquid ([BMIm][Ibu]) were the drug (Ibuprofenate) is the anion 
and used this new IL to prepare ionogels. Their silica walls could be functionalized to control the drug 
release[5]. 
 
Another example of nanostructured silica materials as DDS is given by the preparation and release 
property of hybrid lipid/silica materials. First, we have adapted a typical two-step room-temperature 
MTS (micelle-templated silica) preparation in which the colloidal solution of amphiphiles is replaced by 
small unilamellar liposomes[6]. The result is the formation of silica shell nanospheres with non-porous 
walls and a narrow size distribution. We show that kinetic releases of a hydrophilic fluorescent probes 
depend on the lipid composition of liposomes. The use of zwitterionic phospholipids (non toxic) as 
templates requires a modified approach since the liposome structure is sensitive to low pH, high ionic 
strength. The silica growth is directed by the receptiveness of the quaternary ammonium surface of 
the phospholipid to the silica. We have also advanced this original report in a number of ways. We 
have reduced the cluster-like particle aggregation into chain-like aggregates of particles by the use of 
PEGylated phospholipid. We extended the liposil's shell nature to include hydrophobic modifications. 
We showed the feasibility of the triggered release of the encapsulated content with two types of 
remote energy sources[7]. Finally, a new supra-organized hybrid material obtained in “green“ 
conditions via anionic exchange of self-assembled unilamellar anionic liposomes with the nitrate ions 
present in the interlayers of layered double hydroxides (LDH), is fully characterized[8]. This material 
presents original properties linked to the simultaneous presence of a phospholipid bilayer derived from 
liposomes, still used as vectors for lipophilic drugs, and LDH which protects the bilayer and brings 
about a pH-sensitivity. The exchange rate is controlled via the added amount of liposomes. TGA, XRD 
and TEM confirm the organisation of the trapped phospholipids as a bilayer. The presence of the latter 
allows the material to load lipophilic and neutral drugs which represent the largest fraction of those 
newly synthesized. Furthermore, in physiological conditions, preliminary tests show a sustained 
release of phospholipids (1.5% for 7 days and 6% for 14 days) while a fluorescent lipophilic drug-
mimic reveals the reorganisation of the phospholipids into liposomes in the release medium. In the 
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field of biocompatible materials these new hybrid particles have a strong potential for the storage and 
sustained release of neutral or lipophilic drugs. 
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During the last decade, the first experimental demonstrations of the feasibility to build single-molecule 
electric contacts [1,2] have led to a huge revolution in the field of Molecular Electronics. The possibility 
to study charge transport through a single molecule bridged between two macroscopic metal beads 
has placed this field in an unbeatable position to directly address fundamental questions on the 
relation between the molecular structure and the charge transport behavior. For example, it has 
already been described the impact that the presence of certain chemical groups in the single-molecule 
contact, such as saturated linear chains [3], conjugated blocks [4], electron donor/acceptor groups [5] 
or redox centers, has in the dominating charge transport mechanism. 
 
In this contribution, we describe our latest advances toward the fundamental understanding of the 
main parameters dominating the charge transport through organic scaffolds and we demonstrate how 
the chemical structure can be tailored to achieve a desired electron transport profile in the single-
molecule device. In the first part, we will describe the last implemented technical methodologies to 
univocally identify when a single-molecule contact is formed between two metal electrodes. The 
methodologies are based on the introduction of small AC perturbations within the electrode-electrode 
gap separation and the corresponding AC current response detection in the frequency space [6,7]. 
Together with the AC methods, long pulling programs applied to the molecular contact are also 
performed at the end of the experiment as a method to evidence the single-molecule nature of the 
junction. After this technical description, two examples showing how to tailor the single-molecule 
electron transport through the molecular design will be presented. The first case presents one of the 
first examples of rectification behavior (diode effect) in a single-molecule device [8]. Here we 
demonstrate that it is possible to go from a perfectly symmetric to a highly rectifying charge transport 
behavior by introducing small chemical modifications within the molecular architecture (see Figure 1). 
 
The second case explores the feasibility to design single-molecule field effect transistors (FET) by 
using a graphene-like molecular structure (coronene derivatives) through the exploitation of the 
previously introduced electrochemical gate [9] (see Figure 2) in order to modulate the conductance of 
the single-molecule contact and control the ON-OFF behavior as in conventional FET setups [10]. This 
last example opens up a bottom-up approach for the future design of functional FET based on 
graphene materials. The final part of this paper will describe another example of how to modulate the 
single-molecule conductance in this case by using a mechanical perturbation. This last presented 
device constitutes the first demonstration of single-molecule electromechanical effect [7]. 
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Figures:  
 

 
 
Figure 1: Representation of two single-molecule devices with similar polyphenyl molecular blocks displaying 
symmetric (bottom) and diode (top) charge transport behaviors. 
 

 
 
Figure 2: Representation of a single-molecule FET built with coronene derivatives and gated with a reference 
electrode in an electrochemical configuration. 
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AN O(N3) IMPLEMENTATION OF HEDIN'S SCHEME FOR MOLECULES IN ORGANIC SEMI CONDUCTORS 
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The improved scaling of our method with respect to most published methods is a step forward towards 
the goal of predicting, prior to their synthesis, the ionization energies and electron affinities of the large 
molecules that serve as constituents of organic semiconductors. 
 
Here we focus on the principle of locality that previously lead to an efficient solution of the Petersilka-
Gossmann-Gross equations of TDDFT and which gives rise to N3 scaling with the number of atoms N 
in Hedin's approach for molecules. 
 
For more details on our results, see the contribution by P. Koval on "O(N3) GW" at the session on 
HPC. 
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Thermal sensing at the micro and nano scales is one of the most challenging tasks that 
nanotechnology is nowadays facing. It is required to get a full understanding and characterization of 
photonic and electrical devices under real operation conditions where relevant local thermal loadings 
can take place as a consequence of either Joule dissipation or optical activation of non-radiative 
processes. In biological systems (such as tissues and individual cells) the exact knowledge of the local 
temperature is essential since it is known that temperature is one of the most important parameter 
determining the dynamics of the system. During the last years different approaches have been used to 
achieve thermal sensing with high spatial resolution while ensuring enough temperature sensitivity. 
Several techniques (such as thermal scanning and molecular fluorescence microscopies) have been 
already shown to satisfy both requisites simultaneously. Nevertheless, these techniques have limited 
applications in which, for example, three dimensional thermal imaging or in depth measurements is 
required. 
 
Very recently a new approach to the thermal imaging at the nanoscale has come into sight. This is 
based on the incorporation of fluorescent nano-thermometers into the system to be thermally scanned. 
Fluorescent nano-thermometers are fluorescent nano-particles whose luminescence properties are 
strongly determined by the local temperature of the environment in which they are hosted. Any 
luminescent nano-particle whose luminescent properties (in terms of intensity, spectral position, 
spectral shape or decay time) are strongly dependent on temperature can be considered as a nano-
thermometer. Nevertheless, the real application for thermal imaging and sensing in photonic, electrical 
and biological systems requires additional features such as possibility of multi-photon excitation (for 
high spatial resolution experiments), possibility of being dispersible in water (for easy incorporation 
into cells), good thermal stability and, finally, high fluorescence quantum efficiencies for high contrast 
imaging. 
 
In this work the fluorescence properties of two-photon emitting nano-particles have been 
systematically investigated as a function of temperature in the 20-70 ºC range. We have focused our 
attention in two different types of two-photon emitting nano-particles: Semiconductor Quantum Dots 
and double doped Erbium and Ytterbium doped nano-crystals. From the obtained results the potential 
thermal sensitivity of these two types of nano-particles has been discussed and the mechanisms at 
the basis of this thermal sensitivity elucidated. We have concluded that in the case of rare earth doped 
nano-crystals, thermal sensitivity is based on temperature induced changes in the population of 
excited states. On the other hand, in the case of Semiconductor Quantum Dots, thermal sensitivity is 
caused by a complex competition between different mechanism including temperature induced 
changes in the energy gap of bulk material, thermal induced dilatation and changes in the confinement 
energy. Although complexes, all these process give the opportunity of improvement and tailoring of 
the potential thermal sensitivity. 
 
We also include in this work experimental evidence of the potential application of these systems for 
real intracellular thermal sensing by optical methods. Figure 1 shows a simple experiment designed to 
test the ability of CdSe Quantum Dots for direct measuring in intracellular thermal loading induced in 
cancer cells by external air fluxes. 
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Figures:  
 

 
 
Figure 1: Experimental set-up and experimental results on the intracellular thermal sensing using two-photon 
emitting QDs.  
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SURVEYING MOLECULAR VIBRATIONS IN SINGLE MOLECULE NANOJUNCTIONS 

A. Garcia-Lekue 

Donostia International Physics Center (DIPC), Donostia, Spain 
 
 
 
Charge transport through metal-molecule junctions is a major subject of study in a rapidly growing 
interdisciplinary research field. It deals with fundamental and applied aspects of science at the 
nanoscale aiming to control the electron conductance at the molecular level and the uprising of 
nanotechnology. One of the major results of this research is that the atomistic arrangement at the 
junction and the coupling between the molecule and the metal electrodes can significantly alter the 
electronic and structural properties of the molecule. It is therefore relevant to characterize the 
influence of the metal contact formation in the electron transport process through a single molecule. 
 
With this aim, we have combined spectroscopic techniques based on scanning tunneling microscopy 
(STM) with first-principles calculations to achieve a precise characterization of the metal-molecule 
interaction during the formation of a nanocontact.[1] We use the inelastic tunneling spectroscopy 
(IETS) signal measured at various molecule-metal distances by approaching the tip of an STM to the 
CO molecule adsorbed on a Cu(111) metal surface. The vibration modes and inelastic transport have 
been modeled using density functional theory (DFT) combined with nonequilibrium Green’s function 
methods (NEGF). Both the measured data and the calculations show characteristic shifts of the 
vibration modes. In particular, we observe a continuous but nonlinear blue shift of the frustrated 
rotation mode in tunneling with decreasing distance followed by an abrupt softening upon contact 
formation. This indicates that the presence of the metal electrode sensibly alters the structural and 
conductive properties of the junction even without the formation of a strong chemical bond. 
 
We have shown that by combining high resolution IETS data and first-principles calculations it is 
possible to monitor the structural and electronic properties of a molecular nanocontact during its 
formation. As the tip of the STM can be more widely understood as the presence of any metallic 
electrode, we believe that these results have a general validity to the measurements of conductance 
through molecular junctions. 
 
Finally, we report simulated vibrational spectra for CO using chemically functionalized STM tips. Our 
results indicate that functionalized tips can increase the resolving power of IETS and can yield 
inelastic signals not observed with a Cu-adatom tip. Such effects are originated by changes in the 
symmetry of the orbitals involved in the inelastic scattering, and reveal that single-molecule IETS can 
be optimized by selecting the appropriate tip orbital symmetry.[2] 
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The phenomenon of spin crossover between high-spin (HS) and low-spin (LS) states of 3d4-3d7 
transition metal ions represents an important area of coordination chemistry. Beside its interesting 
fundamental aspects, the potential applications of this phenomenon draw much attention but can not 
be readily exploited in bulk materials. Therefore, we have developed various methods for fabricating 
spin crossover nanoparticles using polymers[1] or reverse micelles[2] as nanoreactors. We will show 
their size-dependent spin crossover properties, their patterning using soft lithographic techniques[3] 
and applications of these novel materials. In particular, we will discuss different strategies for signal 
transduction in chemical and physical sensors based on spin crossover complexes (see figure for an 
example of fluorescent transduction)[4]. 
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Figure 1: (Left panel) Temperature dependence of the optical absorbance (recorded at 540 nm) of the 
Fe(NH2Trz)3(OTs)2 spin crossover nanoparticles (3 nm) suspension in the heating (open symbols) and cooling 
(closed symbols) modes. The inserts show the photographs of the sample at 295 K (violet) and 320 K 
(transparent). (Right panel) Temperature dependence of the fluorescence intensity (recorded at 540 nm) of the 
nanoparticle system doped by Rhodamine-110. The inserts show the luminescence of the sample (at 0.001% 
doping level) under white light excitation at 295 K and 320 K. 
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Abdou Hassanien 

Nanosystem Research Institute,AIST, 1-1-1 Umezono, Tsukuba, Ibaraki 8568, Japan. 
National Institute of Chemistry, Hajdrihova 19, SI-1001 Ljubljana, Slovenia 

Abdou.Hassanien@aist.go.jp 

 
 
The BSC theory has provided a general framework for understanding the microscopic origin of 
superconductivity in simple metals. With the emergence of new materials, especially high Tc and 
organic superconductors, clear deviations from the standard theory are reported. Several theories 
have been proposed to provide microscopic paring mechanisms and thereby elucidating the 
macroscopic properties for these unconventional superconductors. 
 
In order to unravel details on the mechanism and test theories one needs to investigate the local 
nanoscale properties on clean systems. For this purpose we have synthesized high quality single 
crystals of (BETS)2GaCl4, where BETS is (ethylenedithio)tetraselenafulvalene, as source materials for 
engineering sub-monolayers and chain like structure on Ag(111) surface. In bulk (BETS)2GaCl4 has a 
superconducting transition temperature Tc of ~8 K and a two-dimensional layered structure that is 
reminiscent of the high-Tc cuprate superconductor. 
 
We present low temperature scanning tunneling microscopy and spectroscopy to study directly the 
nanoscale electronic properties of (BETS)2GaCl4. We show that superconductivity still robust down to 
a single layer islands and chain like structures. A single chain of (BETS)2GaCl4 molecules displays a 
superconducting gap that increases exponentially with the length of the chain. Moreover, we show that 
a superconducting gap can still be detected for just four of (BETS)2GaCl4 molecules. Real-space 
spectroscopic images directly visualize the chains of BETS molecules as the origin of the 
superconductivity. These findings not only pave the way to study nanoscale superconductivity on other 
nanosystems, especially high Tc cuprates, but also to investigate paring mechanism versus structural 
parameters and molecular manipulations. 
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Figure 1: Size dependent molecular superconductivity. a, An STM image revealing shorter molecular chains at 
the centre. Light blue are doubled stacked BETS while darker features are the first layer BETS, The 
superconducting gap as a function of molecular units. The inset shows the molecular chains with 4, 5, 8, 13, and 
15 units. The right inset illustrates corresponding dI/dV curves that reveal superconducting gaps of these chains. 
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Nanostructured materials offer a huge range of possibilities for the development of new devices with 
fascinating optical, magnetic, or electronic properties. The synthesis of colloidal semiconductor 
nanoparticles has been vastly improved in the last decades. In this work, a novel procedure developed 
to organize dot-like semiconducting nanocrystals into 2D nano-sheets will be presented. By means of 
this procedure the nanoparticles initially covered by randomly oriented organic molecules (see 
illustration on the right) assemble like “lego” bricks to form small aggregates that evolve into crystalline 
sheets. During this process, the organic molecules densely pack and organize on the surface of the 
new crystal. This ordered arrangement of the organic molecules allows the formation of these two 
dimensional crystals. 
 
The work shows the formation mechanism of two-dimensional crystalline structures, based on the 
interaction among nanocrystals with defined orientations and the self-assembly and packing of the 
organic molecules on their surface. The results have special relevance to understand and control the 
shape of colloidal nanostructures, key for the generation of advanced functional materials at the 
nanoscale. These ordered 2D structures with just 2 nm thicknesses have been integrated in 
photodetectors. The results may be relevant to generate more efficient devices. 
 
References:  
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Figures:  
 

 
 
Figure 1: Scheme of the fusion of nanocrystals to form 2D crystals in three steps: Initially, nanocrystals stabilized 
by organic molecules in solution (1) form small aggregates by fusing in certain crystallographic directions (2). 
These aggregates evolve to form the crystalline sheets (3). During this process, the organic molecules self-
assemble and densely pack on both sides of the crystal. 
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MAGNETIZATION REVERSAL OF UNIAXIAL CO FILMS WITH TUNABLE CRYSTALLOGRAPHIC ORDER 
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It is well established that crystallographic order has a very pronounced relevance for the magnetic 
properties of materials due to the quantum mechanical spin-orbit coupling, which is responsible for 
magneto-crystalline anisotropy [1]. The control of magnetic properties and in particular the tuning of 
magneto-crystalline anisotropy is also essential for technological applications, such as hard disk drive 
media [2] or magnetic random access memories (MRAMs) [3]. However, most magnetic materials 
characterization studies have been focused either on nearly perfect crystallographic samples or highly 
disordered samples in the past, and there are only very few studies, in which the region in between 
perfect crystalline samples and disordered materials has been explored. 
 
Here, we have studied the influence of crystallographic order onto the magnetization reversal process 
in granular Co films. In order to allow for a well-defined variation of the crystallographic order a 
reproducible processing sequence was developed that enables the continuous modification of 
epitaxial growth for (1010) Co films by partially interrupting the epitaxial growth sequence. Specifically, 
we used the epitaxial growth sequence Ag(110)/Cr(211)/Co(1010) onto HF-etched Si (110) substrates, 
which enables the fabrication of high-quality epitaxial Co-films with an in-plane easy axis of 
magnetization by means of ultra high vacuum (UHV) sputter deposition [4]. In order to disturb or 
interrupt the epitaxy in a well defined manner we have deposited an ultrathin SiO2 film of the order of 
one monolayer thickness on top of the Si substrate prior to the Ag layer deposition. By using different 
deposition times for this Sioxide layer (tox), we managed to fabricate Co (1010) samples with different 
crystallographic order level. 
 
Figure 1 shows an X-ray θ-2θ measurement for a fully epitaxial grown sample and a sample with 
tox=12s, corresponding to partial epitaxy interruption. While we only observe the Si (220), Ag (220), 
Cr (211), Co (1010) and Co (2020) peaks for the fully epitaxial sample, we find multiple Ag peaks that 
correspond to different crystallographic orientations for the sample with partial epitaxy interruption. 
Nonetheless, this sample still has a high degree of Ag (220) and Co (1010) texture, if one does a 
quantitative analysis of the X-ray data. The degree of Co (1010) texture decreases further in a 
systematic fashion as tox is increased. 
 
We have studied the magnetization reversal process in these samples by means of macroscopically 
and microscopically magneto-optical Kerr effect measurements. Figure 2 shows single domain (SD) 
vs. multi domain (MD) magnetization state maps, determined from quantitative Kerr microscopy [5], for 
three samples with different degrees of disorder (fig. 2a tox=0 s, fig. 2b tox=12 s and fig. 2c tox=15 s) as 
a function of the applied field angle β with respect to the easy axis (EA) and the applied field strength. 
Here, the blue color indicates a single domain state while other colors reveal the existence of multi-
domain structures. We find that while in crystallographically well ordered films no static domain states 
exist in the entire field size and orientation range, magnetization reversal by means of non-uniform 
intermediate stable or meta-stable states exists for partially epitaxial samples with sufficient inter-
granular misalignment. We also observe that these non-uniform states are more common for 
intermediate field orientations in between the macroscopic EA and hard axis (HA) directions. 
 
Furthermore, we also observed an anomaly in samples with partial crystallographic alignment, for 
which conventional HA behavior disappears. When the magnetic field is applied along the nominal HA 
in such samples, a frustrated magnetic state occurs, which arises from the competition between 
ferromagnetic exchange and the uniaxial anisotropies of misaligned adjacent grains. The existence of 
such a frustrated state is related to a non-uniform magnetization reversal in the nominal HA and 
produces considerably high values of remanent magnetization and coercive field (figs. 3 (b)), while 
only 2° away from the nominal HA, the magnetization reversal is dominated by coherent rotation, as it 
is expected for highly uniaxial samples along or near the HA (figs. 3 (a) and (c)). The anomaly has 
been theoretically explained by means of a two-grain coupled Stoner Wohlfarth model and has been 
corroborated experimentally by microscopic imaging. 
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Figures:  
 

 
 

Figure 1: X-ray diffraction spectra in θ-2θ configuration for a fully epitaxial sample tox=0s (green) and for a 
partially epitaxial sample with tox=12s (blue). 
 

 
 

Figure 2: Single-domain/multi-domain existence map for samples with different degrees of crystallographic order 
as a function of applied field angle and strength: (a) fully epitaxial (1010) Co sample, and partially epitaxial 
samples, generated by SiO2 underlayer deposition of (b) 12s and (c) 15s duration. 
 

 
 
Figure 3: Hysteresis loop for a partially epitaxial sample, grown with tox=12 s, for magnetic field orientations ±2° 
away from the HA (a) and (c) respectively, and along the nominal HA (b). The inset figures show the remanent 
magnetization states taken by Kerr microscopy after applying a magnetic field along the corresponding field 
angle. 
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A small dielectric particle experiences an optical field gradient and scattering forces caused by the 
electric-dipolar response. The scattering forces can be modeled as radiation pressure and a 
nonconservative force term that emerges from the spin curl [1]. In the focal region field generated by a 
microscope objective, the curl term is a fundamental contribution to the total force when using high 
numerical apertures [2]. Its presence explains the asymmetry of the trapping potential, which, for linear 
polarization, has been observed using focused beams (see Fig.1). Additionally, when other 
polarization structures in the microscope pupil plane are considered, the curl term becomes 
fundamental for explaining the force field the particle experiences even for moderate numerical 
apertures. 
 
Recently it has been shown [3] that there are additional force terms when magnetodielectric particles 
are considered. These correspond to the magnetic-dipolar response, a counterpart to the 
aforementioned forces, together with additional components emerging from the electric-magnetic 
dipolar interaction. These new forces should also apply to pure dielectric particles like submicron 
silicon spheres which present strong magnetic and electric dipolar response in the near infrared [4,5]. 
 
Centered on these particles, this presentation will show the characteristics of the force field in the 
important particular case of tight focused beams generated by microscope objectives, which are 
frequently used in optical trapping and manipulation experiments. 
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Figures:  

 
Figure 1: Scattering forces that a small dielectric particle can experience in the focal region of a high numerical 
aperture microscope objective. In panel (a) the radiation pressure, in panel (b) the force of the curl term for a 
linear polarized light beam along the x-axis. 
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At the atomic scale, there are 2 ways of implementing a complex logic gate: atom by atom at the 
surface of a material or in a molecule also interconnected at the surface of a material. Quantum 
designs are leading to gates with a large calculating power and a short calculation time as compared 
to a classical design. In a quantum design, the complexity increase is based on the manipulation of 
states in a dual space with no correlation with the expansion in space of the final gate. In a classical 
design, it is based on the accumulation in space of independent devices following for example 
Shannon like design rules. We will compare classical and quantum design from the point of view of 
their intrinsic performances but also from a more practical point of view: how a quantum design resists 
the interconnection when constructing the calculator. 
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In this presentation, we will discuss on different methods we have used in order to obtain good 
epitaxial graphene monolayers grown on SiC. Then, we will focus on one of the method, which gives 
promising results: using high temperature annealing conditions with a graphite cap covering the C-
face of an 8° off-axis SiC sample, large and homogeneous single epitaxial graphene layers can be 
grown. Raman spectroscopy shows evidence of the almost free-standing character of these 
monolayer graphene sheets. Magnetotransport measurements confirm these results. We find 
moderate p-type dopings, high carrier mobilities, and half integer quantum Hall effect typical of high 
quality graphene samples. This opens the way to a fully compatible integration of graphene with SiC 
devices on wafers that constitute the standard in today’s SiC industry. This is also promising for 
quantum metrology. 
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We are experimentalists studying quantum phenomena in nanostructures. By carefully shaping the 
nanostructures and choosing optimal material properties we design the system in such a way that we 
obtain desirable electronic and optical properties, i.e. quantum engineering. Particularly, the quantum 
phenomena of superposition and entanglement are interesting to control at the level of individual 
electrons and photons. Applications of this control are foreseen in the field of quantum information 
science. In this field superposition and entanglement are used for encoding information in quantum 
mechanical bits; the qubits. 
 
Various systems are being investigated for realizing quantum hardware. Our favourite systems 
consists of nanowires (~40 nm in diameter and micrometers long) made out of various semiconducting 
materials, such as InAs, InSb, Si, etc. See the figure for nanowire examples. 
 

 
 
Figure 1: a) Illustration of the growth mechanism of nanowires. The Au particle catalyses the nanowire growth. 
After axial growth, radial growth can be initiated covering the wire with a shell of different material. b) SEM image 
of an array of nanowires grown from a pattern of Au particles. c) TEM image of a nanowire with the Au-particle on 
top. d) dark field TEM image of a GaP-GaAs heterostructured nanowire. 
 
For the quantum transport studies we fabricate electronic devices in such a way that we can trap 
individual electrons. These electrostatic traps, called quantum dots, are highly stable and flexible such 
we can deplete all mobile electrons except for the last one. We then study the spin properties of this 
last electron. The spin-up or spin-down states are our qubit states, so quantum control over the spin 
states provides the qubit control. See figure below. 

 
 
 
Figure 2: An InAs nanowire crossing 5 gates (horizontal strips 
made of Au) with electrical source and drain contacts. This device 
allows to define two quantum dots each containing one electron. 
The device has been used to operate qubits based on the spin-orbit 
interaction in InAs. 
 
 
 

 
For optical studies we incorporate different materials in the nanowire. For instance in the first figure 
the GaP sections are optically inactive, whereas the GaAs sections show luminescence. When the 
GaAs section are made small enough, the optical transitions are determined by the quantum confined 
states. Such quantum optical transition we have investigated in particular in InAsP quantum dots. In 
these experiments we have shown that we can control the spin of the electron and holes that 
determine the polarization of the out coming light. This light, importantly, is demonstrated to be a one-
by-one emission of individual photons, each photon polarization determined by the spin of the electron 
and hole. 
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We are currently pushing two new directions. First of all we wish to convert electron spin 
superpositions into photon polarization superpositions. This would demonstrate a transfer of the 
quantum state from an electron-particle to a photon-particle. Quantum state transfer is important for 
quantum information. 
 
The second new direction is a hunt for a new particle: Majorana Fermion. In solid state systems one 
can not only engineer a quantum state, one may also be able to engineer particles. A Majorana 
Fermion is a fundamental particle but never observed. Now theoretical schemes exist that propose 
using semiconductor nanowires with strong spin-orbit interaction in order to create states that 
accommodate Majorana Fermions. 
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In recent years, requirements in terms of service-life of civil engineering structures have become more 
and more stringent, so that the focus of designers and owners is now set on structural durability. 
Foreseeing structural failures and repairing damaged structures at an early stage has become a major 
stake. This approach calls for an accurate knowledge of the state of the structure at any point in its 
lifetime. This is the incentive for the world-wide development of various in-situ monitoring techniques 
for structural materials. However, by measuring global structural quantities only, the existing 
monitoring techniques provide only indirect information on the structural health of the structure. 
 
To this day, no existing sensor features the resolution required to investigate in-situ structural 
materials at the micro- and nanoscale. This is a major lack, as micro and nanoscale features play a 
significant role in the durability of cementitious materials. From this perspective, IFSTTAR working with 
CEA-LETI and LPICM has set itself the long-term goal to devise innovative nanoscale structural health 
monitoring solutions based on nanosensors. Two types of single-walled carbon nanotubes (SWNT) 
devices are currently being studied with highly promising results: ultrasonic nanotransducers for 
microporosity assessment [1] and field-effect transistors for humidity monitoring [2]. 
 
The SWNT-based ultrasonic nanotransducer developed at the CEA-LETI consists in a metallic 
membrane of aligned nanotubes suspended above an actuation electrode (fig. 1). It vibrates by 
capacitive effect upon application of a varying voltage on the actuation electrode. Devices were 
fabricated by SWNT dielectrophoresis, e-beam patterning of anchoring electrodes and HF wet etching 
release (fig. 2) [3]. Thanks to a breakthrough laser vibrometry experiment, we observed up-to-5 nm 
amplitude vibrations of the SWNT membrane in air at ultrasonic (3.7 MHz) frequencies (fig. 3). 
 
These high amplitudes of vibration is explained by the very low thickness of the membrane (fig. 4), 
obtained as a result of an extensive parametric study of SWNT dielectrophoresis. Our detailed 
numerical model shows that low membrane thickness is essential to the proposed sensing application. 
The model also indicates that the proposed devices embedded in a cementitious material could 
determine the volume and content of the microporosity in their vicinity [1]. Such microscale information 
would be invaluable in the evaluation of structural durability [4]. 
 
Structural durability specialists also know that not only size and content, but also humidity and 
chemical compositions are important for durability assessment [5]. With LPICM, we are focusing on 
relative humidity measurements based on field-effect transistors devices made with low density 
singlewalled carbon-nanotubes networks (fig. 5). The CNTFET devices were fabricated on a silicon 
substrate with silicon oxide layer. A conventional photolithographic process was used to create the 
electrodes. Mostly semiconducting CNTs were sprayed to form the gate channel [6]. 
 
Although the sensitivity of such devices to water vapor has been very often considered a drawback [7], 
our electrical characterizations (fig. 6) suggest that it could be exploited as a robust, high sensitivity 
means to probe high relative humidity environment (>60 %) such as concrete. The sensitivity of the 
devices to water vapor appears even stronger than that of other gases. It might be due to the strong 
polar nature of water and its affinity to both the metallic and dielectric parts of the CNTFET. This 
interpretation could lead us to various original device optimizations to improve the sensing features of 
the CNTFET devices. 
 
With their very promising outputs, these two studies open up the path toward in-situ morphology and 
composition monitoring of the microporosity of cementitious materials by nanosensors. This 
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nanosensors-based microscale knowledge is the key to detect and prevent degradations of 
cementbased structures. As such, it will significantly contribute to an improved sustainability in civil 
engineering. 
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Figure 1: Schematic view of SWNT-based capacitive 
ultrasonic nanotransducer 

Figure 2: SEM picture of a thin membrane of aligned 
SWNT obtained by AC dielectrohoresis 
 

 
 

 
Figure 3: Topview and sideview of the vibration 
amplitudes of a 2 µm-large SWNT membrane at 3.7 
MHz, as measured by scanning laser vibrometry. Peak 
to peak amplitude of vibration is 5 nm. 

Figure 4: AFM measured height distribution of a 
SWNT based membrane before suspension. 
Membrane thickness is 10.7 nm. 

  
 

Figure 5: Schematic view of a field-effect transistor 
using a low density SWNT network as channel 
material. 

Figure 6: IV characteristics of a CNTFET device with 
Pt electrodes: Vds=3V; dual sweep of Vgs from -15 V 
to +15 V 
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CARBON NANOTUBE PHOTOCATHODES FOR OPTICALLY DRIVEN MULTIPLE X-RAY SOURCES 
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We have demonstrated the first optically driven X-ray source based on carbon nanotube (CNT) 
photocathodes. It is a compact dual X-ray source and the two sources are accurately and 
independently controlled with two laser diodes illuminating the photocathodes. Thanks to the emission 
stability, high quality images have been obtained. This dual source provides two images from two 
different viewing angles. This concept can be easily extended to multiple X-ray sources. Associated 
with linear or 2D X-ray detectors, low cost, compact/mobile, efficient and stationary (gantry free) 
tomosynthesis scanners could be realized. Such systems which provide 3D imaging can be used for 
security applications, nondestructive inspection in the industry and for medical applications. The 
innovation is the use of CNT photocathodes [1]. X-ray sources based on these photocathodes exhibit 
the following features: galvanic insulation for current control, fast switching and accurate control of X-
ray emission. 
 
The CNT photocathode is an array of vertically aligned multiwalled CNTs (electron emitters) 
associated with individual p-i-n photodiodes. These photodiodes act as optically-driven current 
sources. The emitted current varies linearly with the optical power delivered by the laser diode located 
under the photocathode. 
 
Figure 1 shows a schematic description and SEM pictures of the fabricated photocathodes which are 
based on silicon photodiodes. CNTs are grown on n+ doped areas defined by ion implantation in a 
5 µm thick intrinsic layer. The p+ doped silicon wafer is thinned to obtain a 7 µm thick membrane and 
to enable backside illumination of the photocathode. In order to demonstrate the proof of concept of 
this new system, we have fabricated a dual X-ray source based on two CNT photocathodes (see 
figures 2-4). The distance between the two sources is 10 cm. Due to the galvanic insulation (optical 
control), we can use a simple diode configuration with a high voltage applied to the photocathode and 
with a grounded anode. Compared to the power supply used in a conventional X-ray tube, no high 
voltage filament transformer is required. Thus our high voltage power supply is compact (see 
Figure 4). Being grounded, the anode is a tungsten film directly deposited on the X-ray window. The 
anode cooling is then simply performed by air convection. To obtain X-ray images, we have used a 2D 
X-ray detector and positioned different objects between the source and the detector. With this dual 
source, 2 views in parallel are obtained (see Figure 5). Figure 6 shows an image of an animal 
obtained with one single CNT photocathode. 
 
This work was funded by the ANR project SPIDERS. Through the ANR project NANOSCANNER, we 
are currently studying the fabrication of CNT photocathodes based on low temperature grown GaAs 
photoswitches that should exhibit very large ON/OFF ratio (a few hundreds). 
 
 
References:  
 
[1] L. Hudanski, E. Minoux, L. Gangloff, K.B.K. Teo, J.-P. Schnell, S. Xavier, W.I. Milne, D. Pribat, J. 

Robertson, P. Legagneux, “Carbon nanotube based photocathode”, Nanotechnology 19 105201 
(2008). 

 
 
 
 
 
 



 

 

N
a
n
o
S
p
a
in

N
a
n
o
S
p
a
in

N
a
n
o
S
p
a
in

N
a
n
o
S
p
a
in
2
0
1
1

2
0
1
1

2
0
1
1

2
0
1
1
  

 
 

 
Im
a
g
in
e
N
a
n
o
 A
p
ri
l 
1
1
-1
4
, 
2
0
1
1
 

 

206 

Figures:  
 

 
 
Figure 1: Schematic description and SEM pictures of the CNT photocathode. The photocathode uses multiwalled 
CNTs as electron emitters and silicon p-i-n photodiodes to control the emission. CNTs are grown on n+ doped 
areas defined by ion implantation in a 5 µm thick intrinsic layer. The p+ doped silicon wafer is thinned to obtain a 7 
µm thick membrane. This enables backside illumination of the photocathode. 
 

 
   

Figure 2: Picture showing the two 
“satellites” holding the CNT 
photocathodes. The backside of the 
upper left photocathode is 
illuminated. 

Figure 3: Schematic description of 
the optically driven dual X-ray 
source 
 

Figure 4: Picture of the dual Xray 
source associated with the power 
supply. 

 

  
 

Figure 5: Images of a printed circuit board obtained on 
the 2D X-ray detector with the dual source (2 views in 
parallel) 

Figure 6: Image of a bird realised with a single CNT 
source. 
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CHARGE INJECTION AND TRANSPORT IN NANOWIRES 

François Léonard 
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Semiconductor nanowires show promise in electronic, optoelectronic, and sensing devices. To realize 
this promise, a fundamental understanding of charge injection and electronic transport in these novel 
nanomaterials is necessary. In this presentation, I will discuss recent work that couples experiment 
and theory to address this topic. For example, in GaN and InAs nanowires, we achieve efficient 
charge injection and find that space-charge-limited currents are unusually strong [1,2]. In contrast, 
charge transport across individual Au-nanoparticle/Ge-nanowire interfaces is injection-limited, and 
surprisingly, the conductance increases with decreasing nanowire diameter due to a dominance of 
electron-hole recombination [3]. Furthermore, we find that transport in GaAs nanowires is governed by 
charge traps, which can be activated to reveal the nature of the charge injection at the contacts [4]. 
More generally, our results indicate that a broad range of electronic transport regimes can be 
observed in semiconducting nanowires depending on the particular material system and growth 
process. 
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Figures:  
 

 
 
Figure 1: A conducting tip retrofitted inside of a scanning electron microscope measures the electronic properties 
of individual nanowires. 
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Spin ices are rare earth pyrochlores where the crystal geometry leads to frustration of the rare earth 
moments [1], which meet at tetrahedra in the lattice. Like water ice, they violate the third law of 
thermodynamics, and have been extensively studied by neutron scattering. Recently it has been 
realised that excitations of this system can be described as deconfined emergent monopoles and 
associated Dirac strings [2]. Nanotechnology allows many of the essential features of this physical 
system can be reproduced in arrays of patterned nanomagnets where moments meet at the vertices 
of a square grid [3]. This approach offers the opportunity to continuously tune the various parameters 
controlling the magnetic microstate, and also to inspect that microstate using advanced magnetic 
microscopy [4,5]. A significant difference with the naturally occurring spin-ices is that the change in 
symmetry gives rise to a true long-range ordered ground state, although the frustrated interactions in 
these athermal systems mean that its observation is extremely difficult [6]. 
 
Here I will describe our recent work on such a system, an array of 250 nm × 80 nm Permalloy islands 
in the square ice geometry (shown in Figure 1), including the achievement of a thermalised ground 
state during fabrication and the observation of the effects of fractionalised monopoles on excitations 
out of it (shown in Figure 2) [7], and athermal achievement of the ground state using a suitable field 
protocol, both observed using magnetic force microscopy. I will also describe some preliminary data 
from soft x-ray scattering measurements, the effects of dc field reversal, and also the application of an 
effective temperature formalism [8] to the frozen microstates we observe. 
 
This work was supported financially by EPSRC and the STFC Centre for Materials Physics and 
Chemistry. Parts of this research were carried out at the Center for Functional Nanomaterials and at 
the National Synchrotron Light Source, Brookhaven National Laboratory, which are supported by the 
U.S. Department of Energy, Office of Basic Energy Sciences, under Contract No. DE-AC02-
98CH10886. 
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Figures:  
 

 
 

 

Figure 1: Scanning electron micrograph of a array of 
Permalloy nanomagnets, prepared using electron 
beam lithography, that form a frustrated square ice 
lattice. 

Figure 2: Rendering of a magnetic force micrograph 
showing the smeared magnetic charge density: 
monopole defects in the periodic ground state are 
clearly visible. 
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SELECTIVE LUMINESCENCE SWITCHING IN ENTANGLED METAL-ORGANIC FRAMEWORKS BY 

INCLUSION OF AROMATIC GUESTS. MOLECULAR SENSOR FOR SUBSTITUTED-BENZENES 

Virginia Martínez-Martínez
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Porous coordination polymers (PCPs) or metal–organic framework (MOFs) are recently considered as 
a functional class of porous materials.  The designability by varying the nature of the coordination 
metals and the organic linkers, the cristallinity in their structures resulting in nanometer-size confined 
spaces and the flexibility by the entanglement of their frameworks are unique properties for the 
development of multiple applications such as gas storage and gas separation, heterogeneous 
catalysts and molecular sensors.  
 
The design of a PCP with photoactive entities as part of the structure and whose luminescent 
properties are highly sensitive to guests can offer potential application as luminescent sensors. 
 
In this work [1], a new interpenetrated porous coordination polymer with naphthalenediimide (NDI) 
incorporated as fluorophore linker exhibits an unpredicted turn-on emission upon the incorporation of a 
class of aromatic compounds (substituted-benzenes). The unexpected luminescent properties are as 
consequence of the induced-fit structural transformation (framework displacement), checked by single-
crystal x-ray diffraction, triggered by the guests incorporation to maximize the interaction with NDI. 
Non-interpenetrated analog. PCP (frameworks are impossible to slide) shows no luminescence, 
indicating the importance of the dynamic confined space for the luminescence.  
 
The entangled PCP exhibits different luminescent colour depending on the substitution of the benzene 
ring as guests. For instance, from strong electron withdrawing (cyano) to electron donating capacity of 
the substituents (methoxy), the fluorescence can be tuned in the whole visible region (from 400 to 700 
nm) or even stabilized radical-ion species (N,N-dimethyl). On the other hand, when halogen atoms are 
included in the benzene ring, a switching from fluorescence to phosphorescence emission is 
observed.  
 
In this way, this new PCP can be used as a molecular sensor for benzene derivates which can 
recognized tiny differences in the substitution of aromatic ring and converted into a detectable signal 
(even by eye). 
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WAFER SCALE FABRICATION OF PASSIVATED CARBON NANOTUBE TRANSISTORS FOR 

ELECTROCHEMICAL SENSING 
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Since the operation of carbon nanotube transistors (CNT-FETs) was demonstrated [1], much progress 
has been achieved on the knowledge about electronic transport on SWCNTs and on their application 
for sensing [3]. However, there is still no standard high yield technology to fabricate single CNT-FETs. 
 
In this contribution we present a technological process for the batch fabrication of CNT-FET based 
chips for electrochemical sensing applications (Figure 1) [2]. The fabrication of the CNT-FET 
structures is performed by using standard microelectronic steps at wafer level. Optical lithography is 
the only patterning technique to be used. The overall process can be divided in three main steps: the 
substrate preparation, the selective synthesis of the single-walled (SW) CNTs and the definition of the 
metallic contacts, stripes and pads. Recently, we have reported the fabrication of 10,000 functional 
CNT-FET devices on a 4 inch wafer by this technology [4]. 
 
An important requirement for the operation of the CNT-FETs in an electrochemical environment is the 
electrical contacts to be isolated from the electrochemical solution. With this purpose, we have 
developed a passivation procedure consisting in a PMMA coating of the CNT-FET and an electron 
beam lithography (EBL) process to locally remove the PMMA from the top of the CNTs and from the 
liquid polarization electrodes. The EBL process is programmed for the pattern to be automatically 
aligned on each device and it is performed at low electron beam energy to avoid any damage to the 
devices [5]. 
 
Figure 2(a-c) shows results on the fabrication of the CNT-FET based sensors. Figure 2(a) shows a 4 
inch wafer after the fabrication of the CNT-FET structures. The wafer contains 5,616 CNT-FET 
structures. Almost 30% of the devices on this wafer were identified as operative and one third of those 
devices showed a semiconducting characteristic. Figure 2(b) shows an optical image of a sensor-
platform into which the CNT-FET structures on the wafer are arranged. Each sensor-platform is 
composed of 24 CNT-FET structures that are located at the center of the chip for an electrochemical 
cell to be installed. The SEM image in Figure 2(c) shows a CNT-FET structure which channel length is 
1.5 µm and where the width of the trench in the PMMA is 800 nm. Two SWCNTs had been contacted 
in this case by the metal contacts. The typical IV characteristics of a functional CNT-FET are shown in 
Figure 2(d). The transistors are p-type, their ON current is ~1 µA and the ION/IOFF ratio is ~105. 
 
The passivated CNT-FET devices are currently being tested in electrochemical environment. 
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Figures:  
 

 
 

Figure 1: Schematic of the passivated, back-gated CNT-FET sensor. The sensor consists of one (or more than 
one) SWCNT that is contacted by two metal electrodes, a back-gate that is actuated through a top metal 
electrode and a top liquid polarization electrode. The sensor is completely passivated by PMMA except for the 
channel of the CNT-FET, for part of the liquid polarization electrode and for the contact pads.  
 

 
 
Figure 2: Images on the fabrication and IV characteristics of the CNT-FETs. (a) Photograph of a batch fabricated 
4 inch wafer. (b) Optical image of a sensor chip after the passivation procedure. The sensor is 5 x 5 mm2. (c) SEM 
image of a passivated CNT-FET device. (d) Typical IDS vs. VGS characteristics of a CNT-FET formed of a single 
semiconducting SWCNT.  
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Since the eighties, a tremendous interest has been devoted to the original near-field optical properties 
of nano-objects (either dielectric or metallic) deposited on surfaces [1]. To investigate these properties, 
near-field experimental methods such as PSTM and SNOM were initially developed [2]. They however 
need to accurately locate a near-field detector (tip) in the vicinity of the sample, making the system 
difficult to describe theoretically since the detector has an influence on the system itself. Recently, an 
alternative method based on two photon luminescence (TPL) has been developed to give access to 
near field informations through a far field measurement [3-4]. This technique can be advantageously 
coupled to optical absorption measurements of isolated nano-objects [5,6]. 
 
We investigate here lithographically fabricated gold nanoprisms. Both TPL and scattering by dark-field 
microspectroscopy were performed on isolated nanoprisms. The signals provided by these 
experiments are then compared and investigated theoretically. 
 
In a first step, the nanostructure is represented by a single gold nanosphere deposited on a glass 
substrate and excited by an incident electric field. By using the field susceptibility theory, a simple 
analytical expression of the scattering signal generated by this nanoparticle is extracted as a function 
of the experimental parameters (incident wavelength and power, numerical aperture). In a second 
step, we describe the two photon luminescence signal in this simple configuration. This allows to 
discuss the origin of the spectral shift of the surface plasmon resonance during the propagation 
towards the far-field.  
 
Finally we generalize this analytical scheme to realistic gold nanoparticles to simulate our 
experimental results. This comparison enables us to extract the order of magnitude of the non-linear 
response function of the nano-object as function of the incident wavelength. 
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Figures:  
 

 
 
Figure 1: (a) Investigated configuration: the electric field is parallel to the side of the nanoprism and the 
propagation of the beam is perpendicular to the triangle (and to the substrate). (b) SEM image of the considered 
gold nanoprism. The length of its side is 120nm. (c) TPL map of the nanotriangle performed at λ=822nm.  
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COMMUNICATION BETWEEN MOLECULES VIA PHOTOCONTROLED IONS 
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Despite intense research, no single strategy has been shown to satisfactorily connect artificial 
molecular components in networks. This is perhaps the greatest hurdle to overcome if implementation 
of artificial molecular devices and sophisticated molecule-based arrays are to become a reality. One 
major goal of our work is to establish a strategy whereby functional molecular devices (e.g. photo-
/electroactive) can communicate with one another in solution and in organized, self-assembled media 
(biotic and abiotic).[1] 
 
Natural systems use chemical communication with small molecules and ions to promote transfer of 
information in different processes, including vision and neural transmission. In the current case 
artificial biomimetic systems are being developed integrating photonic and ionic processes, where 
remote control of ion release from synthetic molecular receptors, and thus the information transfer, is 
governed by a photonic stimulus in a bottom-up strategy. Ultimately this is anticipated to lead to coded 
information transfer through ion movement, which when combined with suitable receptors is signalled 
by fluorescent reporter groups and induced by photomodulated receptor groups in small photoactive 
molecules. 
 
A range of artificial nanoobjects are presented with have been synthesized where different ion and 
molecule messengers are considered and are under study using ultrarapid transient absorption 
spectroscopy and dynamic fluorescence. Fast processes of photoejection and migration of ions are 
particularly well-suited to studies in real-time (using time-resolved photophysical techniques) with high 
spatial resolution (using fluorescence confocal microscopy techniques) allowing evaluation of the 
versatility of this strategy in the treatment and transfer of information and incorporation into devices. 
 
As well as studies in solution, communication between distant sites / molecules considers the use of 
photoejected ions in nanocapsules and organized media including membranes, thin films, 
nanostructured hosts. Proof-of-principle of compartimental effects in dynamic micellar nanodomains 
has recently been demonstrated, see figure 1.[2] 
 
References:  
 
[1] http://mcclenaghan.ism.u-bordeaux1.fr/  
[2] M. Cantuel, C. Lincheneau, T. Buffeteau, L. Jonusauskaite, T. Gunnlaugsson, G. Jonusauskas, 

N. D. McClenaghan, Chem. Commun., (2010) 2468. 
 

Figures:  

 
Figure 1: Rudimentary photocontrolled chemical communication between molecules (left) and enhanced 
chemical communication in self-assembled surfactant (TMADS) nanodomains (right) as denoted by 
luminescence. 
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ORDERED VACANCY NETWORK INDUCED BY THE GROWTH OF EPITAXIAL GRAPHENE ON PT(111) 
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We have studied large areas of √3×√3R30º graphene commensurate with a Pt(111) substrate. A 
combination of experimental techniques with ab initio density functional theory indicates that this 
structure is related to a reconstruction at the Pt surface, consisting of an ordered vacancy network 
formed in the outermost Pt layer and a graphene layer covalently bound to the Pt substrate. The 
formation of this reconstruction is enhanced if low temperatures and polycyclic aromatic hydrocarbons 
are used as molecular precursors for epitaxial growth of the graphene layers. 
 
 
 
References:  
 
[1] G. Otero et al., Physical Review Letters, 105 (2010) 216102. 
 
 
 

Figures:  
 

 
 
Figure 1: STM image (left) and DFT simulation (right) of the proposed vacancy model (overlaid). 
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PROBING THE ELECTROMAGNETIC FIELD DISTRIBUTION WITHIN A MAGNETOPLASMONIC NANODISK 
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It is well known that localized surface plasmon resonances (LSPRs) greatly influence the optical [1, 2] 
and magneto-optical [3] properties of metallic nanostructures. It has been reported an enhancement of 
the magneto-optical (MO) activity when these LSPRs are excited. The key factor for this phenomenon 
is the high intensity of the electromagnetic (EM) field inside the global nanostructure when a LSPR 
occurs [4, 5]. In this work we show how the EM profile related to the LSPR can be probed locally 
inside the nanostructure. 
 
We have studied the MO activity upon plasmon excitation in magnetoplasmonic nanodisk arrays. Such 
arrays have been fabricated in large area onto glass substrates by combining colloidal lithography with 
deposition under UHV and lift-off techniques. Each nanodisk is a Au (45nm-X)/Co(7nm)/Au 
(X)/Cr(2nm) multilayer with height=54nm and diameter=140nm, and for the sake of comparison, 
continuous thin films with identical composition have been also prepared (see Fig. 1(a) left and right, 
respectively).    
 
The MO activity has been obtained by measuring the MO Kerr effect in polar configuration upon 
normal incidence illumination. With the help of extinction spectra, it has been checked that the 
maximum MO activity is in the same spectral range than the LSPR excitation. Fig. 1(b) shows the 
maximum MO activity as a function of the Co position for the nanodisk arrays as well as for the 
continuous films. The MO activity in the nanodisks depends on the position of the Co layers. It exhibits 
maximum values when the Co layer is located near the top or the bottom of the disks and minimum 
values in-between due to the LSPR excitation. This behavior is in contrast with the MO activity 
exhibited by the continuous films, which increases monotonously as the Co layer becomes closer to 
the top surface. This indicates that the EM field inside the nanodisks exhibits a nonuniform distribution 
in plasmon resonance conditions. In fact, the Co layer acts as a probe sensing the EM field within the 
nanodisk, since the MO activity depends on the intensity of such field. 
 
This information could be very relevant for the design of magnetoplasmonic systems offering optimum 
MO enhancement, for instance for sensing applications where maximum sensitivity is expected in the 
areas with higher EM field. 
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Figures:  
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Figure 1: (a) Schemes of the Au/Co/Au/Cr magneto- plasmonic systems here studied: nanodisks and continuous 
films, respectively. (b) Maximum magneto-optical activity as a function of the Co position for both kinds of 
structures.   
 



 

 

 N
a
n
o
S
p
a
in

N
a
n
o
S
p
a
in

N
a
n
o
S
p
a
in

N
a
n
o
S
p
a
in
2
0
1
1

2
0
1
1

2
0
1
1

2
0
1
1
  

 
 

 
Im
a
g
in
e
N
a
n
o
 A
p
ri
l 
1
1
-1
4
, 
2
0
1
1
 

223 

NOVEL CARBON NANOTUBE MULTIFUNCTIONAL COMPOSITE FIBERS 
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Fibers and yarns are among the most promising forms for using carbon nanotubes (CNTs) on a 
macroscopic scale [1-8]. In analogy with high performance polymer, fiber spinning allows nanotubes to 
be preferentially oriented along the main axis of the fiber and then weaved into textile structures or 
used as cables. 
 
We developed a new spinning method to produce fibers with a nanocomposite structure and with a 
high nanotube fraction. We spin continuous CNT fibers by a coagulation process which consists in 
injecting an aqueous dispersion of CNTs, polyvinyl alcohol (PVA) and surfactant in a static coagulation 
bath containing sodium sulphate. The used surfactant plays a critical role as the quality of the 
dispersion of the carbon nanotubes in the polymer is the key factor for a spinnable mixture. The 
surfactant leads to a good dispersion of the nanotubes and prevents from their coagulation in the 
presence of PVA in the dope material. In addition, it can be easily desorbed. The dope exhibits a 
homogeneous and aggregate free texture when observed with an optical microscope. This reflects the 
absence of aggregates larger than a micrometer typically. In the coagulation bath, all the nanotubes 
remain trapped in the coagulated PVA. The fiber is then washed, dried and collected as shown in 
figure 1. A 300 meters long fiber collected onto a winder is shown in figure 2. The fibers obtained by 
this continuous and robust process have a composite structure with large fraction of oriented CNTs, 
which can reach 50%, bound by the polymer, as shown in figure 3. 
 
The diameter of the fibers can be varied from 10 to 100µm by changing the spinning conditions. The 
nanotubes are homogeneously distributed in the PVA matrix and their orientation along the fiber axis 
is about ±10°. These fibers are electro conductive fibers with a resistivity of 10Ω.cm and can be used 
for antistatic applications. CNT fibers exhibit also piezo-resistivity properties. This means that the 
resistivity of the fiber is sensitive to the mechanical loading. The electrical resistivity strongly increases 
with strain. This property makes CNT fibers good candidates for sensor applications. In addition, the 
mechanical properties are promising with a Young’s modulus of 40GPa and a high toughness. 
 
In order to validate these different applications, a large quantity of fibers is required but scalingup the 
process is very challenging. In this way, we are now building a multifilaments fiber spinning pilot unit 
on CANOE, a platform of technological innovation based in Pessac, near Bordeaux, focused on 
nanostructured materials. The objectives of the platform are to promote the emergence of an 
integrated value chain (from raw material to finished product) in the field of nanomaterials and more 
particularly of carbon nanotubes. 
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Figures:  
 

 
 
Figure 1: Scheme of the coagulation wet spinning process 
 
 

 
 

Figure 2: Collecting the composite CNT fiber on 
the winder 

Figure 3: SEM picture o the cross section of the 
composite CNT fiber 
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OPTIMISATION OF CNT BASED NANOSTRUCTURES FOR USE AS ELECTRON SOURCES 
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Semiconductor The aim of this paper is to describe the growth and optimization of carbon nanotube 
(CNT) based nanostructures to produce novel electron sources for use in a variety of applications 
including, Electron microscopy, e-beam lithography, travelling wave tubes (TWTs), backlighting and x-
ray sources. 
 
Because of their unique properties including their shape and current carrying capabilities Carbon 
Nanotubes are ideal as electron sources. The emitters studied in this project include spaghetti type 
layers of CNTs and regular array of vertically aligned CNTs. They will also include CNT/ZnO 
nanostructures as alternative sources. The objectives of this work are to develop a cathode that is 
able to deliver a stable current density of > 1A/cm2 at DC and even higher in pulsed mode and to 
produce cheap, stable light emission sources for lighting applications such as backlighting which are 
able to run at comparatively high pressures to provide 1 mA/cm2. In order to attain the large current 
densities with reasonable uniformities and long life time required for application to X-ray sources, it is 
necessary to prevent the best CNT emitters in the array from emitting too large a current by use of an 
integrated ballast resistor. In this paper we will also describe our recent work in this area. 
 
Although we can get significant emission from the spaghetti type layers of CNTs, which are suitable 
for use in backlight structures in AMLCDs, as shown in Figure 1 (a), the CNTs we have investigated 
most frequently are in arrays which are vertically aligned, as previously described in reference [1]. 
Such a cathode design allows us to minimize the electric field shielding effects and lead to the higher 
current densities needed in TWTs and X-ray sources. A typical array is shown in Figure 1(b). 
 
A smaller version of such an array consisting of a 22.5 µm x 22.5 µm array of CNTs spaced 2.5 µm 
apart providing 100 CNTs, produced a current density of 18A/cm2 at 9V/µ. In order to attain such large 
current densities with reasonable uniformities and long lifetimes, however, it is necessary to prevent 
the best CNT emitters in the array from emitting a current larger than the current which induces their 
destruction (around 100 µA). To solve this problem, a ballast resistor must be integrated. 
 
Our initial efforts to produce the ballast resistor structure was based on an SOI (undoped-Si/SiO2/Si) 
substrate employing electron beam lithography and plasma enhanced chemical vapour deposition 
(PECVD) - see Figure 2. First, a catalyst dot array similar to that shown in Figure 1(b) was produced 
using e-beam lithography and Ni metal sputtering. Finally, a top-contact layer of tungsten was used to 
bias the CNTs, with the gap between the tungsten and CNTs of undoped Si acting as the ballast 
resistor. 
 
However, the fabrication process for this structure is very complex. This may be acceptable for 
expensive x-ray sources and Travelling Wave Tubes, but is undesirable for lighting applications and 
thus a novel, but simpler structure, incorporating a combination of Carbon Nanotubes and ZnO 
nanowires, has been produced for this application. 
 
Firstly a CNT array such as the one shown above in Figure 1(b) was produced and then ZnO 
nanowires were grown onto these using a simple hydrothermal method to produce the arrays shown in 
Figure 3. A solution of zinc acetate dehydrate (98%, Aldrich) in 1-propanol (spectroscopic grade) was 
prepared. The solution was then spin coated onto the VACNF array at 2000 rpm for 30 s. The 
substrates were then annealed at 100°C fpr 2 minutes after each spin coating step to promote 
adhesion. A uniform seed layer was obtained after three layers of spin coating. The ZnO nanowires 
were then grown by dipping the substrates in an equimolar mixture of 25 nM zinc nitrate hexahydrate 
(Zn(NO3)2·6H2O, Sigma Aldrich) and hexamethylenetetramine (HTMA, Sigma Adrich) in deionized (DI) 
water heated in an oven at 80°C. 
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This presentation will therefore describe the growth and production of the CNT emitters, their 
optimisation and their use in electron microscope sources, parallel e-beam lithography, travelling wave 
tubes, portable X-ray sources and backlights. 
 
 
 
Figures:  
 
(a) 

 

(b) 

 
 

Figure 1: (a) Spaghetti type CNTs; (b) Vertical array of MWCNTs 
 

 
 

 

Figure 2: An array of CNTs grown on undoped SOI Figure 3: ZnO coated CNT array 
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Antiferromagnetic/ferromagnetic (AF/FM) bilayers exhibiting both negative and positive exchange bias 
have been proposed as multi-state storage media [1]. In such media the same magnetic region or 
element can store more than two digits. Thus, a track length comprising 8 magnetic elements stores 
up to 28 = 256 bytes in regular media, whilst in a threefold multi-state system it could store up to 
38 = 6561 combinations, that could be called Tits (Ternary Digits). A multi-state digit is defined by the 
remanent magnetization (Ms) of the magnetic element. Ms is determined by the external field (HFC) 
applied while cooling the AF/FM bilayer through the AF Néel temperature. A low HFC yields a FM 
hysteresis loop with negative exchange bias providing a state with the highest Ms value (Fig. 1, 
HFC = 0.5 kOe). High HFC leads to a loop with positive exchange bias giving a digit with the lowest Ms 
(Fig. 1, HFC = 5.0 kOe). States in-between can be defined either by a fractional value of Ms or even by 
a null remanence, by applying intermediate cooling fields (Fig. 1, HFC = 2.0 kOe). 
 
The minimum HFC necessary to obtain positive exchange bias establishes the magnetic field required 
for multi-state storage writing. In continuous thin films it depends on structural parameters. However, 
we demonstrate in this work that this minimum HFC yielding positive exchange bias can be tuned by 
patterning the continuous bilayer. It will be showed that both dots and antidots nanostructures reduce 
the writing magnetic field of all multi-states. The writing magnetic field decreases either as the dot size 
decreases or as the antidot density increases. [2,3] These findings are explained upon energy 
considerations of buried and bare pinned uncompensated spins in the AF. 
 
Work supported by U.S. DOE, Spanish MICINN (MAT2009-08667 and FIS2008-06249), Catalan 
DURSI (2009SGR856), U.S. Air Force Office for Scientific Research, and IKERBASQUE Basque 
Foundation for Science. 
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Figure 1: Three hysteresis loops of a continuous FeF2/Ni 
bilayer for different cooling fields. These cooling fields defined 
a threefold multi-state. 
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EULER BUCKLING INSTABILITY AND ENHANCED CURRENT BLOCKADE IN SUSPENDED 
SINGLE-ELECTRON TRANSISTORS 

F. Pistolesi, G. Weick, and F. von Oppen 

Laboratoire d’Ondes et Matière d’Aquitaine, Université de Bordeaux 1 and CNRS, 
Talence France 

Fabio.Pistolesi@u-bordeaux1.fr 

 
 
Single-electron transistors embedded in a suspended nanobeam or carbon nanotube may exhibit 
effects originating from the coupling of the electronic degrees of freedom to the mechanical 
oscillations of the suspended structure. Here, we investigate theoretically the consequences of a 
capacitive electromechanical interaction when the supporting beam is brought close to the Euler 
buckling instability by a lateral compressive strain (see Fig.1). Our central result is that the low-bias 
current blockade, originating from the electromechanical coupling for the classical resonator, is 
strongly enhanced near the Euler instability. We predict that the bias voltage below which transport is 
blocked increases by orders of magnitude for typical parameters (see Fig. 2). This mechanism may 
make the otherwise elusive classical current blockade experimentally observable. 
 
References:  
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[4] F. Pistolesi and S. Labarthe, Phys. Rev. B 76 165317 (2007) 
 
Figures:  
 

 

 
Figure 1: Sketch of the considered system: a 
suspended doubly- clamped beam forming a 
quantum dot electrically connected to source and 
drain electrodes. The beam is capacitively coupled 
to a metallic gate kept at a voltage Vg, which 
induces a force Fe that attracts the beam towards 
the gate electrode. An additional, externally 
controlled compressional force F acts on the beam 
and induces a buckling instability. 

Figure 2: Gap (a) and gate voltage position of the 
minimum gap in dimensionless units (b) as a function 
of the dimensionless distance from the transition point: 
δ=F/Fc-1, where F is the force acting on the rod, and Fc 
is the critical force. One can clearly see a great 
enhancement of the gap of the order of 30 times the 
original value at the transition point. The red and blue 
curves correspond to different values of the non-linear 
coupling. 
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A NOVEL DNA CHIP FOR SINGLE MOLECULE ANALYSIS 

T.Plénat
1,2, C.Tardin1,2, C.Vieu3,2, C.Thibault3,2, E.Trévisiol3,4 and L.Salomé1,2 
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2University of Toulouse; UPS; IPBS; F-31077 Toulouse, France 
3LAAS, Nanobiosystems, 7, Avenue du Colonel Roche, F-31077 Toulouse, France  

4UMR 5504, UMR 792, Ingénierie des Systèmes Biologiques et des Procédés & Plate-forme 
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The last two decades have seen the emergence of single-molecule experiments [1]. By avoiding the 
ensemble averaging inherent to traditionnal bulk-phase biochemistry, the study of molecular 
machineries at the single-molecule level permits a better understanding of the behavior of living 
systems. Indeed the dynamics of the machineries processes can be characterized and rare 
subpopulations can be identified [2]. 
 
One of the main shortcoming of single molecule experiments is that the acquisition of statistically solid 
data is very time consuming, which explains the fact that they are still not widely used in laboratories. 
 
We will present the development of a new single DNA chip, allowing the simultaneous analysis of 
hundreds of single DNA molecules by the Tethered Particle Motion (TPM) technique. Our single DNA 
chip gives high-throughput capabilities to this approach of valuable interest for multiple applications. 
 
The principle of a TPM experiment consists in tracking a bead tethered at the free end of a DNA 
molecule which is immobilized by the other end to a coverslip thanks to optical videomicroscopy. The 
amplitude of the Brownian motion of the bead is related to the effective length of the DNA molecule 
[3]. Any conformational change of the DNA molecule due to external factors (proteins, ions, 
temperature), that induces a variation of the effective length of the DNA tether, can be thus monitored 
by TPM [4]. 
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QUANTUM TRANSPORT AND HIGH MAGNETIC FIELD PHENOMENA IN CARBON NANOTUBES AND 

NANO-RIBBONS 

Bertrand Raquet 

Laboratoire National des Champs Magnétiques Intenses – Toulouse, LNCMI-T 
UMR 3228, CNRS, UPS, INSA, Université de Toulouse, France 

 
 
Over the last two decades, new forms of carbon, fullerenes, carbon nanotubes (CNT), isolated 
graphene flacks and more recently graphene nanoribbons (GNR) have been synthesized, manipulated 
and electrically connected. Their fundamental studies unravel remarkable electronic properties 
resulting from the electronic confinement at nano-scale and the electronic band structure of graphene. 
The feasibility of room temperature carbon based field effects transistors and inter-connexions have 
been demonstrated while their industrial integration as elementary bricks of new devices raises severe 
technological issues.  
 
In this talk, after a brief comparative description of the electronic band structure of carbon nanotubes 
and graphene nano-ribbons, I will focus on (magneto)-transport experiments performed on individually 
connected CNTs and GNRs. I will show that magneto-transport in the high magnetic field regime along 
with an electrostatic control of the electronic doping is an outstanding probe of the 1-D electronic band 
structure and its unusual magnetic field dependence.  
 
An applied magnetic field along the CNT axis induces giant quantum flux modulation of the 
conductance due to the periodic energy gap modulation at the charge neutrality point [1]. This so-
called Aharonov-bohm effect is also an efficient tool to identify the metallicity of the external shell of a 
multi-walled carbon nanotube and to infer the locations of the different 1-D subbands [2]. By rotating 
the CNT perpendicular to the magnetic field, the energy gap of a semiconducting CNT is progressively 
reduced due to the onset of the first Landau level at zero energy and propagating Landau states 
develop at the flank of the tube [3]. Concerning (magneto)-transport experiments on GNR, I will 
present compelling evidences of the 1D transport character in the first generation of chemically 
derived GNRs with smooth edges and the possibility of tuning backscattering effects by means of an 
external magnetic field [4]. These experiments enlighten the richness of the electronic transport 
measurements on an individual nano-object in presence of a large magnetic confinement.  
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ONE-STEP SYNTHESIS OF JANUS NANOPARTICLES BY SELF-ASSEMBLY MONOLAYERS 
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3Department of Chemical Engineering, University of Michigan, Michigan, USA 
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Described first by De Gennes[1] Janus Nanoparticles (Janus NPs) are called like the Roman God 
custodian of universe, God of gates and doors, beginnings and endings and hence represented with a 
double-faced head. Janus Nanoparticles are therefore particles with two distinct sides. The term Janus 
has been used to describe different particles such as dendritic macromolecules, block-copolymers 
micelles, or inorganic materials. The asymmetry generated in these particles is useful in wide range of 
applications. The most known is probably the one that uses the so-called Pickering effect, [2] that is, 
particles can be used to stabilize oil-in-water and water-in-oil emulsions. It has been demonstrated 
theoretically and experimentally that this stabilization is much higher when it is done by amphiphilic 
Janus nanoparticles instead of homogeneous particles, due to the higher adsorption energy of the 
particles at the liquid-liquid interface. These stabilized droplets could be used for diverse applications 
from water-based paints to heterogeneous nanocatalysis. The Janus nanoparticles can also be used 
in other important fields like electronic displays, nanomotors, drug or gene delivery or as building 
blocks for assembly of suprastructures. [3] 
 
Up to now a few different strategies to obtain Janus nanoparticles have been described in the 
literature that can be included in one of these groups: toposelective surface modification that includes: 
1. selective masking, use of reactive directional fluxes, microcontact printing or arrangement of the 
particle along an interface and partial contact with a reactive medium; 2. template-directed self-
assembly; controlled phase separation phenomena; 3. and controlled surface nucleation. [3] There are 
several problems related to these strategies like the difficulty to obtain small nanoparticles (<10nm); 
the complexity of the synthesis methods that involves first the synthesis of symmetric particles 
(homogenous or core-shell) and them a posterior modification; and the low yield of this strategies due 
to the fact that most of them require the use of a surface where the particles are placed to avoid the 
reaction of one of the sides. To the best of our knowledge none of these strategies has the ability of 
producing truly large nanoparticle quantities in an easy way, as a direct synthesis can do. [3] 
 
In our group it has been reported previously that when a metallic nanoparticle is synthesized with 
mixture of dislike ligands, there is a self-assembly with the formation of stripes on the topology of the 
nanoparticle.[4-7] However this is not the only possible topological conformation, depending on the 
parameters of the particle (ligand lengths, ligands functionality or surface curvature) other self-
assembly structures such as Janus or random domains are also possible. [6] Here we report the 
synthesis of Janus Nanoparticles with the use of self-assembly monolayers (SAMs) composed of two 
types of ligand molecules of different length. The particles have been synthesized using a modification 
of the method described by Zheng et al. [8] extended to mixtures of ligands. This synthesis is an easy 
one-step, onephase synthesis for monodisperse metallic nanoparticles of small size (<10 nm) that can 
be scaled up to produce enough particles for useful applications and that can be extended to different 
functionalities. The two ligands used here were 1-hexanethiol (HT) and 1-dodecanethiol (DDT). TEM 
images were used to calculate the size and size distribution of the particle. [1] H NMR spectroscopy 
after particle decomposition was used to calculate the ligand ratio. Once synthesized the particles 
were deposited on gold-on-mica substrates using Langmuir-Blodget deposition and then imaged using 
STM. The phase separation calculations were made using mesoscale simulations. 
 
Figure 1 shows a representative STM image of a monolayer of nanoparticles made of 1:2 HT:DDT 
(ratio in solution). As we can see in the image the particles tend to order in a hexagonal lattice due to 
the monodispersity of the nanoparticles. The most interesting feature of these NPs is however the 
existence of two clear phases, a big one that corresponds to the DDT ligand and an small and circular 
one (on the left size of the particles) that correspond to the HT ligand. To be sure this was a real 
feature and not an artifact several images were taken in different areas and with different tips, in 
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addition this features were seen with to different STM microscopes a Veeco Multimode in air and an 
Omicron in ultra high vacuum (UHV). We have also seen that the amount of Janus NPs depends on 
the ratio between ligands being bigger for mixtures far from the 1:1 ligands’ ratio. Mesoscale 
simulations have shown the formation of Janus Nanoparticles for high values of the interaction 
parameter of the ligands. In our case the high difference in ligands length, and therefore high 
differences in the enthalpic component of the phaseseparation makes this parameter to be high 
enough to make a complete phase-separation of the two ligands. 
 
This new way to obtain Janus nanoparticles has a really high potential to be used I several 
applications due to its simplicity, scalability and variability of ligands ant therefore functionalities that 
can be used. 
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Figure 1: A) STM image of a monolayer of nanoparticles 1:2 HT:DDT Janus NPs (The cartoon has been drawn to 
help the reader to identify the Janus NPs). B) Mesoscale simulation of the same particles showing a 
phaseseparation in equilibrium with distributions in 2 or 3 domains (a and b respectively). 
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GAS SENSOR FOR FOOD INDUSTRY AND AGRICULTURE BASED ON ZNO NANOPARTICLES  
AND NANORODS 
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Chang-Hyun Shim*, Alain Gaudon** 
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Semiconductor gas sensors can be widely used in food industry and agriculture. Measurements of 
ethylene concentration in vegetable stores and greenhouses allow the control of fruit ripening, 
whereas detection of H2S, mercaptans, amines may be used to control of meat, fish and vegetable 
freshness. In this work we present a new generation of semiconductor gas sensors based on the 
combination of micromachined silicon substrates [1] and highly sensitive layer of ZnO nanoparticles. 
ZnO nanoparticles displaying 3 different morphologies (cloudy-like structures, size controlled isotropic 
particles and nanorods (Fig. 1)) were obtained through the controlled hydrolysis reaction of an 
organometallic precursor, namely the biscyclohexyl zinc, in the presence of various levels of long-
chain amines surfactants [2]. ZnO nanopowders were deposited by a generic ink-jet method on low 
power consumption silicon substrates. High quality and micron thick layers have been obtained with a 
low defect level (no cracks, no delamination). The sensor responses to reducing gases (CO, propane, 
ammonia, ethylene, and acetaldehyde) have been studied in relation with the morphology of ZnO 
nanocrystals. Cloudy-like ZnO sensors showed a high response to ammonia vapors (20 ppm), 
whereas isotropic nanoparticles possessed the highest response to acetaldehyde gas (10ppm) and 
nanorods based layers displayed a higher sensitivity to ethylene (50ppm). These variations can be 
associated with the different ratios of crystalline faces exposed to reactive gases. These results open 
the route to the fabrication of a multisensor system based on pure ZnO nanoparticles with different 
shapes for the detection of reducing gases in complex mixtures. 
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Figure 1: ZnO cloudy-like structures, isotropic nanoparticles and nanorods 
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NEW INSIGHTS INTO NANOMAGNETISM BY SPIN-POLARIZED SCANNING TUNNELING 
MICROSCOPY AND SPECTROSCOPY 
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Spin-polarized scanning tunneling microscopy (SP-STM) allows imaging and spectroscopic 
characterization of nanostructures with unsurpassed spatial resolution. Its working principle exploits 
the dependence of the tunnel current on the relative magnetization orientation of a sample and the 
magnetic STM tip. We present results by SP-STM, where we investigate the correlation between 
structural, electronic, and magnetic properties of individual nm small Co islands with several hundred 
to thousands of atoms. We use external magnetic fields of up to 4 T to tune the magnetic state of both 
tip and sample, and we extract the corresponding change of the differential conductance of the tunnel 
junction. 
 
A recent example is our measurement of magnetic hysteresis loops of individual nm small Co islands 
on Cu(111) at 8 K by SP-STM in external magnetic fields. We find switching fields of up to 2.5 T for 
islands with roughly 8,000 atoms. The quantitative analysis of these results provides novel insights 
into the magnetization reversal on the nanoscale, and deviations from the venerable Stoner-Wohlfarth 
model are discussed. 
 
We also exploit the high spatial resolution of SP-STM in magnetic fields to measure maps of the 
differential conductance within a single nm-small Co island for different magnetization states. In 
connection with density functional theory calculations we demonstrate that the spin polarization is not 
homogeneous but spatially modulated within the Co island, as indicated in Fig. 1. We ascribe the 
spatial modulation of the spin polarization to spin-dependent electron confinement within the Co 
island [1]. 
 
References:  
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Figures:  
 

 
 

Figure 1: Superposition of a 3D-topographic representation of a bilayer high Co island with a base length of 
12 nm from STM topography (bottom) with a map of the asymmetry of the differential conductance measured at 
the Fermi energy (top). Blue: negative; red: positive, gray: zero asymmetry. The top map reflects a spatial 
modulation of the spin-polarization, induced by spin-dependent electron confinement within the Co island [1]. 
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DOXORUBICIN LOADED MAGNETIC POLYMERSOMES: 
THERANOSTIC NANOCARRIERS FOR MR IMAGING AND MAGNETO-CHEMOTHERAPY 
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Hydrophobically modified maghemite (γ-Fe2O3) nanoparticles were encapsulated within the membrane 
of poly(trimethylene carbonate)-b-poly(L-glutamic acid) (PTMC-b-PGA) block copolymer vesicles using 
a nanoprecipitation process. This formation method gives a simple access to highly magnetic 
nanoparticles (MNPs) (loaded up to 70 wt %) together with a good control over the vesicles size (100 
to 400 nm). The simultaneous loading of maghemite nanoparticles and doxorubicin was also achieved 
by nanoprecipitation. The deformation of the vesicle membrane under an applied magnetic field has 
been evidenced by small angle neutron scattering. These superparamagnetic hybrid self-assemblies 
display enhanced contrast properties that open potential applications for Magnetic Resonance 
Imaging. They can also be guided in a magnetic field gradient. The feasibility of controlled drug 
release by radio-frequency magnetic hyperthermia was demonstrated in the case of encapsulated 
doxorubicin molecules, showing the viability of the concept of magneto-chemotherapy. These 
magnetic polymersomes can be used as efficient multifunctional nano-carriers for combined therapy 
and imaging. 
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Figures:  
 

 

Figure 1: Left: Sketch of dually-loaded vesicles 
prepared by addition of an aqueous buffer into a 
mixture of PTMC-b-PGA copolymer, 
hydrophobically coated magnetic nanoparticles 
and doxorucin drug. Right: Cryo-TEM image of 
vesicle showing the dense mantle of MNPs, 
which excitation by a radiofrequency magnetic 
field transmits heat locally to membrane and 
accelerates the DOX release. 
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The transport of charge through a conducting material depends on the intrinsic ability of the material to 
conduct current and on the charge injection efficiency at the contacts between the conductor and the 
electrodes. Exploring the single molecule limit in experiments requires control of the junction 
geometry. Scanning tunneling microscopy (STM) provides here a way to probe this parameter with 
atomic scale precision. 
 
Using STM we will see that the current passing through a single molecule can be probed while 
changing, one by one, the number of atoms in the electrode that are in contact with a single molecule 
[1]. We show quantitatively that the contact geometry has a strong influence on the conductance. For 
C60, this revealed a crossover from a regime in which the conductance is limited by charge injection at 
the contact to a regime in which the conductance is limited by scattering at the molecule. Thus, the 
concept of “good” and “bad” contacts, commonly used in macro-and mesoscopic physics, can also be 
applied at the molecular scale. In a second step, the transport properties of small chains made of two 
C60 trapped between the tip and the surface of a STM will be presented [2]. Here the orientation and 
electronic states of both molecules was characterized before connecting them with atomic-scale 
precision. The experimental results are complemented by first-principles transport calculations which 
give access to the distance-dependent nature of the inter-molecular electron transport and predict the 
evolution of the transport properties with molecular chain length. Finally, the properties of photons that 
are emitted at junctions bridged by a single metallic atoms [3,4] and the perspectives that it opens for 
molecular contacts will be evocated. 
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Figure 1: Graphical representation of a scanning tunnelling 
microscope tip with a C60 molecule fixed to its apex, above a 
copper sample with five atomic scale electrodes engineered 
atom per atom. 
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EFFECT OF PHONON CONFINEMENT ON HEAT DISSIPATION IN RIDGES 
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We have investigated experimentally the effect of lateral confinement of acoustic phonons in ridges as 
a function of the temperature. Electrical methods are used to generate phonons in 100nm large 
nanostructures and to probe the nanostructure temperature in the same time, what allows tracking the 
heat flux generated and its possible deviation to Fourier diffusive heat conduction. 
 
It is now well-established that Fourier’s law of heat diffusion in solids breaks down when device sizes 
reaches the nanometer-scale [1]. Detailed studies of the characteristic lengths where the law has to be 
replaced or modified are required as these lengths might depend on the considered device 
geometries. 
 
We have fabricated special devices made of nanostructured ridges on top of planar substrate as 
represented on Figure 1. The top of a ridge is a wire made either of metal or of doped silicon that acts 
as a heater and as a thermometer in the same time. The lower part that supports the wire is made of 
an etched part of the wafer substrate. This type of structure enables to generate phonons in the ridge 
and to measure the heat flux flowing to the substrate. 
 
Different electrical methods such as the 3ω method [2] are used to heat the wire. The goal is then to 
measure a wire-voltage component (dc or ac) proportional to the wire temperature. A model enables 
then to link the wire temperature to the heat flux transmitted to the substrate. In addition to the 
localized heat source effect due to the sub-mean free path size of the source [3], we have investigated 
experimentally the consequences of the fact that the source cannot be considered as a proper heat 
bath at equilibrium. 
 
We have quantified the effect as a function of the two characteristic numbers that can be associated 
with the problem, namely the constriction Knudsen number describing the transmission of the phonons 
and the nanostructure Knudsen number characterizing the nonequilibrium of the source. We compare 
our results with those of a recent theoretical paper [4] based on the ballistic-diffusive equations. The 
determination of the mean free paths of phonons as a function of the frequency remains a key point 
due to the consequences for heat transport and thermal management [1]. 
 
We observe a strong decrease of the thermal conductance through the ridge in comparison to a 
prediction based on the Fourier diffusive as expected. But, more strikingly, we also observe a 
decrease in comparison to the ballistic prediction. We aim at ascribing part of this decrease to an 
effect of phonon confinement in the ridge. 
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Figure 1: Schematic of the nanostructures Figure 2: Electrical accesses and ridge before mask removal 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

 N
a
n
o
S
p
a
in

N
a
n
o
S
p
a
in

N
a
n
o
S
p
a
in

N
a
n
o
S
p
a
in
2
0
1
1

2
0
1
1

2
0
1
1

2
0
1
1
  

 
 

 
Im
a
g
in
e
N
a
n
o
 A
p
ri
l 
1
1
-1
4
, 
2
0
1
1
 

247 

ORIGIN AND EVOLUTION OF POSITIVE EXCHANGE BIAS IN EPITAXIAL (HCP)CO/COO BI-LAYER 
STRUCTURES 

A. K. Suszka, O. Idigoras and A. Berger 

CIC nanoGUNE Consolider, Tolosa Hiribidea 76, E-20018 Donostia-San Sebastian, Spain 
a.suszka@nanogune.eu 

 
 
The phenomenon of unidirectional anisotropy of antiferromagnetic (AF)/ferromagnetic (FM) bi-layers, 
also referred to as exchange bias, is a prominent scientific and technological topic. Exchange biased 
magnetic thin films with uniaxial magnetic anisotropy (UA) are currently at the forefront of technology 
in magnetic recording and represent a challenge for scientific research. A relatively small number of 
experiments has been dedicated to study the exchange bias for systems with in-plane UA of the FM 
layer. Specifically, some recent studies focused on the competition of UA and exchange bias and 
revealed a distinct temperature dependence of uniaxial anisotropy at the interface of the FM layer that 
is in contact with the AF, for both out-of-plane [1] and in-plane magnetized thin films [2]. So far, 
however, very little work on the exchange bias has been done for Co/CoO structures in the presence 
of UA, even though Co/CoO-bilayers are the prototypical exchange bias system, and to our knowledge 
no previous work was dedicated to the study of (hcp) Co/CoO bi-layers with in-plane c-axis orientation 
[3]. 
 
Two types of multilayers with structure: Si-substrate/Ag(75nm)/Cr(50nm)/Co(12nm)/CoO(3nm) were 
grown by ultra high vacuum (UHV) sputtering. For one type of the multilayers, we modified the Co 
texture and consequently the UA by interrupting the epitaxial growth sequence in between the 
HFetched Si-substrate and Ag underlayer, specifically by exposing the substrate to an ultra-low power 
SiO2 plasma for 30s prior to Ag deposition [4]. In this way, we fabricated samples with uniaxial 
(epitaxial structure) and isotropic (polycrystalline structure) magnetic characteristics as shown in figs. 
1(a) and (b) respectively. X-ray diffraction studies confirm the Si(110)/Ag(110)/Cr(211)/Co(1010) 
structure for samples without SiO2 interlayer [4]. CoO was formed by natural oxidation in both types of 
multilayers. Samples were characterised using magneto-optical Kerr effect setup (MOKE), 
superconducting quantum interference device (SQUID), X-ray diffraction, ellipsometry and Kerr 
microscopy. 
 
We measured hysteresis loops for epitaxial and polycrystalline samples as a function of temperature 
in the easy (EA) and hard axis (HA) magnetization direction. Epitaxial multilayer shows higher values 
of exchange bias (Hex) and blocking temperature (TB) in comparison with polycrystalline structures. In 
addition to that, a positive exchange bias is measured for the epitaxial structures in a certain 
temperature window while it is not observed in polycrystalline samples. Increasing the magnitude of 
the cooling field (FC) results in a decrease of the positive Hex effect and causes a different transition 
temperature from positive to negative Hex. We also find a direct relation between the asymmetry of the 
magnetization reversal process, and the enhancement of unidirectional anisotropy. Some previous 
reports suggested the existence of positive exchange bias due to anisotropic enhancement of the 
coercivity Hc [5]. This conclusion was originally supported by the existence of a peak in the coercivity 
around the positive Hex. Here, we find a non-monotonous increase in the coercivity for the epitaxial 
sample. This is most pronounced in the hard axis magnetization direction (Figs. 2(a) and (b)). 
Changes in coercivity relate directly to the behavior of positive and negative switching fields as shown 
on figure 2 (c). Figure 2 (d) shows the extracted dm/dH of our hysteresis loops for different 
temperatures and reveals switching asymmetry near positive exchange bias. In current work we also 
analyze the magnetic characteristics of the EA for epitaxial structure and the exchange bias for 
polycrystalline sample. Each one of these cases shows different and unique evolution of exchange 
bias with varying temperature. The experimental results are analyzed in the framework of changes in 
magnetization states near interface of FM/AF and the influence of competition of uniaxial anisotropy 
and exchange bias on magnetization switching at various temperatures. 
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Figure 1: Normalized remanent magnetization (Mr/M0) as a function of magnetic field orientation angle Θ for a 
polycrystalline (a) and an epitaxial (b) Co/CoO sample, measured at room temperature. Red line is a fit to the 
data (Mr/M0=a*abs(cos(Θ-φ))+c) following reference [6]. 
 
 

 
 
Figure 2: Exchange bias (a) and coercivity (b) as a function of temperature measured in the hard axis 
magnetization direction on an epitaxial sample for two cooling field values (0.25T and 1.5T), (c) left and right 
coercivity as a function of temperature for the same sample and orientation cooled at 0.25T (black) and 1.5T 
(red). (c) field derivative of hysteresis loops for an epitaxial sample cooled at 0.25T at different temperatures, 
revealing a substantial switching asymmetry in the region of positive exchange bias. 
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The development of ultrasensitive protein spectrometers and ultrasensitive biological sensors will 
speed up the identification of disease biomarkers and their rapid detection [1,2]. Nanomechanical 
resonators have emerged as promising candidates for ultrasensitive mass sensors [3,4]. The 
continuous advancements in top-down micro- and nanofabrication techniques has made possible 
increasingly smaller nanomechanical resonators with detection limits in the subattogram range. 
Moreover, resonant nanowires and nanotubes fabricated by bottom-up methods can weigh masses 
below a zeptogram (1.66 10-21 g). However, the implementation of these devices is hindered by 
several obstacles such as the need of operation in high vacuum, low specificity and low reproducibility 
and still little understanding of the effect of biomolecular adsorption on the mechanical properties of 
nanoresonators. 
 
In this talk, I will present our recent developments oriented to apply nanomechanical systems for 
biological detection. In particular, I will present two novel paradigms for sensing that opens the door to 
develop ultrasensitive biological sensors. The first approach that is no longer depending on the 
extreme miniaturization of the devices is the use of coupled nanomechanical resonators fabricated by 
standard silicon technology [5,6] (Fig. 1). When the resonators are identical, the vibration of the 
eigenmodes is delocalized over the array. In a similar way to the Anderson’s localization, the addition 
of the mass on one of the resonators leads to the spatial localization of the eigenmodes. Since 
vibration localization is insensitive to uniform adsorption, coupled nanomechanical resonators allows 
decoupling of unspecific and specific molecular adsorption in differentially sensitized resonators. 
 
The second approach uses resonant nanowires/nanotubes and it is based on the fact that if a 
molecule alights on a perfectly axisymmetric resonant nanobeam, the frequency degeneration of the 
stochastic two-dimensional orbits is abruptly broken, and the vibration can be described as the 
superposition of two orthogonal vibrations with different frequency. The measurement of the frequency 
degeneration breakage enables the determination of the adsorbate’s mass and stiffness, and the 
azimuthal direction from which the adsorbate arrives [7]. We experimentally demonstrate such sensing 
paradigm with resonant silicon nanowires, which serves to add kPa resolution in Young’s modulus 
determination to their currently established zeptogram mass sensitivity. The proposed method 
provides a unique asset for ultrasensitive mass and stiffness spectrometry of biomolecules by using 
nanowire-like resonant structures. 
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Figures:  

 
 

Figure 1: (a) Scanning electron micrograph of a system of coupled cantilevers. The cantilevers were fabricated in 
low stress silicon nitride. The length, width, and thickness of the cantilevers were 25, 10, and 0.1 µm, respectively. 
The gap between the cantilevers is 20 µm. The structural coupling between the cantilevers arises from the 
overhang connecting the cantilevers at the base, which is about 8 µm long. (b) Symmetric and (c) antisymmetric 
mode of vibration of this coupled array. (c) A lumped parameter model for this coupled array. 
 

 
 
Figure 2: Thermal displacement fluctuations of silicon nanowires. a, Schematic of the optical interferometer used 
to detect the out-of-plane nanowire vibrations. The nanowire sample was placed in a vacuum chamber at 
approximately 1× 10-6 torr and room temperature. The spot size was 0.7 µm and the incident power 0.5 mW. 
Picometre-scale modulation of the height of the nanowire above the substrate results in a measurable intensity 
modulation due to the interference between the light reflected from the nanowires and from the substrate.b, 
Scanning electron micrograph (SEM) of a typical nanowire used in this work. Nanowires anchored normal to the 
trench wall were selected, with lengths and diameters of 5–10 mm and 100–300 nm, respectively. c, A fast 
Fourier transform of the signal from the photodetector is dominated by the displacement thermal fluctuation of the 
nanowires. Only a single resonant peak can be seen in air (green line in inset), but two resonant peaks can be 
clearly seen in vacuum (blue lines). Depending on the nanowire dimensions, the resonance frequencies range 
from 2 to 6 MHz. s-mode and f-mode refers to the spliting of the resonance frequency into slower and faster 
vibration modes vibrating at orthogonal directions. d, Histogram of the relative frequency separation between the 
two close resonance peaks observed in vacuum. 



 

 

 N
a
n
o
S
p
a
in

N
a
n
o
S
p
a
in

N
a
n
o
S
p
a
in

N
a
n
o
S
p
a
in
2
0
1
1

2
0
1
1

2
0
1
1

2
0
1
1
  

 
 

 
Im
a
g
in
e
N
a
n
o
 A
p
ri
l 
1
1
-1
4
, 
2
0
1
1
 

251 

EXPLORING THE USE OF FILLED CARBON NANOTUBES FOR BIOMEDICAL APPLICATIONS 

Gerard Tobias
a, Belén Ballesterosb, Malcolm L.H. Greenc 

aInstitut de Ciència de Materials de Barcelona (ICMAB-CSIC), Campus UAB, 08193 Bellaterra, 
Barcelona, Spain 

bCentre d’Investigació en Nanociència i Nanotecnologia (ICN-CSIC), Campus UAB, 08193 Bellaterra, 
Barcelona, Spain 

cInorganic Chemistry Laboratory, University of Oxford, South Parks Road, OX1 3QR Oxford, UK 
gerard.tobias@icmab.es 

 
 
Carbon nanotubes (CNTs) have been advocated as promising agents for biomedical applications 
including in vivo imaging, tumour targeting and drug delivery systems. One added advantage of using 
nanotubes is that their inner cavity can be filled with a chosen payload whilst the outer surface can be 
modified to improve their dispersability and biocompatibility.  
 
A key step towards the characterisation and application of filled CNTs is the complete removal of the 
large amount of unwanted external material present after the filling step, whilst preserving the 
encapsulated payload (of the same nature). An absence of species outside the CNTs will reduce the 
side effects during targeting. We have developed two complementary methodologies for the 
containment of materials inside single-walled carbon nanotubes (SWCNTs), namely by closing their 
ends by thermal annealing[1] and by using fullerenes as corks[2]. These nanocapsules (filled and 
sealed SWNTs) can then be readily purified by stirring the sample in a suitable solvent.  
 
In the context of drug delivery systems we have investigated methods that allow a controlled 
discharge of the encapsulated payload by lowering the pH of the media. Here, we demonstrate that 
removable ‘‘corking’’ of SWCNTs in aqueous media using pH sensitive ‘‘corks’’ is feasible [3]. As a test 
for the successful containment and release of the filling material, we chose copper and uranium salts 
as the cargo, not for medical or related reasons but because the presence of copper into washings 
can be detected with high sensitivity by UV–vis spectroscopy, and because the heavy atoms of 
uranium can be easily detected in filled SWCNTs by high resolution transmission electron microscopy 
(HRTEM). Thus, in this ‘‘proof-of-principle’’ study we demonstrate the use of acid-sensitive 
functionalized fullerenes as removable ‘‘corks’’ for the containment and controlled release of the cargo 
contained within SWCNTs by lowering of the pH in aqueous media (Figure 1). It is well known that the 
pH of primary tumours and regions of inflammation and infection is lower than physiological.  
 
We will also present recent results on the development of “hot” filled SWCNTs for in vivo radioemitter 
localization and imaging [4]. The nanocapsules were prepared by first filling the SWCNTs with Na125I, 
followed by their sidewall functionalisation with carbohydrates (Figure 2). Short SWCNTs were 
employed in this study to further improve the biocompatibility of the materials. Effectively, the 
nanocapsules (filled SWCNTs with closed ends) guaranteed essentially zero leakage of the 
radionuclide and remained stable in vivo for extended periods. The sealing of iodide within single-
walled carbon nanotubes enabled its biodistribution to be completely redirected from tissue with innate 
affinity (thyroid) to lung. Surface functionalization of these nanocapsules offers versatility towards 
modulation of biodistribution of the radioemitting crystals in a manner determined by the capsule that 
delivers them. 
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Figures:  
 

 
Figure 1: Schematic representation of the use of functionalized fullerenes as removable corks for SWCNTs [3]. 
 

 
 

Figure 2: Schematic representation of the “hot” nanocapsules developed encapsulation Na125I [4]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

 N
a
n
o
S
p
a
in

N
a
n
o
S
p
a
in

N
a
n
o
S
p
a
in

N
a
n
o
S
p
a
in
2
0
1
1

2
0
1
1

2
0
1
1

2
0
1
1
  

 
 

 
Im
a
g
in
e
N
a
n
o
 A
p
ri
l 
1
1
-1
4
, 
2
0
1
1
 

253 

NON VOLATILE MOLECULAR MEMORY DEVICES BASED ON SWITCHABLE AND BISTABLE 
SELF-ASSEMBLED MONOLAYERS OF ELECTROACTIVE ORGANIC RADICALS 

Jaume Veciana
a, Cláudia Simãoa, Marta Mas-Torrenta, Núria Crivillersa, Vega Lloverasa 
Juan Manuel Artésb, Pau Gorostizab, Concepció Roviraa 

aInstitut de Ciència de Materials de Barcelona (CSIC)-Networking Research Center on Bioengineering, 
Biomaterials and Nanomedicine (CIBER-BBN), Bellaterra, E-08193, Spain 

bInstitute for Bioengineering of Catalonia (IBEC), Institució Catalana de Recerca i Estudis Avançats 
(ICREA). Baldiri Reixac 15-21, E-08028 Barcelona, Spain, Networking Research Center on 

Bioengineering, Biomaterials and Nanomedicine (CIBER-BBN). Universitat de Barcelona. C/ Martí i 
Franquès, 1. Barcelona, E-08028 Barcelona, Spain. 

vecianaj@icmab.es 

 
 
The increasing interest in miniaturizing electronic devices to achieve denser circuits and 
memories will eventually entail the utilization of molecules as active components. In 
particular, self-assembled monolayers attached to substrates appear as suitable candidates 
in Molecular Electronics for the development of switchable and bistable memory devices 
based on electroactive molecules grafted on surfaces.[1] Polychlorinated triphenylmethyl 
(PTM) radicals are persistent electroactive organic radicals that can be easily reduced to the 
corresponding anionic species which also show a high stability in solution. Both species 
exhibit different optical and magnetic properties and can be reversibly interconverted in 
solution.[2] In addition such radicals can be covalently grafted on surfaces of different nature 
(Au, SiO2) where they keep their bistability and switchability without degradation.[3-5] 
 
Here, we describe the functionalization of transparent and conducting ITO surfaces with 
appropriately functionalized PTM radicals. Such hybrid organic/inorganic surfaces behave as 
chemical and electrochemical redox switches with bistable optical (absorption and 
fluorescence) and magnetic responses exhibiting an exceptionally high long-term stability 
and excellent reversibility and reproducibility. Moreover, such hybrid surfaces can be 
patterned as well as electrochemically locally addressed enabling to write-store-read 
information reversibly on the patterned clusters of electroactive molecules. One example of 
such a nonvolatile molecular memory device will be presented and discussed.[6] 
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Figure 1: Schematic representation of the reversible switching between the two states of the hybrid 
organic/inorganic surfaces based on electroactive organic radicals 
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Magnesium is a readily available non-toxic metal whose hydride (MgH2) is being studied as a potential 
hydrogen storage medium, owing to its large content of 7.6% by weight of hydrogen. Magnesium is 
known to grow as almost perfect thin films on many substrates; in some instances, like in the case of 
refractory metals, with very sharp interfaces. Since a layer of MgO/Mg(OH)2 grows onto the 
magnesium surface when it is exposed to air, changing its reactivity, the understanding of the 
interaction between the surface of the magnesium layer and hydrogen is of the utmost importance. 
Most of the few works that have been devoted to the preparation of magnesium on refractory metals 
study its growth on W(110) substrates [1,2]. A study about the epitaxial growth of magnesium on 
Ru(0001) using low-energy electron diffraction (LEED) [3] reported that magnesium keeps its own in-
plane spacing when growing on such substrate, owing to the large mismatch between their respective 
in-plane lattice spacings (around 18%). This results in a moiré pattern on the magnesium surface, and 
an overlayer film without significant strain. Additionally, not much has been published about scanning 
tunnel microscopy (STM) characterization of epitaxial growth of magnesium up to two monolayers at 
room temperature. 
 
This work is a continuation of our recent studies about the growth and hydrogenation of magnesium 
on Ru(0001) substrates in ultra-high vacuum [4,5]. The characterization techniques we have employed 
are STM and low-energy electron microscopy (LEEM), an in-situ technique that provides real-time 
observations at different temperatures with spatial resolution of nanometres. Magnesium was grown to 
a thickness of one to ten atomic layers by evaporating a rod heated by electron bombardment at a 
pressure in the low 10-10 Torr range, with a typical deposition rate of about one monolayer per minute. 
Up to a temperature of 430 K, the films present a layer-by-layer growth with three levels exposed at 
the most. The submonolayers of magnesium, detected only by STM and only in the first two atomic 
layers, show a moiré pattern with a periodicity of 12 Å, as can be seen in figure 1. Dark-field LEEM 
experiments show that films with a higher number of monolayers present stacking faults and, on 
stepped areas, screw dislocations are observed by STM (see figure 2), owing to the mismatch of the 
step heights of magnesium and ruthenium in these areas. Electron reflectivity shows quantum size 
effects in the unoccupied bands, indicating an abrupt interface between magnesium and ruthenium for 
the thicker films. Additionally, we have studied the exposure to H and H2 of the growing films by LEEM 
and STM. While growth in an H2 atmosphere produces no significant change in the magnesium films, 
LEEM measurements have demonstrated the nucleation of dark islands as soon as H is fed into the 
vacuum chamber; further exposure to H leads to their almost covering completely the field of view. 
Using a mass spectrometer, we have performed thermal desorption experiments in these dark islands 
(see figure 3), which show that hydrogen is the only gas desorbed, with a sharp peak around 470 K 
coinciding with the disappearance of the islands in the LEEM images. At higher temperatures, only a 
faint trace of them remains on the surface. 
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Figures:  
 

 
Figure 1: STM images of a magnesium film with an almost complete first monolayer and islands of the second 
monolayer. a) 4500-Å wide image, and b) 550-Å wide image, in which the moiré in the islands can be seen. 
 

 
Figure 2: Screw dislocation in stepped areas seen by STM (image width and height: 3500 Å).  
 

 
 

Figure 3: Thermal desorption measurements carried out in the dark islands of magnesium films with ten atomic 
layers grown under exposure to H2 (lower curve) and H (upper curve). Labelled temperatures in the upper curve 
correspond to each of the LEEM images on the left (field of view is of 15 µm).  
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TO REACH TRANSLATIONAL OBJECTIVES: THE BIOENGINEERING CHALLENGE WITHIN CIBER-BBN 
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**Instituto de Microelectrónica de Barcelona, Campus UAB, Bellaterra, Spain 

Jordi.Aguilo@uab.es 

 
 
For years, bioengineers have been trying to bring together knowledge and technologies from the 
engineering world and knowledge and life sciences from the biomedical world with a clear objective: to 
contribute to the advancement of health through the adaptation and development of technologies  
 

• For easy, accurate and non invasive diagnoses 
• To enhance predictive and preventive know-how and capacities 
• To develop high technology based devices for local or remote on-line monitoring of relevant 

vital parameters by having multimodal functionalities suitable for clinical use 
• To develop new instrumentation and models allowing scientific progresses and a more in 

depth knowledge of living mechanisms. Micro-Nano-Bio systems can help to know and 
interact with high level behavior such as learning mechanisms or psychological diseases up 
to, on the micro-nano side, to unlock specific aspects of cellular metabolism, membrane 
structures or gene behaviors. 

• To propose and validate new therapies coming from the new knowledge and new available 
technologies. 

• To propose and validate new devices and systems allowing functional recovery and 
improvement 

• To develop technologies and devices to help developing and emerging fields such as 
biotechnology, cellular and molecular engineering, etc. 

 
Following these main lines, the Biomedical Applications Group, GAB, today within the CIBER-BBN is 
trying to take advantage of its own technological facilities and its scientific and technical know-how, to 
transform the innovation possibilities of micro-devices and related technologies into successful 
commercial biomedical products and advanced applications.  
 
In the recent past the most relevant work of GAB has been the development of microsystem devices 
to monitor relevant heart parameters during open heart surgery, to measure graft viability on 
transplants, to contribute to functional recovery of blind people and to set-up the sensoring modules 
on a telemedicine application. 
 
Concerning technology, a service of micro and nano fabrication including a carbon nanotube growth 
service has been set-up.  
 
Concerning applications, today and in the near future we are working on the development of 
microsystem devices and instrumentation to measure the osteointegration level in implants, the 
degree of liver steatosis, the corneal endothelial permeability through a non-invasive way, to detect 
and to remove biofilms and the detection of p53-antibodies for early cancer prognostic. We are also 
taking the first steps in some other domains such as instrumentation to measure osteoporosis, to give 
objetive measurement of some psychic and somatic diseases and on the development of micro-nano 
systems for multifunctional stents and catheters. 
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HOW USE MICRO STRUCTURED SCAFFOLDS AND NANO TAGS TO CONTROL CELL DIFFERENTIATION 
AND IMPROVE TISSUE REGENERATION 

Jose Iñaki Alava, Nerea Garagorri, Patricia Gracía Parra 

Tecnalia Research and Innovation Co. Ciber BBN, ITUS-INASMET group, Paseo Mikeletegui 2,  
San Sebastián –Donostia, 20009, Spain 

inaki.alava@tecnalia.com 

 
 
Furthermore, the extracellular matrix plays a key role in controlling the differentiation of progenitor cells 
into the cell lines that will be replaced. Depending on the signals that these cells receive from their 
environment, their capacity for differentiation is enhanced or limited. In last 15 years, many 
researchers have tried to control neural growth and differentiation by using a wide range of 
approaches - micropatterned scaffolds [1], conductive biomaterials [2], electrospining [3] and many 
others [4,7,8,9] The appearance in 2002-2003 of new micro-technologies such as microcontact 
printing and others in the field of neurobiology, (we will comment on them in the next paragraph) have 
led to competition aimed at obtaining optimum micro (or nano) patterning of guidance molecules for 
neural cell growth and differentiation [4].  
 
With the appearance of nanotechnology on the scene, the biocompatibility and special properties of 
some nanoparticles have led to the use of single wall carbon nanotubes in cell cultures [5] as a way of 
improving neural signal transfer [6]. In 2006, multiple-channel biodegradable scaffolds were used to 
promote spinal cord regeneration [7] with Schwann-cells as feeder-cells  
 
The ability to replicate patterns at the micro to nanoscale is crucially important for the progress of 
micro and nanotechnologies and the study of nanosciences.  The planar manufacturing technology 
used by the semiconductor industry means that integrated circuits are built by stacking one layer of 
circuit elements on top of another. Each layer is manufactured according to a sequence of well-
characterized processes. Lithography is used over and over again to create desired patterns in all 
these processes. Considerable industrial effort has been devoted to the leading-edge optical methods 
and the so-called next generation lithography (NGL) techniques, exposing the material to energy 
beams from UV, electron beam, ion-beam or x-ray sources. However, there are many other non-
traditional microelectronic applications that require nanoscale features and demand low-cost nano and 
micro patterning technologies. One of the main areas is the biological field, with applications in micro 
and nanofluidic devices for labs-on-a-chip, biosensors, DNA or protein arrays and the alignment of 
biomaterials for cell patterning or tissue engineering related applications. Surfaces with micro and 
nanopatterns are being used as cell culture substrates to develop new assays for monitoring cell 
adhesion and cell proliferation or differentiation on different surfaces [10,11].  
 
Patterned surfaces and their chemical landscape provide cues for cells to attach, migrate and 
assemble into functioning tissue. Tissue engineering is a multidisciplinary/interdisciplinary field that 
applies the principles of biology and engineering to develop tissue substitutes that restore, maintain, or 
improve the function of diseased or damaged human tissues. One approach to tissue engineering 
involves seeding biodegradable polymeric scaffolds with donor cells and/or growth factors and then 
culturing and implanting the scaffold to induce and direct the growth of new, healthy tissue. 
Unfortunately, current polymeric biodegradable scaffolds have several drawbacks: However, most 
biodegradable polymers being used in clinical practice do not exhibit clearly biocompatible behaviour 
and their mechanical properties are usually not enough to allow them to be used for load bearing parts 
of the body. No single material, however, can satisfy all the goals required for creating optimum 
scaffolding. On the other hand, the extra cellular matrix (ECM) is a complex and strange material. In 
fact, is impossible for a single material to mimic all ECM properties. A composite multi-material matrix 
is the natural solution to the different requirements of the wide range of ECMs needed for tissue 
regeneration [12]. Therefore, the incorporation of nanoparticles such as carbon nanotubes or carbon 
nanofibers and nanohidroxiapatite to the polymer matrix for increasing the safety of the polymer 
appears to be very important [13]. We show some examples of micro-structured scaffolds, with nano-
tags (molecular signals), that may be used for cell differentiation and tissue repair. 
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THERAPEUTIC NANOCONJUGATES 

Fernando Albericio, Miriam Royo 

CIBER-BBN, Networking Centre on Bioengineering, Biomaterials and Nanomedicine Barcelona 
Science Park, 08028-Barcelona, Spain 

 
 
Therapeutic Nanoconjugates and Drug Delibery Systems are one of the key strategic lines of the 
CIBER-BBN.   
 
As it is well known, the number of new chemical and biological entities being accepted by the Food 
and Drug Administration is stabilized around 20-30 every year. This relatively low number is due to 
several factors, but one of the main reasons in the poor ADME properties showed by compounds that 
previously had been good in vitro activity 
 
To improve this situation, several approaches have been used: (i) preparation of therapeutic 
conjugates that are able to protect the drug until it reaches the target; (ii) preparation of conjugates 
bearing nanovectors with the objetove of reaching more efficiently the target. 
 
Our laboratories have developed a robust synthetic platform mainly based in peptides able to address 
the problem mentioned above.  Herein, multifunctional polyethylenglycol-based dendrimers for drug 
delivery; γ-proline based foldamers as cell penetrating peptides; and gold nanoparticles; and 
multifunctionalized gold nanoparticles with peptides targeted to peptide receptor of a tumour cell line 
will be discussed.  
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TISSUE ENGINEERING FOR LUMBAR SPINAL FUSION IN SHEEP 
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Posterior lumbar spinal fusion is nowadays a very standardized surgical technique worldwide. The 
intervention consists of two main steps, a firm fixation by a hardwork instrumentation to provide 
mechanical stability, and the addition of a biological substance for bone formation enhancement. 
Grafting enhances bone fusion, and therefore permanent stability, being considered bone autograft as 
the gold standard. The goals for bone-graft substitutes are to match fusion rates with autologous bone 
grafting techniques, while avoiding the morbidity of bone graft harvest and extending the quantity of 
available graft material. So far, there is a long list of bone graft substitutes [1], and most of them need 
a carrier to be administrated in the surgical field. Anyway, spinal fusion models are particularly unique, 
compared to other types of bone repair. Spinal fusion requires not to recreate original anatomy but the 
formation of a heterotopic bone bridge where usually bone does not exist. This may be the cause of 
the high clinical failure rate, above 35% [2]. Allograft as substitute/carrier is an important 
osteoinductive and osteoconductive agent but it has been especially claimed that it can provoke 
disease transmission and immunogenicity [3]. 
 
Since osteogenesis is exclusively conducted by bone cells, a very important strategy when dealing 
with bone substitutes, consists of addressing research projects u-sing osteogenic cells as bone 
marrow (BM) mesenchymal stem cells (MSCs). Two main lines have been maintained during the last 
years: molecular stimulation by a growth factor-mediation fashion (BMP-2 and BMP-7) [4,5], and 
transplantation of cells after amplification and committement [6]. BMPs have demonstrated good 
fusion rates but questions including high cost, high dose needed and some adverse effects, make 
them a non-definitive therapeutic tools [7]. Regarding cells, since several types of stem cells are 
susceptible to in vitro differentiate into multiple skeletal lineages, and are able to form bone, when 
using with the appropriate scaffold, tissue engineering looks like a good substitute for auto- and 
allograft in orthopedic surgery [8]. Nevertheless, clinical and animal experimental models research 
have had very important methodological burdens. On the one hand, most of laboratory work have 
been made in rodent and lagomorphs, species behaving far away, better than human as far as 
osteogenesis is concerned; further experimental model did not take into account mechanical situations 
as in human. Anyway, tissue engineering of bone, by combining osteogenic cells with osteoconductive 
scaffolds, has not yet yielded any clinically useful applications so far. 
 
We have created an experimental model in a large animal model, the sheep, trying to reproduce what 
is made in human, a mechanical stabilization by a screwed transpedicular lumbar spinal 
instrumentation, together with the addition of BM committed MSCs adsorbed on hydroxyapatite (HA). 
 
Surgical procedure. Spinal process from L2-L6, laminae, facet joints, and transverse processes were 
neatly denudated and prepared for arthrodesis. After that, stainless steel pedicular screws (Xia®, 
Stryker™) were introduced. Bone decortication was acted upon lateral aspect of articular and 
transverse processes until some bleeding bone could be seen. 
 
Groups. A group of 20 sheep (female, 3-4 year-old, weighing 50-70 kg) received autograft into the 
right side (AUTO) and allograft on the left one (ALO). Another 20 sheep received HA with MSCs on 
the right side (HA+cls), and HA alone on the left one (HA) as control. 
 
Cell product. Twenty milliliters of BM aspirates were harvested. The mononuclear cells fraction were 
plated at a density of 10x106 cells per 100 mm plate in complete culture medium (DMEM, 10% FBS, 
1% Penicillin, 0,5% Amphotericin, 1.25% Glutamine, and 1ng/ml FGF-2) and incubated at 37ºC, 95% 
humidity, and  5% CO2. The medium was changed three times a week and the cells at passage 1 
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were cultured for three weeks. At the end of the culture period, the cells were incubated for 3 days in 
culture medium supplemented with dexametasone and β-glycerophosphate to help with the 
osteogenic differentiation. 
 
Results have shown that, although autograft obtained better values for fusion than allograft, there was 
no statistical significance difference between autograft and allograft. Further, autograft and allograft 
accomplished a better bone formation rate than committed stem cells. Hydroxyapatite alone produced 
the worst results both in regard to the amount of bone formed as the rate of spinal fusion. Since in 
vitro and in vivo studies with small animal models have shown that this construct displayed a very 
strong osteogenic commitment, we aim to improve the implant in sheep, perhaps by increasing its, the 
number of cells per volume unit, and even introducing certain improvements to the scaffold. 
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Figures:  
 

 
 
Figure 1: Graph showing bone area formed in the different types of implants. a) Coronal view (TAC) of the 
artrodesed segments showing fusion bridges of bone tissue between vertebral bodies (arrows). Bar, 1cm. b) Axial 
view (TAC) where new bone in the area of the implant can be seen (arrows). Bar, 1cm. c) Tissue section under 

polarization microscopy showing HA (starts) surrounded by new bone. Bar, 250µm. d) HA fragment (brown color) 
in resorption surrounded by new bone type woven in an implant with MSCs (section stained with toluidine blue). 

Bar, 100µm. e) New bone in an implant with MSCs where woven bone types coexist with laminar and haversian 

types and resorption lacunae (Von Kossa stained). Bar, 200µm. f) Row of osteoblasts (arrow) in active synthesis 

of new bone (hematoxiline-eosine). Bar, 50µm 
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REARRANGING PROTEIN ASSEMBLIES FROM 2D LAYERS TO 1D FIBRES BY ELECTROSPINNING 

Alexander Michael Bittner
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Natural proteins do usually not assemble to regular structures, which very much impedes their 
characterisation. However, some of them can be crystallised, i.e. they form regular 3D assemblies. 
Others assemble in 2D, e.g. membrane proteins, and in 1D, e.g. fibrous proteins and some viruses. 
Conformational changes inside a protein can change its mode of assembly. Some of the best-known 
examples are prion proteins, which can change to a conformation with increased beta sheet content, 
which can result in neuropathogenic fibres. Since Alzheimer disease is based on similar mechanisms, 
1D assembly is and will remain a very hot topic in protein science [1,2,3]. 
 

 
 
Figure 1: SEM of electrospun pure hydrophobin. The quasi endless fibre has ca. 300 nm average diameter 

 
Various proteins, some related to Alzheimer and Parkinson disease, exhibit a surprising in vitro 
behaviour: Shear forces speed up their assembly to fibres [1,4,5]. We here show that a combination of 
solvent-induced conformational change and extreme shear induces such severe changes that the 
assembly mode switches from 2D to 1D. To this end, we dissolved a protein, hydrophobin, at high 
concentration in an organic solvent, and applied polymer-free (i.e. monomer) electrospinning [6]. 
 

 
 
Figure 2: IR spectra of the amide band region of HP samples. The bottom curves (maxima at 1645 cm

-1
) 

correspond to the original state, the top curves with maxima at 1655 cm
-1

 point to an increase in alpha helices in 
organic solvent. 
 
Hydrophobins (HPs) exhibit 2D organisation. They are used in the context of "White Biotechnology" as 
emulsifiers and surface primers (www.hydrophobin.basf.com). HPs are naturally found on fungi, where 
they determine the very hydrophobic nature of the fungus cap. They can easily be produced in kg 
amounts by biotechnological fermentation techniques. 
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Electrospinning requires highly concentrated solutions of HPs in a solvent with high vapour pressure. 
We showed with electrophoresis (www.hydrophobin.basf.com) and Raman, IR, and circular dichroism 
spectroscopy that already the dissolution changes the conformation of the HPs, different from contact 
with water. However, HPs did not assemble in solution. Only during electrospinning the high shear 
force, together with the evaporation, induced 1D alignment, and we were able to spin extremely long 
microfibers that consist of pure (polymer-free) proteins. We characterised the fibres with SEM, 
including environmental SEM in water vapour. 
 
We believe that electrospun fibres of pure proteins can have multiple applications in biotechnology, 
e.g. as highly biocompatible scaffold materials. 
 

 
 
Figure 3: Environmental SEM of electrospun hydrophobin. The water vapour pressure increases the diameter of 
the fibres. 
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CANTILEVER-LIKE SENSORS FOR USE IN BIO-MEDICAL APPLICATIONS 

Anja Boisen 

DTU Nanotech, Technical University of Denmark, Lyngby, Denmark 
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Small mechanical structures such as cantilevers, bridges and lids can be used as sensitive and label 
free sensors. A biochemical reaction at the surface of the structure can be monitored as a bending, 
due to a change in surface stress. Minute temperature changes can be registered by exploring the 
bimorph effect. Furthermore, mass detection can be achieved by using resonating structures and 
monitor how the resonant frequency changes as a function of the added mass. In order to obtain high 
sensitivity the structures need to have micrometer and sometimes nanometer dimensions. They are 
fabricated by cleanroom processing using either silicon or polymer based materials. We will present 
examples of our recent advances in the field of sensor development including results on the on-line 
detection of DNA proteins and nano-particles. Also the strength of combining several independent 
miniaturized sensors will be discussed and illustrated for the use in explosives detection. 
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MRI CELL TRACKING USING MAGNETIC NANOPARTICLES 
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The clinical use of novel experimental cell therapies calls for suitable methods that can monitor the 
cellular biodistribution non-invasively following administration. Among the different clinically used 
imaging techniques, magnetic resonance (MR) imaging has superior spatial resolution with excellent 
soft tissue contrast. In order for exogenous therapeutic cells to be detected, they need to have a 
different contrast from endogenous cells. The most sensitive MR label to date are the 
superparamagnetic iron oxide nanoparticles or SPIOs. SPIOs are clinically approved and create 
strong local magnetic field disturbances that spoil the MR signal leading to hypo- or hyperintense 
contrast.  
 
After approximately a decade of animal studies using MRI cell tracking these nanoprobes entered the 
clinic for cell tracking in 2004. The first phase I trial demonstrated the feasibility and safety of MRI 
(dendritic) cell tracking in cancer patients. A surprising finding, only observable by MRI, was that 
misinjection of cells occurred in half the patients. While the injection procedure was performed under 
ultrasound guidance, neither radionuclide or US imaging was able to reveal the failure of targeted cell 
delivery. Therefore, MR-guided targeted cell delivery may have significant advantages for clinical 
implementation of novel treatment paradigms using cellular therapeutics. If the administration is done 
in real-time under MR guidance, then verification of accurate cell delivery in, adjacent, or remote from 
the target site is mandatory. As of the end of 2010, 6 clinical trials using SPIO-based cell tracking have 
now been published, and some of these will be highlighted. 
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ADVANCED THERAPIES FOR OCULAR SURFACE RECONSTRUCTION:  
FROM IN VITRO RESEARCH TO CLINICAL TRIALS 

Margarita Calonge Cano 
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Universidad de Valladolid, Valladolid, Spain 

 
 
The corneoscleral junction or limbus is the native niche for corneal stem cells (SC), especifically called 
limbal epithelial SC (LESC). Dysfunction of these cells (LESC deficiency syndrome) usually results in 
blindness and chronic pain by causing corneal opacity and persistent ocular surface inflammation, 
notably decreasing quality-of-life. 
 
In these cases, corneal transplantation was the only option to recover vision, but a poor outcome was 
usually the rule due to the lack of LESC in the donor corneal graft. For the last 15 years, 
transplantation of pieces of limbal tissue directly from a cadaveric source or a living relative met good 
short-term results but only in some partial unilateral cases, failing (mainly due to immune rejection) in 
the more frequent cases of diffuse and/or bilateral disease. A more successful approach is the 
transplantation of in vitro expanded and cultivated LESC, an approach first described in 1997. Since 
then, progress has been made and at present transplantation of LESC has become the most 
successful therapy for LESC deficiency syndromes. This actually represents one of the first and 
clearest successes of regenerative medicine, as our work team is also demonstrating in an on-going 
clinical study. This study is being performed following good manufacturing practice (GMP) and good 
clinical practice (GCP) rules, and subsequently LESC are cultivated in a validated clean room (as 
mandated by the Spanish legislation, transposition of the European directive) and patients are 
followed under a strict clinical and surgical protocol. To date, 25 patients have been transplanted 
(mean follow-up, 9.2 months) with 80% global success, substantial quality-of-life improvement, and 
visual gain in 63% of patients. The 13 autologous and the 12 allogeneic transplants have presented 
similar results. The required immunosuppression for allogenic cases has been minimal, no sign of 
immune rejection has been observed, and additionally we have seen lower costs and less surgical 
morbidity. However, an important drawback remains, which is the dependency of donations in bilateral 
cases and the fact that an extra-surgical procedure is required in the only good-eye of a unilateral 
affected patient, increasing potential morbidity and sanitary costs. Therefore, an extraocular source of 
SC could be extremely valuable. As it is well known, mesenchymal stem cells (MSC) have a 
remarkably immunomodulatory capacity, and  allogeneic transplantation of bone marrow-derived MSC 
(BM) has been successfully used for experimental ocular surface reconstruction. For this reason, we 
set out to demonstrate the hypothesis that the transplantation of BM-MSC cells is equal or superior to 
LESC transplantation through a randomized, double-masked clinical trial.  
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VIRUS SCAFFOLDS AS ENZYME NANO-CARRIERS (ENCS) TO ORGANIZE BIO-CATALYTIC ENZYME 
CASCADES. DESIGN OF A SCANNING ELECTROCHEMICAL NANOREACTOR MICROSCOPY DEVICE 

Daniela Cardinale
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In cellular systems, the association of collaborating enzymes in supramolecular structures enables 
metabolic processes to be performed more efficiently, accelerating reactions rates and preventing the 
diffusion of intermediates in the cell medium. The aim of the Cascade project is to create a new 
experimental tool at the nanoscale level mimicking in vivo enzymatic cascade reactions. The set up 
will also offer the opportunity to study enzymatic processes at the level of one single or few molecules. 
To this purpose two model enzymes will be used to build artificial redox cascades: the lipase B (CalB) 
from Candida antarctica and the glucose oxidase (GOX) from Penicillum amagasakiense. The free 
electrons generated by enzymatic activities will be detected by electrochemistry. To this purpose a 
new nanoelectrochemical technique will be used to confine the clustered enzymes and to measure the 
final activity. The confined reaction medium will be permitted by a “nanocavity” microelectrode 
fabricated at the tip of an AFM probe; the combination of AFM/SECM (Scanning Electro Chemical 
Microscopy) will enable to measure the electrochemical current generated by a few enzyme 
molecules. Varying the diameter of the nanocavity from few hundreds to about ten nanometers should 
eventually permit to follow a single enzyme activity. 
 
In order to study one-single enzyme kinetics the very faint signal of the enzyme needs to be amplified. 
After CalB hydrolysis of p-aminophenyl acetate (pAPA) an electro-inactive substrate to p-aminophenol 
(pAP) the electro-active product the red-ox couple pAPA/pAP will be continuously recycled between 
two electrodes amplifying the single enzymatic initial event. Kinetics parameters of pAPA hydrolysis by 
CALB determined spectrophotometrically and electrochemically are in good agreement. This supports 
the suitability of pAPA for AFM/SECM single enzyme studies. 
 
In order to control the distribution of enzymes on the electrode we will use virus capsids as Enzyme 
Nano-Carriers (ENCs). To this aim, two plant viruses, Tobacco mosaic virus (TMV) and potato virus A 
(PVA) will be tested. Three different strategies will be attempted for the virus to enzyme interfacing: 
the fusion of leucine zipper (LZ) pairs to enzymes and capsomers, bi-specific antibodies and peptides 
obtained from phage display screening. 
 
Regarding the first strategy, three pairs of LZ having different characteristics in term of length, affinity 
and orientation have been selected and the cloning at the N- and C- terminus of CalB is in progress. 
One assembly CalB (LZKg-CalB) was expressed in Escherichia coli periplasm and we are currently 
optimizing its purification. 
 
Monoclonal antibodies for CalB have been produced and fusion with antibodies for TMV and PVA will 
be attempted. 
 
As third strategy, three peptides were selected that recognize PVA. Cloning at the N-terminus of CalB 
and GOX is in progress. 
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NANOTECHNOLOGIES AND “SECURITY AT WORK”: 
A NEW CHALLENGE FOR INDUSTRIAL RELATIONS AND SOCIETY 

Patrick Chaskiel 
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Nanotechnologies, considered here as a “security at work” theme, raised a new challenge to industrial 
relations, i.e. relations between employers, state and workers. Nanotechnologies question the social 
organization of risks control relations, generally based on a single industry-wide approach when the 
entire cycle of nanoproduct life: from fabrication to disposal, would suppose an inter/multi-industrial 
approach of risks control. 
 
Historically industrial relations on “security at work” in most industrialized countries fit the shape of 
general industrial relations, i.e. collective bargaining. The reason for that is not only historical: it relies 
on the very fact that “security at work” problems (and also working conditions) are linked - and must be 
referred - to a well identified type of activity, for instance: chemical or nuclear industries. To that extent 
and as it has been revealed by previous researches, industrial relations on “security at work” 
combined “shop-floor” day-to-day negotiations, company-wide talks and more formal agreements, 
these latter appearing quite infrequent in France. Nevertheless, it can be said that “security at work” is 
mainly a plant-wide issue, but regularly addressed at a wider level. It does not signify that risks, 
notably nanotechnologies problems, are not assessed at company level before implementing a 
nanoactivity in a plant. We only said that controlling “security at work” is eventually a shop-floor topic 
embedded in a larger framework and we need to know if nanotechnologies fit this model. 
 
In France the main industrial relations institution implied in controlling “security at work” is the CHSCT 
(Comité d’Hygiène, Sécurité et Conditions de travail) [1]. Since a couple of years CHSCTs have 
played an increasing role in industrial relations, and changes have been noticed in the “security at 
work” topic: this latter is a more and more addressed issue, by employers, unionists and state and by 
public opinion either [2]. Growing costs of “repairing” industrial accidents (compensations), internal as 
well as public claims (from state or public opinion) to decrease accidents explain why the “security at 
work” topic has become that much important in industries and in society as a whole. 
 
 
 
References:  
 
[1] Health, Security, and Working Conditions Committee. 
[2] Here public opinion is defined as the flow of discussions aiming to build an universal point of 

view. So it is not to be sought as results of polls published by mass medias. 
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PHONONIC METAMATERIALS FOR SHAPING FLUID FLOW 

Jonathan Cooper 

University of Glasgow, UK 
 
 
The development of microfluidic systems is often constrained both by difficulties associated with the 
chip interconnection to other instruments, and by mechanisms that can enable fluid movement and 
processing. Surface acoustic wave (SAW) devices have previously shown promise in allowing 
samples to be manipulated, although designing complex fluid manipulations involves the generation of 
mixed signals at multiple electrode transducers. 
 
We now demonstrate a new and very simple interface between a piezoelectric SAW device and a 
disposable microfluidic chip, involving the use of phononic structures, Figure 1(a) to shape the 
acoustic field. The surface wave is coupled from the piezoelectric substrate into the disposable chip to 
allow fluid actuations, including droplet movement, splitting, jetting, nebulisation and centrifugation to 
be performed. The phononic structure has a band-gap and by showing that the interaction of the fluid 
within the chip structure is dependent upon the acoustic frequency, we provide providing a method to 
programme complex fluidic functions into a microchip. 
 
Further, we demonstrate the application of this new technology in a number of new analytical 
proceedures, including for example, the implementation of digital microfluids, the interface of 
microfluidics with mass spectrometry (Figure 1(b)), PCR, and the lysis of cells on-chip. We show initial 
results demonstrating the integration of these methods. In doing so, we propose to create a "tool-box" 
of different diagnostic functions (sample processing, cell separation, cell lysis, PCR, nebulization for 
MS, detection) each of which requires a different phononic structure. Just as in electronics, where 
discrete components are combined to create a circuit, so we will use different combinations of 
phononic lattices to create fluidic microcircuits, each of which provides a unique diagnostic function. 
 
 
Figures:  
 
 

 
 
Figure 1: Left, shows a schematic of a phononic crystal, used for microfluidics whilst, right, shows the interface of 
a disposable chip with a MS instrument. 

 
 
 
 
 
 
 
 
 



 

 290 

NN NN
a
n
o
B
io
&
M
e
d

a
n
o
B
io
&
M
e
d

a
n
o
B
io
&
M
e
d

a
n
o
B
io
&
M
e
d
2
0
1
1

2
0
1
1

2
0
1
1

2
0
1
1
 

 
 

 
 

Im
a
g
in
e
N
a
n
o
 A
p
ri
l 
1
1
-1
4
, 
2
0
1
1
 

 

 
 



 

 

291 

NN NN
a
n
o
B
io
&
M
e
d

a
n
o
B
io
&
M
e
d

a
n
o
B
io
&
M
e
d

a
n
o
B
io
&
M
e
d
2
0
1
1

2
0
1
1

2
0
1
1

2
0
1
1
 

 
 

 
 

Im
a
g
in
e
N
a
n
o
 A
p
ri
l 
1
1
-1
4
, 
2
0
1
1
 

 

INTERACTIONS OF NANOPARTICLE WITH LIVING ORGANISMS 

Kenneth Dawson 

University College Dublin, Ireland 
 
 
Nanoscale materials can interact with living organisms in a qualitatively different manner than small 
molecules.  Crucially, biological phenomena such as immune clearance, cellular uptake and biological 
barrier crossing are all determined by processes on the nanometer scale. Harnessing these 
endogeneous biological processes (for example in creation of new nanomedicines or nanodiagnostics) 
will therefore require us to work on the nanoscale. This ensures that nanoscience, biology and 
medicine will be intimately connected for generations to come, and may well provide the best hope of 
tacking currently intractable diseases.  
 
These same scientific observations lead to widespread concern about the potential safety of 
nanomaterials in general. Early unfocussed concerns have diminished, leaving a more disciplined and 
balanced scientific dialogue. In particular a growing interest in understanding the fundamental 
principles of bionaointeractions may offer insight into potential hazard, as well as the basis for 
therapeutic use.  
 
Whilst nanoparticle size is important, the detailed nature of the nanoparticle interface is key to 
understanding interactions with living organisms. This interface may be quite complex, involving also 
adsorbed protein from the biological fluid (blood, or other), leading to a sort of ‘protein corona’ around 
the nanomaterial surface. We discuss how this corona is formed, and how it may be a determining 
feature in biological interactions. 
 
 
 
References:  
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TARGETING THE IMMUNE SYSTEM WITH BIODEGRADABLE NANO ENGINEERED POLYMERIC 
MICROCAPSULES 

Bruno G. De Geest, Stefaan De Koker, Chris Vervaet, Jean Paul Remon 

Laboratory of Pharmaceutical technology, Ghent University, Ghent, Belgium 
br.degeest@ugent.be 

 
 
Vaccines that can elicit strong T-cell responses are undoubtedly one of the major challenges for 
medicine today. [1] For this purpose, dendritic cells (DCs) have to internalize antigen, process them 
into peptide fragments and present them to T-cells. Whereas soluble antigen largely fails to induce 
potent cellular immune responses, formulation of antigen into microparticles has emerged as an 
attractive alternative. Here, we demonstrate efficient in vitro and in vivo antigen delivery to DCs using 
biodegradable polyelectrolyte capsules as antigen carrier. 
 
Figure 1 schematically shows the encapsulation procedure of antigen into hollow polyelectrolyte 
capsules. [2,3] In a first step, antigen loaded CaCO3 microparticles (3 µm diameter) are fabricated by 
co-precipitation of CaCl2 and Na2CO3 in the presence ovalbumin (OVA) as model antigen. 
Subsequently these CaCO3 microparticles are coated (2 bilayers) by sequential deposition of dextran 
sulfate and poly-L-arginine using electrostatic interaction as driving force. Finally hollow polyelectrolyte 
capsules are obtained after dissolution of the CaCO3 core templates in aqueous EDTA medium. 
 
As demonstrated by transmission electron microscopy (Figure 2A) and confocal microscopy (figure 
2B), polyelectrolyte capsules are efficiently taken up by DCs and both the capsule membrane as well 
as the encapsulated antigen becomes readily processed. [4,5] Antigen presentation to T-cells was 
assessed by incubating DCs with OVA loaded capsules followed by co-culturing with respectively OT-I 
and OT-II cells (Figure 2C). OT-I and OT-II cells are transgenic CD8, respectively CD4 T cells that 
specifically recognizes the OVA CD8 peptide, respectively CD4 peptide. Compared to soluble antigen 
a dramatic increase in T-cell presentation is observed. Especially cross-presentation to CD8 T-cells, 
which are crucial to induce cellular immune responses, is strongly promoted. [4] 
 
In vivo studies show mild tissue reactions [6,7] upon subcutaneous injection [5 while potent humoral 
and cellular immune responses [8] are induced which show protective immunity against viral infection 
as well as cancer. Moreover in recent studies we have also demonstrated an easy strategy – involving 
main stream pharmaceutical technology – to scale the production of polyelectrolyte microcapsules 
using a one-step procedure which encapsulates antigen with extremely high yields while barely 
hampering its biological activity. [9] 
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Figures:  
 

 
 
Figure 1: Polyelectrolyte microcapsule synthesis. (A) Antigen (yellow) is mixed with CaCl2 and Na2CO3, resulting 
in the generation of macromolecule-filled CaCO3 microparticles (gray), which are (B) subsequently coated with 
alternating layers of dextran sulfate and poly-L-arginine (red, blue). (C) Dissolution of the CaCO3 core by EDTA 
results in the generation of a hollow microcapsule composed of macromolecules surrounded by the 
polyelectrolyte shell. 

 
 

 
 
Figure 2: (A) TEM images of BM-DCs that have internalized dextran sulfate/poly-L-arginine microcapsules at the 
indicated time intervals. Microcapsule shell: dotted arrows; membranes surrounding the microcapsules: open 
arrows. In the encircled area, microcapsule rupture and cytoplasmic invagination are clearly distinguishable. 
Lysosomes, endoplasmatic reticulum (ER), and a mitochondrion are indicated by the solid arrows. (B) Processing 
of dextran sulfate/poly-larginine microcapsule encapsulated OVA was analyzed using DQ-OVA. Confocal 
microscopy images of BM-DCs incubated with OVA-DQ microcapsules for 0, 4 and 48 h (overlay of green 
fluorescence and DIC). (DQ-OVA is ovalbumin oversaturated with BODIPY dyes. Upon proteolytic cleavage, 
quenching is relieved and green fluorescence appears. (C) Antigen presentation by BM-DCs after uptake of 
soluble and encapsulated OVA. Proliferation of OT-I cells was used as a measure for MHC-I-mediated cross-
presentation of OVA (left graph), proliferation of OT-II cells as a measure for MHC-II mediated presentation 
(right). 
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INTERNALISATION MECHANISMS OF MODIFIED TITANIUM OXIDE NANOPARTICLES IN SKIN CELLS 
AND MULTICELLULAR LIVING SPECIMENS : RESULTING TOXICITY 

M.H. Delville
1, M. Simon2, A. Girard1,2, P. Barberet2, P. Moretto2, H. Seznec2, D. Dupuy3 

1CNRS, Univ de Bordeaux, ICMCB, 87 avenue du Dr. A. Schweitzer, Pessac, F-33608 Cedex, France  
2Université Bordeaux, CNRS/IN2P3, Centre d’Etudes Nucléaires de Bordeaux; France 

3Gradignan, CENBG, Chemin du Solarium, BP120, 33175 Gradignan, France 
Institut Européen de Chimie et Biologie, Univ Bordeaux 1, 2 rue R. Escarpit, 33607 Pessac, France 

 
 
Nanotechnologies are of great interest from both academic and industrial points of view, with 
numerous applications in domains such as medicine, catalysis and material sciences. However, their 
nanotoxicology has also attracted the attention of public and governments’ worldwide and established 
methods of chemical safety assessments have to be modified to address the special characteristics of 
nanoparticles and more especially to assess the biological effects of these highly reactive materials. 
 
Most of theses manufactured nanoparticles have been produced for several decades on an industrial 
scale. There is an urgent need to evaluate the risks of these particles to ensure their safe production, 
handling, use, and disposal. Moreover, a comprehensive study is clearly needed to fully explore the 
toxicity of manufactured nanoparticles, which may help to better understand their deleterious health 
effects and create environmentally friendly and biologically relevant nanoparticles. In particular, the 
behavior of nanoparticles inside living cells is still an enigma, and no metabolic responses induced by 
these particles are understood so far.  
 
This presentation concerns the potential toxicity due to exposure of TiO2 NPs used in sunscreens and 
cosmetics. We propose to apply an original imaging methodology (Ion Beam Analysis, TEM, and 
Confocal microscopy) to in vitro studies, combining technologies for on one hand, the detection, 
tracking, and quantification of TiO2 nanoparticles and on the other one, the use of indicators for ion 
homeostasis, cell metabolism, or cell fate.  
 
The main goal is to precisely identify the molecular and cellular mechanisms involved in the 
nanotoxicity of TiO2 nanoparticles in eukaryotic cells and in multi-cellular organisms such as 
Caenorhabditis elegans (C. elegans). This study addresses the current knowledge gap of human cells 
and C. elegans responses to TiO2 nanoparticles exposure. Since the nematodes feed on bacteria and 
are considered as particle-ingesting organisms, the present study will offer new perspectives in 
nanoparticles-related risk assessment and food web accumulation modelling. 
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REGULATORY ISSUES IN NANOMEDECINE: A FUTURE UNDER CONSTRUCTION 

Jean-Marie Devoisselle 

Institut Charles Gerhardt Montpellier, UMR CNRS/UM2/ENSCM/UM1 5253 U.F.R. des Sciences 
Pharmaceutiques et Biologiques 15 ave Ch. Flahault, BP14491, 34093 Montpellier, France 

jm.devoisselle@univ-montp1.fr 

 
 
Research in nanotechnology and specially nanomaterials has gone now to a large commercial 
undertaking. The scientific literature on environment, health and safety aspects of nanomaterials show 
clearly how these aspects are now of primary importance. First of all the first question is: how to define 
nanomaterials and nanomedecine? Several definitions can be found but some initiatives tend to clarify 
these definitions. The application of nanotechnology to healthcare is already demonstrated by the 
increasing intensity of research and competition in the pharmaceutical industry. It can be illustrated by 
the design of new therapeutics and/or diagnostic tools. The field of new drug delivery technologies is 
also growing rapidly. The research on life sciences applications of nanotechnologies (mainly dedicated 
to drug delivery and therapeutics) has doubled since 2002. Nanotechnology-based drug delivery 
systems and devices provide new features and functions that other technologies cannot match. 
Various nanoscale structures of different size, shapes, texture and chemical compositions has been 
included as nanopharmaceuticals. Although there are quite a few approved nanopharmaceuticals, 
several others are under development or close to commercialization. There are currently several 
challenges and risks concerning the commercialization of nanopharmaceuticals. The most important 
are environmental, safety, ethical and regulatory issues. These products (drug-loaded nanomaterials 
or devices) displaying new size-dependent properties and toxicological profiles need new approaches 
from the regulatory agencies. A global approach is needed. Discussions concern the application of 
existing regulation and the implementation of new legislation in this field. 
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IMMUNOLOGICAL PROPERTIES OF ENGINEERED NANOMATERIALS 

Marina A. Dobrovolskaia 
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Nanotechnology is finding growing applications in industry, biology and medicine. The clear benefits of 
using nanosized products in various biological and medical applications are often challenged by 
questions regarding toxicity of these materials. One area of interest involves the interactions between 
nanoparticles and the components of the immune system. Nanoparticles can be engineered to either 
avoid immune system recognition or to specifically interact with components of the immune responses. 
This presentation will review data regarding nanoparticle-mediated immunostimulation and 
immunosuppression; how manipulation of particle physicochemical properties can influence their 
interaction with components of the immune system (specifically interaction with erythrocytes, effects 
on blood coagulation system, activation of complement and effects on immune cell function), and 
discuss challenges with preclinical immunological characterization of engineered nanomaterials 
(specifically endotoxin contamination, depyrogenation, sterility and sterilization, and nanoparticle 
interference with traditional immunological tests). 
 
Funded by NCI Contract No.HHSN261200800001E 
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STUDY OF THE DISTRIBUTION OF MAGNETITE NANOPARTICLES IN AN EXPERIMENTAL MODEL OF 
HEPATIC METASTASES 
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The purpose of this work is to assess a magnetic fluid for its affinity for liver metastases at different 
stages of tumor development in laboratory rats, prior to its potential use in antitumor thermal therapy. 
Iron oxide magnetic nanoparticles ranging between 3.8 and 7.1 nm were synthesized using the polyol 
method. From this synthesis process, magnetic nanoparticles of Fe3O4 capped by oleic acid were 
obtained. The lipid nature of these ligands allows the particles to be suspended in iodized oil Lipiodol, 
when the mixture is exposed to ultrasonification. A magnetic fluid consisting of suspensions of 2 mg of 
iron oxide nanoparticles in 0.2 ml of Lipiodol was prepared for transarterial hepatic infusion in each 
animal. 
 
The magnetic fluid infusion procedure in the selected animals required midline laparotomy to enable 
the exposure of visceral arterial vessels. The main branches of the celial trunk were clamped, with the 
exception of the hepatic artery with the aim of driving towards this artery most of the celiac vascular 
flow. A direct punction of the celiac trunk was carried out using a needle, connected by an elongated 
catheter to an infusion pump previously filled with the magnetic fluid, and the suspension was slowly 
and selectively infused into the liver. 
 
The experimental study was carried out using 33 male WAG/RijCrl rats. In order to induce metastases 
in the liver of laboratory animals, syngenic cells of colon adenocarcinoma, CC-531, were inoculated 
into the liver of the rats. The splenic reservoir technique was used as a source for the dissemination of 
tumor cells. A total of 21 rats developed metastases, but six animals died during subsequent surgical 
procedures. Of the surviving animals, ten were chosen at random to receive the magnetic fluid, via the 
hepatic artery. The remaining five rats constituted the control group and did not receive the 
suspension. 
 
Within the first 12 hours after administration of the magnetic fluid, Multi-Detector Computed 
Tomography (MDCT) and Magnetic Resonance Imaging (MRI) were performed to the animals to 
check the effectiveness of the infusion procedure. The observation on MDCT of a hyperdense liver 
due to the presence of Lipiodol in the arterial tree, and the lack of extravasations in the puncture area 
or the existence of gross intra-arterial contrast media deposits, were considered to be evidence of the 
correct transarterial administration of the magnetic fluid. MRI studies were carried out on a 1.5 T 
Siemens Symphony system, using a standard cranial coil and axial Short Time Inversion Recovery 
(STIR) and gradient-echo (GRE) weighted sequences were performed. The observation on STIR 
sequences of smooth hyper intense masses into liver was considered as metastatic lesions. The 
homogeneous decay of signal intensity of liver and metastases on GRE sequences was attributed to 
the presence of magnetic nanoparticles in the different tissues, and it was considered to be evidence 
of proper vascular diffusion of the magnetic fluid. 
 
After the imaging studies animals were sacrificed. Livers were extracted, and the number and size of 
the metastases were determined by visual analysis. Two categories of tumor growth were considered. 
On the one hand, early stage neoplastic infiltration corresponding to metastases that were smaller 
than 3 mm, non-overlapping (separated by healthy parenchyma) and with no more than ten visually 
identifiable lesions. On the other hand, livers that showed extensive neoplastic infiltrations, in an 
advanced stage, were characterized by having metastases larger than 3 mm or more than ten visually 
detectable lesions. 
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Liver and neoplastic tissue were taken to determine iron concentrations, using Inductively Coupled 
Plasma Mass Spectrometry (ICP-MS). Statistical analysis was performed with non-parametric tests 
(Wilcoxon test for related samples). Once significant differences between groups had been 
demonstrated using the Kruskal-Wallis test, comparisons between possible pairs of groups were 
performed using the U Mann-Whitney test. The minimum level of significance accepted was P < 0.05. 
 
Of the ten animals in which surgical procedures and the magnetic fluid infusion were successfully 
completed, five showed early stage metastatic development while the other five presented advanced 
stage metastasis. After subtracting the mean endogenous iron values of the control group, from the 
iron found in animals that had received the magnetic fluid, the mean concentration attributable to 
exogenous administration in the early stage group was 172.2 mg/g in tumor tissue and 65.2 mg/g in 
healthy liver tissues, In these animals tumor tissue accumulated 2.6 times more iron than healthy liver 
tissue. In contrast, exogenous iron values found for the advanced stage group were 22.7 mg/g and 
43.1 mg/g in metastatic and healthy tissue, respectively. In this group, metastases of animals with 
sever tumor infiltrations, accumulated half as much exogenous iron as healthy liver. Moreover, in the 
comparative study between concentrations of exogenous iron determined in liver and metastases 
within groups, significant differences were found in the early stage group, but not in the advanced 
stage group. 
 
Our model of metastatic adenocarcinoma has revealed important differences in the vascularization of 
metastatic lesions according the stage of development of the disease. Therefore, we should consider 
the possibility of there being substantial differences in vascular perfusion in neoplastic lesions of 
similar type, but in different stages of development. The increase in tumor volume does not 
necessarily lead to a similar development in its vascularization, rather the increase in tumor mass may 
lead to the appearance of regions with decreased artery supply. 
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DNA ORIGAMIS: MECHANISMS OF FORMATION AND MELTING, STRUCTURE 
FLUCTUATIONS 

JM. Arbona, J. Elezgaray and JP. Aimé 

CBMN, UMR5248, 33600 Pessac, France 
jm.arbona@iecb.u-bordeaux.fr 

 
 
In this communication, we focus on the process of DNA-origami formation. In order to do this, several 
formation-melting experiments have been performed, where we keep track of the UV absorption as a 
function of the temperature. In parallel, for the melting process, we also image the resulting structures 
by AFM. These experiments show that, for the usual cooling-heating speed reported in most 
publications, folding of the origami shows hysteresis. The melting process is characterized by two 
transition temperatures correlated with the GC content of the staple strands and a third one at a higher 
temperature that may be correlated with the Origami structure. However, when the origami is prepared 
under constraint, the third transition disappears. During the formation of the origamis, only two 
transitions are observed, correlated with the GC content. In order to get further insight in the formation 
process, we also consider the folding-unfolding properties of a set of three ssDNA as a simplified 
model of origami (see figure). Using numerical simulations compared to melting experiments, we 
discuss entropic and defect contributions during the DNA-origami folding and the influence of a 
cooperative process. 
 
In a separate study, we study the thermal fluctuations of a rectangular origami using a rigid base 
approximation. To do this, we use a simplified, yet accurate, model of DNA: the Stack of Plates (SOP) 
model [1], designed to model DNA at the base-pair level. In the SOP model, the right handed DNA 
structure is the result of the competition between two forces (stacking of the base pairs and a 
harmonic constraint to mimic sugar-phosphate backbones) and an additional simple geometric 
constraint. Monte-Carlo simulations show that the equilibrium conformation of the Rothemund origamis 
is not planar but slightly twisted. The same simulations allow to quantify the predominant elastic 
modes and the bending elasticity constant. We also discuss how this information can be used to 
design 'self-constrained' versions of the otherwise 'planar' structures. 
 
 
 
References:  
 
[1] Modeling DNA structure, elasticity, and deformations at the base-pair level. Mergell, B.; Ejtehadi, 

M.R.; Everaers, R 
 
 
Figures:  
 

  
 

Figure 1: Left: Simplified Origami made of 64 bases (black line) and two 32 bases long staples (red and blue 
lines). Right: Rectangular Origami Virus black line, staples red and blue lines. 
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SUPRAMOLECULAR STRUCTURAL CHARACTERIZATION OF CHOLESTEROL-RICH VESICLES TO BE 
USED IN DRUG DELIVERY: INFLUENCE OF THE PREPARATION METHOD 

Elisa Elizondo
1,2, Ingrid Cabrera1,2, Evelyn Moreno-Calvo1,2, Nora Ventosa1,2 and Jaume Veciana1,2 

1Department of Molecular Nanoscience and Organic Materials. Institute of Materials Science  
(ICMAB-CSIC), Campus UAB, 08193 Bellaterra, Spain; 

2CIBER de Bioingeniería, Biomateriales y Nanomedicina (CIBER-BBN) 
ventosa@icmab.es; vecianaj@icmab.es 

 
 
In the past 30 years, the explosive growth of nanotechnology has promoted challenging innovations in 
pharmacology, which is currently revolutionizing the delivery of biologically active compounds [1]. 
Indeed, some existing drugs and new therapeutic compounds emerging from drug discovery 
processes present special delivery challenges, pushing nanotechnology towards the development of 
new drug nanocarriers that enhance the bioavailability of drugs [2]. Such nanocarriers or drug delivery 
systems (DDS) are intended not only to protect drugs from degradation but also to achieve their 
temporal and spatial site-specific delivery.Vesicles constitute one of the most studied DDS since their 
discovery in the mid 60s [3]. However, in order to achieve optimal performance of these self-
assembled structures as functional materials, a high grade of structural homogeneity is required. For 
example, the behaviour of vesicles as drug delivery systems (DDS) is highly affected by their 
homogeneity, not only in size or morphology, but also in their membrane composition and 
supramolecular organization. Concretely, the vesicular membrane plays an important role in terms of 
vesicles stability, rigidity, permeability, functionalization or response to external stimuli [4]. In the latter 
case, the homogeneity in the membrane composition and supramolecular organization between the 
different vesicles forming a certain system would be a crucial issue in order to have sharp responses 
that allow homogenous triggering of the drug at the site of action (Figure 1). Attending to this, methods 
for the preparation of homogeneous vesicular systems, not only in terms of size and morphology, but 
also regarding the supramolecular organization of the membrane constituents are required for fully 
exploiting the potential of these self-assembled structures as functional materials. 
 
In the early 90’s, compressed fluid (CF)-based processes emerged as an alternative to conventional 
methods using liquid solvents, attracting enormous interest for the production of micro- and 
nanoparticulate materials [5]. Our research group has experience in using these novel technologies for 
the controlled nanostructuration of materials to be used in drug delivery [6,7]. Recently, a CF-based 
method, DELOS-susp, has been developed for the production of vesicular systems. This one-step 
process allows the achievement of stable, nanoscopic and unilamellar cholesterol-rich vesicles [8,9], 
which present higher structural homogeneity regarding size and morphology than those produced by a 
conventional multi-step hydration method (Figure 2). In this work, by analyzing the membrane 
composition and supramolecular organization of vesicles prepared by both methodologies, we 
demonstrate that apart from size and morphology, the superior homogeneity observed for vesicular 
systems produced by CFs is also present in the molecular assembly of the membrane constituents, 
which is crucial for an optimum performance of these supramolecular structures as pharmaceutical 
carriers. 
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Figures:  
 

 
 
Figure 1: Schematic illustration of the response to an external stimulus presented by a vesicular DDS with 
homogeneous (left) and heterogeneous (right) vesicle to vesicle composition and supramolecular arrangement. 

 

 
 
Figure 2: CryoTEM images corresponding to cholesterol-rich vesicles prepared by DELOS-susp (left) and the 
hydration method (right). 
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QUANTIFICATION OF NANOPARTICLE UPTAKE AND THEIR COLOCALIZATION WITH CELL 
CONSTITUENTS AT SINGLE CELL LEVEL 

I. Estrela-Lopis, J. Fleddermann, M. Dorn, G. Romero, E. Rojas, Sergio Moya, Changyou Gao, 
Edwin Donath 

Institute of Medical Physics & Biophysics, Leipzig University, Härtelstraße 16, 04107 Leipzig, Germany 
Irina.Estrela-Lopis@medizin.uni-leipzig.de 

 
 
The development of nanotechnology in recent years is unprecedented. Understanding the effects of 
nanoparticles (NPs) on human health is thus of major importance.[1,2] The degree and the 
mechanism of uptake, localization and distribution of NPs in cells are major issues concerning toxicity 
and risk assessment, and the effectivity of NPs as delivery devices. A better understanding of the 
potential effects of nanomaterials on human health is crucial regarding the introduction of 
nanoproducts into the market and has thus considerable economical importance. 
 
Ion Beam Microscopy (IBM) and Confocal Raman Microspectroscopy (CRM) were therefore employed 
as label-free techniques capable of detecting and characterizing nanomaterials within single cells. The 
uptake, intracellular distribution and toxicity of carbon nanotubes (CNTs) and metal oxide 
nanoparticles in hepatocarcinoma (HepG2) and lung cells (A549) were studied employing these 
techniques. 
 
By means of IBM the intracellular concentration and distribution of NPs can be established. 
Overlapping of cell basis element P with CeO2 NPs can be easily seen in Figure 1. The concentrations 
of NPs in / or on the cell were calculated in one cell by choosing the mask of cell area. This provides 
the basis for intracellular dose dependent toxicity studies. 
 
By means of Raman spectra deconvolution and subsequent cross-correlation analysis the 
colocalization of NPs with different intracellular environments, such as lipid rich regions, cytoplasm 
and nucleus was quantified. Figure 2 demonstrates the distribution of lipids and poly-(sulfo propyl 
methacrylate) (PSPM) modified CNTs in HepG2 cell. CRM, furthermore, was capable of detecting 
nanomaterial induced changes in the secondary nuclear protein structure and nucleobases content. 
These changes can be used as an indicator of the toxic effect of NPs. This was confirmed with cell 
proliferation tests. Studies with NPs surface engineered with lipids and polyelectrolytes showed that 
the nature of the surface of NPs and their modification in biological fluids is crucial for uptake and 
toxicity. 
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Figures:  
 

 
 
Figure 1: Proton Induced X-Ray Emission elemental mapping of the cells A549 treated during 72 h with CeO2 
NPs. Left image demonstrate the P distribution and right image – Cerium. 

 
 

 
 
Figure 2: CRM mappings of a HepG2 cell treated with CNT/PSPM NPs. Top and bottom images show 
distribution of lipid rich region and CNTs, respectively. The spectra refer to the spot of maximum concentration of 
both components in corresponding images of the cell. 
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UNDERSTANDING INTERACTIONS OF ENGINEERED NANOMATERIALS WITH THE IMMUNE SYSTEM 

Bengt Fadeel 

Division of Molecular Toxicology, Institute of Environmental Medicine, 
Karolinska Institutet, Stockholm, Sweden 

bengt.fadeel@ki.se 

 
 
Engineered nanoparticles may affect the innate or adaptive immune system; such interactions, in turn, 
could result in adverse outcomes or could potentially be exploited for therapeutic gain. The recognition 
or non-recognition of engineered nanomaterials by immune-competent cells may determine not only 
the toxic potential of such materials but also their biodistribution. However, understanding the physico-
chemical properties that drive cellular interactions of nanoparticles remains a key challenge. Needless 
to say, particular attention should be paid to novel, adverse properties arising as a consequence of the 
nano-scale size. For instance, nanoparticles may escape immune surveillance and translocate to 
distal sites following entry into the body. In addition to particle size, other aspects including particle 
shape, and surface charge, may also play an important role for immune recognition and subsequent 
handling of nanomaterials. 
 
When human subjects are deliberately exposed to engineered nanomaterials, for diagnostic or 
therapeutic purposes (or both), it becomes critically important to determine the ultimate fate of the 
nanoparticles: are engineered nanomaterials excreted from the body, or biodegraded by cells of the 
immune system, or do they bioaccumulate, thereby leading to potentially harmful long-term effects? 
The surface of nanoparticles can be modified using targeting moieties, etc but as these particles enter 
into a biological system, for instance via inhalation or injection into the bloodstream, it is likely that the 
surface of the particles is covered with biomolecules – proteins and lipids – that modify the properties 
of the nanoparticles and the way in which the particles interact with cells, including immune-competent 
cells. Moreover, the binding of proteins to nanoparticles may also induce modifications of the proteins. 
Understanding such nano-bio-interactions is critical for the safe application of nanoparticles in 
medicine. 
 
 
 
Further reading:  
 
[1] Fadeel B, Garcia-Bennett AE. Better safe than sorry: understanding the toxicological properties of 

inorganic nanoparticles manufactured for biomedical applications. Adv Drug Deliv Rev. 
2010;62:362-74. 

[2] Feliu N, Fadeel B. Nanotoxicology: no small matter. Nanoscale 2010;2:2514-20. 
[3] Shvedova AA, Kagan VE, Fadeel B. Close encounters of the small kind: adverse effects of man-

made materials interfacing with the nano-cosmos of biological systems. Annu Rev Pharmacol 
Toxicol. 2010;50:63-88. 
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THE USE OF NANOSTRUCTURED MICROPARTICLES IN A SUSPENSION BASED ADSORPTION 
SYSTEM FOR EXTRACORPOREAL BLOOD PURIFICATION TO TREAT ACUTE  

LIVER FAILURE AND SEPSIS 

Dieter Falkenhagen, M.Brandl, Jens Hartmann and Viktoria Weber 

Department of Clinical Medicine and Biotechnology, Danube University Krems 
Krems, Austria 

 
 
Introduction: Acute liver failure and sepsis are severe diseases that are characterized by high 
morbidity but also mortality. Especially sepsis as the general inflammatory response of a mainly 
bacterial infection is characterized by high mortality of 20-60% depending of the stage of the disease. 
Alone in the US about 200.000 patients die annually (N.Engl.J.2002) on this dangerous disease. 
Interestingly, also the high mortality of acute liver failure is caused by an inflammatory scenario which 
is caused by the disturbed liver function which in contrast to a normal liver does not inhibit the transfer 
of the very toxic endotoxins derived from Gram-negative germs of the intestine into the blood 
circulation. Therefore, sepsis as well as acute liver failure are characterized by many processes which 
are based on the activation of cellular mechanisms as well as communication pathways between 
different blood- and tissue cells which are over stimulated in a very dangerous way.  We have 
developed a technology – the so called MDS (Microspheres based Detoxification System, 
D.Falkenhagen et al: Therapeutic Apheresis and Dialysis 10, 154, 2006)) which combines membrane 
separation and adsorption processes in an extracorporeal blood purification (EBP) – device in order to 
influence by separation specific signaling factors such as  cytokines but also toxic substances such as 
endotoxins as well as liver specific metabolites such as bilirubin but also uremic toxins. 
 
Methodology: For our investigations – neutral microadsorbents based on styrene-divinylbenzene-
copolymers with different pore size dimension from 15-20 nm (type 1), 30-40 nm (type 2) and 80 to 
100 nm (type 3) as an average have been developed in cooperation with the company Dow Chemical 
characterized all by an average diameter of 5 respectively 10µm. Those nanostructured microparticles 
have been analysed in batch tests but also in MDS-systems investigations with respect to the removal 
of  

− endotoxins using the microparticles mentioned coated with polymyxin B just by adhesion 
forces based  on hydrophobic interaction, 

− bilirubin and cholic acid using the microparticles coated/uncoated with human serum albumin 
(HSA) 

− Cytokines TNF, IL-1ß, IL-8, IL-10 investigating all microparticle mentioned coated/uncoated  
with human seumalbumin (HSA) 

 
Finally systems investigation using the complete MDS with 1.2 L whole blood were performed. The 
microspheres containing suspension was based on 100 ml HAS coated neutral resins sized 10µm in 
average having an inner pore size structure of 30-40 nm. 
 
Results: 1. Endotoxin removal from heparinized plasma was optimal using PS-resins – type 3 having 
an inner pore size of 80-100 nm in comparison to smaller pore size containing resins. 
 
The immobilization of PM-B by just physical forces demonstrated highest efficiency for endotoxin 
removal which was not negatively influenced by autoclavation.  
 
HSA – coated PS-resins type 2 having an inner pore size of 30-40 nm were optimal adsorbents for 
bilirubin being characterized by significant less protein C and S as well as fibrinogen adsorption in 
comparison to the HSA-non-coated resins interestingly not loosing their efficiency for bilirubin – an 
HSA – bound liver-specific substance.  
 
HSA-pre-treated PS-resins type 1 characterized by an inner pore size of 10-20 nm showed nearly an 
untouched adsorption of different cytokines (except TNF) avoiding the adsorption of considerable 
amounts of protein C and S as well as fibrinogen. 
HSA-coating of type 1 and 2 - resins demonstrated a significant improvement of blood compatibility 
especially related to the adsorption of protein C and also fibrinogen which is essential for the use of 
microparticles in EBP. 
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Systems investigations clearly demonstrated the efficiency of MDS especially in case of the removal of 
strongly bound biirubin but also of many cytokines such as IL 6,8,10 despite the fact that the inner 
filtration rate in the suspension circuit connected to the plasmafilter (FMC, P1) was by far not optimal. 
 
Conclusion: Optimization of inner pore size structure of hydrophobic resins for adsorption seems to 
be a useful way to develop efficient microadsorbents for the elimination of different substances being 
relevant for acute liver failure and sepsis.  The extracorporeal blood purification technology MDS 
applying the microparticles in suspension and not in a column is closed to become clinically used. 
 
Key words: Adsorption, therapy, extracorporeal blood purification, sepsis, liver failure 
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IN SITU DELIVERY OF TROPHIC FACTORS AND MOLECULES IN THE HUMAN BRAIN  
BY CONVECTION TECHNOLOGIES 
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Piotr Hadaczek, John Bringas, Mitchell S. Berger, John Forsayeth, and Krystof S. Bankiewicz 
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massimo.fiandaca@ucsf.edu 

 
 
Convection-enhanced delivery (CED) is a direct method of distribution for therapeutic agents within 
the central nervous system (CNS) that bypasses the blood-brain barrier (BBB). CED allows the 
homogenous distribution of a variety of molecular species within the CNS extracellular space (ECS) by 
developing a pressure gradient between the tip of the infusion catheter and the surrounding ECS [1]. 
The propagation of therapeutic materials within the resulting bulk flow of infusate is not size 
dependant, as it is for delivery technologies that are based upon diffusion. This fact allows the 
transmission of macromolecules and viruses in addition to small molecular species within the CNS via 
CED [2-5]. 
 
Our laboratory has been actively involved in developing a delivery platform that combines MRI and 
CED technologies (real-time convective delivery, RCD) [6]. We currently utilize RCD for our preclinical 
investigations and stress the importance for its use in clinical applications for neurodegenerative 
diseases [7], neuro-oncology [8], and inherited metabolic disorders [9] affecting the CNS, since it 
allows us to directly monitor the infusion of therapeutics within the target site. This direct visualization 
may not only help improve treatment efficacy for a therapeutic, by standardizing the volumetric 
distribution, but is also important in preventing reflux and leakage associated with CED [10]. 
 
In this presentation, we aim to review the how CED technologies function and how they may impact 
future treatments of human brain disorders. 
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Figures:  
 

 
 

Figure 1: Cannula-based delivery options utilized with gene therapy. (A) Diffusion-based delivery system: A 
characteristically large injection cannula is used to deliver the infusion volume within the target region. The 
infusion volume typically displaces the surrounding parenchyma at the tip of the cannula and forms a small cavity 
from which diffusion occurs into the surrounding brain, eventually expanding to the diffusion limit, but falling 
significantly short of filling the subcortical target volume. Multiple factors influence the diffusion limit for infused 
substances, with molecular size being one of the most significant factors. Macromolecules, proteins and viral 
particles are limited significantly in their ability to diffuse beyond the infusion volume. Another factor that limits the 
effectiveness of this technique is the development of backflow or reflux (dashed black arrow) of the infusate out of 
the target region, along the path of the injection cannula. (B) Convection-enhanced delivery (CED) system: 
Optimal CED cannulae consist of an outer guide cannula and an inner fused-silica infusion cannula that is 
attached to the pump mechanism that controls the rate of infusion. The infusion cannula extends beyond the 
guide cannula, with the transition between the two referred to as the cannula step. The infusate is delivered with a 
constant flow rate (most commonly 0.5 to 1.0 µl/min) from the infusion cannula tip. This flow rate establishes a 
pressurized extracellular bulk flow that allows the homogenous distribution of molecules of various sizes, 
including liposomes, proteins and viral particles, for significant distances (multiple centimeters, if necessary) from 
the infusion cannula tip. Reflux (dashed black arrow) typically only occurs up to the cannula step, and major 
backflow along the cannula and out of the target region is prevented by central placement of the step within the 
target volume. The convection limit can approach the subcortical target volume limit more easily compared with 
the diffusion-based delivery system. (Adapted with permission from Massimo S Fiandaca. © 2010 Massimo S 
Fiandaca) 
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BIOMEDICAL APPLICATIONS OF DOUBLE-WALLED CARBON NANOTUBES AND QUESTIONS RELATED 
TO THEIR POTENTIAL IMPACT ON HUMAN HEALTH AND THE ENVIRONMENT 

E. Flahaut, B. Pipy, L. De Gabory, L. Bordenave, F. Mouchet, L. Gauthier, A-M. Galibert, B. Soula, 
P. Lukanov, C. Tilmaciu, S. Benderbous, I. Loubinoux, L. Vaysse, A. Beduer, C. Vieu 

Universite Paul Sabatier, France 
 
 
Carbon nanotubes (CNT), with an annual world production reaching several hundreds of tons, 
represent a special category of nanomaterials with exceptional characteristics. In particular, they are 
currently investigated for many biomedical applications, ranging from medical imaging (MRI, Raman) 
to targeted drug delivery and cancer treatment. Tissue engineering is a field in which CNT could bring 
many improvements as compared to existing biomaterials, and especially for regeneration of neuronal 
tissues as they provide a unique combination of useful electrical and mechanical properties at the 
nanometer scale. Double-walled CNT [1], at the frontier between SWNT and MWNT, are very 
promising for applications in the biomedical field.  
 
Recent results will be presented, showing that through surface engineering, we can direct and guide 
the growth and differentiation of neural cells. Topographical grooves obtained by a moulding process 
against a silicon master turned efficient for both neural lines cells and adult neural stem cells. Double-
walled CNT [1] patterns obtained by soft lithography were also found very efficient and have the 
advantage of possible electrical stimulation due to their metallic electrical behaviour. In both cases, 
low cost fabrication processes (moulding or soft‐lithography) are developed, enabling further large 
scale applications for biological or medical purposes. Potential application of DWNT for medical 
imaging (MRI) and gene delivery will also be presented.  
 
Although the toxicity and the environmental impact of CNT have now both been investigated by many 
different groups (although the latter never focused much attention until very recently), there is yet a 
controversy about the results and still no answer to the simple question: "are CNT toxic?" The fact is 
that the large range of kinds of CNT and methods to produce and then (in most cases) process them 
make any comparison almost impossible. The results presented here were obtained with the same 
batch of CCVD-produced DWNT [1] investigated for biomedical applications, and concern both the 
investigation of their potential impact on human health (in vitro / in vivo models) [2, 3] and the 
environment (in vivo models) [4]. They lead to the conclusion that all the experimental parameters 
(dealing both with CNT and biological models used) play a very important role and can easily explain 
the large differences between the results obtained by the different researchers. 
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ELECTROCHEMICAL APTASENSORS BASED ON CARBON NANOTUBES AND 
CONDUCTING POLYMERS 

Tibor Hianik
1, Maja Šnejdarková2, Alexandra Poturnayová2, Anna Porfireva3, Gennady Evtugyn3, 
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DNA and RNA aptamers are single stranded oligonucleotides with high affinity to proteins or other 
ligands, comparable to those of antibodies. The aptamers are selected in vitro by the SELEX method 
[1]. In solution, the aptamers maintain an unique configuration that contains specific binding site to the 
ligand. Aptamers can be easily modified by biotin, SH or amino- groups, leading to a variety of 
immobilization strategies on solid supports. Using simple molecular engineering based on DNA 
hybridization it is possible to create aptamer dimers with two binding sites like that in antibodies [2]. 
These aptamer dimers (aptabodies) are characterized by improved sensitivity to the analyte, for 
example to thrombin. We have shown that typical guanine quadruplexes that form binding site for 
thrombin are stable in aptamer dimers [3]. Currently there is increased interest in development of 
aptamer based biosensors for detection proteins and other molecules using various methods of 
detection, such us optical, acoustical and electrochemical [4,5]. These biosensors could be used in 
fast and low cost medical diagnostics. The sensitivity of detection depends not only on the selectivity 
of binding site, but also on supporting part of the aptamer that serve for immobilisation onto a solid 
support. Using multiwalled carbon nanotubes (MWCNTs) as an immobilization matrix we developed 
high sensitive biosensor for detection human thrombin [2] and cellular prions (PrPC) [6] in biological 
liquids. In this work we analyzed in detail the properties of DNA aptasensors sensitive to thrombin, 
immobilised either on a gold support covered by neutravidin or on a surface of MWCNTs. We have 
shown that immobilisation of aptamers and aptamer dimers at MWCNTs improved the sensitivity of the 
sensor for thrombin and allowing detection in a complex matrix such as blood plasma. Using single 
molecule force spectroscopy (SMFS) we studied in detail the forces between enhanced single 
stranded aptamers (BFA) and aptamer dimers (BFF) immobilised on an AFM tip and the thrombin 
immobilised on a mica surface. By varying the pulling velocity in force distance cycles the formed 
thrombin – aptamer complexes were ruptured at different force loading allowing determination of the 
energy landscape. It turned out that the BFA aptamer shows a higher binding force at the investigated 
loading rates and a significant lower dissociation rate constant, koff, compared to BFF. The lower 
binding strength of BFF in comparison with those of BFA may be due to certain sterical hindrance 
between two G-quadruplexes of this aptamer dimer. However, the potential of the aptabody BFF to 
form more stable double bound complex could clearly be shown. 
 
Using thickness shear mode acoustic method (TSM) we analyzed in detail the interaction of thrombin 
with DNA aptamers of various configurations immobilised at the neutravidin layer chemisorbed on 
TSM quartz crystal transducer and showed enhanced sensitivity for detection thrombin by aptamer 
heterodimer (BFH) [8]. The obtained results agree well with those of SMFS studies. 
 
By means of electrochemical quartz crystal microbalance method (EQCM) we performed comparative 
analysis of the sensitivity of DNA aptamers and antibodies specific to human cellular prions (PrPC) 
immobilised on a surface of MWCNTs (Fig. 1). We found that the detection limit (LOD) for both 
aptamers (50 pM) and antibodies (20 pM) was rather low indicating high, but comparable sensitivity 
(Fig. 2). The LOD was also much better in comparison with immobilisation of aptamers on a surface of 
conducting co-polymers and using QCM and surface plasmon resonance (SPR) as detecting 
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methods. Higher stability of aptamers in comparison with antibodies and possibility to easy regenerate 
aptasensors make them rather promising candidates for practical applications. 
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Figures:  
 

 

Figure 1: Schematic representation of the sensor surface 

composed of MWNTs and immobilised DNA aptamers and 

antibodies with bounded PrP
c
. 

 

 

Figure 2: The plot of the frequency changes as a function 

of PrPC concentration for biosensor based on: 1 – single-

stranded aptamer and 2 – BAR 223 antibody immobilized 

on the surface of MWCNTs. The points are experimental 

results and the lines are fit according to Langmuir isotherm 

(error bars: SD, N = 3) [7]. 
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FIELD FLOW FRACTIONATION COUPLED WITH LIGHT SCATTERING AND ICP-MS FOR 
QUANTITATIVE BIO-NANO MEASUREMENTS 

Erik H. Larsen, Katrin Löschner, Bjørn Schmidt 

Technical University of Denmark, National Food Institute, 19, Mørkhøj Bygade, DK-2860, Denmark 
Ehlar@food.dtu.dk 

 
 
An instrumental platform based on asymmetric flow field flow fractionation (AFFF) coupled with 
classical multi angle light scattering (MALS), dynamic light scattering (DLS) and ICP-MS was 
established and applied to the study of silver, gold and selenium NPs in biological materials. 
 
Using the platform, gold nanoparticles (10-60 nm o.d.) were separated and quantified with respect to 
their size and mass concentration (Fig. 1), and figures of merit including LOD, recovery and 
repeatability were established [1]. The bare gold NPs adhered to instrument surfaces, as 
demonstrated by electron microscopy, and caused incomplete recoveries. Gold NPs were 
administered by intravenous injection and recovered from rats’ livers following alkaline solubilisation of 
the tissue. The gold NPs were successfully stabilised with bovine serum albumin (BSA) in the alkaline 
suspension, but TEM imaging showed that the NPs were associated with un-digested tissue residues, 
which precluded appropriate separation by AFFF. 
 
The platform was used to the study absorption, distribution, metabolism and excretion (ADME) in rats 
of BSA-stabilised Se0 NPs (20 nm o.d.) using selenite as positive control. The results (Fig. 2) showed 
that selenium as nano-Se0 particles or as selenite both were highly bio-available and mainly were 
deposited in liver and kidney or excreted via urine and feces. Se0 was detected in tissues of rats 
following in situ reaction with sulphite to form the selenosulfate anion, which was determined by 
HPLC-ICP-MS. The finding of Se0 both in tissues from nano- Se0 and selenite dosed animals brings 
new information to the current knowledge about metabolic pathways of selenium. 
 
Research on dedicated methods for sample preparation of food prior to silver NP detection is 
underway in the NanoLyse project, funded by the European Commission (www.nanolyse.eu) 
 
The general conclusion of our work on biological research with nanoparticles is that access to a 
variety of tools and methods, including appropriate sample preparation, separation and atomic 
spectrometric detection and electron microscopy, are necessary for trouble shooting and acquisition of 
robust data. 
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Figures:  
 

 
 
Figure 1: AFFF-LS-ICP-MS fractogram and hydrodynamic diameter of a mixture of 4 gold nanoparticles 

 

 
 
Figure 2: Distribution of selenium in biological samples from rats administered selenium at 0.4 mg/kg b.w./day for 
28 days as BSA-stabilised nano-Se

0
 or selenite 
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FUNCTIONALIZED NANOPARTICLES FOR BIOMOLECULAR IMAGING AND SENSING 
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http://raphazlab.wordpress.com/, rapha@liverpool.ac.uk 

 
 
Gold nanoparticles have been used for several decades as labels in immuno-electron microscopy. In 
the last decades, progress in the synthesis, functionalization and optical detection of these particles 
have opened a range of new applications in imaging and sensing. For most of these applications, the 
capping layer is a critical feature as it provides colloidal stability and control specific and unspecific 
interactions. 
 
The presentation will cover three related themes of research. First, I will present the synthesis and 
characterization of peptide-capped gold nanoparticles [1] and discuss our efforts to generate complex 
and controlled nanomaterials based on self-assembly of these small molecules at the surface of the 
particles. Then, I will report on the entry and fate of the particles in live cells, with a particular focus on 
the fate of the capping layer [2]. Finally. I will discuss our current attempts to break the barrier of 
endocytotic trapping of the nanoparticles using a variety of methods including toxins, signalling 
peptides and direct injection. 
 
 
 
 
References:  
 
[1] Rational and combinatorial design of peptide capping Ligands for gold nanoparticles; Lévy, R., 

Thanh, N.T.K., Doty, R.C., Hussain, I., Nichols, R.J., Schiffrin, D.J., Brust, M. and Fernig, D.G. 
(2004) . J. Am. Chem. Soc. 126, 10076-10084 

[2] Cathepsin L Digestion of Nanobioconjugates upon Endocytosis; Violaine Sée, Paul Free, Yann 
Cesbron, Paula Nativo, Umbreen Shaheen, Daniel J. Rigden, David G. Spiller, David G. Fernig, 
Michael R. H. White, Ian A. Prior, Mathias Brust, Brahim Lounis and Raphaël Lévy, ACS Nano, 
2009, 3, 2461-2468 

 
 
 
 
 



 

 322 

NN NN
a
n
o
B
io
&
M
e
d

a
n
o
B
io
&
M
e
d

a
n
o
B
io
&
M
e
d

a
n
o
B
io
&
M
e
d
2
0
1
1

2
0
1
1

2
0
1
1

2
0
1
1
 

 
 

 
 

Im
a
g
in
e
N
a
n
o
 A
p
ri
l 
1
1
-1
4
, 
2
0
1
1
 

 

 
 



 

 

323 

NN NN
a
n
o
B
io
&
M
e
d

a
n
o
B
io
&
M
e
d

a
n
o
B
io
&
M
e
d

a
n
o
B
io
&
M
e
d
2
0
1
1

2
0
1
1

2
0
1
1

2
0
1
1
 

 
 

 
 

Im
a
g
in
e
N
a
n
o
 A
p
ri
l 
1
1
-1
4
, 
2
0
1
1
 

 

DIAGNOSTIC AND THERAPEUTIC CHALLENGES IN NEURODEGENERATIVE DISEASES 

Gurutz Linazasoro 

INBIOMED Foundation, San Sebastián, Spain 
 
 
Nanotechnology will play a key role in developing new diagnostic and therapeutic tools. 
Nanotechnologies use engineered materials with the smallest functional organization on the 
nanometre scale in at least one dimension. Some aspects of the material can be manipulated resulting 
in new functional properties. 
 
Neurodegenerative diseases of the elderly currently represent a major challenge to the health care 
system. With the increasing longevity of the general population, the predicted figures for the 
prevalence of these disorders and their global financial impact are truly staggering. For example, it has 
been estimated that by 2030 as many as 7.7 million people in the US will have Alzheimer’s disease, 
and by 2050 this number will reach approximately 13.5 million, with total annual costs for care rising 
from $172 billion in 2010 to $1.08 trillion in 2050. This analysis does not take into account the value of 
unpaid care provided by families and others, estimated to have been $144 billion in 2009. In the UK, 
the cost of dementia is now estimated to exceed the combined cost of cancer, heart disease and 
stroke. The prevalence of Parkinson’s disease is expected to double by the year 2030, and, given the 
greater risk of Parkinson’s disease dementia in elderly individuals with Parkinson’s disease, it is 
expected that the health care costs for this disorder will increase even more relative to the prevalence 
of the disease. These concerns highlight the urgent need for the development of effective disease-
modifying therapies. Effective treatment would have a major influence on the economic and social 
burden of these age-related disorders. For example, in the case of Alzheimer’s disease, it has been 
estimated that a delay in onset by 5 years would translate into a 50% decrease in disease prevalence, 
and a delay of 10 years would result in a virtual disappearance of the disease. Unfortunately, despite 
considerable investment, to date all attempts at developing such treatments have failed. In summary, 
there is an urgent need of developing reliable biomarkers of very early phases of the 
neurodegenerative process and to discover effective therapies directed at the core of the biological 
process in order to stop disease progression. 
 
Besides this general and urgent need, there are many other key points in the diagnosis and tretatment 
of neurodegenerative diseases that can be targeted by nanotechnologies. Among them it is worth 
mentioning: 
 
1. - Early diagnosis: 

a) To monitor the rate of cell loss in brain nuclei and alert the defence system and the 
compensatory mechanisms systems (neurogenesis included) when the rate is exceeding the 
normal expected decline. 

b) To monitor the state of defence and compensatory mechanisms. 
c) To create biosensors to monitor neurotransmitter levels in precise locations within the brain 

which can be reduced long before the appearance of symptoms. 
d) To improve image technologies (Fluorophores and quantum dots) which may also facilitate 

surgical approaches. 
e) Systems to detect abnormalities in plasma, thus avoiding the need of invasive tools. 

 
2. - Study of pathogenetic mechanisms. To increase our knowledge about the mechanisms of cell 
death, thereby opening the doors to new drug targets. 
 
3. - Treatment  

• To direct drugs to their target in a very specific way: Smart targeted drug delivery systems. 
Drugs can act on signalling pathways required for neurotransmission (symptomatic effect) or 
in signalling pathways involved in neurodegeneration (neuroprotection and neurorescue). (eg. 
Nanoparticles, drug encapsulation strategies, multifunctional nanotherapeutics, ablation of 
areas with nanoparticles, DNAbots to identify and destroy pathogenic proteins,...)  

• To develop systems able to overcome the blood brain barrier (eg, biobar codes)  
• To create biosensors to monitor neurotransmitter levels in precise locations within the brain. 



 

 324 

NN NN
a
n
o
B
io
&
M
e
d

a
n
o
B
io
&
M
e
d

a
n
o
B
io
&
M
e
d

a
n
o
B
io
&
M
e
d
2
0
1
1

2
0
1
1

2
0
1
1

2
0
1
1
 

 
 

 
 

Im
a
g
in
e
N
a
n
o
 A
p
ri
l 
1
1
-1
4
, 
2
0
1
1
 

 

• Intracellular manipulations and interventions: To repair DNA and other damages, cleaning of 
deposits of aggregated abnormal proteins,…  

• To introduce genes and proteins required for normal functioning in a highly controlled way 
(durable and controlled expression of the gene) avoiding the needs of viral vectors and 
complex control systems or of infusion pumps (Eg organic silica particles)  

• To create bridges between different nuclei affected by the degenerative process and to favour 
their development by blocking the expression of antireparative signals (no-go, etc)  

• Creation of media to push the development of functional specific type of neurons from stem 
cells. 

 
 
All these points can be considered as opportunities for nanotechnologies. Indeed, the NEURONANO 
era is here. 
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LAYER-BY-LAYER ASSEMBLY OF BIOMOLECULE-SILICA NANOPARTICLE HYBRIDS FOR 
ELECTROCHEMICAL BIOSENSORS 

Sven Christian Feifel and Fred Lisdat 

Biosystems Technology, Technical University Wildau Bahnhofstrasse1, 15745 Wildau, Germany 
flisdat@th-wildau.de, feifel@th-wildau.de 

 
 
Biomolecule-nanoparticle hybrid systems have excellent prospects for interfacing biological 
recognition events with electronic signal transduction so as to design a new generation of bioelectronic 
devices with high sensitivity. Direct electron transfer between redox proteins and electrodes is of 
practical and theoretical interest and can be improved by electrode or protein modification. 
Communication between proteins immobilized in multiple layers on the electrode can be achieved by 
in situ generation of small shuttle molecules or more advantageously by direct interprotein electron 
transfer. This allows the construction of new sensing electrodes.[1,2] As a new approach we have 
tested the use of modified silica nanoparticles (SiNPs) for the built up of fully electro-active cytochrome 
c (CytC) multilayer assemblies. For this purpose silica nanoparticles of different size are synthesized 
by adjustment of the Stöber method[3] and the SiNPs were modified by silan-based chemistry[4], to be 
applied for assembly formation by the layer-by-layer deposition technique. 
 
In this study we use carboxy-modified SiNPs to provide an artificial environment - similar to that of the 
redox protein in the native system - to construct fully electro-active CytC multilayer architectures. The 
particles are characterized by dynamic-light-scattering (DLS), zeta-potential and FT-IR. The conditions 
of assembly formation and stability are determined by QCM. The electrochemical properties of the 
multilayer assemblies are analyzed by cyclic voltammetry (CV). Special focus is on the size influence 
of the SiNPs and the electron transfer ability of the multilayer assembly, in dependence on the 
deposited protein layers. This novel approach may provide a general way to fabricate enzyme 
multilayers useful in practical applications for biosensors. A future aim is the embedment of specific 
enzymes into these assemblies to obtain sensorial signal chains. 
 
 
References:  
 
[1] F. Lisdat, R. Dronov, H. Möhwald, F. W. Scheller, D. G. Kurth,; Chem. Commun. 2009, 274-283. 
[2] S. M. Bonk, F. Lisdat; Biosens. Bioelectron. 2009, 25, 739-744. 
[3] W. Stöber, A. Fink, E. Bohn; J. Colloid Interface Sci. 1968, 26, 62-69. 
[4] R. D. Badley, W. T. Ford, F. J. McEnroe, R. A. Assink; Langmuir 2006, 22, 4357-4362. 
 
 
Figures:  

 
 
Figure 1: Cyclic voltammetry of SiNPs/CytC multilayer assemblies, (M) Au-MU/MUA-CytC, (1) M-[SiNPs/CytC]1, 
(2) M-[SiNPs/CytC]2, (3) M-[SiNPs/CytC]3, (4) M-[SiNPs/CytC]4 for comparison (scan rate100 mV/s, KPP pH7). 
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SYNTHESIS OF POSITRON EMITTER LABELED METAL OXIDE NANOPARTICLES FOR BIODISTRIBUTION 
STUDIES BY DIRECT ACTIVATION WITH HIGH ENERGY PROTONS 

Jordi Llop
1, Carlos Pérez Campaña1, Vanessa Gómez-Vallejo1, Eneko San Sebastián1,  

Abraham Martín1, Torsten Reese1, R.Ziolo3, Sergio E. Moya2 
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Nanoparticles (NPs) are widely used and have potential applications in different areas like health care, 
electronics, manufacturing, food industry, etc. The widespread use of NPs raises several issues 
regarding their possible toxicological end points. A key issue regarding the study of the possible 
toxicological effects of NPs is to determine their biological fate and biodistribution. For this, the use of 
animal models and the application of techniques such as Magnetic Resonance Imaging (MRI) and 
Positron Emission Tomography (PET) become highly necessary. There is, therefore, an increasing 
interest for the development of radiolabeling strategies of such NPs, either to determine their 
pharmacokinetic properties or to assess potential toxicological effects related to long term exposure. 
 
The objectives of the present work are: 
 

1. To develop a new strategy for the introduction of a radioactive atom (positron emitter) in the 
core of metal oxide NPs. 

2. To characterize NPs before and after irradiation to evaluate the effects of activation in the 
physic-chemical properties. 

3. To perform preliminary in vivo biodistribution studies in rodents. 
 
Aluminum oxide NPs incorporating Oxygen-18 in their crystalline structure (which can be activated to 
the positron emitter Fluorine-18, half-life = 110 min) were synthesized by dissolving an aluminum salt 
(AlCl3, Al2(SO4)3) in [18O]H2O in the presence of a base (NH4OH, Urea). NPs were irradiated with 18 
MeV protons in an IBA cyclone 18/9 cyclotron. The activated NPs were introduced in a specifically 
designed phantom and measured with a PET camera (eXplore Vista-CT, GE Healthcare) for 6 hours 
in 1-20 minutes frames. Time-Activity Curves were obtained and the percentage of the activity as 18F 
was determined. In the best scenario (AlCl3 / NH4OH) up to 570 MBq/g of 18F were produced in 6 
minutes (Beam intensity on target: 5 µA, beam current: 0.5 µAh). Characterization by means of TEM, 
light Scattering and X-Ray showed no significant changes in crystal structure, crystal size and NP size 
after irradiation. In vivo studies were performed using PET after administration of the radioactive NPs 
to mice and rats (I.V. and oral). Images were co-registered with MRI to localize anatomically regions of 
interest (ROIs) and Time-Activity curves were determined for liver, kidneys, brain, lungs, stomach, 
intestine and bladder. 
 
In conclusion, metal oxide NPs containing 18O could be synthesized and activated by bombardment 
with high energy protons. The irradiation process did not introduce significant changes in particle size 
and crystal structure. Final amount of radioactivity was sufficient to perform whole body in vivo 
biodistribution studies in rodents. 
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ANIMAL MODELS OF DISSEMINATED DISEASE FOR THE DEVELOPMENT OF 
NANOPARTICLE-DIRECTED DELIVERY OF CANCER THERAPY 
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Nanomedicine offers an unprecedented opportunity for targeted drug delivery. The ability of 
nanometric size particles to enter cells through receptor-mediated endocytosis opens the possibility of 
designing vehicles for the specific delivery of therapy to disease cells. This directed delivery will highly 
increase the therapeutic window, by reducing the toxicity on normal cells whereas achieving an 
enhanced therapeutic response. Even rational therapies (e.g. monoclonal antibodies (mAb)) have 
limiting toxicities because they are biodistributed to both normal and diseased cells [1]. Thus, the 
combined effect of a specific delivery vector and a targeted drug, loaded into it, promises to improve 
current therapeutic approaches.  
 
Most cancer patients have macroscopic or subclinical metastases at diagnosis. Moreover, therapy for 
metastatic cancer is faced with high level of recurrence, acquired resistance and systemic toxicity [2]; 
thus, most patients nowadays still die because of metastases [3]. Novel targeted therapies, including 
mAbs have not significantly improved outcome in this disease [4]. Existing cancer therapies, including 
mAbs have been developed to block the primary tumor rather than the metastatic process. However, it 
is known that the same tumor displays a differential regulation of the cell cycle and cell death 
pathways [5] and a dramatically different response to the same drug [6] depending on the organ where 
it is growing.  The fact that currently used preclinical drug development models (mainly subcutaneous 
xenografts) do not predict clinical response to antitumor drugs [7] could be in part due to these 
differences. 
 
Animal models of disseminated disease can be used to assess the efficacy of targeted delivery 
systems as well as antimetastatic effect. We have developed orthotopic xenograft models of human 
colorectal and pancreatic tumors, as well as human lymphoma and leukemia, which closely reproduce 
the metastatic pattern observed in humans [8-11]. We are characterizing tumor cells for their 
mutational spectrum, to define targets for therapy, as well as the over-expression of membrane 
receptors, to identify target receptors for the selective delivery of therapy. The design of targeted 
vectors able to undergo receptor-mediated endocytosis in tumor cells and their ability to selectively 
deliver targeted therapy, against the oncogenes driving the tumor, inside tumor cells is being tested in 
such models. This approach may have a significant impact on cancer therapy [12]. Our capacity of 
using non-invasive radioactive, fluorescent or optical methods, to assess nanoparticle biodistribution 
and antimetastatic effect, will greatly facilitate our ability to evaluate the effectiveness of these novel 
therapies. 
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MICROFLUIDICS & MINIATURIZATION - THE TEENAGE YEARS ARE OVER... 

Andreas Manz 
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After a brief overview of historic micro- and nanotechnology for “lab on chip” devices, I will focus on 2 
examples of near market applications: Bacteria causing infections can be identified by detecting 
specific DNA sequences. This method is widely used and has a high degree of specificity. However, 
for this purpose, the micro organisms will have to be captured, and it is not clear whether they are 
dead or alive. Metabolite studies have the advantage that remote evidence for live cells can be 
identified. 
 
I will present portable equipment for volatile metabolite quantification, based on multi-capillary GC and 
ion-mobility detection [1]. The raw data is mathematically treated to receive best discrimination of 
patient groups. Applications for diagnostics of lung infections and lung cancer will be shown. In 
addition, a chip-based hand held real-time PCR instrument will be presented. A "virtual reactor" 
approach, i.e., a free droplet in oil, is used for thermal cycling and subsequent melting temperature 
profiling of the PCR product [2]. 
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NEW NANOBIOTECHNOLOGICAL APPROACHES FOR THE DIAGNOSTIC OF INFECTIOUS AND 
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Future trends in medicine demand for rapid, reliable diagnostic technologies able to assist doctors on 
a more personalized and efficient medicine. At the same time, the so-called “omic” technologies have 
accelerated the number of candidate biomarkers discovered pointing to a future in which the heath 
status or disease of an individual will be established based on molecular signatures or footprints 
showing if there is any alteration on the biomarker expression profiles. Biotechnology, 
microtechnology and more recently nanotechnology are the most promising emerging technologies of 
the last decades. At the interface of these sciences lies the nanobiotechnology (or the 
micro/nanobiotechnology) which makes use of the knowledge from these fields to create biological 
micro/nanosystems and biofunctional devices. The Nanobiotechnology and Biomolecular Diagnostics 
research line of the CIBER-BBN supports research in this direction with a clear aim to translate the 
results into the clinical arena. With this final goal, several ongoing projects are addressing the 
possibility to develop a new generation of improved diagnostic devices and biosensing systems based 
on novel nanobiotechnological approaches. 
 
Examples illustrating the use of nanoparticles, nanostructured materials and microelectronic devices 
to create functional biohybrid materials for the detection of bioactive substances will be presented in 
this oral communication. Thus, reliable methods for rapid, selective detection of pathogens for 
diagnosing infectious diseases, being necessary single-cell detection for certain types of body fluids 
(ex. blood or cerebrospinal fluid) and microorganisms (Pseudomonas aeruginosa, Staphylococcus 
aureus, etc), causing nosocomial diseases. On the other hand, cardiovascular diseases (CVD) are a 
major cause of death in Europe. The disease develops through a series of consecutive steps in which 
several validated and candidate biomarkers have been identified. Development of diagnostic methods 
able to simultaneously detect a panel of representative biomarkers of each of these stages would 
allow early-diagnosis before heart failure occurs. Regarding multiplexation, an interesting approach is 
the use of nanoparticles with distinct optical or electrical properties, such nobel metal nanoparticles, 
quantum dots (QDs) or other types of nanoparticles that show great potential for multiplexation. As an 
example, a fluorescent quantum dot (QD)-based antibody array has been developed to detect 
Escherichia coli in serum samples. The microarray reaches a detectability of 1CFU mL-1, three order 
of magnitude lower than the ELISA (enzyme-linked immunosorbent assay) using the same 
immunoreagents [1,2]. On the other hand, the localized surface plasmon resonance of noble metal 
nanorods with different aspect ratio allows envisaging the possibility to develop cost-effective 
multiplexed devices [3]. Similarly, in respect to electrochemical nanoprobes made of metal sulfides 
with distinct redox potentials. Finally, strategies for creating universal diagnostic devices based on 
DNA-directed immobilization approaches will also be discussed. 
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Figures:  
 

 
 

Figure 1: Dose-response curve for E. coli O157:H7 in a sandwich array-based assay. The standard curve was 
fitted to a quadratic polynomial equation as indicated by Herman et al [20] and the LOD was calculated using the 
statistical approach reported by Long and Winefordner [21]. Results correspond to the average and standard 
deviation of four assays run on 4 different days in duplicate (n = 12) 
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The use of inorganic nanoparticles for molecular imaging applications has attracted considerable 
interest in the last few years. Semiconductor nanocrystals (quantum dots, QDs) in particular have 
become important tools in biology as alternatives to traditional organic and genetically-encoded 
fluorophores [1]. For optical imaging, QDs offer high molar extinction coefficients and high quantum 
yields, strong resistance to photobleaching and degradation, continuous absorption spectra spanning 
the UV to the near infrared (depending on the size and elements forming the semiconductor core), 
narrow emission and large Stokes shifts. In addition, QDs have large two-photon cross-sectional 
efficiency (2-3 orders of magnitude that of organic dyes), which makes them ideal also for in vivo 
deep-tissue imaging using two-photon excitation [2]. 
 
However, QDs could potentially become more than passive bio-probes. New risks and new 
opportunities may arise when QDs are combined and interact with other molecules. We are 
particularly interested in the interactions between QDs and components of the immune system, and 
between QDs and photoactive molecules which can target/damage DNA. 
 
The immune system has the essential task of controlling host defenses against infections and can be 
used to recognize and kill cancer cells. For these functions activation of a family of highly conserved 
and recently discovered receptors termed Toll-like receptors (TLRs) appears to be critically important 
[3]. The recognition/activation of each TLR is a complex event, and it is mediated by a specific 
pathogen-associated molecular pattern (PAMP) –a conserved molecular motif which is present in a 
bacteria and/or a virus and is absent in mammalian cells. We have found that QDs biofunctionalised 
with PAMPs provide strong stimulation of the mammalian immune system via TLR activation in both in 
vitro and in vivo experiments [4]. Moreover, when the nanoparticle carries both an antigen and a TLR 
ligand the magnitude and quality of the immune response is significantly improved. These results 
suggest that QDs and other traceable nanoscopic materials can, as pathogen-mimetic materials, 
make important contributions in fundamental and applied research pertinent to the development of 
safer and more effective vaccines. 
 
The site-directed generation of cytotoxic effects upon targeted light irradiation to convert 
photosensitive inert chemical compounds into toxic tumour-killing agents is, on the other hand, 
becoming an increasingly successful treatment for some forms of cancer. Currently this new 
anticancer technique – photodynamic therapy (PDT) – requires an organic dye to absorb the radiation 
and use it to generate cytotoxic singlet oxygen, which has considerable limitations [5]. Our recent 
studies suggest that it may be possible to develop alternative PDT methodologies by combining 
suitable QDs with suitable photoactive metal complexes and light of a specific wavelength [6]. 
Moreover, we have found that the same type of combination can significantly enhance DNA damage 
[7]. Thus, in the context of targeting cancer there could be an opportunity for the interaction between 
QDs and small photoactive molecules to be exploited to generate or release in a controlled fashion 
anticancer drugs or other cytotoxic species using light. 
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MICRO-ORDERING OF LUMINESCENT NANOPARTICLES BY TARGETING OF BIOMOLECULES 
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Nowadays a great effort has been directed towards the early detection of pathogenic agents or cancer 
cells by optical methods. One of the most investigated approaches is the use of inorganic luminescent 
nanoparticles (quantum dots, gold nanorods and lanthanide doped nanoparticles), which have been 
used to obtain high resolution images of cancer cells in in-vitro and in-vivo assays. The specificy of 
bioassays can be improved by using the interactions between ligands found on cell surfaces and 
protein receptors as they are involved in several biological processes such as bacteria and virus 
adhesion, cancer diseases, inflammation, immunology, and cell-cell communications. Thus, it is of vital 
importance to develop nanoparticles exposing multiple copies of these ligands to be potentially used in 
highly sensitive assays for the detection of bacteria or virus infections, or cancer tumors. 
 
As natural polysaccharide, chitosan (containing glucosamines groups) is used in many biological 
applications as it is nontoxic, biocompatible and biodegradable. It display multiple biochemical 
functions at its surface chitosan so could serve as support to bind luminescent nanoparticles with the 
above mentioned ligands, so it would be possible to develop luminescent markers for the detection of 
specific biomolecules. Thus in this study chitosan molecules were patterned at the surface of epoxy-
silane modified slides and, it was demonstrated that the chitosan labeled at the surface of these 
modified-slides is able to strongly interact with water dispersible NaGdF4:Er3+,Yb3+ up-converting 
luminescent nanoparticles. 
 
Chitosan molecules have been directly patterned on modified slides using microcontact printing, a 
method that has been very successfully adopted for the precise and gentle transfer of biomolecules 
(proteins, DNA and lipid bilayers) from stamp a to a substrate. This occurs in a few seconds and 
without loss of biological activity. The stamps were fabricated using Polydimethylsiloxane (PDMS) 
(Sylgard 184). PDMS was molded using a prefabricated master, consisting in a grating with 
250 lines/mm. The stamp was then inked with a chitosan /acetic acid solution and pressed after drying 
in the silane coated slide allowing for a conformal contact between the stamp and the surface of the 
glass-slide. The transfer of the chitosan molecules from the stamp to the glass-slide could be 
observed by using an optical microscope under reflection illumination (see Figure 1(a)). The fabricated 
chitosan patterns were then submerged in a water solution of NaGdF4:Er3+,Yb3+ (1mg/mL) 
nanoparticles. These nanoparticles were synthesized by acidic treatment of the nanoparticles 
previously synthesized via the thermal decomposition procedure. 
 
After removing the sample from the solution, it was abundantly washed with distilled water. To ensure 
the presence of the nanoparticles in the sample after the washing process, the sample was illuminated 
by a laser diode with 980 nm wavelength. A strong green signal was observed with the naked eye. 
The emission spectrum of the sample was then characterized, corresponding to the Er3+ emission 
spectrum. To ensure the binding of the nanoparticles to the patterns, the washing procedure was 
repeated 10 times. The intensity emitted by the nanoparticles was not observed to significantly 
decrease after the washing process, indicating a strong binding chitosan-nanoparticles. 
 
The characterization of the samples has been carried out by two different optical techniques. By Near-
field Scanning Optical Microscopy (NSOM) optical contrast could be observed between the lines with 
chitosan and the surrounding regions, the higher brightness corresponding to the chitosan lines. Then 
we use fluorescence microscopy to detect the distribution of the nanoparticles in the sample. For this 
purpose we focused a 980 nm wavelength laser beam by means of a 100X objective, and the variation 
of the luminescence intensity of the sample was mapped. Although we could detect Er3+ emission from 
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the nanoparticles along the entire sample (see Figure 1(b)), the intensity of emission was higher along 
the chitosan lines, showing that the nanoparticles bind preferably to the chitosan molecules. 
 
In conclusion, we have demonstrated that luminescent nanoparticles can bind to chitosan molecules. 
We have demonstrated this preference by the fabrication of chitosan micropatterns where the 
nanoparticles are preferently bound. In addition to the biological applications of the nanoparticles to 
targeting of specific biomolecules, the work describes a fast and easy technique for the fabrication of 
luminescent micro arrays, with applications in other fields of science and technology, as for instance 
biosensing, chromatography, diagnostic immunoassays, cell culturing, DNA microarrays, and other 
analytical procedures. 
 
 
 
 
Figures:  
 

 
 
Figure 1: (a) Optical microscope image of the micropatterned sample, white ones correspond to chitosan; (b) Er

3+
 

luminescence intensity across three chitosan lines showing the preferent binding of NaGdF4:Er
3+

,Yb
3+

 
nanoparticles to chitosan. Dotted lines are guides for the eyes. 
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SYNTHETIC STRUCTURES TO AID REGENERATION IN THE CENTRAL NERVOUS SYSTEM 
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Trauma brain injury, stroke and several neurodegenerative processes entail the loss of neuronal 
populations and of tissue structures. The very limited regeneration ability of the central nervous 
system has represented an unsurmountable obstacle for the overcoming of the ensuing disabilities. In 
this context, the discovery of the pluripotency of various cell types has opened wider possibilities for 
new therapeutic strategies. Nonetheless, cells supplied to injured or degenerated sites, and even cells 
migrating to those sites from nearby proliferative regions have proved to be short-lived and have failed 
to achieve significant improvements. This may be due to an impossibility for these cells to rebuild or 
restore lost neuronal circuitry connections, and also to the loss of viability of those cells in an 
aggressive microglial environment at the lesion site. It is in this situation where synthetic biomaterial 
structures may be of help, in that they may (i) host and supply in a neuroprotective environment cell 
populations for transplant; (ii) deliver neurotrophic factors; (iii) sustain and stimulate neural 
progenenitor cell differentiation and axonal growth; (iv) provide targeted guidance to axon outgrowth. 
Success of these synthetic structures has as a prerequisite their biocompatibilty, their integration in 
the host tissue without eliciting a glial scar that would invalidate their functions, and, possibly, their 
ability to be vascularized in order to maintain the viability of the biohybrid construct. These demands 
condition the choices of chemistries and the development of inner architectures and morphologies of 
the synthetic materials. Our group has been working in the identification of brain-compatible 
biomaterials and has developed different types of structures suited for implantation in the cortex and in 
the nigrostriatal tract [1]. The presentation discusses some of the results obtained in vitro and in vivo 
in rat model, with special reference to cell differentiation and migration, glial scar formation and 
angiogenesis. 
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Figures:  
 

 
 
Figure 1: Textured PCL microfilament (A) and olfactory ensheathing glial cells grown on them (B and C) 
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GLYCONANOTECHNOLOGY TO DEVELOP MULTIFUNCTIONAL AND MULTIMODAL NANOMATERIALS 
FOR BIOMEDICAL APPLICATIONS 
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During the last years our laboratory has developed a new technology (Glyconanotechnology) for 
tailoring - in a simple and versatile way – bio-functional gold nanoclusters (glyconanoparticles). [1,2,3] 
The manipulation of the metallic cluster to obtain magnetic nanoparticles for in vivo application in 
cellular labeling and imaging by magnetic resonance (MRI), is comprised within the potential of this 
novel technology. [4, 5]  
 
Glyconanoparticles (GNPs) bearing biological significant carbohydrates (antigens) in varying density 
have been prepared to study biological mechanisms [6, 7] and to intervene in cell adhesion processes. 
[8] The methodology includes the preparation of hybrid GNPs incorporating carbohydrates and other 
molecules such as fluorescent probes, biotin as well as biological molecules such as peptides, DNA 
and RNA. 
 
The design and preparation of complex bio-functional GNPs and their application as polyvalent tools 
to study and intervene in carbohydrate mediated biological interactions will be highlighted. As 
examples of application in Nanomedicine, the preparation and study of GNPs as anti-adhesion agents 
in inhibition of metastasis, [8] as potential microbicides for blocking HIV-1 infection, [9] or as magnetic 
probes for in vivo labeling and tracking specifically cells by means of magnetic resonance imaging 
(MRI) will be also reviewed. 
 
 
 
 
References:  
 
[1] J. M. de la Fuente et al., Gold Glyconanoparticles as Water-Soluble Polyvalent Models To Study 

Carbohydrate Interactions, Angew. Chem. Int. Ed., 40 (2001) 2258-2261. 
[2] A. G. Barrientos et al., Gold Glyconanoparticles: Synthetic Polyvalent Ligands Mimicking 

Glycocalyx- Like Surfaces as Tools for Glycobiological Studies, Chem. Eur. J. 9 (2003), 1909-
1921. 

[3] I. García et al., Glyconanoparticles: multifunctional nanomaterials for biomedical applications. 
Nanomedicine, 5, (2010) 777-792 

[4] J. Gallo et al., Water-soluble magnetic glyconanoparticles based on metal-doped ferrites coated 
with gold: Synthesis and characterization. J. Mat. Chem.20 (2010) 10010-10020 

[5] I. García et al., Magnetic Glyconanoparticles as a Versatile Platform for Selective Immunolabeling 
and Imaging of Cells. Bioconjugate Chem. doi.org/10.1021/bc1003923 

[6] M.-J. Hernáiz et al., A Model System Mimicking Glycosphingolipid Clusters to Quantify 
Carbohydrate Self-Interaction by Surface Plasmon Resonance, Angew. Chem. Int. Ed. 41 (2002) 
1554-1557. 

[7] J. M. de la Fuente et al., Thermodynamic Evidence for Ca2+ mediated self-aggregation of Lewis 
X gold glyconanoparticles. A model for cell adhesion via carbohydrate-carbohydrate interaction, 
J. Am. Chem. Soc. 127 (2005) 6192-6197. 

[8] J. Rojo et al., Gold Glyconanoparticles as New Tools in Anti-adhesive Therapy, ChemBioChem. 5 
(2004) 291-297. 

[9] O. Martínez-Ávila et al., Multivalent Manno-Glyconanoparticles Inhibit DC-SIGN Mediated HIV-1 
trans-Infection of Human T-cells. ChemBioChem. 10 (2009) 1806-1809. 

 
 
 
 



 

 342 

NN NN
a
n
o
B
io
&
M
e
d

a
n
o
B
io
&
M
e
d

a
n
o
B
io
&
M
e
d

a
n
o
B
io
&
M
e
d
2
0
1
1

2
0
1
1

2
0
1
1

2
0
1
1
 

 
 

 
 

Im
a
g
in
e
N
a
n
o
 A
p
ri
l 
1
1
-1
4
, 
2
0
1
1
 

 

 



 

 

343 

NN NN
a
n
o
B
io
&
M
e
d

a
n
o
B
io
&
M
e
d

a
n
o
B
io
&
M
e
d

a
n
o
B
io
&
M
e
d
2
0
1
1

2
0
1
1

2
0
1
1

2
0
1
1
 

 
 

 
 

Im
a
g
in
e
N
a
n
o
 A
p
ri
l 
1
1
-1
4
, 
2
0
1
1
 

 

A NOVEL DNA CHIP FOR SINGLE MOLECULE ANALYSIS 
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Biopuces, CNRS, INRA, INSA, 135, avenue de Rangueil, 31077 Toulouse, France 

plenat@ipbs.fr, salome@ipbs.fr 

 
 
The last two decades have seen the emergence of single-molecule experiments [1]. By avoiding the 
ensemble averaging inherent to traditionnal bulk-phase biochemistry, the study of molecular 
machineries at the single-molecule level permits a better understanding of the behavior of living 
systems. Indeed the dynamics of the machineries processes can be characterized and rare 
subpopulations can be identified [2]. 
 
One of the main shortcoming of single molecule experiments is that the acquisition of statistically solid 
data is very time consuming, which explains the fact that they are still not widely used in laboratories. 
 
We will present the development of a new single DNA chip, allowing the simultaneous analysis of 
hundreds of single DNA molecules by the Tethered Particle Motion (TPM) technique. Our single DNA 
chip gives high-throughput capabilities to this approach of valuable interest for multiple applications. 
 
The principle of a TPM experiment consists in tracking a bead tethered at the free end of a DNA 
molecule which is immobilized by the other end to a coverslip thanks to optical videomicroscopy. The 
amplitude of the Brownian motion of the bead is related to the effective length of the DNA molecule 
[3]. Any conformational change of the DNA molecule due to external factors (proteins, ions, 
temperature), that induces a variation of the effective length of the DNA tether, can be thus monitored 
by TPM [4]. 
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BIO-TEMPLATED SYSTEMS FOR NANOELECTRONICS 
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In our research we use bio-templated systems to realize one-dimensional conducting nanowires and 
nanodevices for scientific investigation of electrical charge transport in these systems, for 
nanoelectronics and for nanotechnology applications. One example is dsDNA and its synthetic 
derivatives. Within this frame we measured electrical charge transport in dsDNA, measured the energy 
level spectrum of dsDNA, showed polarizability of DNA derivatives and more. I will briefly review our 
previous results and our ongoing activity in this direction. Another example for bio-templated systems 
is the SP1 protein which is hybridized with various nanoparticles to form memory units and protein-
particles conducting chains. We demonstrate the construction of various building blocks, acquiring 
specific attachment to gold or Si surfaces, array formation and finally charging and logic operations in 
hybrid SP1-nanoparticle systems. I will review this activity in more details. The research is conducted 
by my group in close collaboration with several groups from complementary fields. 
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Figures:  
 

 
 

Figure 1: SP1 protein as a basis for nanoelectronic applications: (a) TEM of a single SP1 protein. (b) A large 
packed ordered array of SP1 molecules. Lower inset: a scheme of the array, upper inset: enlargement of part of 
the array, where the hexagonal packing is marked. (c) Overlaid scheme of the suggested memory array. (d) 
Scheme of the suggested implementation, where the writing is by charging individual particles with AFM and 
reading by EFM. (e-f) Two charged states of the hybrid and topography (inset). (g) Scheme of chain structures. 
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SURFACE CELL GROWTH ENGINEERING ASSISTED BY A NOVEL BACTERIAL NANOMATERIAL AND 
THE IMPACT OF GENETIC TAILORING ON THEIR PROPERTIES 
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Bacterial inclusion bodies (IBs) are highly pure protein deposits in the size range of a few hundred 
nanometers produced by recombinant bacteria.[1] Although IBs were supposed to be undesirable side 
products on protein transcription processes it has been recently probed that those intriguing 
nanoparticulate proteic materials retain part of their original functionality and further more that it is 
possible to tailor its properties during biological production. The polypeptide chains that form IBs fold 
into an unusual amyloid-like molecular architecture compatible with their native structure, thus 
supporting the biological activities of the embedded polypeptides (eg fluorescence or enzymatic 
activity).[2] Therefore, a wide spectrum of uses as functional and biocompatible materials might arise 
upon convenient engineering.[3] Although theoretically feasible through adjusting genetic and 
production conditions, the biophysical features of these proteinaceus nanoparticles, such as activity 
and size, have been never engineered and very few is known about their physicochemical properties. 
 
As IBs are biofunctional by nature, engineering of IBs might have wide applications in different 
nanomedical scenarios. In this study (Figure 1), we have characterized the relevant nanoscale 
properties of IBs as particulate materials using Scanning Electron Microscopy (SEM), Dynamic Light 
Scattering (DLS), Atomic Force Microscopy (AFM) and Confocal Microscopy (CM). We have 
demonstrated that these particles are mechanically stable and fully biocompatible, and that their size 
and biological activities can be tailored by appropriate genetic and process engineering.[4-6] 
Moreover, wettability and nanomechanical studies developed on IBs produced in different Escherichia 
coli genetic backgrounds depict distinguishable characteristics within the proteinaceous nanoparticles. 
(Figure 2 and 3).[5] As a proof of concept of the biomedical potential of IBs we have modified the 
topology of surfaces suitable for mammalian cell culture by adsorbing these particles, resulting in a 
dramatic stimulation of cell proliferation.[6] Furthermore, IB-grafted surfaces have been produced by 
using the microcontact printing (mCP), on which cell growth has been driven in desired patterns 
(Figure 1 g-i). Furthermore it was possible to observe how cultured mammalian cells respond 
differentially to inclusion body variants when used as particulate materials to engineer the nanoscale 
topography, proving that the actual range of referred mechanical properties is sensed and 
discriminated by biological systems.[5] The unique properties of this proteinaceous material including 
biocompatibility, manipulability and functionality make it especially appealing for regenerative 
medicine. 
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Figures:  
 

 

Figure 1: IBs formed by the green 
fluorescence protein (GFP) when produced in 
bacteria (a), after purification (b), and under 
confocal analysis for florescence mapping 
(c). In (d) and (e), purified inclusion bodies 
observed by SEM and AFM respectively. In 
(f), BHK21 cells growing on polystyrene 
plates decorated with GFP IBs. In (g), a silica 
surface patterned with pure GFP IBs, that still 
being fluorescent (h), drive the growth of 
BHK 21 cells under the same lineal pattern 
(i). 

 

Figure 2: Histogram representation of the 
number of events vs. Young modulus for IBs 
produced in bacterial mutants. a) Wt IBs 
showing only one peak at 3.73 MPa; b) 
DnaK- IBs show two overlapped Young 
modulus distributions which centered at 3.56 
and 7.75 MPa; c) ClpA- IB show the 
presence of two different young modulus 
distributions, at 5.01 and 10.99 MPa; d) 3D 
representation of the later histograms. 

 

Figure 3: 2D software developed 
reconstruction of the elasticity maps of 
selected IBs from the three genetic 
backgrounds. a) wt IBs, b) DnaK- IBs, c) 
ClpA- IBs. Observations infer the existence of 
a homogeneously spread distribution of 
Young modulus values over the wt IBs. On 
the other hand, maps obtained for DnaK- and 
ClpA- IBs indicate the existence of two 
elasticity populations, with the harder areas 
segregated and localised on the centre of the 
DnaK- IBs and on the right side of ClpA- 

particles. 
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STUDYING SURFACE-ADSORBED COLLOIDAL PARTICLES WITH QUARTZ CRYSTAL 
MICROBALANCE: HYDRODYNAMIC EFFECTS 

I. Reviakine 

Centro de Investigación Cooperativa en Biomateriales, Parque Tecnológico de San Sebastián, 
E-20009 San Sebastián, Spain 

Department of Biochemistry and Molecular Biology, University of the Basque Country,  
48940 Leioa, Spain 

 
 
Quartz crystal microbalance (QCM) is widely used for studying soft interfaces in liquid environments. 
Many of these interfaces are heterogeneous in nature, in the sense that they are comprised of isolated 
entities adsorbed at a surface. When characterizing such interfaces, one is interested in determining 
parameters such as surface coverage and size of the surface-adsorbed entities. Currently this 
information is obtained by fitting QCM data—shifts in resonance frequency, ∆F, and bandwidth ∆Г 
(also referred to as dissipation shifts)—with the model derived for smooth, homogeneous films using 
the film acoustic thickness and shear elastic moduli as fitting parameters. This is the so-called 
continuum approach. Experimentally, we investigated adsorption of proteins, liposomes, and 
icosahedral virus particles on inorganic surfaces with QCM and with a combined atomic force 
microscopy (AFM)-QCM setup. Theoretically, we modeled the QCM response with finite element 
method (FEM) calculations based on the incompressible Navier-Stokes equation to incorporate 
hydrodynamic effects. 
 
The results of our studies can be summarized as follows. Experimentally, the relationship between the 
surface coverage and the frequency shift is not linear. This non-linearity can be modeled with the FEM 
calculations clarifying the contribution of the solvent to the frequency shift and the origin of dissipation 
in these heterogeneous films. In particular, our results show that the dissipation in these 
heterogeneous layers occurs mostly in the solvent and arises due to the motion of the adsorbed 
particles. In other words, it is not a measure of the elastic properties of the adsorbed particles, but 
rather of the particle-surface contact. 
 
To directly compare the predictions of the continuum approach with the experimental results, we focus 
on the ratio between the bandwidth and frequency shifts, ∆Г/∆F (the Df ratio). The continuum model 
predicts that this should increase both with surface coverage and particle size. Instead, we observe 
that this ratio increases with increasing particle size, but decreases with increasing surface coverage. 
This behavior is again consistently modeled with the FEM calculations: in other words, this is a 
hydrodynamic effect. 
 
Finally, we find that the size of the adsorbed colloidal particles can be recovered from a model-
independent analysis of the plot of the ∆Г/∆F ratio vs. the frequency shift on many overtones 
(Figure1). 
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Figures:  
 

 

Figure 1: The plot of the ∆Г/-∆F ratio vs. the frequency shift,      
-∆F /n, for liposomes and cowpea mosaic virus (CPMV) particles 
adsorbing on inorganic surfaces. Different overtones are 
represented by different colors. The ratio decreases with the 
frequency shift (~ surface coverage), but is greater for larger 
objects. The curves are nearly linear and extrapolate to 
frequency shifts that can be converted into object heights via the 
Sauerbrey relationship. These are found to correlate with the 
crystallographic dimensions of the CPMV particles and liposome 
sizes measured by dynamic light scattering. 
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NANOSCALE FILMS OF BIOMOLECULAR HYDROGELS – A NOVEL PLATFORM TO  
INTERROGATE THE RELATIONSHIP BETWEEN SUPRAMOLECULAR ORGANIZATION  

AND DYNAMICS, AND BIOLOGICAL FUNCTION 

Nico B. Eisele1,2, Patricia M. Wolny1,3 and Ralf P. Richter1,3 

1CIC biomaGUNE, Biosurfaces Unit, Paseo Miramon 182, 20009 San Sebastian, Spain 
2Max-Planck-Institute for Biophysical Chemistry, Am Fassberg 11, 37077 Göttingen, Germany 

3Max-Planck-Institute for Metals Research, Heisenbergstrasse 3, 70569 Stuttgart, Germany 
rrichter@cicbiomagune.es 

 
 
Nature has evolved complex materials that are exquisitely designed to perform specific functions. 
Certain proteins and glycans self-organize in vivo into soft and dynamic, strongly hydrated gel-like 
matrices. Illustrative examples of such biomolecular hydrogels are cartilage or mucus. Even though 
biomolecular hydrogels are ubiquitous in living organisms and fulfill fundamental biological tasks, we 
have today a very limited understanding of their internal organization, and how they function. The main 
reason is that this type of assemblies is difficult to study with conventional biochemical methods. 
 
In order to study biomolecular hydrogels directly on the supramolecular level, we have developed an 
unconventional approach that draws on knowledge from several scientific disciplines. Exploiting 
surface science tools, we tailor-make model films with thicknesses in the nanometer range by directed 
selfassembly of purified components on solid supports. With a toolbox of biophysical characterization 
techniques, these model systems can be investigated quantitatively and in great detail down to the 
nanometer scale. The experimental data, combined with polymer theory, allow us to develop a better 
understanding of the relationship between the supramolecular organization and dynamics of 
biomolecular hydrogels, their physico-chemical properties and their biological function. To illustrate 
this concept, I will present two examples of our recent research. They relate to (i) a nanoscopic protein 
hydrogel that is responsible for the regulation of all macromolecular transport between the nucleus 
and the cytosol of eukaryotic cells [1] (Figure 1), and (ii) a microscopic glycoconjugate hydrogel that is 
involved in fertilization as well as cancer progression [2, 3]. 
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Figures:  
 

 

Figure 1: Macromolecular transport between the cell’s 
nucleus and the cytosol occurs through nuclear pore 
complexes (NPCs). The transport is selective: objects 
(cargo) beyond a certain size (30 kDa) need to attach 
to soluble nuclear transport receptors (NTRs) in order 
to be channeled efficiently through the pore. A 
supramolecular assembly of specialized and natively 
unfolded protein domains within the NPC is thought to 
be the key component of the NPC´s permeability 
barrier. The mechanism behind transport selectivity is 
at present only poorly understood. We have developed 
ultrathin FG repeat domain films as a surface-confined 
model system of the permeability barrier. In this 
contribution, we will present how such model systems 
can provide insight into the mechanism of transport 
across the permeability barrier. 
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NANOSCALE PROPERTIES OF IMPLANTABLE BIOMATERIALS 

Federico Rosei 

INRS, Univ. of Quebec, Canada 
 
 
Modifying the nanoscale structure/chemistry of materials allows to tailor and optimize their properties 
[1]. Our strategy rests on creating nanopatterns that act as surface cues [2,3] and affect cell behavior. 
We developed a chemical treatment of Ti-based materials that produces a unique nanostructured 
topography [4], showing that chemical oxidation is a general strategy that affects biocompatibility [5]. 
Our treatment generates multifunctional surfaces that promotes the growth of certain cells while 
inhibiting that of others, without using any growth factors. Nanostructured Ti surfaces selectively inhibit 
fibroblastic cell growth [4] and promote osteogenic cell activity [6] in vitro. Controling nanoscale 
features and functionalizing surfaces with molecular overlayers [7] will lead to a new generation of 
intelligent biomaterials that selectively influence cell behavior at the tissue-biomaterial interface, for 
example by controlling the adsorption of proteins [9]. Further enhancement of mechano-
biocompatibility may be provided by coating with spider silk, whose structural/functional properties are 
currently being studied [10, 11]. 
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NANOBIOTECHNOLOGIES: DISRUPTING THE LOGIC OF THE DRUG INDUSTRY 

Valérie Sabatier, Vincent Mangematin 
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The emergence of nanobiotechnologies in the drug industry is not only a scientific challenge, it is also 
challenging corporate strategy and business models. Based on an analysis of recent changes in the 
drug industry, we identify which are the triggers of change in an industry’s dominant logic, defined as 
the general scheme of value creation and capture shared by its actors. Breakthrough innovations 
leading to technological discontinuities are a necessary, but not sufficient, condition for the disruption 
of such dominant logics. The emergence of new business models questions an industry’s existing 
value chain and the relations between its actors.  
 
We argue that in the drug industry, experiencing strong discontinuities and with high technological 
uncertainties, business models will tend to fit into the dominant logic of the industry and value chains 
will remain unchanged. But, as the new technologies evolve and uncertainty decreases, disruptive 
business models will emerge and challenge dominant industry logics and reshape established value 
chains, especially if they involve new and diversifying players joining the industry.  
 
As technologies emerge and converge, they are leading us towards a more holistic healthcare 
industry. New approaches to healthcare – such as personalized medicine, nanobiotechnology, 
theranostics, or systems biology – are opening new business opportunities that build on new ways to 
address patients’ needs and that provide physicians and hospitals with new therapeutic principles. 
Nanobiotechnologies, defined as the applications of nanotechnologies in the life sciences [1], promise 
improvements in diagnostics and drug delivery, particularly in the quantity and toxicity of drugs 
injected into patients. It offers the promise of a convergent approach that can merge diagnosis, 
treatment and monitoring.  
 
We observe here the beginnings of a new industry that will emerge from the upheaval of the 
established drug industry and its merging with the diagnostics and other industries. We will discuss the 
new business opportunities and what firms are doing today in order to prepare tomorrow, in a new 
drug industry being transformed by nanobiotechnologies. 
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NANOBIOPLATFORM BASED ON OLFACTORY RECEPTORS FOR DIAGNOSTIC PURPOSES 

Josep Samitier 
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The use of smell in different fields has been rediscovered due to major advances in odour sensing 
technology and artificial intelligence. However, current electronic noses, based on electronic sensors, 
have significant limitations relating sensitivity, reliability and selectivity, amongst others. These 
limitations are at the basis of recurrent troubles of the electronic nose technology to reach essential 
applications in different areas, such as food safety, disease diagnosis, security, environment. 
 
An electronic nose (E-nose) can be regarded as a modular system comprising: a set of active 
materials that detect the odour; associated sensors that transduce the chemical response into 
electrical signals, and an appropriate signal conditioning and processing to classify known odours or 
identify unknown odours, through the processing system (done by the brain in the human nose).  
 
Similar concepts as in the case of the E-nose, but for analysis in liquids have been described recently. 
These systems are related in similar ways to the sense of taste, so for them the terms ‘electronic 
tongue’ or ‘taste sensor’ have been created. Such systems use as sensors lipid/polymer membranes 
on a multichannel electrode, resonant sensors, sensor beads or the principle of voltammetry.  
 
Recently, a number of cell-based biosensors have been designed, using yeasts, or more specialized 
taste or olfactory sensory neurons, or even cells recombinantly expressing olfactory receptors (ORs), 
to measure changes of electrical parameters in the presence of volatile chemical compounds. These 
findings will allow the development of a new generation of nanobiosensors to detect chemical 
volatiles.  
 
The BOND project proposes a new bioelectronic nose based in olfactory receptors in order to mimic 
the human nose. For this aim, micro/nano, bio and information technologies will converge to develop 
an integrated bioelectronic analytical nanoplatform platform based on olfactory receptors for odour 
detection. The general objective of the BOND project is to develop an array of smart nanobiosensor 
based on olfactory receptors for the detection of odorant signatures. 
 
Briefly, the basis of the nanobioplatform will be the olfactory receptors (OR), proteins specifically 
sensitive to the odorants belonging to the odorant disease signature prepared in the form of small 
vesicles immobilized onto the nanotransducers. An array of smart nanotransducers will acquire and 
process electronically the odour detected. Such an easy-to-use nanobioplatform, with user-friendly 
interface and odorant identification algorithm, will detect and discriminate the production profiles of 
odour compounds. 
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DOXORUBICIN LOADED MAGNETIC POLYMERSOMES: 
THERANOSTIC NANOCARRIERS FOR MR IMAGING AND MAGNETO-CHEMOTHERAPY 

Olivier Sandre, Charles Sanson, Odile Diou, Julie Thévenot, Emmanuel Ibarboure, Alain Soum, 
Annie Brûlet, Sylvain Miraux, Eric Thiaudière, Sisareuth Tan, Alain Brisson and  

Sébastien Lecommandoux 
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olivier.sandre@ipb.fr 

 
 
Hydrophobically modified maghemite (γ-Fe2O3) nanoparticles were encapsulated within the membrane 
of poly(trimethylene carbonate)-b-poly(L-glutamic acid) (PTMC-b-PGA) block copolymer vesicles using 
a nanoprecipitation process. This formation method gives a simple access to highly magnetic 
nanoparticles (MNPs) (loaded up to 70 wt %) together with a good control over the vesicles size (100 
to 400 nm). The simultaneous loading of maghemite nanoparticles and doxorubicin was also achieved 
by nanoprecipitation. The deformation of the vesicle membrane under an applied magnetic field has 
been evidenced by small angle neutron scattering. These superparamagnetic hybrid self-assemblies 
display enhanced contrast properties that open potential applications for Magnetic Resonance 
Imaging. They can also be guided in a magnetic field gradient. The feasibility of controlled drug 
release by radio-frequency magnetic hyperthermia was demonstrated in the case of encapsulated 
doxorubicin molecules, showing the viability of the concept of magneto-chemotherapy. These 
magnetic polymersomes can be used as efficient multifunctional nano-carriers for combined therapy 
and imaging. 
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Figures:  
 

 

Figure 1: Left: Sketch of dually-loaded vesicles 
prepared by addition of an aqueous buffer into a 
mixture of PTMC-b-PGA copolymer, 
hydrophobically coated magnetic nanoparticles 
and doxorucin drug. Right: Cryo-TEM image of 
vesicle showing the dense mantle of MNPs, 
which excitation by a radiofrequency magnetic 
field transmits heat locally to membrane and 
accelerates the DOX release. 
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SPECIFIC IMMOBILIZATION AND PURIFICATION OF RECOMBINANT PROTEINS USING 
DIETHYLAMINOETHYL-FUNCTIONALIZED MAGNETIC NANOPARTICLES 
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The affinity of proteins for their ligands is usually employed in several biotechnological processes that 
involve their immobilization on solid surfaces, among which affinity chromatography is perhaps the 
best known application. In this sense, the choline-binding modules (CBMs) such as the CLytA protein, 
have been used in these tasks with appreciable success [1-4]. CBMs constitute a family of 
polypeptides that are part of several enzymes such as the murein hydrolases from Streptococcus 
pneumoniae (pneumococcus) [5-6] and that present a high affinity for choline and other tertiary and 
quaternary amines [7], as well as for supports that contain these groups, such as diethylaminoethyl 
(DEAE)-cellulose. Fusion proteins containing one of these choline-binding modules as affinity tags can 
be immobilized and/or purified in a single chromatographic step by means of a simple, gentle, 
noncovalent procedure [1-4,8]. 
 
With the aim of checking the performance of the CBM system on the immobilization of proteins in 
nanostructures, we have evaluate the binding of the C-LytA and C-LytA fusion proteins on several 
classes of magnetic nanoparticles. Firstly, we carried out the synthesis of Fe2O3 magnetic 
nanoparticles by coprecipitation methods which were subsequently coated with DEAE-dextran, with a 
resulting diameter of ~ 10 nm. On the other hand, we also assayed commercial magnetite 
nanoparticles coated with DEAE-starch (Fig. 1) (200 nm diameter) or with DEAE-silica (750 nm 
diameter). In all cases we observed a very efficient binding of the C-LytA module, either isolated or 
fused to the green fluorescent protein (C-LytA-GFP) or to the β-galactosidase (C-LytA- β -gal). Bound 
proteins could withstand strong washes with up to 1 M NaCl, conserved their structure and activity, 
and could be specifically eluted upon addition of 150 mM choline as a competitor ligand (Fig. 2). With 
this in mind, we set up a simple purification procedure of recombinant proteins from a bacterial extract 
using the 200-nm particles and the protocol depicted in Fig. 3. Proteins could be purified this way to 
electrophoretic homogeneity (Fig. 4), with a yield of 50 mg per gram of nanoparticles, and the whole 
procedure could be accomplished in as low as 20 minutes. 
 
The procedure described here displays a series of advantages with respect to other current methods: 
DEAE nanoparticles are easy to synthetize and the protein immobilization is fast, efficient and strong 
although, due to its non-covalent nature, the regeneration of the particles can be easily carried out. 
Moreover, buffers are simple and do not contain components that may potentially inactivate enzymes 
or be harmful to the human body. Besides the rapid purification of proteins, DEAE-containing magnetic 
nanoparticles may act as protein carriers to be used in a wide panoply of applications, such as the 
construction of enzymatic electrodes, recyclable enzymatic bioreactors, or in vivo delivery of proteins 
to specific tissue targets by means of the application of an external magnet. 
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Figures:  
 

 

 
 

Figure 1: Scheme of magnetic nanoparticles 
derivatized with DEAEstarch (taken from Chemicell 
GmbH) coated with C-LytA-GFP. 

 

Figure 2: Left to right: C-LytA-GFP solution prior to 
binding to magnetic nanoparticles; two washes with 
1M NaCl; elution of protein from the particles with 
choline. 

 
 
 

 
 
Figure 3: Scheme of the purification method of CBM-tagged proteins 

 

 

Figure 4: Polyacrylamide gel electrophoresis in the 
presence of SDS showing the purification of C-LytA-
GFP. Lane 1, protein molecular weight markers; Lane 
2, total extract of Escherichia coli RB791 
overproducing CLytA-GFP; Lane 3, non-bound 
proteins upon incubation with magnetic nanoparticles; 
Lane 4, first wash with NaCl; Lane 5, last wash with 
NaCl; Lane 6, protein eluted with choline. 
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Aptamers are ssDNA or RNA oligonucleotides featured by a very high affinity of their target binding, 
offer new possibilities for nanotechnological applications. Aptamers are suitable as molecular 
recognition elements in a wide range of analytical systems with the goal of separation and purification 
of molecules from complex mixtures or of detection of molecules in complex matrices. In this context, 
aptamers will play an important role as new receptors in biosensors [1, 2]. Moreover, aptamers have a 
great potential for their use in the field of medical and pharmaceutical basic research as well as clinical 
diagnostic and therapy (e.g. inhibition of enzyme activities, blocking of receptor binding sites). 
 
Aptamers as nucleic acids are very attractive compounds for combinatorial chemistry. They are able to 
fold into defined secondary and tertiary structures, and they can easily be amplified by PCR. Very 
complex libraries of random sequence oligonucleotides with about 1015 different molecules can be 
produced by chemical synthesis and screened in parallel for a particular functionality, such as 
recognition and high affinity binding to a given target or catalytic activity. In 1990, three laboratories 
independently described a method for the identification of nucleic acid sequences, exhibiting 
predetermined properties, within large pools of randomised synthetic oligonucleotides [6-8]. This 
method is known as SELEX (Systematic Evolution of Ligands by Exponential enrichment) and is now 
widely used for the selection of aptamers, which bind their target with high affinity and specificity. 
 
The functionality of aptamers is based on their stable 3D-structure, which depends on the primary 
sequence, the length of the nucleic acid molecule (smaller than 100 nt) and the ambient conditions. 
Typical structural motives are stems, internal loops, bulges, hairpin structures, tetra loops, 
pseudoknots, triplicates, kissing complexes, or G-quadruplex structures. In presence of the target, the 
aptamers undergo adaptive conformational changes and their three-dimensional folding creates a 
specific binding site for the target. The intermolecular interactions between aptamer and target are 
characterised by a combination of complementarity in shape, stacking interactions between aromatic 
compounds and the nucleobases of the aptamers, electrostatic interactions between charged groups, 
and hydrogen bondings [6-8]. 
 
The aptamer selection process (SELEX) is an iterative process (Fig. 1). Starting point is a chemically 
synthesised random DNA oligonucleotide library consisting of about 1013 to 1015 different sequence 
motifs. Several rounds (typically 6 to 20 rounds) of in vitro selection (binding, partitioning) and 
enzymatic amplification of oligonucleotide variants result in the enrichment of relatively few sequence 
motifs with the highest affinity and specificity for the target. This evolution is driven by the selection 
conditions (target features and concentration, buffer, temperature, incubation time, efficiency of the 
partition method, negative selection steps ...). The stringency strongly affects the affinity and 
specificity of the aptamers to be selected, and is typically progressively increased in the course of a 
SELEX process. 
 
The SELEX technology has been applied to different classes of targets. Inorganic and small organic 
molecules, peptides, proteins, carbohydrates, antibiotics as well as complex targets like target 
mixtures or whole cells and organisms were used for an aptamer selection [9-13]. Aptamers can also 
be selected for toxic or non-immunogenic targets. Once selected, they can be produced by chemical 
synthesis in high amount and with high reproducibility. Multiple modifications are possible e.g. to 
enhance their stability or to permit the quantification and immobilisation of the aptamers. Denatured 
aptamers can be regenerated. Because of these properties aptamers represent an alternative to 
antibodies regarding analytical applications. 
 
With this presentation we will show several results of our aptamer selections and some examples of 
their application in biosensors and assays. 
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Figures:  
 

 
 
Figure: 1: SELEX process for the selection of target-specific DNA aptamers. The starting randomised 
oligonucleotide library is directly used for binding with the target molecules (in this case immobilised on magnetic 
beads) in the first SELEX round. Unbound oligonucleotides are removed by several stringent washing steps of the 
binding complexes. The target-bound oligonucleotides are eluted and subsequently amplified by PCR. A new 
enriched pool of selected oligonucleotides is generated by purification of the relevant ssDNA from the PCR 
products. This selected new oligonucleotide pool is then used for the next selection round. If an enrichment of 
target-specific oligonucleotides is observed the last SELEX round is finished after the amplification step. The 
enriched aptamer pool is cloned and several individual aptamers have to be characterised. 
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BISPHOSPHONATE-SUPERPARAMAGNETIC IRON OXIDE NANOPARTICLES CONJUGATES FOR 
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The combination of radionuclide-based imaging modalities such as single photon emission computed 
tomography (SPECT) and positron emission tomography (PET) with magnetic resonance imaging 
(MRI) is likely to become the next generation of clinical scanners. Hence, there is a growing interest in 
the development of SPECT- and PET-MRI agents [1]. These dual-modality agents may allow users to 
make the most of the high sensitivity of PET/SPECT and the high anatomical resolution and soft tissue 
contrast of MRI in a synergistic fashion. To this end, we have developed a new class of SPECT/PET-
MR imaging agents based on the conjugation of radiolabeled bisphosphonates (BP) directly to the 
surface of superparamagnetic iron oxide (SPIO) nanoparticles (Figure 1) [2]. We demonstrate the high 
potential of the BP-iron oxide conjugation using radiolabeled BPs (64Cu for PET or 99mTc for SPECT), 
and Endorem/Feridex, a liver MRI contrast agent based on SPIO. The labeling of SPIOs with BPs can 
be performed in one step at room temperature if the SPIO is not coated with an organic polymer. 
Heating is needed if the nanoparticles are coated, as long as the coating is weakly bound as in the 
case of dextran in Endorem. The size of radiolabeled Endorem was characterised by TEM (5 nm, 
Fe3O4 core) and DLS (106 ± 60 nm, Fe3O4 core + dextran). EDX, Dittmer-Lester and radiolabeling 
studies demonstrate that the BP is bound to the nanoparticles and that it binds to the Fe3O4 cores of 
Endorem, and not its dextran coating. The bimodal imaging capabilities and excellent stability of these 
nanoparticles were confirmed in vivo using MRI and nanoSPECT-CT or nanoPET-CT imaging, 
showing that the radionuclides and Endorem co-localise in the reticuloendothelial system (liver and 
spleen) and the lymph nodes, as expected for particles of the composition and size of Endorem. To 
the best of our knowledge, these are the first examples of radiolabeling SPIOs with BP conjugates and 
the first examples of radiolabeling SPIO nanoparticles directly onto the surface of the iron oxide core, 
and not its coating. This work lays down the basis for a new generation of SPECT/PET-MR imaging 
agents in which the BP group could be used to attach functionality to provide targeting, stealth/stability 
and radionuclides to Fe3O4 nanoparticles and other inorganic materials of biomedical interest using 
very simple methodology readily amenable to GMP. 
 

 
References:  
 

[1] a) A. Louie, Chem. Rev. 110, (2010), 3146; b) L. E. Jennings, N. J. Long, Chem. Commun. 
(2009), 3511; c) S. Lee, X. Chen, 8, Mol. Imaging (2009), 87; d) J. Kim, Y. Piao, et al., Chem. 
Soc. Rev. 38, (2009), 372; e) J. Cheon, J. H. Lee, Acc. Chem. Res. 41, (2008), 1630. 

[2] a) R. Torres Martin de Rosales, R. Tavaré, et al., Submitted, (2010); b) R. Torres Martin de 
Rosales, C. Finucane, et al. Chem. Commun. (2009), 4847.; c) R. Torres Martin de Rosales, C. 
Finucane, et al., Bioconjugate Chem. 21, (2010), 811. 

 

Figures:  

 



 

 366 

NN NN
a
n
o
B
io
&
M
e
d

a
n
o
B
io
&
M
e
d

a
n
o
B
io
&
M
e
d

a
n
o
B
io
&
M
e
d
2
0
1
1

2
0
1
1

2
0
1
1

2
0
1
1
 

 
 

 
 

Im
a
g
in
e
N
a
n
o
 A
p
ri
l 
1
1
-1
4
, 
2
0
1
1
 

 

 



 

 

367 

NN NN
a
n
o
B
io
&
M
e
d

a
n
o
B
io
&
M
e
d

a
n
o
B
io
&
M
e
d

a
n
o
B
io
&
M
e
d
2
0
1
1

2
0
1
1

2
0
1
1

2
0
1
1
 

 
 

 
 

Im
a
g
in
e
N
a
n
o
 A
p
ri
l 
1
1
-1
4
, 
2
0
1
1
 

 

APTAMERS FOR DIAGNOSTIC 
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Aptamers are oligonucleotides identified through a combinatorial process known as SELEX 
(Systematic Evolution of Ligands by EXponantial enrichment). They exhibit both high affinity and 
specificity for a pre-determined taget of interest. They can be raised against a wide range of molecules 
-even living cells- including marker proteins for major diseases. Following association to various 
devices aptamers can signal the presence of their cognate ligand (fluorescence, SPR, ...). 
 
We developped an automated platform that speeds up the selection of apatmers and designed a high 
throughput screening method for the identification of aptamers to various proteins, including human 
matrix metalloproteases and viral components. Aptamer-based tools were subsequently synthesized 
for imaging human brain tumors by scintigraphy and detecting viral proteins on micro-arrays. 
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NANOSCIENCE NANOTECHNOLOGIES: A NEW IMAGINERY IN SCIENCE AND PHILOSOPHY 

Daniel Truong Loï 

France 
 
 
The buzz about nanosciences and technologies can be explained in reference to the imaginery they 
invite and disrupt; by changing the scheme of visibility, by producing objets, they activate some 
mythical characters of mastery (Faust, Prometheus, Frankenstein for example), and their fate are 
thought of as misfortunes. In the same mind the NBIC give rise to a dissenting picture of an enclosed 
science, to plot against and destabilize society. To objectivize this imaginary can help to assess the 
link between science and society. 
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The analysis of the presence of potentially hazardous chemicals (e.g. pesticides, antibiotics) in food 
remains a major concern in the European Community. However, to ensure quality and traceability, 
there is a great need to increase the continuous control and monitoring of foodstuff at critical steps in 
the food chain, such as for example after the recollection of the raw materials, after the food 
processing (monitoring of storage and logistics), as well as of final products. 
 
Fast, reliable and cost-effective analytical methods are necessary to ensure the safety of the food 
products. Following the flexibility, sensitivity, specificity and efficiency of analysis demonstrated by the 
numerous immunochemical and biological tests today available, research is now intending to go 
forward by developing devices capable of working out of laboratory, i.e. in the different steps of the 
food chain. With this idea the concept arises of biosensor as a miniaturized analytical devices, 
consisting of an immobilized biological component (antiody, enzyme, receptor, DNA, etc.) in intimate 
contact with a transducer (optic, electrochemical, piezoelectric, etc.) that may convert the 
biorecognition process into a quantifiable electrical signal. 
 
With regards to the use of biosensors as a method to verify compliance of legislation, most of the 
devices reported until now, rely on the use of labels to reach the necessary detection limits required. 
Likewise, the use of inorganic nanocrystals tracers as labels for electrochemical immunoassays have 
recently received great attention because the possibility of obtain simultaneous 
detection/measurements of DNA targets and proteins [1,2]. 
 
In this work, the potential of a new electrochemical immunosensor to detect residual amounts of 
paraquat (PQ) in a complex matrix, such as potatoes, is evaluated. The immunosensor presented is 
based on graphite composite electrodes (GECs), immunoreagents specifically developed to detect 
paraquat, magnetic µ-particles, and CdS nanoparticles labelled to the specific antibodies. The assay 
relies on the immunochemical competitive reaction between the pesticide residues and a fixed amount 
of the immobilized antigen on the magnetic beads for a small amount of the specific antibody. At the 
end of the reaction the amount of antibody captured by the free antigen is evacuated (Figure 1). By 
means of the well-known anodic stripping techniques, CdS nanoparticles are read, and the amounts of 
its metal ions are expressed as a signal of current or charge. Due to the amplification of the 
amperometric/coulombimetric signal, produced by the presence of the CdS nanoparticles, PQ can be 
detected in spiked potato samples. The results obtained showed that after the extraction and dilution 
of the matrix, PQ can be determined in potato samples with limits of detection of 0.64 µg L−1 and 
0.39 µg L−1, depending of the chosen parameter for the detection (current or charge), and taking into 
account the dilution used. Hence, the LODs obtained are far below the Maximum Residue Level 
(0.02 mg Kg-1) established by EU for most crops. 
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Figures:  
 

 
 
Figure 1: Electrochemical immunosensor reaction. An amount of the specific antibody is captured by the coated 
antigen. Likewise, the amount of Ab bound to the pesticide was evacuated. The amount of CdS particles is 
indirectly related to the PQ residues concentration. 
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J.C.M. van Hest, S.F.M. van Dongen, W.P.R. Verdurmen, R.J.R.W. Peters, R.J.M. Nolte, R. Brock 

Radboud University Nijmegen,Heyendaalseweg 135, 6525 AJ Nijmegen, The Netherlands 
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Compartmentalisation is one of the techniques that cells adopt to enable a high level of control over 
(bio-)chemical processes, for instance the order in which enzymes react. In many cases, the 
compartment also serves to protect the cell from the action of its degrading contents, as is the case 
with lysosomes. It furthermore serves as a scaffold for the precise positional assembly of enzymes 
that work together in a multistep cascade reaction. 
 
In an effort to mimic these complex enzyme systems, many studies concerning enzyme encapsulation 
or assembly have been reported in the literature. The focus of this research initially was on 
phospholipid liposomes. However, the relative fragility of liposomes limits their potential applicability. 
Like liposomes, polymersomes are spherical aggregates that contain a bilayer architecture. They are 
formed by the self-assembly of amphiphilic block copolymers in an aqueous environment and their 
polymeric bilayer shows a greater stability, mainly due to the lower critical aggregation concentration 
of amphiphilic macromolecules. A drawback of polymersome membranes is their low permeability 
even to water, which hampers application as nanoreactors. 
 
To overcome this problem, block copolymers have to be used that give an intrinsically porous bilayer 
when self assembled. One such copolymer is PS-PIAT. On dispersal in water it forms porous 
polymersomes that possess a relatively high degree of Small molecules can move across their 
membranes while larger molecules, such as proteins, cannot. 
 
In a first line of research, we have positioned enzymes at three different locations on these 
polymersomes, namely, in their lumen (glucose oxidase, GOx), in their bilayer membrane (Candida 
antarctica lipase B, CalB) and on their surface (horseradish peroxidase, HRP, see figure 1). The 
surface coupling was achieved by ‘click’ chemistry between acetylene-functionalised anchors on the 
surface of the polymersomes and azido functions of HRP, which were introduced by using a direct 
diazo transfer reaction to lysine residues of the enzyme [1]. 
 
To determine the encapsulation and conjugation efficiency of the enzymes, they were decorated with 
metal-ion labels and analysed by mass spectrometry. This revealed an almost quantitative 
immobilisation efficiency of HRP on the surface of the polymersomes and a more than statistical 
incorporation efficiency for CalB in the membrane and for GOx in the aqueous compartment. The 
enzyme-decorated polymersomes were studied as nanoreactors in which glucose acetate was 
converted by CalB to glucose, which was oxidised by GOx to gluconolactone in a second step. The 
hydrogen peroxide produced was used by HRP to ABTS to ABTS·+ (figure 2). Kinetic analysis 
revealed that the reaction step catalysed by HRP is the fastest in the cascade reaction. 
 
In a second line of research, artificial organelles were created. For this purpose we modified the outer 
surface of the polymersome nanoreactors with cell-penetrating peptides, in particular the tat 
sequence. As a result, the polymersomes obtained the property to enter cells. Enzymes which were 
encapsulated in the polymersomes could be transported into mammalian cells and perform their 
biological activity in a living system. This was demonstrated via the introduction of HRP, which could 
neutralize hydrogen peroxide and therefore protect the cell against oxidative stress (figure 3) [2]. 
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Figures:  
 

 
Figure 1: Positional assembly of enzymes in a polymersome. 

 
 

 

Figure 2: Schematic representation of the multistep 
reaction. 1) Monoacetylated Glucose is deprotected by 
CalB, which is embedded in the polymersome 
membrane. 2) In the inner aqueous compartment, GOx 
oxidises glucose to gluconolactone, providing a 
molecule of hydrogen peroxide. 3) Hydrogen peroxide 
is used by HRP to convert ABTS to ABTS

·+
. HRP is 

tethered to the polymersome surface. 

 

 

Figure 3: Schematic representation of the introduction 
of polymersomes into cells. Polymersomes filled with 
HRP and functionalized on the periphery with cell 
penetrating peptides are taken up by mammalian cells. 
They display their activity as artificial organelles by the 
oxidation of TMB with hydrogen peroxide. 
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SCALE PREPARATION 

Jaume Veciana, Nora Ventosa, Santi Sala, Maria Muntó, Mary Cano-Sarabia, Elisa Elizondo,  
Ingrid Cabrera, Alba Córdoba 

Institut de Ciència de Materials de Barcelona (CSIC) and Networking Research  
Center on Bioengineering, Biomaterials and Nanomedicine (CIBER-BBN),  

Campus Universitari de Bellaterra, E-08193 Cerdanyola, Spain 
vecianaj@icmab.es 

 
 
The obtaining of particulate micro and nanostructured molecular materials and the understanding of 
how to manipulate them at nanoscopic and supramolecular level are currently playing a crucial role in 
drug delivery and clinical diagnostics [1-3]. It has been observed that polymeric nanoparticles, 
micelles, microemulsions, nanosuspensions, nanovesicles, and nanocapsules are efficient drug 
carriers that can significantly help to develop new drug delivery routes, more selective and efficient 
disease-detection systems, drugs with a higher permeability to biological membranes with controlled 
released profiles, and to enhance their targeting towards particular tissues, cells or intracellular 
compartments.  
 
The potential of «bottom-up» strategies, based on molecular self-assembling, is much larger than that 
of «top-down» approaches for the preparation of such micro- and nanostructures. For instance, by 
precipitation from conventional liquid solutions it should be possible to control particle formation, and 
hence particle size and size distribution, morphology and particle supramolecular structure. However, 
this is still a dream up to now when conventional liquids are used. 
 
The solvent power of compressed fluids (CFs), either in the liquid or supercritical state, can be tuned 
by pressure changes, which propagate much more quickly than temperature and composition solvent 
changes. Therefore, using compressed solvent media, it is possible to obtain supramolecular 
materials with unique physicochemical characteristics (size, porosity, polymorphic nature morphology, 
molecular self-assembling, etc.) unachievable with classical liquid media [4,5]. Small changes in 
temperature and pressure of CFs result in large but homogenous changes in the fluid’s density, and 
hence in its solvent power. This tunable range in density (solvation ability) cannot be achieved so 
easily with any conventional solvent. The most widely used CF is compressed CO2 (cCO2), which is 
non-toxic, non-flammable, cheap and easy recyclable. It has gained considerable attention, during the 
past few years as a «green substitute» to organic solvents and even to water in industrial processing. 
During the past few years, CFs based technologies, in particular precipitation procedures, are 
attracting increasing interest for the preparation of particulate molecular materials with application in 
the field of drug-delivery and nanomedicine [6-8].  
 
In this presentation a few examples of particulate drugs and encapsulated medicines inside vesicles, 
prepared in a large scale, with CFs will be presented. 
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The recent development of novel highly sensitive and specific luminescent probes with optical 
properties superior to organic dyes and fluorescent proteins have attracted a diverse group of 
researchers in a number of key areas. Luminescent nanoparticles such as semiconductor quantum 
dots (QDs) are emerging as useful tools in diagnostic medicine and therapeutics and are finding 
widespread applications [1]. However, the majority of these probes require high-energy (UV or blue) 
light as the excitation source. This has considerable disadvantages resulting in increased background 
fluorescence (auto-fluorescence), decreased penetration depths in biological tissues as well as photo-
induced damage to the specimen under study [2]. To alleviate such issues, multi-photon excited 
biolabels, including nanoparticles, being more widely used [3]. In particular QDs and gold nanorods 
(GNRs) are being extensively studied. These nanoparticles are excited with near-infrared (NIR) light, 
and thus have considerable advantages. For example, NIR light is silent to tissues thus minimizing 
autofluorescence, possesses greater tissue penetration capabilities and does not cause damage to 
the sample. Moreover, the nanoparticles require ultrafast (femtosecond) excitation light to induce the 
multi-photon excited luminescence, which results in increased spatial resolution. 
 
An exciting recent development is the adaption of upconversion for biological applications including 
biosensing and multi-photon imaging [4-6]. Upconversion is a process inherent to lanthanide-doped 
materials whereby two (or more) low energy NIR photons are absorbed and in turn, emit higher energy 
radiation (in the UV-visible-NIR region). This is a very common phenomenon in Ln3+-doped insulating 
materials because their energy level scheme is favorable for serial addition of multiple isoenergetic 
photons. Due to the multiphoton nature of the process where “real” long-lived electronic energy states 
participate, intense upconversion can be observed with low-power commercial cw laser diodes. As a 
result, inorganic Ln3+-doped nanoparticles are very promising materials and can be used to develop 
new biocompatible ultra-highly sensitive fluorescent upconverting probes for advanced biomedical 
applications. Ln3+-doped nanoparticles offer high output, stability with respect to photobleaching, 
reasonably small size, and flexibility in surface chemistry, which should facilitate their delivery and 
targeting in biological applications. 
 
Here, we present the synthesis of lanthanide-doped fluoride nanoparticles and subsequent strategies 
to impart biological functionality. Finally, we show relevant biological applications of these 
nanoparticles including their ability to be used as imaging probes for malignant cancer cells. 
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Figure 1: (a) Optical transmission image of a 
single HeLa cancer cell after 1.5 h incubation 
in a water solution containing NaYF4:Er

3+
, 

Yb
3+

 nanoparticles. (b) Visible two-photon 
micro-fluorescence spectra obtained when the 
fs NIR laser is focused inside and outside the 
HeLa cell (points A and B in the optical 
transmission image, respectively). 

 

Figure 2: Top – optical transmission images of two HeLa 
cells after incubation with NaYF4:Er

3+
, Yb

3+
 nanoparticles 

during (a) 1.5 and (b) 3 h. Bottom – confocal fluorescence 
images of the same HeLa cells ((c) and (d) for 1.5 and 3 h 
incubations, respectively). 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

379 

NN NN
a
n
o
B
io
&
M
e
d

a
n
o
B
io
&
M
e
d

a
n
o
B
io
&
M
e
d

a
n
o
B
io
&
M
e
d
2
0
1
1

2
0
1
1

2
0
1
1

2
0
1
1
 

 
 

 
 

Im
a
g
in
e
N
a
n
o
 A
p
ri
l 
1
1
-1
4
, 
2
0
1
1
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Nucleic Arginine-rich peptides are well known in molecular medicine by their abilities to condense 
DNA, to cross cell membranes and as efficient nuclear localization signals [1-4]. Altogether, these 
properties make them very useful functional elements of artificial viruses [5] for gene therapy and drug 
delivery. Very recently, we have shown that the homogeneous peptide R9 acts, in addition, as an 
unexpected architectonic agent at the nanoscale, promoting the self-assembling of a multifunctional 
protein that contains it, as protein-only, planar nanoparticles of 20 nm in diameter [6]. These particles, 
that show a strong nuclear avidity and accumulate in the cell nucleus a few minutes after exposition 
[7], are able to bind, condense and deliver expressible DNA [6].  
 
As the self-organizing properties of R9 seemed to result in much more regular nanoparticles that those 
offered by conventional self-assembling amyloidogenic peptides, that render either fibers [8] or 
amorphous aggregates [9], we explored if cationic peptides other than R9 could also promote the self-
assembling of holding building blocks. A series of unrelated peptides with diverse amino acid 
sequences and structures were tested as architectonic tags by using an EGFP as convenient building 
block. Interestingly, all these peptides were able, at different extents, to promote the spontaneous 
formation of protein nanoparticles of different sizes, ranging from 20 to 100 nm, in a process in which 
the arginine residues are critical for the final geometry of the resulting particles. On the contrary, 
Lysine-rich peptides, although very useful as DNA condensers, do not show any architectonic ability 
when incorporated to artificial viruses [10].  
 
The use of arginine-rich peptides as structural agents of protein-only nanoparticles opens intriguing 
possibilities to the tailoring particle geometry through conventional protein engineering, a possibility so 
far unapproachable in bionanomedicine [11].   
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Nucleic acids are gaining quick popularity and utility for creating new nanomaterials. G-quadruplexes 
are an attractive alternative to regular B-DNA to assemble nucleic acids, but suffer from a fatal flaw: 
the rules of pairing, i.e. formation of a G-quartet, in which four identical bases are paired, prevent the 
controlled assembly between different strands. Complex mixtures are obtained instead of well-defined 
objects. 
 
In this report, we propose a solution to this problem.Three carefully designed parallel stranded 
duplexes were used to direct the formation of all parallel G-quadruplex DNA from four different 
strands. G-quadruplex core can serve as a ‘knot’ due to its known unusual stability. The presence of 
multiple points of attachments allows for additions of DNA sequences that are prone to formation of 
desired specific structures: Watson-Crick duplexes, i-motifs, other G-quadruplexes, etc adding to the 
versatility of the structure. The correct formation of the overall structure was assessed using gel 
electrophoresis; the presence of four strands within the structure was demonstrated using fluorescent 
labels. The presence of the G-quadruplex core was demonstrated through Uv-vis and fluorescent 
titrations with G-quadruplex specific ligands. The thermal properties of the target structure as well as 
its duplex components were thoroughly analyzed. The structure obtained displayed unusual but 
expected stability under denaturing conditions. Attempts to extend the design to one and two 
dimensional materials are underway in our laboratory. 
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Self-assembled monolayers (SAMs) have attracted tremendous attention due to their highly ordered 
structure, stability and rich terminal group chemistry and they offer very promising applications in 
development of biocompatible materials, solid-phase bioanalytical techniques and biosensors. 
Particularly, nanometer-scaled mixed self-assembled monolayers (SAMs) are better systems than 
pure SAMs in mimicking biomembranes because of the presence of segregated domain structures 
and variety of surface functionalities. In nature, the collective properties and biofunctionalities of these 
ensembles depend not only on the individual molecular unit but also on the organization at the 
molecular or nanoscopic level. It has been demonstrated that high-resolution nanofabrication of mixed 
SAMs with sub-10 nm precision can be achieved readily using either lithography or natural growth 
approaches [1]. These artificially engineered organic thin films with both desired surface chemistry and 
designed spatial distribution provide a unique scaffold to investigate bioinspired molecular recognition 
in the fields of biosensors and immunoassays. For example, HIV infection of CD4 negative cells is 
initiated by the binding of the viral envelope glycoprotein gp120 to galactosylceramide (GalCer), a 
glycosphingolipid that serves as the cellular receptor for viral adhesion. By constructing a series of 
GalCer nanostructures with various geometries via AFM-based lithography and using high-resolution 
AFM imaging as an in situ, real-time and label-free detection approach to directly monitor the 
subsequent binding of recombinant gp120 molecules to those engineered carbohydrate ligand 
nanostructures, the polyvalent interactions between HIV-gp120 protein and GalCer nanostructures are 
revealed both qualitatively and quantitatively and a better understanding of HIV viral infection process 
at single molecular level is gained [2]. In addition, our recent studies on advanced strategies to 
generate thiol-exposing SAMs [3,4] that can serve as highly selective bio-platforms for development of 
biosensors will be discussed. 
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LIGHT LOCALIZATION ON A GOLD NANODISK ARRAY PROBED BY NEAR-FIELD OPTICS 
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By near-field optics, we have studied the localization of light on an array of metallic nanoparticles 
illuminated in a transmission mode. The array is made of 286 nm-wide and 50 nm-high gold nanodisks 
with a period of 500 nm. The SNOM probe is a fluorescent particle which detects the near-field on the 
surface. We will show that the measured local field is situated between adjacent nanodisks and in a 
direction parallel to the polarization of the incident light. By performing scans in a direction 
perpendicular to the surface, we have also observed that the light intensity strongly decays above the 
sample surface showing a 3D localization. All the experimental results are in very good agreement 
with numerical simulations performed by the FDTD method and by taking into account the size of the 
near-field probe. 
 
 
Figures:  

 
 
Figure 1 :  (a,b) SNOM images measured in a non-contact mode on the nanodisk array at a wavelength of 975 
nm. The dotted circles indicate the position of the disks. (c,d) FDTD calculations of the near-field distribution on 
the structures. The calculation represents the square of the intensity of the total field which is the quantity 
measured with the near-field fluorescent probe used in the experiments. The calculations has been performed by 
taking into account of the probe size (a 160 nm large cube).The white arrows indicate the incident polarization 
direction. The scale bar is 500 nm-long. 
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PLASMONIC NANONOANTENNAS: 
BUILDING BLOCKS FOR NANOSCALE CONTROL OF OPTICAL FIELDS 

Javier Aizpurua 

Center for Materials Physics CSIC-UPV/EHU and Donostia International Physics Center DIPC, 
Paseo Manuel Lardizabal 5, Donostia-San Sebastián 20018, Spain 

aizpurua@ehu.es 
 

 
Optical antennas or plasmonic antennas are nanoscale metallic structures which act as effective 
receivers, transmitters and receivers of visible light. Different canonical nanostructures such as 
metallic nanorings [1], nanorods [2], nanowires [3], dimers [4] or nanoshells [5] are commonly used as 
optical nanoantennas. These nanoatennas show the ability to focus electromagnetic radiation into tiny 
spots of nanometer-scale dimensions allowing for more effective field-enhanced visible spectroscopies 
such as in surface-enhanced Raman spectroscopy (SERS) or in SEIRA. We will address here the 
optical response of these nanoantennas in a variety of configurations. 
 
We will show theoretically and experimentally how the optical response of a nanoantenna can be 
engineered through the manipulation of the antenna gap, bridging together concepts of optics and 
circuit theory [6-9]. With use of similar concepts, we also analyze theoretically the concept of ultrafast 
optical switches based on nonlinear plasmonic nanoantennas. We explore the use of a 
photoconductive load at the antenna gap to act as an effective optical nanoswitcher. The principle of 
switching is based on the transition from capacitive to conductive coupling between two plasmon 
modes when bringing two nanoparticles into physical contact, as schematically shown in Fig. 1a. We 
show that photoexcited free carriers in a semiconductor material can be used as a load to short circuit 
the antenna arms, leading to a strong modification of both the spectral resonance structure (Fig 1b) 
and near-field mode-profile (Fig 1c-d). As the plasmonic antenna switch is based on a strong 
confinement of optical fields in space rather than in time, the nanoantenna switch can operate at very 
low switching energy while potentially reaching a much faster response than microphotonic switching 
devices. 
 
Another spectroscopy where the role of plasmonic resonances plays an important role is Raman-
Brillouin scattering of single metallic nano-objects [10]. The interaction between the vibrations of a 
metallic nano-object and the plasmons induced on it determine the activation and deactivation of 
certain vibrational modes in the Raman scattering. To illustrate the wide range of applications of 
plasmonic interactions in totally different systems, we will conclude by analysing the forces originated 
from the excitation of plasmons by the fast electron beam in Scanning Transmission Electron 
Microscopy (STEM) [11]. Our model calculations show that metallic nanoparticles experience 
attractive or repulsive forces as a function of the position of the electron beam. This ability to 
manipulate the forces on the particles can be used in gold nanoparticles for example to produce 
coalescence. 
 
From the overview and the examples shown here, it is straightforward to conclude that an 
understanding of the interactions occurring at the optical nanoantennas in such a variety of systems, 
and the knowledge on the electromagnetic response occurring in the different spectroscopy and 
microscopy configurations are crucial to engineer and design plasmonic devices for improved 
detection and controlled optical response. 
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Figures:  

 
 
Figure  1:  Figure: a) Schematics of the surface charge density in an “OFF” and “ON” nanoantenna switching 
situation. b) Extinction spectrum for “OFF” and “ON” switches. c) Near-Field peaks positions as a function of free-

carrier concentration. d) Near-field distribution for the “ON” situation at λ=1290nm and “OFF” situation at 

λ=1100nm. 
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MAPPING NEAR-FIELD COUPLING EFFECTS IN INFRARED GAP ANTENNAS 
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The vector near-field distribution of infrared gap antennas (linear dipole antennas coupled via a 
nanometric gap) is mapped by scattering-type scanning near-field microscopy (s-SNOM). The images 
provide direct experimental evidence of strong in-plane near-field localization inside a gap as small as 
50 nm. By measuring the gap fields as a function of the total antenna length (near-field spectroscopy), 
we observe a clear resonance shift compared to uncoupled linear dipole antennas, thus verifying 
strong near-field coupling via the gap. We also find significant differences between near-field and far-
field spectra of the antennas and discuss their implications. 
 
Vector near-field imaging of the infrared antennas [1, 2] was carried out with s-SNOM where s-
polarized laser light is used for antenna excitation. A dielectric Si tip scatters the local near fields of the 
antennas. Interferometric and polarization-resolved detection of the tip-scattered light yields amplitude 
E and phase φ of the in- (x) and out-of-plane (z) near-field components (Ex, φx) and (Ez, φz). 
 
Fig. 1 shows the near-field patterns obtained for a single gap antenna with a gap width of about 50 
nm. The out-of-plane near-field component (Ez, φz) shows large near-field amplitudes at both sides of 
the gap, while a phase jump of about 180º occurs at the gap center [3]. The in-plane near-field 
component (Ex, φx), in contrast, is strongly enhanced exactly inside the gap and directly verifies field 
concentration inside the gap. 
 
To provide experimental evidence of near-field coupling in the infrared gap antennas, we perform 
near-field spectroscopy. We fabricate gap antennas of different total length (but constant gap size) 
and measure the in-plane gap field as a function of the antenna length. A comparison with near-field 
spectra of single dipole antennas (continuous nanorods) shows a pronounced resonance shift, which 
clearly verifies near-field coupling across the antenna gap. 
 
Our results show that vector near-field mapping is a powerful tool for measuring spectral resonance 
shifts in the near field of infrared antennas, in both amplitude and phase. This enables detailed studies 
of near-field coupling signatures, including the mapping of strongly localized field enhancement (“hot 
spots”) and resonance shifts of near-field spectra, which are not accessible by far-field spectroscopy. 
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Figures:  

 
 

Figure 1:  Near-field images of an infrared gap-antenna recorded at λ=11.06µm. (a) Out-of-plane near-field 
amplitude Ez and phase φz (top). In-plane near-field amplitude Ex and phase φx (bottom). Scale bar is 1 µm. (b) 
Enlarged near-field images of the gap region, showing amplitude and phase of the out-of-plane and in-plane near-
field components. Scale bar is 100 nm. 
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UNUSUAL SPECTRAL RESPONSE OF LOSS-COMPENSATED PLASMONIC NANOPARTICLES 
IN ACTIVE GAIN MEDIA 
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While based on phenomena recognized and described almost one and a half century ago [1], the 
physics of plasmons in metal nanoparticles has been recently fueled by the rapid development of new 
techniques for producing small particles and by the applicability of these structure in the realization of 
visible range metamaterials. One of the main issues in using metallic nano-structures for metamaterial 
applications at optical frequencies is their high level of losses. A most promising strategy to circumvent 
this obstacle is loss compensation, where the structures are coupled to active compounds (such as 
pumped dye molecules or quantum dots) which are able to transfer them energy and therefore amplify 
the desired response. Research along this line has recently gained momentum, resulting for example 
in the first demonstration of a nanoscale spaser using gain-assisted core-shell nanoparticles [2]. In this 
work, we study the apparently simple situation of a single metallic nanoparticle immersed in a gain 
medium with a focus on the plasmonic response, and show that interesting effects already arise with 
surprising modifications of the plasmonic spectral response. 
 
We studied the behavior of a metallic nanosphere of radius r made of a metal of permittivity  
ε1 = ε1′ + iε1′′ (based on the experimental data from [3]) surrounded by an active (externally pumped) 
dielectric host with permittivity 
ε2 = ε2' + iε2′′ (with ε2′′ < 0 for gain). We here focus on the polarisability of the particle with respect to 
the outside medium. In the presence of gain, this is given in the quasi-static limit as: 
 

 
 

The plasmon resonance appears at the frequency ω0 where 2ε2’= – ε1’. As proposed in [4], perfect loss 
compensation is then obtained when the gain level is exactly adjusted (2ε2′′= – ε1”) at this same 
frequency: one then recovers a singular response. It is obviously highly desirable to obtain such a high 
amplitude plasmon in order to exacerbate the overall metamaterial response. However, our work 
points out that this singular behavior is intrinsically different from the ideal plasmon obtained from a 
lossless metal: in the latter case, the imaginary response α′′(ω) is a Dirac peak (resonant losses are 
confined to a very narrow spectral region), while in the perfectly-compensated plasmon α′′ (ω) takes 
on a spectrally wide, 1/(ω − ω0) behavior (Fig. 1-b and 1-f). To the best of our knowledge, this has 
remained unnoticed but has important implications, since it means that even with perfect loss 
compensation, resonant losses can be mitigated but they do not simply vanish away. 
 
Moving away from the perfect compensation point by adding or removing gain, more unusual, and 
sometimes surprising features appear. Mathematically, this comes from the fact that the equations for 
the real and the imaginary part of polarizability are more similar in presence of external gain than in 
the absence of it, which gives rise to new behaviours. One striking example happens if, at the 
Plasmon frequency, we have ε2'' (ω0 ) = −ε2 '(ω0 ) as shown in Fig. 1-c and 1-e. In this situation, the 
real part α′(ω) takes on a bell shape, while the imaginary part α”(ω) has a zig-zag shape. This is 
exactly opposite to the usual plasmon case (Fig.1-a and 1-d) where – as is well-known from textbooks 
for any type of passive resonator – the real part should be zig-zagging and the imaginary part should 
be bell-shaped. We call this new behavior an “anti-plasmon”. 
 
Beyond the peculiarity of this “anti-plasmon” behaviour, an interesting point is that where the real part 
of the polarisability is maximum, losses are zero (again in contrast with conventional plasmons, Fig. 1-
a and 1-d). In Fig. 1-c, for example, one observes strongly negative response with low loss around the 
plasmon resonance, a property that could be most interesting if one is interested in metamaterials with 
negative properties based on such resonant elements. Note that the “anti-plasmons” can have either 
positive or negative real parts (Fig. 1-e and 1-c): this depends if, for the specific system considered, 
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the condition for the anti-plasmon (ε2'' = −ε2 ') is met at gain levels higher (Fig. 1, upper row) or lower 
(lower row) than the condition for perfect loss-compensation (ε2'' = −1/2ε1''). 
 
Although our approach relies on a very simple theoretical description, it is worthwile noting that related 
behaviour appears, although left unnoticed by the authors, in much more sophisticated approaches 
(full FDTD simulations of split-ring resonators in active medium) [5]. 
 
Our work therefore underlines that the behaviours of loss-compensated plasmonic particles can be 
both unusual and richer than the usual case without gain, and that some of these could find, if 
confirmed in experiments, some potential applications in metamaterial designs. 
 
This work was supported by the FP7-NMP-2008 European project METACHEM and the SAMM project 
of the GIS-Advanced Materials in Aquitaine network. 
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Figure  1:  Polarisability of a spherical nanoparticle in an active gain medium, with increasing gain levels from 
left to right. (a) and (d): Conventional plasmon resonance without gain. (b) and (f): when perfect loss 
compensation is obtained a 1/(ω − ω0 ) behavior is obtained both for the real and the imaginary part. (c) and (e): 
when ε2'' (ω0 ) = −ε2 '(ω0 ) an anti plasmon appear. The sign of the real part of the polarizability in a anti-plasmon 
resonance depends if it appears after the perfect loss compensation (a-c) or before it (d-f). 
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ARTIFICIAL PHOTONIC MATERIALS TO CHALLENGE  
CONVENTIONAL LIMITS TO LIGHT TRAPPING AND SOLAR ENERGY CONVERSION 

Harry A. Atwater, Jeremy N. Munday, Dennis M. Callahan, Emily Kosten 

Kavli Nanoscience Institute and Thomas J. Watson Laboratories of Applied Physics,  
California Institute of Technology, Pasadena, CA, USA 

 
 
Solar energy is currently enjoying substantial growth and investment, owing to worldwide sensitivity to 
energy security and climate change, and this has spurred basic research on light-matter interactions 
relevant to solar energy. Artificial photonic materials can enhance light-trapping and absorption, as 
well as increase the open circuit voltage and enhance quantum efficiency in solar photovoltaic 
structures. We describe photonic approaches for designing thin film and wire array solar cells that 
have light-trapping intensity and absorption enhancements that can exceed the conventional ergodic 
light-trapping limit using both wave optics and ray optics methods.  
 
From thermodynamic arguments, Yablonovitch and Cody in 1982 determined the maximum 
absorption enhancement in the ray optics limit for a bulk material to be 4n2, where n is the index of 
refraction of the absorbing layer [1]. Stuart and Hall in 1997 expanded this approach to study a simple 
waveguide structure; however, for the waveguide structures they considered, the maximum absorption 
enhancement was <4n2 [2].  Using a combination of analytical and numerical methods, we describe 
why these structures do not surpass the conventional ergodic limit, and show how to design structures 
that can.  
 
We present here a physical interpretation in terms of the waveguide dispersion relations and describe 
the necessary criteria for surpassing the conventional limit. In particular, the wavevector  needed for 
a mode to surpass the ergodic limit is given by β > (2n2hω

2)/( Γπc2), where Γ is the waveguide 
confinement factor and h is the waveguide thickness.   
 
Another perspective on this issue is that the conventional light trapping limit can be exceeded in 
waveguide-like structures when the active region has an elevated local density of optical states 
(LDOS) compared to that of the bulk, homogeneous material. Additionally, to practically achieve light 
trapping exceeding the ergodic limit, the modes of the structure must be appreciably populated via an 
appropriate incoupling mechanism. We find using full wave simulations that ultrathin solar cells 
incorporating a plasmonic back reflector can achieve spatially averaged LDOS enhancements of 1 to 
3, and a metal-insulator-metal (MIM) structure can achieve enhancements over 50 at a wavelength of 
1100 nm, the bandedge of Si. Interestingly, incorporating the active solar cell material within a 
localized metallodielectric plasmonic or metamaterial resonator can lead to nearly spatially uniform 
LDOS enhancements above 1000 within the active material. We also have examined the possibility of 
structuring and combining ultrathin solar cells with dispersive dielectric structures such as photonic 
crystals to exceed the ergodic light trapping limit. We find that LDOS enhancements of ~2-5 inside an 
untextured, planar solar cell can be achieved by simply placing a photonic crystal above or below the 
active material.  
 
We have also developed a ray optics model for high aspect ratio wire array light trapping that suggests 
intensity enhancements within the wires can exceed the conventional limit for arrays with low wire area 
fractions on a Lambertian back reflector. We have applied this model to wire arrays with area fractions 
from .1% to 90%, and with aspect ratios between 30 and 200.  The intensity enhancement at low wire 
area fraction can increase cell open circuit voltage, but low wire fraction results in a reduced short 
circuit current per unit area, and we explore optimizing cell efficiency within this parameter space. We 
compare with experimental Si wire array optical absorption data for wavelengths between 500 and 
1100 nm for Si wires of varying sizes. We find reasonable agreement for large Si wires (radius 4um) 
but the model underpredicts optical absorption for smaller wires (radius 1um), suggesting that wave 
optics effects are important for the strong absorption observed in the small wire arrays. 
 
Overall, we find many opportunities for exceeding the previously anticipated intensity enhancement 
and light trapping factor in dispersive dielectric and metallodielectric photovoltaic structures. These 
results can guide future solar cell designs that incorporate dispersive dielectric structures, plasmonics 
and metamaterials to achieve unprecedented light trapping. 
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TWO-PHOTON LASER FABRICATION OF 3D SILVER NANOWIRE MICROSTRUCTURES AND  
THEIR PLASMONIC APPLICATIONS 

Patrice Baldeck
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We have developed a laser photochemistry process to fabricate, by direct writing, 3D metallic 
microstructures using a two-photon microfabrication machine (http://www.teemphotonics.com). In this 
work we report the optical properties of silver nanowire microstructures. Typical nanowire diameter 
and length are 300 nanometers and 10 microns, respectively. 
 
In the first part of the presentation we will present the diffraction properties of parallel nanowires with 
inter-distances in the 0.8 to 4 microns range. The interference of individual interference patterns gives 
rises to focusing effects that have the characteristics of ideal ultrasmall microlens with focal lengths in 
the micron range and with resolution limited by diffraction, i.e. in the 300 nm range in the visible. We 
will show that a 3D arrangement of such nanowires lead to an efficient chromatic spatial dispersion 
that may open a new route for RGB separation of colors at the micron scale. 
 
In the second part of the presentation we will describe the optical properties of arrays of vertical 
nanowires with interdistances in the 0.8 to 4 microns range. The re-organized incident electromagnetic 
field is concentrated along the nanowires as shown by 3D wide-field microscopy and FDTD 
calculations. 
We will present how we have used this electromagnetic field enhancement to improve the detected 
signals from Raman and fluorescences nanoprobes. 
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Figure 1:  Focusing effects obtained by the diffraction of silver nanowire pairs separated by 1, 2 and 4 microns 
for A1, A2 and A3, respectively 
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SYNTHETIC OPALS AND SANDCASTLES: EXPLORING WATER AT THE NANOSCALE 

Alvaro Blanco, F. Gallego-Gómez, V. Canalejas, C. López 
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la Cruz 3, 28049 Madrid, Spain 
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Humid granular media are everyday systems present in pharmaceutics, construction or agriculture. 
Sandcastles are built with wet sand, where water forms necks between grains, highly improving their 
mechanical stability [1]. Synthetic opals can be considered as sandcastles at the nanoscale. It is well 
known that the amorphous silica surface can adsorb a significant amount of water from the 
surrounding. The characteristics of systems based on silica structures can be greatly affected by the 
presence of adsorbed water, like the photonic properties of artificial opals formed by silica spheres. 
Previous work was focused on irreversible change of the water content in the spheres (e.g., by 
annealing at high temperatures) and its influence on the resulting silica opal [2]. However, studies on 
in situ water changes in the opal by e.g. due to alterations of the operating temperature or humidity are 
missing. 
 
In this direction, we have performed a complete characterization of water content in silica artificial 
opals for different conditions of composition, temperature and growth. We investigate the reversible 
modification of the water content in the opal (principally by moderate heating but also in vacuum) and 
the simultaneously changes in the photonic bandgap (PBG). We observe, due to removal of interstitial 
water, large blue-shifts up to 30 nm and a predominantly decrease of the bandgap width up to 7%. In 
this study, we make a novel use of the optical properties of the opal to infer quantitative information 
about water distribution within silica beads and dehydration phenomena from simple reflection spectra. 
Taking advantage on the well-defined opal morphology, our approach offers a simple tool for 
straightforward investigation on generic adsorption-desorption phenomena, which might be 
extrapolated to other humid granular media. 
 
In addition, we also demonstrate that photoswitching can be induced by low cw-visible-irradiation in 
lightabsorbing hydrophilic silica opals due to local heating, in which large and fast bandgap shift (15 
nm in 5 milliseconds) is obtained (Figure 1) [3]. This very simple and cost-effective approach provides 
high switchability in conventional silica photonic crystals, promising an inexpensive solution for a 
number of applications. 
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Figure 1:  Water distribution as a function of humidity for different 
temperatures in an artificial opal formed by silica spheres of 335 nm. 
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INTERNAL ELECTROMAGNETIC FIELD DISTRIBUTION AND MAGNETO-OPTICAL ACTIVITY OF METAL 

AND METAL-DIELECTRIC MAGNETOPLASMONIC NANODISKS 
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Localized surface plasmon resonances (LSPRs) greatly influence the optical [1-4] and magneto-
optical (MO) [5-10] properties of fully metallic and metal-dielectric nanostructures. The observed 
enhancement in the MO activity when these LSPRs are excited is attributed to the high intensity of the 
electromagnetic (EM) field inside the global nanostructure when the LSPR occurs [5,11]. 
Unfortunately, it is not straightforward to experimentally determine the intensity of the EM field inside a 
nanostructure. Here we show how the EM profile related to the LSPR can be probed locally inside the 
nanostructure by measuring the MO activity of the system as a function of the position a MO active 
probe (a Co nanolayer). This will be done in full detail in metallic systems, and preliminary results will 
also be presented in more complex metal-dielectric magneto-plasmonic nanodiscs. 
 
The magnetoplasmonic nanodisk arrays have been fabricated in large area onto glass substrates by 
combining colloidal lithography with sputter, thermal and electron beam deposition and lift-off 
techniques. Typical nanodisk structures are Au/Co/Au/Cr and Au/SiO2/Co/SiO2/Au/Ti, for the fully 
metallic and the metal-dielectric structures respectively, with total heights between 50 and 70 nm and 
diameters between 110 and 140nm (Figure 1(a)). For the sake of comparison, continuous thin films 
with identical composition have been also prepared. 
 
The MO activity (Φ) has been obtained by measuring the MO Kerr effect in polar configuration upon 
normal incidence illumination, previously identifying the optical resonances through extinction spectra. 
In the fully metallic nanostructures, we find a distinctive evolution as a function of Co position of the 
MO activity in the nanodiscs compared with that of the continuous layers, with maximum values when 
the Co layer is located near the top or the bottom of the disks and minimum values in-between due to 
the LSPR excitation. This behavior is in contrast with the MO activity exhibited by the continuous films, 
which increases monotonously as the Co layer becomes closer to the top surface (Figure 1(b)). This 
indicates that the EM field inside the nanodisks exhibits a nonuniform distribution in plasmon 
resonance conditions. In fact, the Co layer acts as a probe sensing the EM field within the nanodisk, 
since the MO activity depends on the intensity of such field. Preliminary results on the possible 
influence of multiple resonances in metal-dielectric magnetoplasmonic nanodiscs will be also 
presented (Figure 1(c)). 
 
This information could be very relevant for the design of magnetoplasmonic systems offering optimum 
MO enhancement, for instance for sensing applications where maximum sensitivity is expected in the 
areas with higher EM field. 
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Figure 1 :  (a) Sketch of the fully metallic and metal/dielectric nanodiscs (b) Maximum magneto-optical activity 
as a function of the Co position for fully metallic continuous films and nanodiscs (c) AFM image of an array of 
metal-dielectric nanodisc array (Inset: extinction spectrum showing two characteristic peaks). 
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Optical antennas are devices designed to efficiently convert optical radiation into localized energy and 
vice versa [1]. Currently, there is great interest in the development of magnetic optical nanoantennas 
that combine optical nanofocusing properties with magnetic functionality. Such antennas would be 
interesting for bioseparation, drug targeting and cell isolation [2]. However, plasmons in ferromagnetic 
materials are typically strongly damped. A common strategy to overcome this problem is to develop 
hybrid structures consisting of noble metals and ferromagnetic materials [3]. Plasmon properties of 
pure ferromagnetic nanostructures are a widely unexplored terrain, although pure ferromagnetic 
structures offer the advantage of stronger magnetic polarization and less demanding fabrication. 
 
Here we report an experimental and theoretical study of the optical properties of ferromagnetic 
nanostructures fabricated purely of nickel. By farfield extinction spectroscopy (Fig. 1a) we provide 
direct experimental evidence of particle Plasmon resonances in nickel disks and ellipsoids. In order to 
identify the mode associated with the resonance peak, we imaged amplitude (Fig. 1b) and phase (Fig. 
1c) of the vertical near-field component using a scattering-type scanning near-field optical microsocpe 
(s-SNOM) operating at 633 nm wavelength. In the amplitude image we observe two bright spots 
aligned along the polarization direction, which are oscillating out of phase for 180°. Such a near-field 
pattern provides direct experimental evidence of a dipole mode, which has been observed earlier for 
plasmon-resonant gold disks [4,5]. We emphasize that we also clearly observe the transverse 
plasmon mode in the elliptical antenna. 
 
Performing numerical calculations, we find significant differences between far- and near-field spectra 
of plasmonic nickel antennas, which are indicated experimentally by comparing single wavelength 
near-field images and far-field spectra. We find that the near-field resonance is dramatically red shifted 
compared to the far-field resonance. This is a fundamental behavior already reported earlier for gold 
nanoantennas [6], but which is not fully understood yet. We will discuss these shifts theoretically. We 
also discuss a simple harmonic oscillator model revealing that a major contribution to the shift 
between near- and far-field resonances is a consequence of the Plasmon damping. 
 
 
 
References:  
 
[1] Muhlschlegel, P.; Eisler, H. J.; Martin, O. J. F.; Hecht, B.; Pohl, D. W. Science 2005, 308, (5728), 

1607-1609. 
[2] Insin, N.; Tracy, J. B.; Lee, H.; Zimmer, J. P.; Westervelt, R. M.; Bawendi, M. G. ACS Nano 2008, 

2, (2), 197-202. 
[3] Levin, C. S.; Hofmann, C.; Ali, T. A.; Kelly, A. T.; Morosan, E.; Nordlander, P.; Whitmire, K. H.; 

Halas, N. J. ACS Nano 2009, 3, (6), 1379-1388. 
[4] Hillenbrand, R.; Keilmann, F.; Hanarp, P.; Sutherland, D. S.; Aizpurua, J. Appl. Phys. Lett. 2003, 

83, (2), 368-370. 
[5] Esteban, R.; Vogelgesang, R.; Dorfmuller, J.; Dmitriev, A.; Rockstuhl, C.; Etrich, C.; Kern, K. 

Nano Lett. 2008, 8, (10), 3155-3159. 
[6] Bryant, G. W.; De Abajo, F. J. G.; Aizpurua, J. Nano Lett. 2008, 8, (2), 631-636. 
 
 
 
 
 



 

 410 

P
P
M

P
P
M

P
P
M

P
P
M
2
0
1
1

2
0
1
1

2
0
1
1

2
0
1
1
 

 
 

 
 

Im
a
g
in
e
N
a
n
o
 A
p
ri
l 
1
1
-1
4
, 
2
0
1
1
 

 

Figures:  
 

 
 

Figure 1 :  Plasmonic nickel nanoantennas. (a) Extinction spectra of circular and elliptical nickel antennae. The 
red line in the spectra marks the wavelength λ=633 nm where near-field imaging was performed. The arrows 
indicate polarization of incident light. (b) Near-field optical amplitude images E. The arrow and bar denote the 
polarization of incident laser and scale of the images. (same for all three particles) (c) Near-field optical phase 
images φ. 
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MAGNETO-OPTICAL STUDY OF MAGNETIC MICROWIRES: DOMAIN STRUCTURE, DOMAIN WALLS 

MOTION, MAGNETIZATION REVERSAL 
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The investigation of the magnetization reversal process, domain structure and domain walls motion in 
magnetic microwires is one of the most important tasks related to the use of magnetic wires in different 
technological devices. In particular, intensive studies of magnetic properties of glass coated 
microwires have been performed to enhance the giant magnetoimpedance (GMI) effect used in 
magnetic sensing technology. 
 
The present abstract is devoted to the recent results on magneto-optical Kerr effect (MOKE) study of 
the surface magnetization reversal and surface domain structure in glass covered amorphous 
microwires. 
 
The full cycle of the magnetization reversal between two circularly magnetized mono-domain states 
has been fixed using MOKE microscope in longitudinal configuration. The process of circular domains 
nucleation and propagation strongly depends on the dc external axial magnetic field. The comparative 
analysis of the magnetometry and optical microscopy results shows that the magnetization reversal 
consists mainly of the nucleation of circular domains and transformation to multi-domain structure 
when the dc axial field is relatively small. It was found also that the dc axial field suppresses the 
nucleation process putting in the forefront the propagation of circular domain walls. 
 
Also the surface domain wall (DW) motion has been studied using the MOKE modified Sixtus-Tonks 
method when two reflections of the broken laser beam from the microwire surface were used instead 
of the pickup coils [1]. 
 
The surface circular DW motion was induced by the pulsed circular magnetic field. The single domain 
wall motion along the wire was registered as two successive jumps of the MOKE signal. This motion is 
associated with the circular magnetic bistability related to the giant Barkhausen jump of circular 
magnetization. During the experiments our attention was focused of the influence of the dc axial 
magnetic field on the surface circular DW motion. 
 
It was found the influence of the axial magnetic field on the shape of the MOKE jump. Depending on 
the value of the axial field there are three stage of the jump transformation. At the first stage, the time 
duration of the jump decreases with axial field increase. At the second stage, the specific 
transformation of the shape of the jump was observed. We consider that this transformation is related 
to the transformation of the form of the DW. Finally, the absolute value of the MOKE jump decreases 
following by the total disappearance of the MOKE signal. This disappearance is reasonable because 
the dc axial filed of the relatively high value directs the magnetization along the axial direction of the 
microwire eliminating the transversal projection of the surface magnetization. 
 
Based on the series of the time dependences of the MOKE jumps related to the surface DW motion 
along the wire, the dependence of the DW velocity on the dc axial field has been plotted (Fig. 1). The 
results have been obtained for the pulsed circular field of the value of 0.2 Oe. 
 
This dependence has been analyzed jointly with the dc axial field induced transformation of the MOKE 
jumps. The general growth of the velocity with dc axial field is observed. Nevertheless, three specific 
parts of the dependence could be marked out. There are two pars with clearly defined increase of the 
velocity – in the beginning and in the end of the of the curve. Also the local decrease of the velocity 
value exists in the middle part of the field dependence. 
 
We consider that the first part of the field dependence is related to the DW transformation form 
inclined one to DW perpendicular to the wire axis, that confirmed by the MOKE signal transformation. 
When the dc axial field is high enough the magnetization inside the transformed DW is directed 
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probably more along the axial direction that decelerates the motion of DW between two circular 
domains. The successive DW acceleration observed in the final part of the curve is clearly related to 
the field induced decrease of the angle of the turn of the magnetization in the DW. Finally, DW 
collapses when this angle is reduced to zero. 
 
In frame of the task of the miniaturization of active elements of magnetic sensors the investigation of 
the magnetization reversal has been performed in nano-scale amorphous microwires for the first time. 
The arrays of glass covered microwires (nominal composition (Fe97Co3)75B15Si10, diameter of 
metallic nucleus 1000 nm) have been studied by magnetic and magneto-optical techniques. The 
results of PPMS magnetic (4 microwires array) and longitudinal magneto-optic Kerr effect (10 
microwires array) experiments are presented in the Figs. 2(a) and 2(b). The clear jumps of 
magnetization could be observed in volume and surface hysteresis loops. These jumps are related to 
the giant Barkhausen jumps associated with the magnetization reversal in single microwire as a 
consequence of the interaction between the microwires. Based on the obtained results we can 
conclude that the magnetic behaviour of the glass covered microwires with such extremely tiny 
diameter keeps magnetically bistable and could be considered in the frame of core-shell model. 
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Figures:  
 
 

 
 

Figure 1:  Dependence of the velocity of the circular surface domain wall on dc axial magnetic field. The value 
of the pulsed circular magnetic field is 0.2 Oe. 
 
 

 
 

Figure 2 :  Magnetization reversal curves obtained by magnetic (a) and magneto-optic (b) techniques. 
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NANOGAP RING ANTENNAE AS PLASMON COUPLED, DICHROIC SERRS SUBSTRATES FOR 

BIOSENSING 
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We explore the use of engineered nano-gap plasmonic ring systems in biosensing. By employing 
cutting edge nanofabrication methods we seek to exploit the extraordinary optical properties of 
metallic nanostructures in a range of novel ways targeted toward extremely sensitive molecular 
detection. 
 
Surface enhanced (resonance) Raman spectroscopy (SE(R)RS) is a powerful sensing tool which 
relies on molecular interaction with the fluctuating plasmon field of a resonating nanoparticle. Using 
this method it has been shown that SERRS can rival the sensitivity of fluorescence techniques, 
enabling single molecule detection and characterisation.[1] As nanoengineering techniques have 
become more advanced in recent years there has been a move toward fabricating ever more complex 
nanoparticle geometries, with the aim of creating functional, tunable sensing substrates with a uniform 
distribution of intense localised plasmon fields. 
 
In this work, we explore the use of nano metallic split-ring antenna as powerful, multifunctional 
biosensors with dichroic optical properties. Fabrication via electron-beam lithography allows for the 
strict control over structural geometry that is necessary to accurately tune the ring’s multiple, 
polarisation dependant plasmon resonances to particular wavelengths.[2] In doing so, we demonstrate 
that we can tune their optical response such that they exhibit two independently addressable high 
frequency plasmon resonance modes, each tuned to the absorption wavelength of a differently 
coloured Raman reporter molecule and its corresponding laser excitation wavelength (Figure 1).[3, 4] 
This allows the single geometry ring structures to act as tailored SERRS sensors for low concentration 
DNA analyses at two distinct wavelengths.[4] 
 
We go on to report on the fabrication, optical characterisation and application of a new generation of 
ultra-small multiple-split nanoring antenna.[5, 6] Using electron-beam lithography, splits of ca. 6 nm 
are engineered into silver nanophotonic ring structures to create concentrated areas of localised field 
coupling, which can be exploited for enhanced plasmonic applications. We compare the plasmonic 
properties of three devices, containing 3, 4 and 5 splits respectively, which have been spectrally tuned 
to 532 nm. Using finite element analysis, we explore the distinct plasmonic characteristics of each 
structure, and describe how variations in surface charge distribution effect inter-segmental coupling at 
different polarisation angles (Figure 2). The impact these changes have on the sensory functionality of 
each device was determined by a competitive DNA hybridisation assay measured using surface 
enhanced resonance Raman spectroscopy. The geometry of these novel, circular, multiple-split rings 
leads to unique plasmon hybridization between the numerous segments of a single structure; a 
phenomena we demonstrate is applicable to extreme Raman sensitivity, and may also find use in 
metamaterial applications. 
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Figures:  
 

 
 
Figure 1 :  Left – SEM and transmission spectra of an 80 nm radius Ag split-ring resonator sensor array with 2

nd
 

and 3
rd

 order resonances tuned to 785 and 633 nm respectively. Right –SERRS from an identical array modified 
with a 1:1 ratio of Cy5 and Cy7 labelled oligonucleotide sequences hybridized to complimentary strands attached 
to the sensor surface. Measurements were performed at 633 and 785 nm and data was collected when the 
electric field vector of each laser was orientated both parallel and perpendicular to the split in the ring geometry. 
 

 
Figure 2 :  Left – SEM of multiple-split nanoring antenna with average gap sizes of 6nm or less. Right – Finite 
element analysis of the plasmonic field distribution around each structure at resonance. 
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NANOPARTICLES, THE EFFECT IN THE REVERSAL PROCESS 
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Magneto-optical (MO) techniques are well-established procedures to characterize the dynamics and 
reversal process of nanostructured materials and surfaces. At the same time MO properties include 
information on the band structure because MO effects are produced by the spin-orbit coupling. This 
interaction is largely modified in nanomaterials due to quantum confinement effects, changes in the 
electronic structure and surface contribution. Electronic plasmon excitations, typical of metal 
nanostructures, can also affect the MO response and the magnetic dynamics. Moreover the 
interaction between femtosecond light and magnetic materials can produce changes in the dynamic of 
the reversal process. As a consequence MO studies are emerging as fundamental methods to 
investigate the correlations between the magnetic, optical and electronic properties of nano-sized 
materials with an important role for understanding the possibility of manipulation of the magnetic 
information with light. 
 
In our presentation we illustrate our research activity on the study on the interactions of the light with 
magnetic nanomaterials using magneto-optical techniques. We use a home-made magneto-optical 
set-up built around an optical cryostat with superconducting coils. This allows to measure the 
magneto-optical signal in the temperature range of 1.5 K to 300 K and with magnetic field of ± 5 T. We 
record the magnetic Circular Dichroism using beams with discrete wavelengths covering the 400 nm to 
1000 nm range. We investigated the wavelength dependence of the MO hysteresis loops and the 
dynamics of of two families of alloy based nanoparticles: Co-Ni alloy nanoparticles prepared by sol-gel 
route [1] and Fe-Au nanoparticles prepared by ion implantation [2].  
 
Co-Ni nanoparticles with different compositions have been investigated and in general they exhibit MO 
hysteresis loops larger of the magnetometric one (Figure 1) and mainly the coercive fields are 
wavelength dependent. The largest effect is observed in nanoparticles with composition Co33Ni66 in 
which the coercive field decreases from 0.25 T at 904 nm to 0.17 T at 400 nm being the 
magnetometric value 0.12 T. MO dynamic measurements confirm that near the UV, where Plasmon 
resonance can be excited in the metallic CoNi nanoparticles, the reversal dynamics is accelerated. 
Temperature dependence of the MO coercive field experiments exclude that the effect be related to 
the selectivity of the radiation at different ensemble of nanoparticles. In the case of Au-Fe 
nanoparticles with composition Au:Fe near SPR appears strongly dumped in the Vis-nIR spectral 
region due to the electronic hybridization of Au and Fe [3]. In fact pure Fe and AuFe nanoparticles 
present similar MO lineshape and extinction spectra due to the similarity electronic structure. However 
experiments made by recording the MO hysteresis loops with light at 632.8nm and simultaneously 
pumping with the Ar-laser line of 514 nm show one decreasing of the coercive field as function of the 
pumping power[4].  
 
In both cases we observe changes in the reversal process due to the excitation of localized surface 
Plasmon excitation in the magnetic nanoparticles. The possible mechanisms and the correlation with 
the magnetic properties of the nanoparticles are discussed. 
 
It unlocks the possibility of observing spin-plasmonic effects in the visible region, and thus opens a 
new area of fundamental research and interesting applicative possibilities in all fields requiring the 
mixing of spin and electronic properties, like magneto-optics, spintronics and spin-plasmonics. 
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Figure 1 :  Hysteresis loops recorded by magnetometric (VSM) and MO measurements at 1.5 K. 
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Here, we report on the properties of the two-photon excited luminescence of gold nanobeads 
dispersed in solution. 
 
Nanometallic objects derive their optical properties from an ability to support collective electronic 
excitations, known as surface plasmons. In the case of gold, a further interest of the particles is their 
biocompatibility and their ability to be suitable platforms for biophotonics. A lot of studies have been 
recently devoted to functionalise gold particles to create sensitive hybrid probes for molecular 
recognition and biosensing. The corresponding approach generally takes advantage of the modulation 
of the fluorescence properties of a chromophore in close vicinity to the gold core. The emission 
properties, enhancement or quenching, depend on the photophysical properties of the linked 
molecules, on the plasmon resonances of the core and on their interaction [1, 2]. The potential of such 
hybrid probes relies on the tuning the plasmon resonances by shaping the gold core. 
 
Apart from fluorescent functionalisation with linked chromophores, a growing field of research is 
dedicated to targeted imaging with gold particles as contrast agents because of reduced photoxicity 
and versatility of excitation, in particular. The optical process involved in imaging is the emission of 
luminescence, following either one or two photons absorption. Excitation in the near-infrared domain is 
the rule under two-photon excitation [3] but it can be used even with one photon excitation in the case 
of nanorods for example. It combines the advantages of being less toxic for the samples and of 
deeper penetration into the tissues. Another interesting application is the thermal effect related to 
absorption when the excitation wavelength is close to their plasmon resonance peaks. The latter has 
been demonstrated to be of interest for therapeutic purposes [4].  
 
The initial aim of our studies was to determine if the two-photon excited luminescence process could 
be efficient enough to track small spherical gold nanobeads diffusing in aqueous solutions. It implied 
to work at the single particle level. In fact, luminescence of gold nanoparticles has been mainly studied 
on deposited samples, eventually at the single particle level but very few experiments have been 
performed on liquid samples, generally with a rather high concentration of particles. 
 
To understand the optical behavior of gold nanobeads, we have used Fluorescence Correlation 
Spectroscopy (FCS) implemented on a two-photon microscope comprising imaging capabilities. As is 
displayed on the Figure 1, the cross-correlation profile of the two-photon excited luminescence of 
golds beads of 20 nm diameter presents an unexpected component in the microsecond temporal 
range. This contribution has been attributed to the signature of the Brownian rotation of the beads, 
using an original dual method correlating luminescence and Rayleigh scattering signals [5]. We will 
report on a multiparameter analysis of the two-photon excited luminescence of gold nanobeads, which 
reveals the role played by the ligands capping the particles in the anisotropy of the emission. The 
latter is closely related to the temperature increase at the water-ligands interface following absorption. 
The effects of the polarization and of the excitation wavelength will be discussed. 
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Figure  1:  Cross-correlation profile of two-photon excited luminescence of gold beads of 20 nm diameter; 
excitation wavelength 815nm; power 6mW; In inset, histogram of bursts. 
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University of Pennsylvania, Department of Electrical and Systems Engineering, Philadelphia, PA, USA 
Engheta@ee.upenn.edu 

 
 
In my group, we have been developing the concept of “metatronics”, i.e. metamaterial-inspired optical 
nanocircuitry, in which the three fields of “electronics”, “photonics” and “magnetics” can be brought 
together seamlessly under one umbrella – the “Unified Paradigm of Metatronics”. In this optical 
circuitry, the nanostructures with specific values of permittivity and permeability may act as the lumped 
circuit elements such as nanocapacitors, nanoinductors and nanoresistors. Nonlinearity in metatronics 
can also provide us with novel nonlinear lumped elements. We have investigated the concept of 
metatronics through extensive analytical and numerical studies, computer simulations, and in a set of 
experiments at the IR wavelengths.  We have shown that nanorods made of low-stressed Si3N4 with 
properly designed cross sectional dimensions indeed function as lumped circuit elements at the IR 
wavelengths between 8 to 14 microns. We have been exploring how metamaterials can be exploited 
to control the flow of photons, analogous to what semiconductors do for electrons, providing the 
possibility of one-way flow of photons. We are now extending the concept of metatronics to other 
platforms such as graphene, which is a single atomically thin layer of carbon atoms, with unusual 
conductivity functions. We study the graphene as a new paradigm for metatronic circuitry and also as 
a “flatland” platform for IR metamaterials and transformation optics, leading to the concepts of one-
atom-thick metamaterials, and one-atom-thick circuit elements and optical devices. I will give an 
overview of our most recent results in these fields. For more information, please see the references 
given below. 
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Nanoporous anodic alumina (NPAA) [1] has become a very interesting material in nanotechnology 
because of its cost-effective production and its geometrical properties that can be tuned in a wide 
range. The main application of NPAA is in templating to achieve different nanostructures with different 
functionalities: [2-4]. Furthermore, the structure of nanoporous anodic alumina is a two-dimensional 
self-assembled structure with a triangular arrangement of the pores. If no pre-patterning techniques 
are used, the triangular pore arrangement is broken into domains, giving rise to a quasi-random 
structure. By adequately tuning the fabrication conditions, the size of the domains can be increased. 
Such triangular pattern reminds that of a triangular Photonic Crystal [5], although it lacks the perfect 
periodicity. However, it can be demonstrated [6] that the NPAA pattern can show photonic stop bands 
in the same way it happens with photonic quasicrystals [7] or even in random structures [8]. 
 
Silicon is a good candidate to obtain two-dimensional photonic crystals [9] for different applications, 
mainly because its compatibility with the wide-spread silicon technology. In order to obtain such 
photonic crystals, a lithography-based pre-patterning technique and further wet- or dry-etching 
techniques are required. This makes the cost relatively high, especially if the lattice constants have to 
be reduced to a few hundreds of nanometers. However, some applications may only need to benefit 
from the existence of a stop band, and thus, in this case, the NPAA pattern could be adequate. 
 
In this work we focus on the transfer of the NPAA pattern to the silicon surface for further 
electrochemical etching. Such nanostructured silicon substrate will enable a great variety of 
applications that take benefit from the existence of a photonic band gap onto a conductive substrate 
that provides electrical contact: efficient light emitters (both diode or lasers), solar cells with more 
efficient light harvesting, sensors with enhanced sensitivity. With this aim, the process parameters 
concerning aluminum deposition, etching conditions and processing steps are optimized. We present 
results on fabrication and characterization of the structures fabricated. One of the main issues is the 
optical characterization of the resulting Si nanostructure by angular-dependent reflectance 
spectroscopy and polarimetry [10,11]. Such measurements require a good surface finish between the 
pores on the silicon. Consequently the process will be optimized to obtain such a surface quality. 
 
The figures show some of the achievements up to date. Figure 1 shows the current transients and the 
SEM pictures of the surface and of the cross-section of a NPAA layer grown onto p-Si by a two-step 
electrochemical etching process with a 0.3 M oxalic acid electrolyte and under potentiostatic 
conditions with an applied voltage of 40 V. Figure 1a shows the current-time curve for the first and the 
second steps of the anodization processes, Figure 1b shows an ESEM picture of the sample surface 
and finally, Figure 1c shows the cross section of the sample, showing the alumina and the silicon 
regions. Figure 2 shows the same information but for a sample obtained with a 0.3 M phosphoric acid 
electrolyte and an applied voltage of 160 V. 
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Figure  1:  NPAA template on Si obtained with an 0.3 M oxalic acid electrolyte, under potentiostatic conditions 
with an applied voltage of 40V. a) current-time curve for the first and the second anodization. b) ESEM picture of 
the sample surface. c) ESEM picture of the sample cross-section. 
 
 

    
 
Figure 2 :  NPAA template on Si obtained with an 0.3 M phosphoric acid electrolyte, under potentiostatic 
conditions with an applied voltage of 160V. a) current-time curve for the first and the second anodization. b) 
ESEM picture of the sample surface. c) ESEM picture of the sample cross-section. 

b) 

c) 

NPAA 

Si 

b) c) 

NPAA 

Si 



 

 

423 

P
P
M

P
P
M

P
P
M

P
P
M
2
0
1
1

2
0
1
1

2
0
1
1

2
0
1
1
 

 
 

 
 

Im
a
g
in
e
N
a
n
o
 A
p
ri
l 
1
1
-1
4
, 
2
0
1
1
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Wave emission and propagation in random media has been a matter of intense research during the 
last decades. Effects induced by coherent multiple scattering of waves explain to a large extent 
phenomena such as enhanced coherent backscattering, universal conductance fluctuations, strong 
Anderson localization of waves and random lasing, to cite a few. [1] 
 
Contrary to what intuition may suggest, the introduction of scattering sources in a system can enhance 
the focusing ability of an optical system. A simple heuristic argument shows that scattering can 
efficiently open new propagating channels which are closed otherwise. As has been demonstrated in 
the microwave regime [2], the inclusion of scatters in the near field of a selected focusing point can 
even enable subwavelength focusing.  
 
By using wavefront shaping techniques, it has been recently shown [3] in the optical range that, 
despite experimental limitations, it is possible to achieve the best theoretical focus as predicted by 
Cittert-Zernike theorem. Using a different approach, it has been shown that the full transmission matrix 
of a thick turbid medium can be measured both in amplitude and phase [4]. Hence, using an 
appropriate inversion algorithm, any intensity pattern can be transfered through the sample. 
 
In this work, we theoretically analyze the focusing capabilities of a system with varying amounts of 
disorder. In particular we shall deal with scalar wave models in confined (guided) geometries. 
 
In this kind of systems, several transport regimes appear depending on the ratio of the system length 
to the scattering mean free path and the propagating number of channels. For lengths small compared 
with the mean free path, transport is quasi-ballistic. Diffusive transport is dominant for lengths ranging 
from about a mean free path up to the so-called localization length. For larger lengths, the system 
undergoes a crossover to the deep localized regime where transport is exponentially inhibited. 
 
It has been shown [5] that the averaged conductance of the system can account for many transport 
statistical properties in a universal manner, all the way from quasi-ballistic to deep localization 
regimes. On the other hand, conductance can be properly defined not only in electronic systems but 
on optical ones [6]. Being hence conductance a key parameter describing the optical transport 
properties of a disordered system. 
 
By generating random scattering matrices corresponding to previously defined number of propagating 
channels, scattering mean free path and system length [7]. We are able to determine all the relevant 
optical transport parameter of the system. Also, through the use of different inversion algorithms, we 
can determine the set of appropriate incoming amplitudes for each channel in order to focus light at 
the other side of the system. In figure 1 we show an example of diffraction-limited focusing by using a 
Montecarlo algorithm through a system of one mean free path thickness. 
 
It can be shown that, if incoming amplitudes can present an arbitrary dynamic range while keeping a 
sufficiently small signal-to-noise ratio, focusing is diffraction limited for any transport regime including 
localization. Nevertheless, the amount of transmitted power in strongly reduced as the scattering 
increases. It is worth stressing that the transmittance in the focusing mode is much smaller than the 
channel-averaged transmittance of the sample. Hence, one of the limitations we find is that the 
transmitted power can be negligible even prior to the onset of localization. As can be seen in figure 2. 
 
On the other hand, if we consider a finite signal-to noise ratio for the incoming amplitudes, focusing 
ability deteriorates as scattering increases. 
 
In conclusion, we show that, although some amounts of disorder provide an effective coupling to new 
propagating channels, hence increasing the effective numerical aperture of the optical system. 
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Focusing capabilities of the system and the effective power transmission are severely reduced if 
disorder is further increased. 
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Figure 1: Focusing through a disordered system of 1 mean free path thickness. a) Spot size as a function of the 
Montecarlo step. b) intensity map in the focusing plane for a random pattern of incoming field amplitudes. c) 
intensity map in the focusing plane after incoming amplitudes have been adapted for focusing through a 
Montecarlo procedure. 

 

 
 
Figure 2: Power transmission of the focused beam normalized to the average one-channel transmittance 
(conductance divided by the number of channels) as a function of the waveguide conductance. 
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For the last two decades, the Surface Plasmon Resonance (SPR) technology is demonstrated as a 
powerful tool for the bio-molecular interactions investigations and analysis. 
 
The SPR imaging technology is a ideal solution for rapid, label-free and multiplexed bio-assays and 
investigations. It’s a high sensitive detection method for bio-molecular interactions, using a micro-array 
biochip format to rapidly monitor multiplex kinetic interactions in real time. This technology allows 
direct visualization of biomolecular interactions and is suitable for determination of real time physico-
chemical interactions and kinetics. Thanks to SPRi, analytes can be detected in the range of the 
femto-mol.  
 
Surface Plasmon Resonance (SPR) is an optical detection process that can occur when a polarized 
light hits a prism covered by a thin metal layer. Briefly, a broad monochromatic polarized light (at a 
specific wavelength) illuminates the whole functionalized area of the SPRi-Biochip™, which is 
combined with a detection chamber. A CCD video camera gives access to array format by image 
capture of all local changes at the surface of the SPRi-Biochip™. 
 
SPR imaging has the capacity to record simultaneously the interaction of any ligand to every single 
spot on the golden surface of the reaction chamber without any label addition. The signals obtained 
are able to identify, by the spot position in the chip, which probes are recognized by the ligand but 
also, by analysing the on and off rates of ligand binding, the mean affinity (or avidity) of these ligand to 
probes can be calculated.  
 
Main applications involve interactions between DNA-DNA, protein-DNA, protein-ligand, peptide-ligand, 
antibody-cell in the fields of health (aid to diagnosis and treatment), environmental control, new drug 
discovery and development in pharmaceutical and cosmetic research, quality-control in agro-food 
etc… 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 426 

P
P
M

P
P
M

P
P
M

P
P
M
2
0
1
1

2
0
1
1

2
0
1
1

2
0
1
1
 

 
 

 
 

Im
a
g
in
e
N
a
n
o
 A
p
ri
l 
1
1
-1
4
, 
2
0
1
1
 

 

 



 

 

427 

P
P
M

P
P
M

P
P
M

P
P
M
2
0
1
1

2
0
1
1

2
0
1
1

2
0
1
1
 

 
 

 
 

Im
a
g
in
e
N
a
n
o
 A
p
ri
l 
1
1
-1
4
, 
2
0
1
1
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Self assembly is a well established approach to fabricate photonic structures able to manipulate light 
propagation and emission at the nanoscale [1]. Beyond its use as a means to fabricate photonic 
crystals or resonant disordered structures such as photonic glasses, recent reports have shown how 
self assembly techniques can be used to fabricate hybrid photonic-plasmonic crystals [2, 3] which 
optical properties allow for a strong modification of the spontaneous emission of internal sources [2]. 
Further, the sensitivity of their optical response to their environment has been proposed as a means to 
use this kind of systems of optical sensors [3], and means to control their optical properties by 
modifying the dielectric components have been demonstrated [4]. 
 
In these hybrid structures, where periodic arrays of dielectric colloids are deposited on metallic 
substrates, electromagnetic fields undergo a strong spatial redistribution and strong field 
enhancements can be achieved. Depending on the spectral range under consideration 
electromagnetic fields can be localized close to the metal substrate (plasmon-like modes) or within the 
dielectric array (waveguidedlike modes) (see Fig. 1a). 
 
Several metallodielectric structures have been fabricated employing gold or silver substrates and their 
optical response has been compared to reference samples grown on dielectric substrates in order to 
better appreciate the effect of the metallic component. The dispersion relation of such structures has 
been probed by means of angle and polarization resolved reflectivity measurements (see Fig. 1b). 
 
As in any photonic structure, losses degrade the optical response of these systems and hence its 
applicability; therefore knowledge is needed on how such losses can be minimized. In this work we 
explore the optical response of self-assembled plasmonic-photonic structures having different 
configurations and fabricated from different materials and explore how one can minimize intrinsic 
losses due to leakage and absorption. The effect of the optical constants of the metallic substrates has 
been explored. Further, the role of extrinsic losses originating at residual disorder generated during 
the growth process is discussed. 
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Figures:  

 

 

Figure 1 :  a) Normal incidence reflection 
spectrum for a dielectric array of 520nm 
diameter polystyrene spheres deposited on a 
gold substrate (bottom) and total field intensity 
profiles of the modes highlighted (top). b) 
Angle and polarization resolved reflection for 
the same sample. 
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Metallic metamaterials have shown a number of fascinating 
properties over the last few years. A negative refractive index, 
negative refraction, superlenses, and optical cloaking are some of 
the ambitious applications where metamaterials hold great 
promise. 
 
We are going to present fabrication methods for the 
manufacturing of 3D metamaterials [1]. We are investigating their 
coupling properties and the resulting optical spectra. Hybridization 
of the electric [2] as well as the magnetic [3] resonances allows us 
to easily understand the complex optical properties. Lateral as 
well as vertical coupling can result in Fano-resonances [4] and 
EIT-like phenomena [5, 6]. These phenomena allow to construct 
novel LSPR sensors with a figure of merit as high as five [7]. 
 
The connection between structural symmetry and their electric as 
well as magnetic dipole and higher-order multipole coupling will 
be elucidated. It turns out that stereometamaterials [8], where the 

spatial arrangement of the constituents is varied (see figure), reveal a highly complex rotational 
dispersion. The chiral properties are quite intriguing and can be explained by a coupled oscillator 
model.  
 
Our three-dimensional stacking approach allows also for the fabrication of 3D nanoantennas, which 
are favorable for emitting and receiving radiation from quantum systems [9]. 
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Electromagnetic scattering from nanometer-scale objects has long been a topic of large interest and 
relevance to fields from astrophysics or meteorology to biophysics, medicine and material science [1-
5]. In the last few years, small particles with resonant magnetic properties are being explored as 
constitutive elements of new metamaterials and devices. Magnetic effects, however, cannot be easily 
exploited in the visible or infrared regions due to intrinsic natural limitations of optical materials and the 
quest for magnetic plasmons and magnetic resonant structures at optical frequencies [6] has then 
been mainly focused on metallic structures. The unavoidable problems of losses and saturation effects 
inherent to these metamaterials in the optical and near infrared regimes have stimulated the study of 
high-permittivity particles as their constitutive elements [7-9]: For very large permittivities, small 
spherical particles present well defined sharp resonances [1]; either electric or magnetic resonant 
responses can then be tuned by choosing the appropriate sphere radius. 
 
In the presence of both electric and magnetic properties, the scattering characteristics of a small 
object present markedly differences with respect to pure electric or magnetic responses. Even in the 
simplest case of small or of dipolar scatterers, remarkable scattering effects of magnetodielectric 
particles were theoretically established by Kerker et al. [10] concerning suppression or minimization of 
either forward or backward scattering. Intriguing applications in scattering cancellation and cloaking 
[11] and magneto-optical systems [12-14] together with the unusual properties of the optical forces on 
magnetodielectric particles [15-17] have renewed interest in the field. 
 
The striking characteristics of the scattering diagram of small (Rayleigh) magnetodielectric particles 
[10,18] were obtained assuming arbitrary values of electric permittivity and magnetic permeability. 
Nevertheless, no concrete example of such particles that might present those interesting properties in 
the visible or infrared regions had been proposed. 
 
Very recently, it has been shown [19] that submicron silicon spheres present dipolar magnetic and 
electric responses, characterized by their respective first-order Mie coefficient, in the near infrared, in 
such a way that either of them can be selected by choosing the illumination wavelength. We will show 
that Si spheres constitute such a previously quested real example of dipolar particle with either electric 
and/or magnetic response, of consequences both for their emitted intensity and behavior under 
electromagnetic forces [16,17]. These properties should not be restricted to Si particles but should 
also apply to other dielectric materials with relatively moderate refraction index. Furthermore, we will 
discuss the effects associated to the interference between electric and magnetic dipoles in germanium 
spheres [20]. As we will demonstrate the extinction cross section and the scattering diagrams of these 
submicron dielectric particles in the infrared region can be well described by dipolar electric and 
magnetic fields, being quadrupolar and higher order contributions negligible in this frequency range. 
Specifically, the scattering diagrams calculated at the generalized Kerker's conditions are shown to be 
equivalent to those previously reported [10,18] for hypothetical (ε≠1, µ≠1) magnetodielectric particles. 
Finally we will analyze the consequences of the strong scattering anisotropy on the radiation pressure 
on these particles showing the electric-magnetic dipolar interaction plays an active role in spinning the 
particles either in or out of the whirls sites of the interference pattern, leading to trapping or 
diffusion[17]. 
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ON CHIP LIGHT HANDLING WITH SINGLE AND TWINNED NANOBEAM CAVITIES 
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Optical information processing at the chip level has been a long standing dream. However it requires 
both on chip light generation and manipulation at sub-wavelength scale which remains challenging. In 
this context, nanobeam cavities appeared as one of the key players thanks to their field confinement 
capability and their ridge waveguide integrated geometry. In this context, we showed that strong light 
localization within nanobeam cavities was possible and was moreover tuneable by near-filed 
interaction with an external nanometric tip. We showed as well that twinned high Q nanobeam cavities 
placed in the near-field of each other can optically couple to form a new optical system with discrete 
field maps addressable by wavelength selection. 
 
The nanobeam cavities presented here integrate tapered mirrors [2]. Thanks to the mirror Bloch mode 
- cavity wave guided mode mismatch decrease; they allowed achieving record high Q/V ratios [1]. For 
those nanobeam cavities, near-field scanning optical microscopy (NSOM) is an effective tool to 
evidence sub-wavelength sized features in the light localization [3]. But it appeared also as a mean to 
achieve lossless cavity tuning [4]. The evanescent part of the strongly localized optical field can 
indeed interact with the NSOM nanometric tip [5]. As a result wavelength shifts larger than the cavity 
line width were observed under the presence of the NSOM tip leading to drastic change of the cavity 
transmission at the resonant wavelength. On/off ratios (with and without the tip above the nanobeam 
cavity) larger than 30 db were observed with Q = 50.000 nanobeam cavities. 
 
Then, if two of these cavities are moved within the near-field of each other, the optical fields can 
evanescently couple to each other. The easiest way to observe this near-field coupling effect is to 
fabricate two parallel ridge wave-guides separated by a thin air-slot spacer. A careful recording of 
optical fields above the structure by NSOM clearly demonstrate the field enhancement in the air slot 
[6] that result from the coupling effects. Now, if nanobeam cavities, instead of simple optical 
waveguides, are evanescently coupled, an entirely new optical system can be achieved. 
 
In order to understand the coupling mechanism, we first set two cavities, called twinned cavities since 
they are strictly identical to each other, at lateral coupling distances ranging from 50 to 500 nm. We 
observed that the original optical field distribution of one single cavity is now reconfigured over the 
system made by the twinned cavities. The fundamental mode appears to be splitted into two new 
modes of different parities [7]. This property means that the light localization within the system of 
twinned cavities is now wavelength dependent, and thus wavelength addressable. 
 
In order to further exploit this effect, we fabricated structures for which the spacing between 
nanobeam cavities is maintained constant at 100 nm but the number of coupled cavities is varied from 
2 to 4 and 8 cavities. 
 
We then recorded the optical field evolution as a function of the number of coupled cavities and 
observed that the more we increase the number of cavities the more we generate splitted optical 
modes [8].As a result, since each mode carries its own wavelength, we create for n coupled cavities a 
set of n different field localizations or field maps over the sample, each of them being addressable by 
a specific wavelength. 
 
So we evidence here that the electromagnetic field distribution within the reported nanosystems can 
be engineered on demand at the sub-wavelength scale giving access to a whole range of fields map 
distribution as a function of the input wavelength. 
 
This new architecture offers an unprecedented opportunity to mold on a chip the morphology of the 
optical field and opens therefore exciting new perspectives for the future development of configurable 
optical traps, sensors or opto-mechanical oscillators at the nanoscale. 
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Figure 1: (left) schematic of tip-nanobeam cavity interaction, (inset) details of the nanobeam cavity; (right) 
resonant optical field as recorded by NSOM. 

 

 
 

Figure 2: An array of nanobeam cavities generates sub-wavelength grids of confined light. The spatial distribution 
of the grids can be modified on demand by changing the wavelength in the nanosystem. 
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GAP-MODE PLASMONIC CAVITIES:  
ENGINEERING LIGHT-MATTER INTERACTIONS IN METALLIC STRUCTURES 
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Optical cavities can tightly confine light in the vicinity of optical emitters, enhancing the interaction of 
light and matter. The modes or optical states of the cavity can be precisely designed and engineered, 
and in recent years there has been remarkable progress in demonstrations of ‘cavity quantum 
electrodynamics (cQED)’ in solid state platforms. Such progress has been primarily for cavities 
fabricated in dielectric materials, with a steady improvement in cavity quality, with quality factors, Q, in 
excess of 104 – 106 realized for cavities with coupled emitters [1],[2]. These high Q-coupled emitter 
systems have demonstrated heralded single photon emission [3], ultra-low threshold lasing [4] and 
strong light-matter coupling [5],[6]. 
 
Metal-based optical cavities would have inherently lower Q’s (and greater loss) than dielectrics; 
however, metal cavities utilizing surface plasmon polaritons (SPPs) can have sufficiently small mode 
volume to produce a substantial Q/V, the quantity relevant for high Purcell factors, a measure of the 
light-matter interaction. This talk will focus on such plasmonic cavities, with optical modes formed 
within the gap of the two metal layers which defined the cavity [7]. Initial structures comprised silver 
(Ag) nanowires (NW), 70 nm in diameter and 1 - 3 µm in length, placed into close proximity to a Ag 
thin film substrate, with the NW axis parallel to the substrate surface. Optically active material was 
interposed between the nanowire and the Ag substrate: this comprised one to two monolayers of PbS 
colloidal quantum dots, clad on top and bottom by thin dielectric layers of varying composition and 
thickness. A representation of the cavity geometry is shown in Figure 1. 
 
The fluorescence spectrum of PbS quantum dots within the gap was strongly modified by the cavity 
mode, with peak position in quantitative agreement with numerical calculations, and demonstrating Q 
values of ~ 60. Figure 2 shows the different modal signatures as a function of nanowire length. 
 
The ability to tune the optical modes into resonance with the emitters is important in achieving the 
optimal light-matter coupling, and geometry of these cavities lends itself to a relatively simple and 
straightforward tuning approach. Carefully controlled deposition of dielectric layers formed by Atomic 
Layer Deposition (ALD) resulted in the systematic shift of the optical modes, as shown in Figure 3. 
 
The high Q/V possible for these cavities, and the range of organic and nanocrystalline emitters they 
can accommodate make these important building blocks for the exploration of light-matter interaction 
in the solid state. 
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Figures:  
 

 
 

Figure 1: Schematic diagram of plasmonic 
nanocavity with quantum dot optical emitters (not 
to scale). 

 
 

Figure 2: (a) Measured (lines) modes and FDTD 
calculated resonances (filled curves) from four 
cavities of different lengths, indicated in (b) 
Calculated modal profile for the two indicated 
cavities. The cavity lengths are indicated by the 
numbers on the upper-left of each spectrum. 

 

Figure 3: Systematic shift in modes with 
increased dielectric deposition on cavity.Numbers 
on the upper left of each spectrum indicate the 
number of ‘cycles’ of atomic layer deposition. 
Approximately 1 nm/cycle of Al2O3 is deposited. 
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BRIGHT CDSE/ZNSE NANOWIRE-QUANTUM DOTS FOR SINGLE PHOTONS EMISSION 
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Semiconductor nanowires (NW) are appealing structures that 
allow designing quantum structure with unprecedented 
freedom. With NW, new type of quantum dot (QD) 
heterostructures (NW-QD) can be directly grown on defined 
positions without the necessity of self-assembly, as well as 
more complex structures such as coupled QDs or core-shell 
structure. However, the quantum confinement requires 
growing NW with very small lateral size (of the order o the 
Bohr radius) with high crystalline structure and clean surfaces 
(to prevent quenching of the exciton emission through non 
radiative recombination. 
 
Using MBE in the vapour-liquid-solid growth mode (VLS) we 
have developed the growth of very high quality ZnSe nanowire 
[1] with typical diameter of 10 nm (strong confinement 
regime). We have demonstrated recently that a single CdSe 
quantum dot embedded in such a ZnSe NW can emit single 
photons up to 220K [2]. We will present our recent progress 
over the growth and optical studies on ZnSe/CdSe NW-QD. 
The quality of our NW is good enough to allow investigating 
very fine optical properties in single NWs. In pure ZnSe NW, 
we can observe the band edge emission at 442nm. In 
ZnSe/CdSe NW-QD, photon correlations measurements have 
allowed to unambigously identify exciton, biexciton and trion 
[3] as well as to study the dynamics, in the nanosecond scale, 
of the spectral diffusion mechanism [4]. 
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Figure 1 :  Single photon emission at 
220K [2] 

 

 

Figure 2:  Exciton, biexciton and 
charged exciton emission in single 
CdSe/ZnSe NW-QD [3] 

 

Figure 3:  SEM images ZnSe NWs 
grown on a ZnSe (111)B buffer layer. 
Side (a,b) and top (c,d) views. 
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PHOTONIC CRYSTAL NANOCAVITIES: EFFICIENT LIGHT-MATTER INTERACTION AT THE NANOSCALE 
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Controlling light on the nanoscale is an equally exciting and challenging goal, and it allows us to 
strongly enhance light-matter interactions. Photonic crystals offer such control without inherent losses; 
they allow us to slow light down, confine it to wavelength-scale spaces and considerably enhance 
nonlinear interactions. These abilities are enabled by the careful engineering of the photonic crystal's 
properties and their nanofabrication. Here, we discuss three examples of enhanced light-matter 
interaction, namely a) farfield-optimised cavities for harmonic wavelength generation, b) substantial 
control of defect-based light emission via the Purcell factor and c) the strong confinement of light in air 
for sensing, all enabled by the photonic crystal toolkit. 
 
I. Cavities. High-Q photonic crystal nanocavities have become very popular in recent years, as they 
offer a unique way for enhancing light-matter interaction due to their ability of combining very high Q-
factors with very small volumes [1] thus allowing us to achieve strong enhancement of optical 
nonlinearities such as harmonic generation. In particular, we have observed both second and third-
harmonic generation using only mW-level diode pump sources [2]. A major issue with the design of 
such high-Q cavities is their off-plane radiation pattern, which makes vertical in- and out-coupling 
difficult. We have investigated the possibility of modifying the far-field radiation pattern in order to 
achieve simultaneously high quality factor and high coupling efficiency to an external laser beam in a 
vertical-coupling configuration [3]. 
 
II. Light emission. While studying the nonlinear behaviour of these cavities, we also noted significant 
levels of light emission in the 1.4 µm - 1.6 µm band, even at room temperature. The emission is 
understood to arise from the H2 – based defects, the H2 being introduced by the implantation process 
that occurs during SOI manufacturing. We observe sharp and intense photoluminescence peaks that 
correspond to the resonant modes of the photonic crystal nanocavities, with an up to 300-fold 
enhancement of the emission from the nanocavity compared to the background, corresponding to a 
Purcell factor of around 12 [4]. The weak temperature dependence is one of the most striking features, 
i.e. there is a less than 2-fold reduction between 10 K and room temperature, which makes this 
approach suitable for the realization of efficient room-temperature light sources at telecom 
wavelengths as well as providing a quick and easy tool for the broadband optical characterization of 
SOI-based nanostructures. 
 
III. Slotted cavities. While the above techniques have provided the means for engineering the cavity 
mode inside the material, they can also be adopted for confining light in air, thus affording 
opportunities for very strong light-matter interaction in a range of dielectric materials. To this end, we 
have modified the well-known slotted waveguide configuration [5] and embedded it into the photonic 
crystal environment. This geometry affords us significant control over the waveguide mode, even 
outside the dielectric material. As a result, we have been able to achieve confinement in air and 
reached Q-factors as high as 50,000, which has obvious implications for environmental sensing [6]. 
 
In conclusion, it is clear that photonic crystals offer a host of opportunities in confining light at the 
nanoscale, especially for applications in nonlinear optics, light emission control and environmental 
sensing. 
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Figures:  
 

 

Figure 1: Photonic crystal cavity with farfield engineering. The 
alternating smaller and larger holes act as a superimposed 
second order grating that much improves the farfield radiation 
pattern without overly compromising the Q-factor; in the best 
case, for example, the Q-factor drops from 120k to 80k while 
the extraction efficiency increases by an order of magnitude. 

 

Figure 2: Interface between slotted photonic crystal and 
conventional waveguide; careful engineering of this interface 
affords an injection efficiency of better than 1dB. [7]. 
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INDIRECT NANOPLASMONIC SENSING FOR NANOMATERIALS SCIENCE 

Christoph Langhammer
1,4, Carl Wadell1, Timur Shegai2, Elin M. Larsson3,4, Mikael Käll2 and  

Igor Zoric1 
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Nanosized systems (particles and films) are essential ingredients in many established or envisioned 
technological applications, including sensors, heterogeneous catalysts, photovoltaics, electronic and 
photonic devices, batteries and hydrogen storage systems. In many of these applications the 
nanosized systems are in contact with gaseous or liquid environments and desired (e.g. in catalysis) 
or undesired (e.g. corrosion) interactions between gas or liquid molecules and the nanosized system 
may occur. In this context it is of particular importance to develop experimental tools for fast, sensitive 
and reliable measurements of processes on/in nanosized systems under realistic, close-to-application, 
conditions. The latter often means working at high temperatures, at ambient or higher pressure and in 
harsh and corrosive environments. Furthermore, sometimes measurements would preferably be done 
on a single nanoparticle to avoid ensemble-averaging related effects. 
 
Indirect Nanoplasmonic Sensing (INPS) [1-3] is a novel experimental technique fulfilling the above 
criteria (in analogy to “traditional” nanoplasmonics for biosensing applications [4]). The remarkably 
sensitive and very versatile INPS platform consists of plasmonic sensor nanoparticles (Au nanodisks 
or nanocones, prepared on a transparent substrate by Hole-Mask Colloidal Lithography [5]), covered 
by a thin dielectric film onto which the nanosized system to be studied is deposited (Figure 1). The key 
to the sensing is utilization of localized surface plasmon resonances (LSPR) in the Au sensor 
nanoparticles. The latter, via shifts in their extinction spectra, sensitively measure, for example, 
changes in the surface coverage of adsorbed reactant species (sensitivity <0.1 ML) on [1], or the 
formation of new phases in [2,3] the adjacent studied nanosystems on the spacer layer. These already 
demonstrated examples open a whole new field of nanoplasmonic sensing for nanomaterials science 
due to the generic nature of the INPS approach. 
 
Here, we demonstrate how INPS, (i) in a simple optical transmission/reflection or (ii) dark-field 
scattering experiment, can be used to monitor and quantify size effects in metal hydride formation on 
the particle ensemble (i) and, for the first time, single particle level (ii) in Mg and Pd nanoparticles, 
ranging in size from 1 nm to 50 nm. The latter are ideal model systems to scrutinize how nano-sizing 
of the hydrogen storage entities influences phase diagram, thermodynamics and kinetics of 
nanoscopic metal hydrides. Furthermore, Mg is a very interesting system for commercial solid-state 
hydrogen storage due to its lightweight and low cost. The versatility of the INPS method in this context 
is illustrated with the following examples: 
 

1) INPS measurements of activation energies for rate limiting steps during hydrogen 
sorption/desorption in Pd nanoparticles (1-10 nm) illustrate, for the first time, the size 
dependence of the activation energy for hydrogen diffusion through nanosized Pd hydride and 
hydrogen desorption from the nanosized Pd particles, respectively. These results are 
compared to the ab-initio DFTbased calculations for the respective systems. 

2) Measurements of hydride formation thermodynamics and kinetics in Mg nanoparticles 
illustrate how complex INPS nanostructures (i.e. Au/Ti/Mg/Ti/Pd layered nanodisks) can be 
studied quantitatively in a convenient way and how nanosizing can be efficiently used to 
engineer storage thermodynamics and kinetics in storage systems relevant for applications. 

3) Single particle dark-field scattering INPS experiments on the two above-described systems, 
i.e. studies of hydride formation in single Mg and Pd nanoparticles, illustrate the possibility to 
completely eliminate problems caused by inhomogeneous size-distributions and temperature 
or mass-transport gradients present in studies of ensembles of nanosized entities. 
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Figures:  
 
 

 
 
Figure 1 :  Schematic depictions of (a) a standard INPS platform and (b) single-particle nanocones sensors. The 
SEM pictures to the right show the respective real nanostructures. 
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MEASURING LIGHT DIFFUSION IN THIN LEAKY SYSTEMS 
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We developed a new experimental technique that allows to study light diffusion in thin leaky systems, 
allowing to estimate transport mean free path in samples previously inaccessible. 
 
When a pencil of light shines in a white material (a disordered material with no absorption like e.g. a 
foam), photons entering in different point of the sample follow different paths and their propagation 
direction is randomized after a few scattering events. The intensity distribution inside the sample may 
be predicted in the framework of the diffusion approximation[1]  that is, disregarding  the ondulatory 
nature of the electromagnetic field to approximate light like intensity packets performing random walk 
inside the diffusive material. The critical length describing this phenomena is the transport mean free 
path ℓ, that is the length after which the packet loses the memory of the incoming direction being 
completely randomized. A few technique (like Enhanced Backscattering Cone[2] and, total 
transmission measurement[3]) are able to measure this parameter. Here we propose a new approach 
that is feasible to measure ℓ in thin (nearly 2d) systems in which light injected in plane and has a large 
probability of exit on the sides of the sample. 
 
A typical sample consists in a drop of water containing dispersed latex beads, enclosed between 
microscopy coverslips spaced 100 µm. By using a novel strategy to inject the light between coverslips 
and collecting side emitted photons as a function of the z coordinate (see figure 1), we obtain a 
measure of how much deep, diffusing light can penetrate inside the sample before being expelled at 
the lateral side. By fitting [figure 2] this Lateral Leakage Tail (LLT) with results from random walk 
simulation we are able to estimate the mean free path of the sample. 
 
ℓ measured by fitting LLT on dispersions of micron sized latex beads, and photonic glasses, are in 
satisfactory agreement with measurements from literature. Our approach opens the way to new 
applicative (for example biological and lithographic structures) studies on light diffusion and gives a 
new instrument to address open fundamental questions on light propagation in disordered structures. 
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Figures:  
 

 
 
Figure 1:  (On the left) Intensity outgoing from the side of the sample, measured by making an image one of the 
coverslips enclosing the drop of latex particles on a CCD camera. (On the right), the two graphs represent 
intensity as a function of z retrieved after integrating on the y direction (the integrated area is the one enclosed by 
white lines on the figure on the right) 
 
 
 

 
 
Figure  2:  Results from random walk simulations. On the top the trajectory of  a single intensity bunch with a 
random walk step of R=3 µm. On the Bottom P(z) (Probability for a diffusive photon Injected at coordinates (0,0,0) 
photon to exit laterally from the sample at a length Z) calculated for different values of random walk step size for . 
Graphs are translated vertically of an arbitrary amount. 
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PHOTOBIOELECTROCHEMICAL SENSORS BASED ON THE COMBINATION OF QUANTUM DOT 

ELECTRODES WITH ENZYME REACTIONS 
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Quantum dots, immobilized on electrodes, allow the generation of a photocurrent which is dependent 
on the applied potential and thus, can work as a light-switchable layer on the sensor surface. The 
quantum dots can not only interact with the electrode upon illumination but can also exchange 
electrons with reaction partners in solution allowing the construction of signal chains starting from 
analyte molecules to be detected [1; 2]. 
 
In this work the oxygen dependence of the photocurrent of gold electrodes modified with CdSe/ZnS-
quantum dots has been studied. QD immobilisation on the electrode is achieved using a dithiol 
compound. It has been found that the cathodic photocurrent is enhanced in the presence of oxygen; 
the current is also influenced by the polarization of the electrode (-500 to +100mV vs Ag/AgCl) and the 
pH of the solution.  It can be also shown that the photocurrent follows the absorption properties of the 
immobilized QD.       
 
The QD-modified electrode can be used to detect enzyme reactions in solution, this can be shown 
with lactate dehydrogenase and glucose dehydrogenase [2-4] allowing the analysis of the respective 
substrate. Here we use the electrode to monitor the activity of the oxygen consuming glucose oxidase 
(GOD) in solution. Rather small GOD activities (0.025 U/ml) can be detected by photocurrent 
measurements. 
 
In order to develop a photoelectrochemical biosensor, GOD is immobilized on top of the CdSe/ZnS-
electrode. Two different approaches have been followed. The first method is based on the covalent 
cross-linking of GOD with a bifunctional agent. It can be shown that the consumption of oxygen near 
the QD surface is a function of the concentration of glucose. The second immobilization strategy uses 
the layer-by-layer-technique to assemble GOD and poly(allylamin hydrochloride) (PAH). Mass 
sensitive analysis proves the assembly of [GOD/PAH]n-layer systems (n=2,4,6) on the surface. 
Photocurrent measurements demonstrate an increased glucose sensitivity with an increase in the 
number of GOD layers. High enzyme concentrations results in a well detectable photocurrent change 
between 100µM and 5mM glucose ([GOD/PAH]4-layer-QD-electrode). This allows substrate detection 
by illumination of the respective sensor surface and thus provides the basis for a spatial read out of 
the sensing electrode. 
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HOT SPOTS AND CONFINEMENT IN METAL NANOPARTICLES AND ASSEMBLIES 
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Gold nanoparticles display extremely interesting optical properties, due to their efficient coupling with 
visible and NIR light, through localized surface plasmon resonances (LSPR). One of the important 
effects of LSPR is the huge enhancement of the electromagnetic field at the particles surface, which is 
in turn the main factor behind the so-called surface enhanced spectroscopies (SES) and in particular 
of surface enhanced Raman scattering (SERS).  
 
It has been predicted that such enhancing ability can be increased at metal surfaces with acute 
apexes, where LSPR can be strongly confined. Experimental demonstration of this effect has been 
recently reported, through the colloidal synthesis of so-called gold nanostars, i.e. nanoparticles 
covered with a significant number of sharp spikes, which display two plasmon resonances, associated 
to the central core and the spikes themselves. In this talk we shall present a variety of examples 
regarding the growth of spikes from different gold nanoparticles, as well as their optical 
characterization (through UV-vis and EELS spectroscopies). Additionally, we have been able to 
explore the SERS efficiency of these novel nanostructures, through several experiments that 
demonstrate maximum enhancement when the probe molecules are adsorbed precisely at the tips. 
 
Additionally, examples will be shown of the possibility of creating organized assemblies of metal 
nanoparticles, with an extremely high density and uniformity of hot spots, in agreement with numerical 
simulations. 
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EXPLOITING APERIODIC ORDER IN PHOTONIC DEVICES 
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During the last few years a growing number of papers considering the role of deterministic aperiodic 
order in the optical response of different physical systems has progressively appeared in the literature 
[1]. Most of these works address the fundamental question concerning whether the specific aperiodic 
order present in the considered devices results in a better performance than that obtained for more 
usual periodic arrangements in some specific applications. The inspiring basic principle at work can be 
easily grasped by considering a layered structure consisting of a number of films aperiodically 
stacked. In this way, two kinds of order are introduced in the same sample at different length scales. 
At the atomic level we have the usual periodic order determined by the crystalline arrangement of 
atoms in each layer, whereas at longer scales we have the quasiperiodic order determined by the 
sequential deposition of the different layers. This long-range aperiodic order is artificially imposed 
during the growth process and can be precisely controlled. Since different physical phenomena have 
their own relevant physical scales, by properly matching the characteristic length scales we can 
efficiently exploit the aperiodic order we have introduced in the system. Thus, the possibility of growing 
devices based on an aperiodic stacking of different layers introduces an additional degree of freedom, 
related to the presence of two different kinds of order in the same sample at different length scales, 
hence opening new avenues for technological innovation [2]. For instance, one can use sandwiched 
arrays of aperiodic dielectric multilayers to design optical microcavities [3-5], omnidirectional mirrors 
[6], multi-stop band filters [7,8], photonic bandgaps [9-12], waveguide structures [13] and many other 
optical systems of practical interest.  
 
In the case of nonlinear optics, quasiperiodic multilayers can provide more reciprocal vectors to the 
quasi-phase-matching optical process, and this ultimately results in a more plentiful spectrum structure 
than that of a periodic multilayer [14,15]. On this basis, the possibility of designing aperiodic structures 
able to simultaneously phase matching any two nonlinear interactions by properly introducing an 
aperiodic modulation of the nonlinear coefficient in ferroelectric devices has been proposed in one [16] 
and two dimensions [17]. The nonlinear properties of optical heterostructures can also be used to 
fabricate compact-sized compressors for laser pulse. This compression is physically determined by 
the group velocity dispersion in the material, so that one can expect that by adding more layers to a 
periodic multilayer one should obtain narrower optical bands and the compression effect will be 
increased. However, this is inevitably accompanied by an increase of the total thickness of the 
structure, which is undesirable. In this context, the recourse to aperiodic structures, exhibiting a 
significantly larger fragmentation of their optical spectrum for similar system sizes, appears as a 
natural choice.  
 
New approaches in order to obtain innovative optical systems are also based on the construction of 
modular devices composed of both periodically and aperiodically arranged multilayers Such devices 
can be viewed as hybrid order systems made of two different kinds of subunits, each one exhibiting a 
different kind of topological ordering [18]. The introduction of these subunits endows the system with 
an additional design parameter, bridging the gap between the atomic level characteristic of the 
microstructural domain of each layer and the mesoscale level associated to the long-range order of 
the entire device as a whole [19-21].  
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Surface plasmon resonance (SPR) spectroscopy has emerged as a powerful technique which permits 
real-time monitoring of chemical and bio-chemical interactions occurring at the interface between a 
thin gold film and a dielectric interface, without the need for labelling of reagents [1]. In recent years it 
has been used for detection and analysis of chemical and biological substances in many research 
areas and industrial applications, such as surface science, biotechnology, medicine, environment, and 
drug and food monitoring.  In all these applications, improving the resolution and limits of detection is 
of vital importance and is the primary goal of the research in this field in the last years. 
 
The sensitivity and limits of detection of the SPR sensors can show variations depending on the 
method used to excite the surface plasmon (prism coupling, grating coupling, optical fibers etc.).In the 
widely used Kretschmann configuration, a prism is coated with a metal of suitable thickness. A beam 
of p-polarized light is allowed to fall on the metal–dielectric interface and the intensity of the reflected 
light is detected as a function of the angle of incidence. At a particular angle of incidence the 
resonance condition is satisfied and the resonance is observed as a sharp fall in the reflectivity. The 
plasmon resonance is extremely sensitive to the changes in the refractive index and the thickness of 
the dielectric medium adjacent to the metal layer. In the intensity-interrogated configuration, the most 
widely employed, such changes are monitored by measuring the intensity of the reflected p-polarized 
monochromatic light at a fixed angle of incidence.  
 
In order to boost up SPR detection sensitivity, various efforts have been made, including construction 
of SPR equipment and setups with improved measurement modes: incorporation of fluorescent 
spectroscopy into SPR, signal amplification using functionalized nanoparticles, localized SPR (LSPR) 
using periodic nanowires and nanoposts, phase-sensitive detection schemes [2-4]. 
 

Recently, it has been proposed in the literature a novel Magneto-Optic Surface Plasmon Resonance 
(MOSPR) sensor [5] which sensor performances can be greatly enhanced with respect to traditional 
SPR sensors (an improvement by a factor of 3 in the limit of detection is demonstrated) . The novel 
device is based on the combination of the magneto-optic (MO) effects of the magnetic materials and 
the surface plasmon resonance. This combination can be achieved by realizing a transducing sensing 
layer constituted by a multilayer Au/Co/Au deposited onto glass substrates. A magnetic actuator is 
used to control the magnetization state of the magnetic layer in the transversal configuration, and the 
relative variations of the reflectivity are detected. By this way, a great enhancement of the magneto-
optic effects in the p-polarized light is produced when the resonant condition is satisfied. Such 
enhancement is strongly localized at the surface plasmon resonance and strongly depends on the 
refractive index of the dielectric medium, allowing its use for optical sensing and to greatly improve the 
sensitivity with respect to “standard” SPR sensors. Since this MOSPR seems very promising, we have 
undertaken the analysis of this configuration both for biosensing purposes and for gas sensing (for the 
first time in a MOSPR sensor).  
 
In this work, some preliminary results for gas sensing scheme are shown. TiO2 thin film have been 
deposited by GLAD (Glancing Angle deposition) onto the last gold surface and its interaction with 
Volatile Organic Compounds has been monitored both in a standard SPR and in MOSPR 
configurations in order to compare their sensing performances. Measurements performed in controlled 
atmosphere demonstrate that the sensitivity results greatly improved in MOSPR sensor for ethanol, 
methanol and isopropanol vapours. These first results represent a good starting point for the 
demonstration of the use of the prepared magneto-plasmonic materials in thin film form as candidates 
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for sensitive optical gas sensors, by greatly enhancing the performances of traditional SPR optical 
sensors operating at the same conditions. 
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Figure 1 :  Sensor response towards ethanol alcohol vapours corresponding to the “standard” SPR configuration 
and to the MO-SPR configuration demonstrating an increase in sensitivity. 
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STRONG PHOTOLUMINESCENCE ENHANCEMENT OF SI AND SIC QUANTUM DOTS BY THEIR 

RESONANT COUPLING WITH MULTI-POLAR PLASMONIC HOT SPOTS 

Tetyana Nychyporuk, Yu. Zakharko, Tetiana Serdiuk, M. Lemiti, Vladimir Lysenko 

Lyon Institute of Nanotechnology (INL), CNRS UMR-5270, INSA de Lyon, 7 av. Jean Capelle, 
Bat.Blaise Pascal, Villeurbanne F-69621, France 

tetyana.nychyporuk@insa-lyon.fr 
 
 

Since the observation in 1990 of strong room-temperature photoluminescence (PL) from 
nanostructured porous Si [1,2], significant scientific interest has been focused on Si-based 
nanomaterials (quantums dots (QDs), nanowires, nano-porous layers, etc.) emitting light in a wide 
spectral range from near infra-red up to ultra-violet regions [3]. However, even for Si QDs of few 
nanometers with sufficiently broken-down wave-vector selection rules due to spatial and quantum 
confinements of charge carriers, the luminescence quantum efficiency is rather low (1-10% [4,5,6]) 
compared to direct band-gap semiconductors [7,8,9], and its considerable enhancement remains an 
important challenge. 
 
Currently, one of the most intensely studied approaches allowing a significant enhancement of the 
photo-stimulated emission of various QDs is their localization in the vicinity of metal nanoparticles 
(NPs) [10,11,12]. Indeed, optically excited collective oscillations of conducting electrons (known also 
as localized plasmons [13]), appearing in the metal NPs at the spectral ranges corresponding to the 
plasmon resonance bands allow strong increase of: (i) effective absorption cross-section of the QDs 
and (ii) their radiative recombination rates. Both reasons provoke an important luminescence 
enhancement. Moreover, to render much stronger the electrical field in the vicinity of the photoexcited 
metal NPs and thus to ensure enhancement of the QD photoluminescence intensity by several orders 
of magnitude, the QDs must be localized in the regions (called hot spots) where the photo-induced 
electrical fields from several metal NPs are superimposed [14].  
 
Plasmon induced PL amplification was mainly reported for II-VI core/shell QDs [15,16]. In particular, 
using various configurations of metal (most often: gold and silver) nanostructures, the obtained PL 
amplification gain varied from 30 to 240 [15,16]. Despite these important recent advances achieved on 
II-VI QDs, only a seven-fold photoluminescence enhancement was reported for Si QDs [17].  
 
In our present work we show that the plasmon-induced strong local photoluminescence enhancement 
of Si QDs in SiN matrix can reach 60-fold gain level. This important result was achieved by our team 
developing original tunable “nano-Ag/SiNX” plasmonic structures. In particular we show that, (i) 
localization of Si QDs in hot spot regions created by several randomly arranged Ag nanoparticles and 
(ii) careful tuning of the multi-polar plasmon bands of Ag nanoparticles to match resonantly absorption 
and emission wavelengths of Si QDs, lead to the important enhancement of their photoluminescence 
intensity. By exploiting the same physicals mechanisms we were also able to achieve high values of 
PL enhancement of SiC QDs coupled with plasmonic nanostructures, reaching 20-fold level. 
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TRANSFORMATION OPTICS AT OPTICAL FREQUENCIES 

JB Pendry 

Department of Physics, Imperial College, London, SW7 2AZ, UK 
j.pendry@imperial.ac.uk 

 
 
When designing macroscopic optical components such as camera lenses the ray approximation is an 
excellent design tool. However plasmonic systems function on a scale smaller than the wavelength of 
light and the ray approximation is of no use to us. In this talk I shall show that the new technology of 
transformation optics, exact at the level of Maxwell’s equations, offers the same intuitive 
understanding as the ray approximation. The power of the method will be illustrated by showing how 
to construct ‘light harvesting’ devices. Starting from a simple well understood system comprising slabs 
of silver, transformation optics is deployed to generate a whole family of structures that inherit the 
intrinsic electromagnetic structure of the original but whose geometry is radically transformed from the 
original. 
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ULTRAFAST OPTICAL MANIPULATION OF MAGNETIC ORDER:  
CHALLENGES AND OPPORTUNITIES 

Theo Rasing 

Department Radboud University Nijmegen, The Netherlands 
Institute for Molecules and Materials 

 
 
The interaction of sub-picosecond laser pulses with magnetically ordered materials has developed into 
an extremely exciting research topic in modern magnetism and spintronics. From the discovery of sub-
picosecond demagnetization over a decade ago to the recent demonstration of magnetization reversal 
by a single 40 femtosecond laser pulse, the manipulation of spins by ultra short laser pulses has 
become a fundamentally challenging topic with a potentially high impact for future spintronics, data 
storage and manipulation and quantum computation.  
 
Recent single-shot pump-probe magneto-optical imaging results show that circularly polarized 
subpicosecond laser pulses steer the magnetization reversal in a Transition Metal-Rare Earth alloy 
along a novel and ultrafast route, which does not involve precession but occurs via a strongly 
nonequilibrium state. However, the nature of this phase and the dynamics of the individual TM and RE 
moments remained elusive so far. Experiments indicate a possible difference in the dynamics of the 
TM and RE moments at time scales that are currently limited by the pulse widths of the optical 
excitations employed (~100fs). To investigate such highly nonequilibrium phases requires both 
excitation and probing at ultra short time scales and selectivity for the individual moments.  
 
In addition, when the time-scale of the perturbation approaches the characteristic time of the 
exchange interaction (~10-100 fs), the magnetic dynamics may enter a novel coupling regime where 
the exchange interaction may even become time dependent. Using ultrashort excitations, we might be 
able to manipulate the exchange interaction itself. Such studies will require the excitation and probing 
of the spin and angular momentum contributions to the magnetic order at timescales of 10fs and 
below, a challenge that might be met by the future fs X-ray FEL’s. 
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Figure 1: Demonstration of compact all-optical 
recording of magnetic bits by femtosecond laser 
pulses. This was achieved by scanning a circularly 
polarized laser beam across the sample and 
simultaneously modulating the polarization of the 
beam between left and right circular. White and 
black areas correspond to ‘up’ and ‘down’ 
magnetic domains, respectively. How and how fast 
does this work? 
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SURFACE ENHANCED RAMAN SPECTROSCOPY OF DIFFERENT CHAIN LENGTH PEP+ MOIETY 

BOUND TO NANORODS 

Ros Ida, Placido T., Comparelli R., Marinzi C., Curri L.; Abbotto A., Bozio R. 

University of Padova, via Marzolo 1, Padova, Italy 
ida.ros@unipd.it 

 
 

In recent years, Surface Enhanced Raman Spectroscopy (SERS) has become one of the most 
important technique for characterizing the chemical structure and monitoring structural changes at the 
single-molecule level.[1] The key effect for the observation of enhanced Raman signals is the 
favorable optical properties of metal nanostructures, based on their local surface plasmon. The 
enhancement depends on the type of metal and nanostructures. Several examples of nanostructures 
of different shape, metal and, eventually, regularly assembled are reported in the literature, resulting in 
SERS enhancement factors up to 108.[2-6] For example, rod-shaped nanoparticles present a highly 
tunable longitudinal plasmon band which should be exploited to amplify both the exciting laser and the 
scattered field in SERS measurements. Despite the desirable characteristics of metallic nanorods, as 
SERS substrates, only few reports exist for SERS on nanorods where the Raman excitation occurs at 
a wavelength that overlaps with nanorod plasmon resonances [7-12].  
 
In this presentation, we report our recent results on the amplification of the Raman signals of 1-(N-
methylpyrid-4-yl)-2-(N-methylpyrrol-2-yl)ethylene (PEP+)) using gold nanorods (NRs) as substrate. 
The dipolar positively charged dye PEP+ is a push-pull molecule composed by a π-deficient 
(pyridinium ion) as acceptor group A and a π-excessive (pyrrole) heterocycle as donor group D.[13] 
PEP+ or its derivatives present resonant and non-resonant nonlinear optical properties, such as two-
photon absorption or second harmonic generation.[14-15] We have synthesized thiol-acetyl terminated 
PEP+ chromophores spaced by two linear alkyl chains of different length, containing 3 or 12 carbon 
atoms.  
 
The basic idea is to control the intensity of the Raman signals as a function of the distance between 
the dye and the metallic surface of the metal nanostructure and to study both the effect of the laser 
resonance with the absorption band of PEP+ moiety and with the two plasmon modes. 
 
Raman characterization of NRs, functionalized with PEP+C3SH and PEP+C12SH, both deposited on 
glass substrates and in solution, is realized using different laser excitation lines. The 488-nm and the 
514-nm laser excitation lines are in resonance with the absorption band of the molecules, performing 
Surface Enhanced Resonance Raman Scattering (SERRS), whereas the 785-nm laser excitation line 
is out of resonance. Moreover, the 514-nm and the 785-nm lines are resonant with the transverse and 
longitudinal modes of gold nanorods, respectively, suggesting a further enhancement of the Raman 
signals.  
 
Comparing Raman spectra, for the same dye bound to NRs, at different laser excitation lines, turns 
out that data measured by exciting at 514 and 785-nm present a higher signal-to-noise ratio than that 
at 488 nm. This consideration suggests that the amplification is higher when the laser excitation 
wavelength is resonant with the two plasmon modes than, exclusively, with the absorption band of the 
dye, as for the 488-nm radiation.[10] Anyway, the resonance condition of the 514-nm laser excitation 
with the absorption band of the dye strongly contributes to the amplification of the Raman signal. In 
fact, DDA calculations, performed on our nanorods, reveal that the local field is about 10 times higher 
when the longitudinal plasmon mode is excited instead of the transverse one. This means that, in 
resonance with the longitudinal and transverse plasmon modes, we predict an enhancement of the 
Raman signal of about 104 and 102, respectively, which is not confirmed by the measurements if we 
don’t take into account the resonance with the absorption band of the dye. 
 
To compare the amplification of Raman response when the transverse and longitudinal plasmon 
modes are excited, we evaluated the enhancement factor (EF) using 4-mercaptopyridine (4-MPy) as a 
standard analyte.[10] 4-MPy, unlike PEP+ moiety, is not fluorescent and allows us to perform 
experiments using both 514 nm and 785 nm laser excitation. At 514-nm laser excitation, no signal is 
observed for 4-MPy bound to NRs due to the rather low EF. This result clearly agrees with the DDA 
model prediction for the local field when the transverse mode is excited and further supports our 
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hypothesis of a strong contribution to the SERRS response from the resonance with the absorption 
band of PEP+ moiety.  
 
On the other hand, some Raman bands of 4-MPy bound to NRs are strongly amplified when excited 
with 785-nm laser excitation. Characteristic ring breathing modes are observable at 1004 cm-1 (ν(C–C) 
mode) and at 1119 cm-1 (ν(C–S) mode). The latter is remarkably shifted in 4-MPy bound to NRs (1094 
cm-1) and experiences a dramatic increase in intensity compared with the corresponding Raman signal 
in solution. The evaluated EF for the ν(C–C) ring breathing mode at 1004 cm-1 and the ν(C–S) ring 
breathing mode at 1119 cm-1 are 4.0×104 and 1.2×105, respectively, perfectly comparable with the 
DDA calculation. 
 
These preliminary results show as it is important to control the resonance condition with both the 
plasmon mode and with the electronic transitions of the molecules. In this way, it is possible to obtain 
a higher amplification and to detect lower levels of chemical species required for sensoristic 
applications. 
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MAGNETO-OPTICAL PROPERTIES OF NANOSTRUCTURED THIN FILMS 

J.J. Sáenz 

Departamento Física de la Materia Condensada 
Universidad Autónoma de Madrid, Madrid 28049, Spain 

juanjo.saenz@uam.es  
 
 

Electromagnetic scattering from nanometer-scale objects has long been a topic of large interest and 
relevance to fields from astrophysics or meteorology to biophysics, medicine and material science [1-
5]. In the last few years, small particles with resonant magnetic properties are being explored as 
constitutive elements of new metamaterials and devices. The studies in the field often involve 
randomly distributed small elements or particles where the dipole approximation may be sufficient to 
describe the optical response. We will discuss the optical response of disordered nano-materials 
where the constitutive nanoparticles can have a non-negligible response to static (Magneto-Optical 
active nanoparticles) or dynamic (Magneto-dielectric nanoparticles) magnetic fields. 
 
We will first analyse the peculiar scattering properties of single nanoparticles. In particular, we derive 
the radiative corrections to the polarizability tensor of anisotropic particles, a fundamental issue to 
understand the energy balance between absorption and scattering processes [1].  As we will show, 
Magneto optical Kerr effects in non-absorbing nanoparticles with magneto-optical activity arise as a 
consequence of radiative corrections to the electrostatic polarizability tensor.  
 
We will also explore the properties of high-permittivity dielectric particles with resonant magnetic 
properties as constitutive elements of new metamaterials and devices [2]. Magnetic properties of low-
loss dielectric nanoparticles in the visible or infrared are not expected due to intrinsic low refractive 
index of optical media in these regimes. Here we analyze the dipolar electric and magnetic response 
of lossless dielectric spheres made of moderate permittivity materials. For low material refractive index 
there are no sharp resonances due to strong overlapping between different multipole contributions. 
However, we find that Silicon particles with index of refraction ∼ 3.5 and radius ∼ 200nm present 
strong electric and magnetic dipolar resonances in telecom and near-infrared frequencies, (i.e. at 
wavelengths ≈ 1.2 – 2 µm) without spectral overlap with quadrupolar and higher order resonances. 
The light scattered by these Si particles can then be perfectly described by dipolar electric and 
magnetic fields. 
 
As we will see, the striking characteristics of the scattering diagram of small magneto-optical and 
magnetodielectric particles [3,4] lead to a number of non-conventional effects in the optical response 
of nanostructured magneto-optical structures. 
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DESIGNING PLASMON NANOPARTICLES TAILORED FOR APPLICATIONS IN NANOPHOTONICS 

R. Rodríguez-Oliveros*, R. Paniagua-Domínguez*, F. López-Tejeira*, D. Macías+, J. A. Sánchez-Gil* 

*Instituto de Estructura de la Materia, Consejo Superior de Investigaciones Científicas, 
Serrano 121, 28006, Madrid, Spain 

+Laboratoire de Nanotechnologie et d’Instrumentation Optique (ICD-LNIO), 
Université de Technologie de Troyes, France 

j.sanchez@csic.es 
 
 

Complex metal nanostructures exhibit surface plasmon resonances that play a crucial role in a variety 
of electromagnetic phenomena relevant to Nanophotonics. We are interested in the electromagnetic 
properties of metal nanoparticles of complex shape, with localized plasmon resonances (LPR) yielding 
large local electromagnetic fields or enhanced emission: such as dimers/trimers playing the role of 
nanoantennas; or nanoparticles of complex shape (nanostars/nanoflowers); both of interest in 
enhanced optical emission (Raman, fluorescence, photoluminescence,…) [1-5]. In this regard, it is 
crucial first to fully characterize the LPR for a variety of metal nanoparticles of arbitrary shape. To this 
end, we have developed an advanced numerical formulation to calculate the optical properties of 2D 
and 3D nanoparticles (single or coupled) of arbitrary shape and lack of symmetry [6,7]. The method is 
based on the (formally exact) surface integral equation formulation. Thus the 3D version is based on 
the same equations as that of Ref. [8]; nonetheless, it has been implemented for parametric surfaces 
describing particles with flexible shape through a unified treatment (Gieli’s formula), which makes it far 
more versatile [7,9]. On the basis of these methods, we have indeed calculated the scattering cross 
sections for nanowires [1-4] and nanoparticles [7] of various shapes (triangles, rectangles, cubes, 
rods, stars, see i.e. Fig. 1), either isolated or interacting, including far-field patterns and spectra, near-
field intensity maps (with corresponding enhancement factors), decay rates, and surface charge 
distributions. 
 
Furthermore, the optimal design of nanoantennas with specific properties is an aspect of the inverse 
problem that has not received too much attention until recently, despite being crucial from the point of 
view of applications. In order to find the optimal nanoparticle geometry that maximizes/minimizes a 
given optical property, we have made use of a bio-inpired stochastic technique based on genetic 
algorithms [9], which exploits the above mentioned formulations for flexible surfaces [6,7] to solve the 
direct scattering problem. We show how this stochastic procedure converges to optimized 
nanoparticles in some configurations of interest in Nanophotonics: nanoflower/nanostar geometry that 
exhibits a LPR at or near a given wavelength (see Fig. 2) for SERS (surface-enhanced Raman 
scattering) substrates [9]; dimer nanoantennas that yield maximum field enhancements and radiative 
decay rates within the gap for enhanced fluorescence/photoluminescence; long nanoantennas with 
third-order resonances at given wavelengths for non-linear optical processes (SHG, TPL). With regard 
to the latter, indeed, the occurrence of Fano resonances at the L~3λ/2 resonance of the nanorod will 
also be discussed. 
 
The authors acknowledge support both from the Spain Ministerio de Ciencia e Innovación through the 
Consolider-Ingenio project EMET (CSD2008-00066) and NANOPLAS (FIS2009-11264), and from the 
Comunidad de Madrid (grant MICROSERES P009/TIC-1476). R. Paniagua-Domínguez acknowledges 
support from CSIC through a JAE-Pre grant. 
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Figures:  
 

 
 
Figure1: Left-panel: Near-field distributions of the electric field intensities in a log10-scale for the Ag four-petal 
nanoflower with mean radius ρ=30 nm and deformation parameter β=2/3, illuminated with a monochromatic plane 
wave with wavelength equal to either one of the two main LPRs (dipolar and quadrupolar, respectively) at λ=487 
nm (a,c) and at λ=369 nm (b,d): (a,b) θi=0º; (c,d) θi=45º [3]. Right-panel: Electric field intensity on the surface of a 
Ag rounded-cube dimer (L=30 nm, gap=20 nm) with plane wave illumination matching the longitudinal LPR [7]. 
 

 
 
Figure 2: a) Optimized star-like geometries obtained with Gielis’ Superformula. Each line corresponds to an initial 
state of the optimization algorithm. b) SCSs (optimized to yield a maximum at λ=532 nm) for each of the star-like 
nanostructures depicted in Fig. 2a (same curve styles in both figures) [9]. 
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Localized plasmon resonances (LPRs) in metallic nanoparticles have been now studied extensively for 
more than a decade. They have a wide range of applications like sensing and waveguiding [1,2] or 
high throughput communications [3] to name a few. To calculate the LPR properties one has to find 
the solutions of Maxwell’s equations with boundary conditions determined by the interface between 
nanoparticles and the surrounding medium. 
 
Complex computational schemes like discrete-dipole approximation (DDA) [4] or finite-difference time 
domain (FDTD) [5] are successfully used to predict optical response of arbitrarily shaped 
nanoparticles. These aforementioned methods offers, however, little inside about the formation, 
nature, and the behavior of the LPRs with respect to parameters like the shape (geometry) or complex 
dielectric functions of nanoparticles. To overcome some of these shortcomings, it has been proposed 
a hybridization model [6], which works very well in the quasi-static limit. On the other hand, in the 
quasi-static limit, the Maxwell’s equations reduce to Poisson equation which can be solved with the 
Neumann-Poincare operator associated with the Dirichlet and Neumann problems in potential theory 
[7]. In plasmonic applications, the method based on the Neumann-Poincare operator has been 
proposed for some time [8]. The method relates the LPRs to the eigenvalues of the Neumann-
Poincare operator, but explicit relations are still lacking. Moreover, the method is similar to the 
operator method applied for calculation of electric polarizability of biological cells in radiofrequency [9]. 
 
I use the operator method outlined in Ref. 9 to define the LPRs in metallic nanoparticles. The LPRs 
are characterized by the eigenvalues of the Neumann-Poincare operator and their weights to the total 
polarizability of the nanoparticles. Compact formulas, that contain the complex dielectric functions of 
nanoparticles and the embedding medium, are given not only for homogeneous but also shelled 
metallic nanoparticles. The effect of geometry is included in both the eigenvalues of the Neumann-
Poincare operator and in their weights to the polarizability.  Various trends in LPRs, which otherwise 
are calculated more expensively with DDA and FDTD, are predicted by simple analysis of these 
formulas. The effect of geometry variation on LPRs is considered by analyzing the variation of the 
eigenvalues of the Neumann-Poincare operator and their weights to the nanoparticle polarization. 
Finally, I consider the case of graded nanoparticles, where their complex dielectric function is not 
homogeneous but may have a space variation. 
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NANOSTRUCTURED ARRAYS OF DOPED SEMICONDUCTORS FOR IR NANOPHOTONICS 
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Recent developments of plasmonic have opened new prospects in the control of light-matter 
interactions. The surface plasmons (SP), at the origin of this new topic, result from the coupling of the 
electromagnetic wave with the collective oscillation of the electrons supported by the metal/dielectric 
interface. SP have unique physical properties based on enhanced nanolocalized optical fields. 
Engineering of surface plasmons using nanostructured materials (nanoparticle, nanostructured film, 
fishnet etc) made it possible to develop a new range of materials with remarkable properties like, e.g., 
extraordinary optical transmission (EOT) [1]. A lot of theoretical investigations have been made in the 
case of one dimensional periodic arrays of slits [2,3]. All these studies focus on the low energy part of 
the plasmon polariton dispersion, that is, below the plasma frequency. In a recent work [4], we have 
proposed a model which describes the optical properties of an infinitely periodical nanostructure in a 
large range of frequencies around the plasma frequency wp. The elementary period of the structure, 
quite similar to a slit, is composed of two layers: a metal, or doped semiconductor, and a dielectric or 
un-doped semiconductor, considered in its dielectric range (Figure 1). The index of the periodic 
structure is defined as (1): 

 (1) 
where a Drude dielectric function is used to model the behavior of the doped semiconductor. In this 
work all frequencies are normalized to the plasma frequency wp, the wave numbers to kp = ωp /c, the 
lengths to kp

−1 (including spatial variables), and time to wp
−1. In the range of validity of the long 

wavelength limit, that is, typically a and b < 0.1 λp, we prove that under transverse magnetic wave 
(TM) irradiation, the structure can be modeled by means of the following single effective dielectric 
function of a ionic-crystal type 

 

where  (2) 
 

where γ is the damping due to losses. In the case of transverse electric (TE) illumination the 
nanostructure behaves like a metal but with a new plasma frequency, ωt, which depend on a, b, ε and 
ε1, see ref. [4] for more details. 
 
This work presents original optical properties of the nanostructure for different geometrical or physical 
parameters. Indeed, by modifying the thickness of both layers and the plasma frequency through 
electrons density, it is possible to highlight a strong coupling between the incident light and the free 
electrons of the doped semiconductor. This strong coupling results in a broad photonic band gap 
(∆ω = 1-ωr) near the plasma frequency. Figures 2 and 3 show respectively the reflectance in TE and 
TM polarization in normal incidence for different values of a and b. The sizes vary from 0.1 to 0.3 µm. 
ωp is defined at a value of 54 THz (corresponding to 6 µm) and γ = 0.03 ωp. These values are realistic 
in the case of a layer of InAs doped by silicon atoms at 1020

 cm-3. We can see on figure 3 that 
increasing the ratio between a and b increases considerably the stop band since ∆ω (green line) 
reaches an incredible value of 55 % of ωp. In the same time, figure 2 shows an increase of ωt which 
approaches ωp. Both behavior are awaited. Indeed a reduction of b versus a corresponds to an 
increase of the metallic part with respect to the dielectric one. In the extreme case, that is b = 0 µm, 
pure metallic regime is reached. In this case the plasma frequency just depends of the electron 
density (ωt = ωp) and ωr reaches 0, we are dealing with a free electron gas. On the contrary, if a/b 
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decreases, ωt and ωr tend respectively towards 0 and ωp. In the same time ∆ω (red line on figure 3) 
decreases denoting a reduction of the light-matter coupling, that is, the equivalent “oscillator strength”. 
For a ~ 0 µm, the nanostructure gives an optical response similar to that of a dielectric containing 
oscillators of frequency ωp. 
 
The interesting aspect of this simple nanostructure is the possibility offered to control the light matter 
coupling just by adjusting the geometry of the nanostructure or its electrons density. We obtain a 
metamaterial equivalent to an ensemble of oscillators of which we can control the optical properties, 
that is, oscillator strength, frequency, broadening, etc. The polaritonic nature of the surface plasmon is 
at the origin of this specific behavior. 
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Figures:  

 
Figure 1 :  Scheme of the nanostructure, infinitely periodic in direction z and infinite in direction y. 

 
Figure 2 :  Calculated reflectance spectra in normal incidence and TE polarization for different size of doped (a) 
and undoped (b) semiconductor layers. The characteristic plasma frequency (wt) of the different layers are 
indicated by the vertical arrows. 

 
Figure 3 :  Calculated reflectance spectra in normal incidence and TM polarization for different size of doped (a) 
and undoped (b) semiconductor layers. The characteristic frequency (wr) and stop band (Dw) of the different 
layers are respectively indicated by the vertical and horizontal barres. 



 

 

469 

P
P
M

P
P
M

P
P
M

P
P
M
2
0
1
1

2
0
1
1

2
0
1
1

2
0
1
1
 

 
 

 
 

Im
a
g
in
e
N
a
n
o
 A
p
ri
l 
1
1
-1
4
, 
2
0
1
1
 

 

ULTRAFAST ACOUSTO-MAGNETO-PLASMONICS IN HYBRID METAL-FERROMAGNET  
MULTILAYER STRUCTURES 
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Nanostructured metal surfaces are presently used to effectively couple light to surface plasmons. This 
technology is also key to on-chip miniaturization of plasmonic sensors. We present a new plasmonic 
sensor, based on a tilted slit-groove interferometer, milled into a single noble metal film [1] or into a 
hybrid metal-ferromagnet structure [2]. Surface plasmons are excited at the groove and propagate 
towards the slit, where they interfere with incident light (Fig. 1). Due to the tilt angle the optical 
transmission through the slit shows a pronounced periodic interference pattern. A modulation of the 
complex surface plasmon wave vector results in a measurable change of the contrast and phase shift 
of the plasmonic interference pattern [1].  The wave vector of surface plasmons in our hybrid magneto-
plasmonic gold-cobalt-gold system can be changed by switching in-plane magnetization using a weak 
external magnetic field (Fig. 1). Magneto-plasmonic modulation depth of up to 2% is achieved is this 
geometry. It can be further increased by covering the microinterferometer with high-index dielectric 
material [3]. 
 
When combined with time-resolved optical pump-probe spectroscopy, femtosecond surface plasmon 
interferometry captures the dynamics of ultrafast electronic excitations and coherent lattice vibrations 
within δskin=13nm skin depth in gold with femtosecond time resolution [1]. Using a sapphire/cobalt/gold 
multilayer structure we generate ultrashort acoustic pulses by thermal expansion of a cobalt film 
impulsively heated by femtosecond laser pump pulses through sapphire substrate (Fig. 2a). The 
compressive acoustic pulse propagates through the gold layer at the speed of sound and is converted 
into a tensile pulse upon reflection from the gold-air interface. The wave vector of femtosecond 
surface plasmon probe pulses propagating along the gold-air interface serves as a sensitive probe to 
the local perturbations of the electron density within the skin depth δskin=13nm induced by the acoustic 
pulse. Varying the pump-probe delay time makes it possible to monitor the dynamics of acoustic 
reflection in the plasmonic pump-probe interferogram (Fig. 2c) and extract the pump induced 
modulation δε

’+iδε
’’ of surface dielectric function ε (Fig. 2d). On top of the slowly increasing thermal 

background due to the temperature rise of gold-air interface the apparent acoustic echo in δε
’ is 

observed indicating the change of surface plasmon wave vector δksp=δε
’/2|ε|2. Straightforward 

mathematical analysis delivers the exponential shape of the acoustic strain pulse with the amplitude of 
~10-4. The 300 fs temporal resolution in our experiment is limited by the duration of femtosecond laser 
pulses and the roughness of the gold surface. 
 
Using much thinner cobalt transducers we were able to generate sub-picosecond acoustic pulses and 
use them to study the intrinsic ultrasonic attenuation of longitudinal phonons in gold in the THz 
frequency range. The observed surprisingly long mean free path of THz phonons in gold at room 
temperature opens the door to the nanometer resolved acoustic microscopy in metals and a new type 
of acoustic spectroscopy in solids with ultrahigh (µeV) spectral resolution over the entire Brillouin zone 
[4]. 
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Figures:  
 

 

 
Figure 1: Active magneto-plasmonic interferometry in tilted slit-groove interferometers patterned in Au/Co/Au 
multilayer structures. The magnetic field of an electromagnet switches the magnetization in a cobalt layer and 
thus changes the wave vector of a surface plasmon propagating between the slit and the groove, see Ref. [2] for 
details. 

 

 
 
Figure 2: Femtosecond ultrasonics probed with ultrashort surface plasmon pulses. An ultrashort compressive 
acoustic pulse is generated by thermal expansion of fs-laser heated cobalt transducer and propagates through 
the gold film at the speed of sound (a). Upon reflection from gold-air interface the compressive acoustic pulse 
(layer with high electron density) is converted into the tensile pulse (layer with low electron density) (b). The 
dynamics of acoustic reflection is captured in a plasmonic pump-probe interferogram (c) and results into the 
pronounced modulation of the wave vector for a time-delayed femtosecond surface plasmon probe pulse (d). 
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DEVELOPMENT OF HIGH SENSITIVITY BIOSENSORS USING SOI PHOTONIC CRYSTAL WAVEGUIDES 
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Integrated planar photonic devices have become one of the main candidates for the development of 
high performance lab-on-a-chip devices [1]. Two main advantages of these devices for sensing 
applications are their high sensitivity and their reduced size, which makes it possible both to detect 
very small analytes without the need of markers (label-free detection) and to integrate many of these 
devices on a single chip to perform a multi-parameter detection. Moreover, the CMOS-compatibility 
when fabricating these planar photonic devices on silicon-on-insulator (SOI) allows a huge reduction 
of their costs and increase of their production volume. 
 
In this work, we report experimental biosensing results using SOI planar photonic crystal waveguides 
(PCW). The experimental results comprise refractive index (RI) sensing, label-free detection of 
antibodies [2] and label-free detection of single strand DNA (ssDNA) [3]. In these experiments, we 
have used Fabry-Perot fringes appearing in the slow-light regime near the edge of the guided band. 
These fringes become very sharp as we get close to the band edge, making the determination of their 
position more accurate, thus allowing a reduction in the limit of detection. 
 
For the refractive index sensing experiments, we flowed several dilutions of ethanol in DIW (Deionized 
Water), having a RI variation between dilutions of 1.3x10-3 RIU (Refractive Index Units). By tracking 
the shift of one of the Fabry-Perot fringes at the band edge, we have obtained a sensitivity of 
174.8nm/RIU and an estimated detection limit of 3.5x10-6 RIU (from the noise in the peak position). 
 
For the label-free detection of antibodies, we bio-functionalized the PCW with bovine serum albumin 
(BSA) antigen probes (we have used 3-isocyanatepropyl triethoxysilane (ICPTES) in vapour phase for 
the activation of the surface). Then, we flowed the complementary anti-BSA antibody with a 
concentration of 10 µg/ml during enough time to achieve a monolayer on the top of the 
BSAfunctionalized chip. From the wavelength shift of the tracked peaks, together with the noise level 
of the peak position and the surface density for a close-packed anti-BSA monolayer, we have 
calculated a surface mass density detection limit below 2.1 pg/mm2. Concerning the total mass 
detection limit, if the active region of the PCW is considered, a value of ~0.2 fg is obtained. 
 
Finally, for the label-free detection of ssDNA, we used a similar bio-functionalization strategy in order 
to attach biotinylated ssDNA probes on the PCW surface. Then, we flowed ssDNA 0.5 µM 
complementary to the probes in the PCW surface. We have measured a peak shift of 47.1 pm. Using 
the noise level of the peak position, we estimated a detection limit of 19.8 nM for the ssDNA 
hybridization detection. 
 
Funding from the European Commission under contract FP7-ICT-223932-INTOPSENS and from the 
Spanish MICINN under contracts TEC2008-06333 and CTQ2007-64735/BQU is acknowledged. 
Support from the Universidad Politécnica de Valencia through program PAID-06-09 and the 
Conselleria d’Educació through program GV-2010-031 is also acknowledged. 
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Figures:  
 
 

 
 
F igure  1:  (Left) SEM image of one of the SOI photonic crystal waveguides used in the experiments, where a 
row of holes is removed in the Γ-K direction (W1-type), with close-up view of the sensor area and photonic crystal 
holes (insets). (Right) Spectrum of the PCW in the region of the band edge when having DIW as upper-cladding. 
Fabry-Perot transmission fringes at the band edge are marked with dashed red line and enlarged in the inset. 
 

 
 
F igure  2:  (Left) Wavelength shift vs time for the label-free anti-BSA 10 µg/ml detection experiment. Each line 
(color and style identified in the legend) correspond to the relative shift of each tracked peak respect its initial 
wavelength position. (Right) Wavelength shift vs time for the label-free ssDNA 0.5 µM sensing experiment. 
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A key issue in fundamental physics and data storage technology is to understand and control 
magnetic phenomena, which appear when systems are confined to the nano-scale. The magnetic 
properties of nano-scale magnetic materials are continuously investigated using a variety of 
experimental techniques and the ever-increasing efforts devoted to their study are leading to the 
development of novel systems. 
 
Magneto-optical measurement techniques, especially the Magneto-Optical Kerr effect (MOKE), are 
established and widely used characterization techniques for the study of fundamental magnetism 
issues in thin and ultrathin film/multilayered samples. The basic observation in magneto-optics is that 
the optical properties of a magnetic material change with an alteration of the magnetization state. 
 
So far the vast amount of work done using MOKE has been in a simple reflection geometry, which 
limits its applicability to planar structures and physical geometries. Only recently, several successful 
attempts have been made to extend MOKE to diffraction techniques (see Fig. 1), in order to exploit the 
interference effects of light being diffracted by arrays of nano-structures. This technique, called 
diffracted magneto optic Kerr effect (D-MOKE), in conjunction with micromagnetic simulations, 
demonstrated to be a powerful and non-destructive technique for investigating the spatial correlation 
of the magnetic spin distribution at the nano-scale in a periodic matrix of nano-structures [1]. 
 
D-MOKE has been applied to the study of broad variety of magnetic phenomena occurring in arrays of 
nano-particles as, e.g.,: correlation of the magnetic spins distribution to effects of magnetostatic self 
energy and dipolar interactions [2]; magnetization reversal path and magnetic configurations in arrays 
subjected to competing interactions (magnetic frustration) [3]. 
 
In this talk, the experimental and theoretical aspects of obtaining the magnetic information carried by 
laser beams diffracted from an array of nanosized magnetic objects are reviewed. Experimentally it will 
be shown that MOKE hysteresis loops recorded from diffracted beams (see Fig. 2) are proportional to 
the magnetic form factor or, equivalently, to the Fourier component of the magnetization 
corresponding to the reciprocal lattice vector of the diffracted beam. It is finally shown a particular 
experimental implementation of D-MOKE based on magneto-optical ellipsometry techniques, which 
allow for the extraction of the unit cell magnetic configuration directly from D-MOKE loops without the 
aid of micromagnetic simulations. Evidence is given that this recent extension of D-MOKE capabilities 
provides a vastly improved far-field optical characterization method of the microscopic collective 
magnetic behavior of arrays of nano-magnets. 
 
We acknowledge funding of the Department of Industry, Trade, and Tourism of the Basque 
Government and the Provincial Council Gipuzkoa under the ETORTEK Program, Project No. IE06-
172, as well as the Spanish Ministry of Science and Education under the Consolider-Ingenio 2010 
Program, Project CSD2006-53, IKERBASQUE, the Basque Science Foundation. 
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Figures:  
 

 
 
Figure 1: Schematic drawing showing the transverse MOKE configuration for recording magnetization loops at 
specularly reflected and diffracted beams 

 

 
 
Figure 2: Examples of hysteresis loops from arrays of dots shown in the scanning electron microscopy images in 
the insets, showing the unusual shapes of D-MOKE with respect to conventional MOKE loops measured from the 
reflected beam. In the specific cases shown, the unusual shape of D-MOKE loops is related to the nucleation of 
magnetic vortex states of well defined chirality. 
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Energy transfer between a molecule in an excited state (donor) and a molecule in the ground state 
(acceptor) underlies many significant photophysical and photochemical processes, from 
photosynthesis to fluorescence probing of biological systems. Depending on the separation between 
the donor (D) and the acceptor (A), the process can be described accurately by various theories 
accounting for the electromagnetic interaction between the two species. For a D-A distance range on 
the order of 2 - 10 nm, which is relevant for photochemical studies and nanophotonics, the well 
established Förster theory [1] based on quasi-static dipole-dipole interaction has been very successful. 
It shows that while Förster Resonant Energy Transfer (FRET) is a very useful process which can be 
used, for example, as a ruler for spectroscopic measurements [2], it is a rather weak process which 
goes down as the inverse sixth power R6 of the D-A separation [3]. 
 
In the present work, we use an established general framework for dipole-dipole energy transfer 
between an emitter and an absorber in a nanostructured environment [4]. The theory allows us to 
address FRET between a donor and an acceptor in the presence of a nanoparticle with an anisotropic 
electromagnetic response. Using Green function formalism [5], we show that the angular contribution, 
the distance behavior and the influence of the polarizability tensor of the nanoparticle can be identified 
and separated. 
 
We also compare the contribution of the different non-radiative energy transfer channels: The direct 
(standard) Förster transfer and the energy transfer mediated by the nanoparticle. In this comparative 
study a new distance arise, in the spirit of the Förster radius, named polarization coupling radius Rp, 
which depends of the polarization properties of the nanoparticle. 
 
We illustrate the formalism for the well known metallic nanoparticle, showing that this formalism could 
furnish insight in the understanding of the good quantities controlling this process and also for 
nanoparticle with anisotropic dielectric responses [6], e.g., nanoparticle made of a ferromagnetic 
material exhibiting a magneto-optical response. For which the degree of anisotropy can be controlled 
by an external static magnetic field. We discussed potential application for FRET tuning. 
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Supercapacitors are energy storage devices that fill the gap between batteries and conventional 
capacitors, i.e. they have a specific power as high as conventional capacitors and a specific energy 
close to that of batteries [1]. They store electrical energy using either double-layer charging or fast 
surface redox reactions (pseudo-capacitors) [2]. Due to their outstanding properties (mechanical, 
electrical and thermal) and large surface area (1 to > 2000 m2·g-1) carbon nanotubes (CNTs) are 
suitable materials for the development of supercapacitors. 
 
A dielectric layer of MnO2 was anodically deposited lining the surface of CNTs (20-30 nm in diameter 
and about 10 µm long) previously grown by means of plasma enhanced chemical vapor deposition 
(PECVD) (Figure 1). This new method is characterized by the anodic deposition of MnO2 on CNTs in 
conditions of low Mn2+ concentration, providing a slow diffusion that warrants an homogeneous lining 
of the CNTs. On the other hand, this method avoids the kite growth of manganese dioxide on CNTs. 
The electrochemical properties of the obtained electrodes were characterized using cyclic voltammetry 
with scan rates ranging from 10 to 150 mV·s-1, galvanostatic charge-discharge techniques and 
impedance spectroscopy (in the range 10-1 - 104 Hz). The improvement of the electrochemical 
characteristics of the electrodes (showing up to 642 F·g-1 of specific capacitance) has been discussed 
in terms of the morphology and structure of the samples analyzed by scanning electron microscopy 
(SEM) and transmission electron microscopy (TEM).   
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Figures:  
 

 
 
Figure 1 :  Vertically aligned CNTs (VACNTs) obtained by means of PECVD. Fe catalyst thickness layer: 3 nm, annealing 

temperature: 680ºC. 
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Franck Artzner 
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Nature is an unlimited source of inspiration for the development of materials presenting original optical 
properties. The current structural knowledge of some of these biological assemblies is promising as an 
inspiration source to try to mimics their supramolecular organizations. The development of simplified 
system presenting properties close to biological assemblies is of great interest. To this end, there is 
still a long way in order to understand not only the structures, but also their formation mechanisms. 
 
Lanreotide molecules self-assemble in water into highly monodisperse supramolecular nanotubes, the 
diameter and wall thickness of which are 244Å and 18Å respectively. [1] Following biomineralization 
principles, we show that the self-assembled nanotubes can be used as a template to produce micron-
long, bilayered silica nanotubes having a monodisperse diameter of 29 nm. The nanotubes organize 
spontaneously into centimeter-size, highly ordered bundles. Furthermore, the formation mechanism 
was elucidated using a range of techniques, including X ray diffraction, optical and electron 
microscopy [2]. 
 
Lamellar hybrid condensed phase in which the QDs are densely packed in the plane of the layers can 
be prepared [3]. The 3D crystallization of the QDs can be achieved by the addition of actin proteins 
that polymerize into filaments with well defined pitch and diameter. New photophysical properties will 
be presented. 
 
These examples of bio-inspired technologies demonstrate the possibility of solving the challenge of 
efficiency, less expensive and environmental technologies. 
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Based on large experience on DSC characterization by Impedance Spectroscopy (IS), we are now 
interested to provide detailed understanding of the factors determining the cell performance.[1] I 
discuss here the relation between recombination resistance and capacitance of the cell measured by 
IS, with the j-V curve both in the dark and under (1 sun) illumination. The most challenging aspect of 
the analysis is to separate the change of conduction band position from an array of charge transfer 
kinetics factors. This is not trivial since surface changes induced by the presence of the dye may affect 
both the beta parameter that modifies the fill factor, and slow the charge transfer kinetics, by surface 
blocking or other factors. We can provide a detailed energetic map that allows to explore innovations 
such as the new redox couple with more positive potential, or alternative nanostructure. Similar 
methods can be applied in quantum dot sensitized solar cell to speed up the progress oh these cells 
that is developing strongly in the last few years.[2] 
 
In organic solar cells, it is important to obtain a picture of the carrier distribution, first in the dark, when 
the system is in equilibrium, and then at progressive illumination, and as a function of the potential.[3] 
We discuss our views on this which is obtained from measurement, specifically by scanning the 
capacitance over a broad set of conditions. This has been done in the standard PCM/P3HT 
configuration, some important informations about the carrier distribution can be obtained, and 
implications for open-circuit voltage are discussed. 
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Figure 1: Energetocs of dye solar cells with different types of dyes. 
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Semiconductor quantum nanostructures are at the base of advanced designs for high efficiency 
photovoltaic solar cells.  MBE technology is an advanced and versatile technique to create highly 
perfect single-crystalline semiconductor heterostructures with superb control of dimensions, 
composition and doping in the nanoscale. In particular, this technique is perfectly adequate to 
epitaxialy grow complete device structures containing  tailor designed nanostructures, due to its 
compatibility with a variety of in-situ control and characterization techniques. We will describe how 
MBE is applied at IMM to create model solar cell structures incorporating self-assembled Quantum 
Dots stacks and Quantum Posts in the InAs/GaAs or InAs/InP systems, together with sharp tunnel 
junctions, that should allow to test ideas, to study physics of novel structures and to obtain realistic 
estimations on the feasibility of advanced designs for high efficiency solar cells as the IB concept [1]  
 
After a brief introduction on the peculiarities and applications of MBE, a more detailed description will 
be given of the principles and techniques used to design, monitor and control the strain distribution, 
accumulation and compensation. Examples will be presented of cells containing heterostructures and 
materials with large lattice parameter mismatch and corresponding large local strains. The 
incorporation of Phosphorus or Antimony as strain creating or compensating elements results in 
interesting device properties [2]. As a particular case of extreme difficulty, the fabrication of GaAs solar 
cells, with a large number of stacked QDs layers in the intrinsic zone to enhance QD absorption 
characteristics without generating dislocations, will be considered. [3]  
 
As a further example, the techniques to grow a new type of nanostructures, Quantum Posts, will be 
considered. Main interest of using quantum posts instead of quantum dots to form the intermediate 
band is intimately related with their elongated shape, and hence their potential to tailor the absorption 
of the photons that cause transitions from the IB to the CB. Typical QDs grown in the Stranski-
Krastanov mode have a flat shape with the vertical dimension shorter than the lateral ones. Producing 
QDs with increased vertical dimension can increase the transition element related to IB to CB 
transitions and therefore increase the absorption associated to this transition. Stacking several QDs 
(that is, creating a QP) can be a way to produce the desired aspect ratio. On the other hand, it is of 
interest to research on the non delta-like density of states introduced by the QPs to investigate the 
limits in which the extra density of states introduced does not jeopardize the voltage preservation 
predicted for the IBSC.  
 
Quantum posts are assembled by epitaxial growth of closely spaced quantum dot layers, modulating 
the composition of a semiconductor alloy, typically InGaAs. In contrast with most self-assembled 
nanostructures, the height of quantum posts can be controlled with nanometer precision, up to a 
maximum value limited by the accumulated stress due to the lattice mismatch. Here we present a 
strain compensation technique based on the controlled incorporation of phosphorous, which 
substantially increases the maximum attainable quantum post height. The luminescence from the 
resulting nanostructures presents giant linear polarization anisotropy. 
 
Finally, novel process techniques, derived from the understanding of MBE growth kinetics in the 
research environment, but applicable to other materials and polycrystalline thin film structures, will be 
discussed in view of their application to solar cell commercial fabrication. 
 
We conclude that in the next future, similarly to what has been happening in the microelectronics field, 
a remarkable photovoltaic cell sophistication and efficiency will be compatible with a large scale, low 
cost industrial scenario. 
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Figure 1: Solar Cell structure Figure 2: TEM image (<1-10> plane) of the 50 stacked QDs 

solar cell with SC 
 

 
 
Figure 3: Lef : (a) TEM detail of a QP. Middle: Linear polarization of light emitted along the (b) cleaved edge and 
(c) growth direction. Right: (a) PL of QPs with different In content and (b) their corresponding time resolved PL 
decay curves. 
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Organic materials present a promising direction for potentially cheaper solar cells and to allow the 
construction of mechanically flexible cells. Although recent bulk-heterojunction devices have given 
really encouraging performances, reaching efficiencies around 8% [1], more work is needed in order to 
be able to understand the energy losses within these devices, and so increase their efficiency. 
 
As many recent studies have outlined, the excited state dynamics and the processes occurring at the 
donor-acceptor (D/A) interface [2-4] are critical to the performance of solar cells. The efficiency of 
charge separation at the D/A interface is crucial to the photocurrent generation in organic solar cells, 
and a complete understanding of this process is essential in order to be able to maximize the power 
generation efficiency. 
 
In fact in a polymer-based photovoltaic device light absorption by the polymer usually results 
predominantly in formation of excitons that diffuse through the polymer layer to reach the interface 
with the electron acceptor, there they can dissociates into a electrostatically bound charge pair. The 
pair then separates into a positive polaron in the donor and a negative polaron in the acceptor, which 
are then transported to the respective electrodes. [5,6]. 
 
Here we present a recent work performed using a fluorescence up-conversion technique to 
systematically study the effect of using three different types of acceptors as [6,6]-phenyl-C61 butyric 
acid methyl ester (mono-PCBM) and its multi-adduct analogues bis-PCBM and tris-PCBM on the 
emission quenching and morphology in [9,9-dioctylfluorene-co-N-(4-butylphenyl)-diphenylamine] (TFB) 
blends. All molecular structures are reported in figure 1. 
 
The innovative experimental set up allows us to probe the ultrafast (<1 ps) excited state dynamics of 
photo-generated species with a high resolution (<200 fs). This means that we are able to follow the 
formation of the excited state in the polymer and the charge separation process at the interface with 
the acceptor. 
 
The ultrafast fluorescence quenching for the three different acceptors has been correlate with the 
different blends morphologies. Moreover a new excitons dynamic model has been developed to 
reproduce the experimental quenching rates and in order to evaluate their diffusion length, for the first 
time from the ultrafast fluorescence measurements. We also present independent measurements of 
diffusion length to support our evaluation. 
 
When coupled with other standard spectroscopic techniques the exciton recombination dynamics of 
such systems allow quantitative design rules to be formalized which is essential for the continued 
development of highly efficient organic bulk hetero-junction PV devices. 
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Figures:  
 

 
 
Figure 1 :  TFB molecular structure and energy levels are reported in the upper part. MonoPCBM, bisPCBM, and trisPCBM 

molecular structures are in the lower part. 
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The intermediate band (IB) solar cell (Fig. 1) has been proposed [1] to increase photovoltaic efficiency 
by a factor above 1.5, based on the absorption of two sub-bandgap photons to promote an electron 
across the bandgap. To realize this principle, that can be applied also to obtain efficient photocatalysis 
with sunlight, we proposed in recent years several materials where a metal or heavy element, 
substituting for an electropositive atom in a known semiconductor that has an appropriate band gap 
width (around 2 eV), forms inside the gap the partially filled levels needed for this aim. After studying 
Ga(As,P) with Ga partially substituted by Ti or Cr [2], we proposed several systems that could be 
made in thin film form: 
 
a) Ti- or Cr- substituted CuGaS2 or similar chalcopyrite (Fig. 2), where the thermodynamics of 
formation is seen to be less disfavourable than e.g. insertion of Mn in GaAs [3]; 
 
b) In2S3 and other sulphides containing octahedral In, which when doped with Ti or V form also the IB 
according to quantum calculations [4] (Fig. 3). The V-doped In2S3 material is particularly promising. 
Being based on a binary compound host, controlling its stoichiometry should be easy. In addition 
In2S3, with Eg= 2.0 eV, is used as buffer layer in thin film CIGS PV cells, so that the known technology 
to make it in thin film form could be used. Besides, we have synthesized it in nanocrystalline form [5] 
and shown that its optical absorption spectrum has the features predicted by quantum calculations for 
the IB structure (Fig. 4). Furthermore, recent photocatalytic tests made with it [6] show that the V 
dopant extends its spectral response down to the IR range without increasing recombination, which 
would decrease its efficiency. 
 
c) Octahedral SnIV sulphide and other similar compounds show also, according to DFT modeling (Fig. 
5), the formation of an IB with the desired characteristics when V, Nb or similar metals are introduced 
at Sn sites [7]. The experimental synthesis of such sulphide is in progress, and first results obtained 
show optical absorption spectra matching again the expectations for an IB material (Fig. 6). 
 
d) Another class of IB materials consists of Si heavily doped with certain elements. With Ti as dopant 
the desired IB electronic structure appears (Fig. 7) if Ti lies at interstitial sites [8]. Such material has 
been prepared by ion implantation methods, and its electrical properties [9] show uncommon features 
that can be explained assuming the formation of a partially filled band a few tenths of eV below the 
conduction band, as predicted by the DFT calculations. Although its band gap is not optimum to get 
high efficiency, it can serve as benchmark to study the behaviour of IB materials in single-crystal form. 
We could also show that substitution of Si by S or Se, accompanied by hole doping, provides an IB 
material as well [10]. 
 
e) Finally we showed with DFT calculations that a clathrate-type silicon polymorph, that in pure form 
has Eg=1.9 eV and for which some thin film preparation recipes exist, forms an IB material when a 
metal as Ag is occluded in its cavities or some of its Si atoms are substitued by a transition metal as V 
[11] (Fig. 8). 
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Figure 1 :  TFB Scheme of operation of 
an intermediate band photovoltaic cell 
 

 

 
Figure 2:  Density of states (computed with DFT) of CuGaS2 
with Ga partially substituted by Cr 

 
Figure 3 :  Density of states (computed 
with DFT) of In2S3 with octahedral In 
partially substituted by V 
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Figure 4:  Experimental diffuse reflectance spectrum of pure 
and V-doped nanocrystalline In2S3 
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Figure 5 :  Density of states (computed 

with DFT) of SnS2 with Sn partially 

substituted by V 
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Figure  6:  Experimental diffuse reflectance spectrum of V-
doped nanocrystalline SnS2 

 
Figure  7:  Density of states (computed 
with DFT) of Si with Ti located in an 
interstitial site 

 

 
Figure  8:  Estructure of Si clathrate, and density of states 
computed for it when V substitutes for Si atoms in the lattice 
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In the near future, the increasing energy demand will require the energy harvesting of any dispersed 
energy in industrial processes such as combustion machines, nuclear, geothermal, photovoltaic or 
solar-thermal devices. For this application, thermoelectric ceramic materials with adequate efficiency 
appear as the most promising because to their high thermal and chemical stabilities. The production of 
nanomaterials for energy generation with optimized properties is a challenge in the 21st century. In this 
respect, environmentally-friendly processes are being currently largely applied to the production of 
these technological materials. Among the methods nowadays employed to synthesize nanostructured 
materials, the hydrothermal process is well established for the production of a huge number of 
important electroceramics. More recently, the use of microwave energy associated with hydrothermal 
vessels has become a promising route to the production of nanosized materials, offering advantages 
in comparison with conventional methods, such as low-energy consumption associated with faster 
precipitation kinetics [1]. Thus, these so-called environmentally-friendly methods are being extensively 
studied for the production of a wide range of materials. The literature shows some examples of 
thermoelectric materials designed for energy saving, particularly, Nb-doped SrTiO3 [2], KTaO3, Fe-
doped and Ag-doped NaTaO3 [3], and Mn,Cr,Fe,Ti-doped NaTaO3 [4]. NaTaO3 belongs to the family 
of orthorhombically distorted perovskites with GdFeO3-type structure, which has been determined as 
Pbnm (Z=4) [5]. This structure rules out the possibility of ferroelectricity for this compound, claimed 
previously by some authors [6], and showed by similar materials like NaNbO3 [7] and BiInO3 [8]. Also, 
NaTaO3 attracts our attention because it attains the highest photocatalytic quantum yield for water 
splitting into H2 and O2 under UV irradiation among all known materials, exceeding 50%, when doped 
with La [9]. For these materials, there are no reports on microwave synthesis of lanthanide-doped 
sodium tantalate. Also, aiming to thermoelectric applications, spectroscopic data could be useful for 
photodynamic investigations, as well as for structural studies. In this work, lanthanide-doped NaTaO3 
nanostructured ceramics were synthesized under microwaves. Raman scattering was used in order to 
determine the number of vibrational bands and the selection rules based on group-theory calculations. 
Raman spectroscopy was also employed to investigate the phonon evolution as a function of 
temperature in order to determine the three high temperature phases. Finally, thermoelectric 
properties were evaluated as a function of temperature and the results were discussed in terms of 
structural properties as observed by Raman spectroscopy. 
 
NaTaO3 was obtained from stoichiometric amounts of analytical grade reagents NaOH and TaCl5. 
After dissolution of each reagent in deionised water (18.2M.cm), they were mixed under stirring and 
pH=13. A Milestone BatchSYNTH equipment (2.45 GHz) was employed in the microwave syntheses. 
Double-walled digestion vessels (100 mL of capacity) with an inner line and cover made of Teflon 
Tetrafluormethaxil (TFM) and an outer high strength vessel shell made of Polyether ether keton 
(PEEK) were used. The EasyControl Software was employed to draw a temperature-pressure-time 
profile, which include a heating time of 2 min up to the processing temperature (110°C and 150°C), for 
times of 10 and 20 min, for the production of the desired materials (the final conditions were 110±1°C, 
150±1°C and 1.2±0.2 bar). The magnetic stirring module was used to produce consistent stirring of 
solutions in all vessels, independent of their position within the cavity. After microwave syntheses, the 
products were rinsed with deionized water several times and dried at 70°C. The powders were 
uniaxially pressed at 110 MPa into cylindrical discs of 5mm height and 15mm diameter. The sintering 
occurred in a covered alumina crucible at 1400°C, for 4h. The obtained ceramics were dense, showing 
experimental densities above 93% of their theoretical densities. X-ray diffraction technique was 
employed to study the structural properties using FeKα radiation, while transmission electron 
microscopy and high-resolution TEM were carried out to investigate the morphology and crystalline 
aspects of the nanopowders. Micro-Raman spectra were collected in back-scattering configuration by 
using an Olympus confocal microscope attached to a Horiba/Jobin-Yvon LABRAM-HR spectrometer, 
and equipped with 600 and 1800 grooves/mm diffraction gratings. The 632.8 nm line of a He-Ne laser 
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was used as exciting line and a Peltier-cooled charge coupled device (CCD) detected the scattered 
light. An edge filter was employed to stray light rejection (Rayleigh).  
 
The TEM (HRTEM) and selected area electron diffraction images for the Er-doped NaTaO3 are 
showed in Figure 1, where it can be seen crystalline, nanostructured materials, as evidenced by X-ray 
diffraction after microwave synthesis. The Raman spectrum of Nd-doped NaTaO3 at room temperature 
is presented in Figure 2. It was possible to discern 21 bands (although some of them, which are very 
weak and broad, could be combination modes), in good agreement between the predicted and 
observed number of fundamentals, considering that modes belonging to different i.r. cannot be 
resolved by unpolarised spectroscopy of unoriented ceramics. It is also worthy noticing the peak 
splitting of the TaO6 octahedra mode above 550cm-1 into several bands (the five or six higher 
frequency bands), due to the multiple numbers of ions into the unit cell. The same feature occurs 
relatively to the other regions of the spectra, i.e., we can clearly identify groups of bands in the regions 
60-240cm-1 (six Na translations), 240-400cm-1 (three TaO6 bending modes) and 400-520cm-1 (six 
TaO6 rotations or tilting modes). All these features were directly related to the thermoelectric 
characteristics, as will shown later. 
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Figure 1 :  HRTEM and SAED images for the 
Er-doped NaTaO3 obtained under microwaves 
at 110ºC 

  
 

 
Figure 2:  Raman spectra of Er-doped NaTaO3 at 
different temperatures. 
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NEW PROSPECTS FOR HIGHLY EFFICIENT PHOTOVOLTAIC DEVICES 
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Cu-containing, chalcopyrite-based solar cells currently lead the energy conversion efficiency ranking 
of photovoltaic devices based on thin-film technology. With record figures above 20% for 0.5 cm2 
smallarea devices [1] and 15.7% for commercial 1 m2 modules [2], thin-film photovoltaics is 
approaching the typical performing ratios of polycrystalline silicon. Not only in terms of efficiency, but 
also industrial production capacity, thin film photovoltaics is becoming a key player in the development 
of solar electricity generation [3]. 
 
The progress achieved in the performance of chalcopyrite-based photovoltaic devices, by far the most 
promising approach among all thin-film technologies, has largely been a consequence of 
phenomenological rather than a fundamental understanding of some of their physical properties. 
Although a number of important questions remain unanswered, it is already clear that Cu-containing 
chalcopyrites have unique properties not observed in other semiconducting materials. Such properties 
are often counterintuitive and challenge our common understanding of semiconductor physics, raising, 
amongst others, the following questions: how can grain boundaries, ubiquitous in thin films of 
microcrystalline material, be harmless (if not beneficial) to the electronic transport? Why is it that we 
can build an efficient electronic device out of a piece of semiconductor even when we are unable to 
extrinsically control its doping level? Why, ultimately, are the highest efficiencies systematically 
recorded in devices made from microcrystalline-based material, and not mono-crystalline 
counterparts? And finally, how can we explain why good solar cells have absorbers with off-
stoichiometric compositions? 
 
In this presentation, we will first briefly address some of these intriguing questions and discuss some 
recent results of research on such topics, highlighting the key role played by material characterization 
at the nanoscopic level in the search of convincing answers. We will then discuss growth, 
characterization and design of nanostructures based on Cu-containing chalcopyrites, not only as a 
means to implement large-scale, thin-film production, but additionally to open new possibilities for the 
realization of advanced photovoltaic devices beyond conventional architectures. Finally, the current 
status of research on nanocrystalline chalcopyrites will be reviewed, addressing the fundamental 
points for their utilization in highly efficient devices. 
 
 
 
References:  
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A NOVEL ULTRA THIN FILM PHOTOVOLTAIC TECHNOLOGY WITH ALKALI METAL ACTIVE REGION 
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The aim of this paper is to discuss the development of a novel ultra thin film photovoltaic technology 
which employs alkali metals [1] as key photoactive material to directly convert photons of light into 
electricity. Alkali metals possess the unique property among all the other elements in the periodic table 
of being able to be ionized by photons of visible light, which is the reason why they are the key 
component in vacuum photocathode-photomultiplier technology for high efficiency light detection. The 
proposed photovoltaic devices make use of an ultra thin photoactive alkali layer (<20nm) coupled with 
a tunnelling junction (<5 nm) of insulating material (i.e.: Si2O) on top of which a high work function 
(~5eV) transparent electrode (e.g.: graphene, carbon, gold) is deposited, while on the alkali 
photoactive side an electron injecting transparent electrode (<20nm) is fabricated using a material with 
a work function lower than 5 eV (e.g.: Aluminium ~4.2 eV). The transparent electrodes allow visible 
light to reach the alkali photoactive layer and thus induce the emission of electrons, those emitted 
electrons are then able to pass through the tunnelling junction to reach the anode (whereas holes are 
blocked) and induce an electric current in the device due to the internal electric field created by the 
difference in the work functions of the different layers (Figure 1). 
 
These novel photovoltaic devices have a theoretical quantum efficiency > 30%, and can be readily 
fabricated using standard physical vapour deposition techniques already employed in industry. 
 
References:  
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Figures:  

 

Figure 1: Sectional view of the structure of an ultra thin film  photovoltaic device with alkali metal active region. 
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The demand for green, efficient, low-cost, portable energy supplies has never been greater. One 
promising approach is the use of fuel cells such as the direct methanol fuel cell (DMFC). These 
promise significant increase (×10) energy density storage over conventional lithium-ion batteries, with 
potential to reach levels of 4.8 kWhL−1 (or 6.1 Whg−1). A key component in such DMFCs is the anode, 
at which methanol is oxidized, to produce carbon dioxide, hydrogen ions and electrons. Platinum (and 
its alloys) has proven to be a material with strong potential for use as an anode, due to its ability to 
adsorb hydrogen. 
 
A novel method for the synthesis of high surface area, Platinum - Tobacco mosaic virus (Pt-TMV) 
nanotubes is presented. Platinum salt is reduced to metallic form on the external surface of a 
rodshaped TMV by methanol, which serves as a solvent and reductant simultaneously. The method 
provides enhanced control of surface roughness and Pt thickness than under strongly reducing 
conditions (eg DMAB or NaBH4). It was found that for the same Pt loading, Pt-TMV nanotubes had 
electrochemically active surface area (ECSA) 3.7 times larger than Pt nanoparticles. The Pt-TMV 
system, used as a catalyst for methanol oxidation, shows 65% higher catalytic mass activity than 
catalyst based on Pt nanoparticles [1]. Whilst we present results for coating of TMV, the route is more 
general and should work on any charged protein/surfactant system. 
 
 
References:  
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Figures:  
 

 
 

Figure 1:  TEM image of Pt-TMV nanotube (a). Panel b, shows two cyclic voltammogram curves corre sponding 
to Pt-TMV (red trace) and PtNPs (green trace) in 0.5 M H2SO4. Peaks A, B and C correspond to hydrogen 
adsorption on Pt(110), Pt(100) and Pt(111) crystal planes respectively. These characteristics were used to 
evaluate the surface area. Panel b shows a cyclic voltammogram curves for the oxidation of methanol. Two CV 
curves corresponding to Pt-TMV (red trace) and PtNPs (green trace) in mixture of 0.5 M H2SO4 and 2 M CH3OH, 
nitrogen purged, sweep rate 100 mVs

−1
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The field of photovoltaic cells has been dominated so far by solid state p-n junction devices made e.g. 
of crystalline or amorphous silicon or other chalcogenide semiconductors, profiting from the 
experience and material availability of the semiconductor industry. However, there is an increasing 
awareness of the possible advantages of devices referred to as “bulk“ junctions due to their 
interconnected three-dimensional structure. Their embodiment departs completely from the 
conventional flat p-n junction solid-state cells, replacing them by interpenetrating networks. This 
lecture focuses on dye sensitized and quantum dot sensitized mesoscopic solar cells (DSCs), which 
are leading this new generation of photovoltaic devices [1-4]. Imitating the light reaction of natural 
photo-synthesis, this cell is the only photovoltaic system that uses molecules to generate charges from 
sunlight accomplishing the separation of the optical absorption from the charge separation and carrier 
transport processes. It does so by associating a molecular dye with a mesoscopic film of a large band 
gap semiconductor oxide. The DSC has made phenomenal progress, present conversion efficiencies 
being over 12 percent for single junction and 17 percent for tandem cells. The validated module 
efficiency has reached 10 percent, rendering the DSC a credible alternative to conventional thin film p-n 
junction devices. Commercial large-scale production of flexible DSC modules has started in 2009. 
These solar cells have become viable contenders for large-scale future solar energy conversion 
systems on the bases of cost, efficiency, stability and availability as well as environmental 
compatibility. 
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Commercial graphene nanoplatelets exhibit promising electrocatalytic activity towards I3

-/I- redox 
couple in thin films which are optically semitransparent. Electrochemical impedance spectra confirm 
that the charge-transfer resistance, RCT is smaller by a factor of 5-6 in ionic liquid electrolyte (Z952) 
compared to that in traditional electrolyte in methoxypropionitrile solution (Z946). The difference was 
attributed to solvation-related events, rather than viscosity-control of the charge transfer mechanism.  
In both electrolytes tested (Z946, Z952) the RCT scaled linearly with the graphene film’s absorbance, 
confirming a simple proportionality between the concentration of active sites (edge defects and oxidic 
groups) and electrocatalytic properties of the electrode for I3

-/I- redox reaction (Figure 1). 
 
 
Solar efficiency tests confirmed that semitransparent film of graphene nanoplatelets presented no 
barrier to drain photocurrents at 1 Sun illumination and potentials between 0 to ca. 0.3 V.  Consistent 
with the impedance data on symmetrical dummy cells, the graphene cathode exhibited better 
performance in DSC with ionic liquid electrolyte (Z952). Nevertheless, the  RCT of graphene 
nanoplatelets still needs to be decreased ca. 10 times to improve the behavior of DSC near the open 
circuit potential and, consequently, the fill factor. Our study points at an optimistic prediction that all-
carbon cathode (FTO and Pt-free) is eventually accessible from graphene composites. 
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Figure  1:  Optical absorbance of graphene at a wavelength of 500 nm plotted as a function of inverse charge 
transfer resistance determined from electrochemical impedance spectra in volatile electrolyte, Z946 (open points) 
and in ionic liquid electrolyte, Z952 (full points). 
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We report four different application areas, within catalysis, of a new “nanoplasmonic” (localized 
surface plasmon resonance, LSPR) method, Indirect Nanoplasmonic Sensing (INPS), which uses a 
remarkably simple optical transmission (or reflection) measurement. The method can with high 
sensitivity follow catalytic reactions in real time in-situ and can be applied to both model catalysts and 
real supported catalysts at realistic catalyst working conditions (i.e. high pressures and temperatures). 
 
A catalyst is a substance that increases the rate of a reaction without itself being destroyed or 
consumed. Many industrial processes as well as the environmental and energy sectors depend on 
catalysis. Some of the most important uses for catalysts are to decrease the need for energy and raw 
materials and to clean industrial and automotive exhausts. To understand and improve heterogeneous 
catalyst systems it is important to be able to monitor the catalyst’s state and to follow the reaction in 
real time. However, there is still a need for new experimental probes that allow such investigations to 
be made on the often complex catalyst structures and under realistic catalyst working conditions. Here 
we present a technique that has the potential to partly fill this need. We show that INPS can be used 
to monitor changes in adsorbed species on nanoparticle catalysts or chemical changes in a thin film 
[1], for optical nanocalorimetry [2] and to monitor sintering [3]. Sintering is the deactivation of a catalyst 
by the coalescence of catalytically active nanoparticles to form larger less active particles. Catalyst 
sintering causes large economic and environmental costs associated with catalyst 
regeneration/renewal. 
 
The principle is “nanoplasmonic” sensing, which has been intensely investigated for biosensing. A 
LSPR is a coherent resonance oscillation of the conduction electrons, a plasmon resonance, in a 
metal nanoparticle, which can be excited by near-visible light with an appropriate color/wavelength. 
The wavelength at which the resonance occurs depends e.g. on the dielectric properties of the 
particle’s nanoenvironment and can, therefore, be use for sensing where dielectric changes are to be 
detected [4]. INPS applies a patent searched [5] sensor chip design (see figure 1A) which allows 
events such as sintering, surface coverage changes[1], and hydrogen storage [2, 6] in/on 
nanoparticles/clusters/thin films to be monitored using the plasmon resonance of other nanoparticles 
in their close vicinity. The INPS technology is being commercialized by Insplorion AB that markets and 
sells research instruments. 
 
Figure 1B shows real-time data from the storage (8 to 38 minutes) and release (from 38 minutes, 
induced by adding hydrogen) of nitrogen oxides (NOx) in/from a barium compound [1]. The data 
shows that the reaction can be monitored with high sensitivity and time resolution and that the 
obtained signal is concentration dependent. The reaction studied here is relevant in NOx storage and 
release catalysts extensively researched for lean burn automotive engines and shows that INPS can 
be used to study such reactions or as a nitrogen oxide sensor. We also show that a change in surface 
adsorbate from oxygen to hydrogen/carbon monoxide can be monitored with sub-monolayer sensitivity 
using INPS[1]. 
 
For optical nanocalorimetry it is utilized that the plasmon resonance is sensitive to temperature 
changes. Figure 1C shows light off traces obtained for Pd nanoparticles (average diameter 18.6 nm) 
deposited on an INPS sensor chip. The Pd particles were exposed to mixtures of hydrogen and 
oxygen (α= relative hydrogen concentration, total reactant concentration was kept constant) and the 
external temperature was increased linearly. Figure 1C shows the data after correction for the external 
temperature change. The data shows a rapid increase in the catalyst temperature at catalytic light off. 
The peak shift obtained at high temperatures depends on the α-value as expected (different α values 
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give different maximum reaction rates). We also demonstrate that INPS can be used to study particle 
size dependent reactivity [2]. 
 
In the last application, it is demonstrated that INPS can be used for real-time and intermittent 
monitoring of catalytic cluster sintering. Sintering of Pt clusters, similar to those in the car exhaust 
catalyst, was monitored in different gas environments at atmospheric pressure on SiO2 surfaces. 
Substantially increased sintering rate were observed in 4% O2 (in Ar) as compared to in pure Ar. As 
expected, the sintering rate was also found to increase with increasing temperature (see figure 1D). 
The optical signal obtained during sintering was calibrated using post-mortem TEM imaging of TEM-
window samples, identical to the optical/glass samples, which were run in parallel with the optical 
measurements. 
 
The obtained data show that INPS is a promising novel technique for real-time measurements of the 
catalyst state and nanocalorimetry using a low cost, optical transmission/reflection measurement. 
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Nowadays, energy autonomy appears to be the main challenge for hybrid/electrical vehicles as well as 
nomadic electronic devices. Coin and rechargeable batteries remain the only available sources to 
supply such devices. The energy autonomy is a societal and critical issue and the nanotechnology 
could help the research community to improve the devices performances in particular in the field of 
lithium ion battery/micro-battery. A classical lithium ion storage device is composed of a positive 
electrode (mainly LiCoO2), a lithium ion electrolyte (liquid or solid) and a negative electrode (graphite). 
The capacity of the graphite electrode is unfortunately limited to 372 mAh/g.  
 
The silicon material appears to be a promising candidate for the negative electrode as it has the 
potential to be a host material for the lithium ion Li+ with the highest reported specific capacity close to 
4200 mAh/g. Unfortunately, the lithiation process (insertion of the lithium ion into the silicon crystal) 
occurring during the battery charging leads to a silicon’s volume variation of 300 %. The high volume 
expansion of the silicon crystal remains the main cause of both the capacity fading and the 
pulverization of the fabricated battery. The lifetime of the lithium ion battery based on silicon material is 
then considerably reduced. Several research groups have developed novel negative electrode 
topologies using nanostructured silicon material in order to overcome the problem of the volume 
variation [1-6]. A negative electrode based on silicon material with an empty rate close to 50 % and 
allowing a volumetric expansion of the silicon crystal owing to the lithiation process is generally 
proposed. To obtain such empty electrodes, the nanotechnology seems to be a useful tool. Two 
different approaches could be investigated to produce silicon nanowires or nanopillars array. The 
bottom up way consists in the growth of silicon nanowires by Chemical Vapor Deposition (CVD) on 
stainless steel substrate according to the well known Vapor-Liquid-Solid (VLS) or Vapor-Solid (VS) 
processes. The 2nd path way (top down development) is based on the micromachining of the silicon 
material either by wet or dry etching [7-8].  
 
This paper reports an overview of the silicon nanowires or nanopillars acting as a negative electrode 
of a lithium-ion battery or micro-battery. The bottom up (CVD synthesis) and top down (wet or dry 
etching) approaches will be compared. The potentialities of the silicon nanowires/nanopillars and their 
integration in a lithium-ion battery or micro-battery will be discussed. An original SiNPL 
micromachining processes using Deep Reactive Ion Etching and photolithography technologies will be 
presented. In the depicted process, the SiNPL array is obtained without electron beam 
nanolithography. 
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Figures:  
 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
 

(e) 

 
 

Figure 1: Bottom up synthesis (Chemical Vapor 
Deposition) of silicon nanowires acting as a negative 
electrode of a lithium ion battery ((a), (b) et (c) Y. Cui 
et al  [2, 3, 4, 6]) and (d), (e) Pereira et al  [1, 5] 

(a) 

 

 
(b) 

 
(c) 

  

1µm 
 

 
Figure 2: Silicon nanopillar (SiNPL) array obtained by a 
top down approach [6-7]. This SiNPL array acts as the 
negative electrode of a lithium ion micro-battery [7] and is 
realized by Deep Reactive Ion Etching ((a) and (c)). The 
silicon nanowires reported in (b) are obtained by chemical 
wet etching [6]. 
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NANOTECHNOLOGY FOR MORE EFFICIENT PHOTOVOLTAICS:  
THE QUANTUM DOT INTERMEDIATE BAND SOLAR CELL 

Antonio Luque 
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The intermediate band solar cell [1] has been proposed as a concept able to substantially enhance the 
efficiency limit of an ordinary single junction solar cell. If a band permitted for electrons is inserted 
within the forbidden band of a semiconductor then a novel path for photo generation is open: electron 
hole pairs may be formed by the successive absorption of two sub bandgap photons using the 
intermediate band (IB) as a stepping stone. While the increase of the photovoltaic (PV) current is not a 
big achievement —it suffices to reduce the bandgap— the achievement of this extra current at high 
voltage is the key of the IB concept. In ordinary cells the voltage is limited by the bandgap so that 
reducing it would also reduce the bandgap. In the intermediate band solar cell the high voltage is 
produced when the IB is permitted to have a Quasi Fermi Level (QFL) different from those of the 
Conduction Band (CB) and the Valence Band (VB). For it the cell must be properly isolated from the 
external contacts, which is achieved by putting the IB material between two n- and p-type ordinary 
semiconductors [2]. Efficiency thermodynamic limit of 63% is obtained for the IB solar cell1 vs. the 
40% obtained [3] for ordinary single junction solar cells. Detailed information about the IB solar cells 
can be found elsewhere [4]. 
 
IB solar cells may be implemented by nanotechnology [5]. In particular the IB can be formed by the 
bound states of quantum dots of a lower gap semiconductor located inside a wider bandgap host 
semiconductor. The first practical realization was made with InAs QDs in a GaAs matrix [6]. Other 
groups have prepared similar devices [7-11]. Highest efficiency so far has been 18% [10]. In reality 
present QD IB solar cells present a negligible increase of the photocurrent and a substantial reduction 
of the voltage so that they always present less efficiency than test structures of the same host 
semiconductor without QDs. 
 
As matter of fact one of the reasons of this reduced efficiency is that the InAs/GaAs system is very 
inappropriate. The increased thermodynamic efficiency limit is achieved for a bandgap of about 2 eV 
and a position of the IB band at 0.7 e.V from the CB whereas in the InAs/GaAs system has a total 
bandgap of 1.42 eV at room temperature and  the position of the IB is at about 0.25-0.30 eV form the 
GaAs CB. Calculations [12] show that for these bandgaps the one-sun efficiency (the one referred to 
in all the cited publications) cannot exceed that of the cell without IB although the case might be 
different under concentrated sunlight. However, this materials system has permitted to experimentally 
prove the operational principles of this concept, namely the two photon mechanism [13] and the three 
QFL splitting [14] and its direct consequence, the achievement of voltage very close to the GaAs 
badgap [15]. Unfortunately this has only been possible to detect [13] or achieve [15] at very low 
temperature when the thermal escape has been suppressed. 
 
The reduction of voltage of present QD IB solar cells is partly due to the reduction of minority carrier 
lifetime introduced through the dislocations created by the stresses. This has been amended by stress 
reduction of spacer increase and is not a major problem today. In part it is also due to the reduction of 
the bandgap due to the invasion of the bandgap by the heavy hole states [12,16] that form a quasi 
continuous, and by the formation of a wetting later that acts as a quantum well [12]. According to this, 
it is unfair use single gap cell without QDs with the cell with QDs in the same host material. Changing 
the bandgap of the host material this problem is solved. Yet the increase of current is very small and 
this is due by an inherent low absorption of the QDs for interband transitions. We think that the CB 
wavefunctions have an envelope with S symmetry [16] while this symmetry is absent in the VB 
wavefunctions. The consequence is that the relevant envelope wavefunctions overlap poorly. We don’t 
know yet the solution to this issue, besides, of course, a photon management strategy to enhance the 
absorption. 
 
Finally another issue is the thermal escape. It prevents form an easy splitting of the CB and IB QFLs. 
Best solutions are the reduction of the QD size to prevent QD excited states that may provide a ladder 
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for the escape of electrons [17] and, of course, to change the material system to better exploit the 
potentialities of the concept [18].      
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OPTIMIZING THE THERMOELECTRIC FIGURE OF MERIT OF APERIODIC SOLIDS 
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During the last few years we have witnessed a growing interest in searching for novel, high 
performance thermoelectric materials (TEMs) for energy conversion in small scale power generation 
and refrigeration devices. Some time ago the appealing question regarding the best possible 
electronic structure of thermoelectric materials (TEMs) was discussed by Mahan and Sofo [1]. It was 
proposed on sound theoretical basis that the best TEMs are likely to be found among materials 
exhibiting a sharp singularity in the density of states (DOS) close to the Fermi level, along with a 
substantial depletion of the DOS at the Fermi level. In this contribution I will describe the 
thermoelectric properties of two different classes of materials exhibiting these required spectral 
features in their electronic structures. The first class of materials are representatives of quasicrystalline 
alloys exhibiting semiconductor-like, rather than metallic electronic transport properties, along with 
extremely low thermal conductivity values. Accordingly, quasicrystals can be regarded as an 
unexpected instance of the so-called electron crystal-phonon glass approach introduced by Slack [2]. 
Thus, quasicrystals occupy a very promising position in the quest for novel TEMs, naturally bridging 
the gap between semiconducting materials and metallic ones [3]. 
 
As an alternative to bulk materials the study of the thermoelectric properties of single molecules may 
underpin novel thermal devices such as molecular-scale Peltier coolers (figure) and provide new 
insight into mechanisms for molecular-scale transport. In this way, the thermoelectric potential of some 
conducting polymers, like polythiophene and polyaminosquarine, has been recently reviewed on the 
basis of their electronic band structures. I will focus on the electronic structure and transport properties 
on DNA based devices, with an special attention to the possible use of a thermoelectric signature for 
different codons of biological interest in order to explore new sequencing techniques based on 
physical processes instead of the usual chemical ones [4-7]. In fact, the thermoelectric properties of 
molecular systems have received a lot of attention during the last few years and it is expected that this 
attention to increase fast as the necessary experimental techniques are progressively refined [8-10]. 
We report four different application areas, within catalysis, of a new “nanoplasmonic 
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Figures:  
 

 
 
Figure 1 :  Sketch illustrating the basic features of a nanoscale DNA based Peltier cell. A polyA-polyT (polyG-
polyC) oligonucleotide, playing the role of n-type, left (p-type, right) semiconductor legs, are connected to organic 
wires (light boxes) deposited onto ceramic heat sinks (dark boxes). 
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NANOENGINEERING THERMOELECTRICS FOR ENERGY HARVESTING. 
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The growing social alarm over increasing energy cost and global warming related to fossil fuel sources 
has motivated the search for cleaner, more sustainable energy sources. Among the different feasible 
technologies, thermoelectric (TE) devices have received attention as these solid-state devices can 
generate electricity by harvesting waste thermal energy, thereby improving the efficiency of a system. 
The many advantages of TE devices include solid-state operation, no noise, zero-emissions, vast 
scalability, no maintenance and a long operating lifetime. The efficiency of TE materials is directly 
related to a dimensionless figure of merit (ZT). In order to compete with conventional refrigerators, a 
ZT=3 must be obtained. Although, a device with ZT>2 will be also important in other applications. Due 
to their limited energy conversion efficiencies (i.e. ZT is ≈1), thermoelectric devices currently are only 
present in niche applications. 
 
However, there is a renewed interest in the field of thermoelectrics due to quantum size effects, which 
provide additional ways to enhance energy conversion efficiencies in nanostructured materials. For 
example, a ZT up to 2.5 was achieved by synthesizing two-dimensional Sb2Te3/Bi2Te3 superlattice thin 
films through a chemical vapor deposition (CVD) process, exceeding previous limits of ≈1 for bulk 
counterparts; theoretical calculations predict that even higher ZTs can be achieved in one-dimensional 
nanowires. 
 
The successful application of these nanostructures in practical thermoelectric devices must implement 
a cost-effective and high through-put fabrication process. Among the different techniques 
electrodeposition has been one of the more successful. For that reason an overview of the state of the 
art in the electrodeposition, of films and nanowires, of the different thermoelectric: Chalkogenide, 
Silizide SiGe, TAGS, Skutterudites, Clathrates, etc will be presented here. 
 
Acknowledgments: ERC Starting Grant 2008: 240497 
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NEW ROUTES FOR THE FABRICATION OF ORGANIC PHOTOVOLTAIC CELLS 

Jordi Martorell 

ICFO-Institut de Ciencies Fotoniques, 08860 Castelldefels (Barcelona), Spain and  
Departament de Fisica i Enginyeria Nuclear, Universitat Politecnica de Catalunya,  

08222 Terrassa, Spain 
 
 
Organic solar cells have been the subject of research for the realization of portable, flexible and 
transparent modules as renewable energy sources. Here we propose alternative routes to fabricate 
such type of devices using simple and cost effective fabrication methods based on, the replacement of 
electron blocking layers by sputtered NiO, the substitution of the ITO electrode by a sputtered thin 
metal film, and on the fabrication of the organic photovoltaic cells using a dip coating procedure 
instead of a spin coating one. 
 

 

Table 1: Performance of Cu-Ni electrode 
based cells compared to ITO based cells 

 
We fabricated and tested the performance of P3HT:PCBM bulk hetero-junction solar cells when the 
PEDOT:PSS, the most commonly used hole transporting layer, is replaced by a thin layer of sputtered 
NiO, and when the transparent indium tin oxide (ITO) electrode is replaced by a sputtered ultra-thin 
Cu-Ni bilayer. We show, here, that when NiO is used as the hole transporting layer, the characteristic 
photovoltaic parameters of such cell are similar or better to those of the device fabricated with 
PEDOT:PSS. We also studied the lifetime of NiO based cells in comparison to the PEDOT:PSS based 
ones. We observed that an ambient air processing of the organic materials was not detrimental to the 
ulterior performance of the NiO based cell, which degraded in ambient air conditions with a time 
constant larger than 300 hours. On the contrary, the PEDOT:PSS cell degraded very rapidly and the 
loss in efficiency was shown to be 29 times faster when compared to the NiO cell. 
 

 

Figure 1: I-V curves for P3HT/PCBM cells 
fabricated using ITO (black), Cu(7 nm)-Ni(1 
nm) (blue), and Cu(9 nm)-Ni(1 nm) (red). 

 
In such NiO based cells we also used a Cu-Ni semi-transparent electrode to replace the ITO. Despite 
the fact that the metal electrode exhibits a transparency that is 65% of the ITO electrode, the short 
circuit current for the metallic anode based cell is 77% of the ITO based one (see Table 1), which 
exhibited a power conversion efficiency of 3.3% (see Figure 1). Such discrepancy between the 
transparency and short circuit current percentage indicates that photon absorption may be enhanced 
by the optical microcavity formed between the Cu-Ni and Al electrodes. 
 
We also fabricated organic solar cells with a bilayer architecture, in which poly(p-phenylene vinylene) 
(PPV) was used as the electron donor while Rhodamine 6G as the electron acceptor. We showed that 
photo-conversion efficiency for such dip coated fabricated cells is 1.4 times higher than that obtained 
from cells fabricated using the traditional spin coating procedure. Comparing the performance of 
several cells produced by dip coating on the same substrate we observed a high degree of uniformity, 
as opposed to the performance of the spin coated cells which exhibited a large dispersion. In addition, 
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when the dip coating is applied the same coating solutions may be used many times to fabricate cells 
in a continuous mode. We discuss the use of orthogonal solvents to demonstrate that the technique 
can also be applied for the fabrication of other polymeric cells such as, for instance, P3HT/PCBM 
cells. In summary, the proposed method for organic solar cell fabrication is an alternative to obtain 
photovoltaic devices with a better performance than the spin coated cells. Such technique opens the 
possibility to implement an alternative route to other procedures that have already been considered for 
a cost effective large scale production of high efficiency OSCs such as the spray coating or the ink jet 
printing. 
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DESIGN OF PHOTOELECTROCHEMICAL CELLS FOR THE SPLITTING OF WATER AND 
 PRODUCTION OF FUEL 

Ana L. Moore, Thomas A. Moore and Devens Gust 
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Arizona State University, Tempe, AZ, 85287-1604, USA 
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The design of bioinspired schemes that couple solar energy conversion to the oxidation of water and 
the subsequent use of the reducing equivalents to synthesize energy-rich compounds, such as 
hydrogen or fuels based on reduced carbon is the main objective of our present research. [1,2] In 
order to establish the design principles for a tandem, two junction (or threshold) photochemical cell, 
we are assembling Grätzel-type photoelectrodes that model photosystems I and II (PSI and PSII) of 
plants. The photoanode model of PSII will contain a mimic of the donor side (water oxidizing side) of 
PSII reaction centers. In PSII, tyrosine Z (TyrZ) mediates charge transport between the photo-oxidized 
primary donor (P680•+) and the oxygen-evolving complex (OEC). The oxidation of TyrZ by P680•+ likely 
occurs with the transfer of the phenolic proton to a hydrogen-bonded histidine residue (His190). This 
coupling of proton and redox chemistry is thought to poise the TyrZ oxidation potential between those 
of P680•+ and the OEC. We have prepared a bioinspired system (BiP-PF10) consisting of a high 
oxidation potential porphyrin (PF10, 1.59 V vs. NHE, a model of P680) that is covalently attached to a 
benzimidazole-phenol pair (BiP) that mimics the TyrZ-His190 pair in PSII. Electrochemical studies 
show that the phenoxyl radical/phenol couple of the model system is chemically reversible with a 
midpoint potential of 1.24 V vs. NHE and is therefore thermodynamically capable of water oxidation. 
When the BiP-PF10 construct is attached to TiO2 nanoparticles and excited with visible light, it 
undergoes photoinduced electron transfer. Electrons are injected into the semiconductor and the 
corresponding holes are localized on either the porphyrin (BiPPF10

•+-TiO2
•–) or the phenol (BiP•+-PF10-

TiO2
•–). EPR provides a clear spectroscopic picture of these processes. [3] The photoelectrode model 

of PSI will be sensitized by low potential naphthalocyanines or phthalocyanines, which absorb light in 
the near IR region of the spectrum. Upon photoexcitation, these dyes are designed to inject electrons 
into semiconductors having sufficiently negative conduction bands to effectively drive the reduction of 
protons to hydrogen at a cathode. The semiconductor will be electrically wired to a cathode suitable 
for hydrogen production: either a metal electrode (Pt or Ni) or a hydrogenase-modified carbon 
electrode. [4] 
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CHEMICAL SOLUTION APPROACHES TO SELF-ASSEMBLED AND NANOCOMPOSITE 

SUPERCONDUCTING AND FERROMAGNETIC FILMS 

Xavier Obradors 

Institut de Ciència de Materials de Barcelona, CSIC 
Campus de la UAB, 08193 Bellaterra, Spain 

 
 
Chemical solution deposition (CSD) has emerged in the last years as a very competitive technique to 
obtain epitaxial films, multilayers, nanocomposite films and interfacial templates of high quality with 
controlled nanostructures. In particular, the all CSD approach has been shown to be one of the most 
promising ways for-cost-effective production of second generation superconducting wires with high 
performances. 
 
The development of nanostructured superconductors with enhanced vortex pinning properties requires 
the preparation of either nanocomposite epitaxial films or epitaxial films grown on interfacial 
nanotemplates.  
 
In this presentation we will show different approaches to the preparation of oxide interfacial 
nanotemplates grown by CSD, either through strain induced self assembling or through the use of 
nanoporous track-etched polymer templates. Several types of functional oxides have been grown, for 
instance, CeO2, BaZrO3 or (La,Sr)MnO3. These oxides have also been used as epitaxial buffer layers 
for multilayered structures where atomic scale interfacial quality is required. 
 
The Trifluoracetate route (TFA) is the most suitable route to achieve epitaxial YBa2Cu3O7 (YBCO) 
layers with high critical currents and so these precursors have been used to achieve nanocomposites 
based on interfacial nanotemplates or on randomly distributed nanodots. 
 
Emphasis will be made on understanding the relationship between the different processing 
parameters, the nanostructure and the physical properties (magnetic and superconducting).  
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TOWARDS POWER OPTIMIZATION IN NANOSCALE SYSTEMS THROUGH THE USE OF MANY-
ELECTRON CORRELATIONS 

G. Albareda and X. Oriols 

Dept. d'Enginyeria Electrònica, Universitat Autònoma de Barcelona, 08193 Bellaterra, Spain 
guillem.albareda@uab.cat 

 
 
Power consumption is one of the main drawbacks that electronics must face up to when scaling down 
any new technology. Thus, in last few years, the electronic development is being driven not only by 
the desire of improving circuit density and speed, but also by the aim of reducing power consumption. 
During last years, the ITRS is being identifying this last constraint as one of the top three overall 
challenges for the next years [1]. 
 
The openness of classical and quantum electron systems has been studied extensively in the 
literature, but few works are devoted to discuss its effect on the computation of electric power. Here, 
we provide a novel expression for the accurate estimation of the electric power in nanoscale open 
systems deduced from a many-particle electron transport formalism that goes beyond the standard 
mean field approximation [2,3]. Surprisingly, we show that the usual expression of the electric power in 
the device active region,  

( ) ( )no corr T T
P I t V t− = , (1) 

 
written as the product of the (time-averaged) current 

T
I  through the device and the voltage 

T
V  

drop there, is not fully appropriate when referring to open systems with (time-dependent) correlations 
beyond the mean field. When such correlations are taken into account, a much more complex recipe 
is needed for the computation of the electric power of the electrons in the active region. This new 
receipt opens the path to an original use of the electron correlations to manipulate the way energy is 
dissipated in different regions of a circuit. 
 
In order to provide a common classical and quantum language for our argumentation, we formulate 

the problem in terms of the correlation between the (Bohm or classcial) velocity of the i electron ( )i
v t
r

 

and the electrostatic force ( )i iq E t
r

 made by the rest of electrons of the whole (closed) system on it [3]. 

We use the Bohm approach for extending also our results towards quantum mechanics for a non-
relativistic (spinless) Coulomb-interacting electrons system [2-4]. It can be then shown that the mean 

electric power, 
corr
P , corresponding to the N(t) electrons comprised in the open system of figure 1 

reads: 

( ) ( )
( )

1

N t

corr i i i
T

i

P q v t E t
=

=∑
rr

, (2) 

 
Let us notice that although the electric power defined in (2) refers only to those electrons enclosed in 
the open system, its value is crucially affected by all the M particles composing the whole closed 
circuit (see Fig. 1a.). Since energy is continuously entering and leaving an open system through the 
interaction among carriers inside and outside its spatial limits, it is of critical importance to properly 
model the boundary conditions through which the dynamics of electrons within and outside the open 
system become correlated [4] (see Fig. 1b.). In addition, it is important to remark that it can be shown 
that overall energy conservation requirements for the whole (reservoirs plus active region) system 
states that expression (1) gives the correct value for overall power consumption in the whole circuit. In 
summary, electron-electron correlations play a crucial role in the conservation of the energy in the 
whole (reservoirs, active region) system and also on its consumption on each of its parts.   
With the aim of highlighting the influence of the electron many-particle correlations in the value of the 
electrical power, we define the correlation power factor as the following (dimensionless) parameter 
 

_ /
n o c o r r co r r T T c o r r

G P P I V P= = ⋅ , (3) 
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Expression (3) represents the “unexpected” effects of the many-particle correlations on the electric 
power in open systems. As it will be shown below, by switching off the Coulomb interaction among 
electrons we immediately recover the standard expression (1) of the power consumption, i.e. 1G = .  
 
In order to numerically demonstrate the above results, we have simulated a nanoscale resistance 
using, both, a standard single-particle Monte Carlo simulator and a many-particle electron transport 
approach explained in Refs. [2-4]. In Fig. 2a, we have represented the current-voltage characteristic 
for a nanoscale resistance using a single-particle (i.e. time-independent electric-field) electron 
transport approach. As expected, the value of G  reduces to unit, indicating that many-particle 
Coulomb-interaction effects in the power computation are not accessible with single-particle electron 
transport simulations (Fig.2b). On the contrary, when the many-particle electron transport formalism 
explained in Refs [2-4] is used, the relevance of correlations in the average power becomes evident 
(at low bias) in the correlation power factor G  depicted in Fig. 3b (see also Fig. 3a). Preliminary 
results corresponding to double-gate field effect transistors can be also found in Ref. [5]. 
 
In this work, we have shown that the expression (1) of electric power consumption is valid when 
describing the whole (reservoir and active region) circuit consumption. However, the consumption of 
each (open) part composing it has to be computed according to expression (2). This result opens a 
new path toward the manipulation of energy consumption in different parts of a circuit by accelerating 
or slowing down carrier dynamics there through the control of electron-electron correlations.  
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Figures:  

 

Figure 1 :  Schematic 
representation of the electrons in 
an electron device. a) A closed 
(whole) system of M electrons in 
the active region and the reservoirs 
and b) the open system of N(t) 
electrons in the active region. 
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Figure 2 :  a) Average current, electric power, and b) 
correlation power factor, G, defined in the text as a function of 
bias. Electron transport is computed from a single-particle 
approach. 
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Figure 2:  a) Average current, electric power, and b) 
correlation power factor, G, defined in the text as a function of 
bias. Electron transport is computed from the many-particle 
approach described in [2-4]. 
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CHARACTERIZATION OF OPTICAL PROPERTIES OF SEMICONDUCTOR QUANTUM DOT-SENSITIZED 

SOLAR CELLS TOGETHER WITH ULTRAFAST CARRIER DYNAMIC PROPERTIES 

T. Toyoda
1 and Q. Shen1 ,2 

1Department of Engineering Science, Faculty of Informatics and Engineering,  
The University of Electro-Communications, 1-5-1 Chfugaoka, Chofu, Tokyo 182-8585, Japan 

2PREST, Japan Science and Technology Agency, 4-1-8 Honcho,  
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Semiconductor quantum dots (QDs) could be provided as a sensitizer for the sensitized solar cells 
[1,2] due to its adjustable energy gaps, large intrinsic dipole moment, and large extinction coefficient. 
Moreover, QD-sensitzed solar cell has a capability of producing multiple exciton generation (MEG) [3]. 
We demonstrate CdSe QD-sensitized solar cells based on different kinds of nanostructured TiO2 
electrodes with (1) conventional assembly of nanoparticles, (2) nanotubes [4], and (3) inverse opal 
structure (photonic crystal) [2,5]. CdSe QDs were adsorbed on the nanostructured TiO2 electrodes by 
chemical bath deposition [2,6].  Finally, the surface of electrodes were passivated by ZnS coating [7]. 
Sandwich structure solar cells were prepared by using the Cu2S counter electrode [8]. Polysulfide 
solution was used as a regenerative redox couple. Optical absorption characterization was carried out 
with photoacoustic (PA) spectroscopy [9]. Incident photon to current conversion efficiency (IPCE) and 
photovoltaic properties were investigated. Photosensitization by CdSe QDs could be observed in the 
visible region. The maximum IPCE value of 75% and the maximum photovoltaic conversion efficiency 
of 3.5% can be obtained. These values are relatively high for semiconductor QD-sensitized solar cells. 
Photoexcited carrier dynamics is characterized with the improved transient grating (TG) technique 
[10, 11]. It depends on the refractive index change by photoexcited carrier population. TG 
measurements show the fast (hole) and slow (electron) relaxation processes with lifetimes of a few 
picosecond and a few tens to hundred picoseconds, respectively. There are correlations between the 
lifetimes of photoexcited carrier dynamics and the photovoltaic properties. 
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TOWARDS REALISTIC ATOMIC-SCALE MODELING OF NANOSCALE DEVICES 

Anders Blom, Kurt Stokbro 
 

QuantumWise A/S Lersø Parkalle 107, 2100 Copenhagen, Denmark 
Anders.Blom@quantumwise.com 

 
Although electronic device dimensions are rapidly approaching the nanoscale, their dimensions are 
still large from an atomistic perspective. Certain systems can still be studied with current state-of-the-
art technology since the problems are relatively localized, such as interfaces and the effects vacancies 
or defects in them can have on Schottky barriers and interface resistance. For other properties, such 
as the influence on the transport and transistor characteristics of the electrostatic environment induced 
by gate electrodes, the simulation volume and atom count grows rapidly, however. 
 
Therefore, a novel methodology is required in order to scale down current modeling techniques used 
within TCAD to be able to take into account atomic-scale effects. In this presentation we will present 
the current state-of-the-art in first-principles device modeling, as implemented in our software 
Atomistix ToolKit (ATK), and give an outlook to the challenges that lie ahead when scaling up the 
atomic-scale methods to more realistic dimensions. 
 
We will discuss our recent progress in this area, including efficient Green’s function evaluation and 
parallelization strategies based on block diagonalization techniques and the Krylov subspace method 
[1,2], the use of scattering states for improved performance of finite bias transport calculations [3], 
finite-element techniques coupled to first-principles calculations [4], and multi-scale models that take 
advantage of methods that operate on different complexity levels and length scales [4-6]. 
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Figures:  
 

 
 

 
 
 
F igure 1:  OPV5-tBu molecule in a single electron transistor 
environment, colored by the effective potential. This close-up 
view of the molecule illustrates  the extremely high level of detail 
in the region where the electron density is large. [4] 
 

 

Figure 2 :  Graphene nanotransistor 
consisting of two metallic zigzag 
nanoribbons connected by a 
semiconducting armchair ribbon. The 
nanoribbons are passivated with 
hydrogen, and the width of the 
ribbons are is 7 Å. The device is 
sitting on top of a dielectric and the 
transport is controlled by an 
electrostatic backgate. [6] 
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BIGDFT: LARGE-SCALE AB INITIO METHODS BASED ON WAVELETS 

Thierry Deutsch, Luigi Genovese, Stefan Goedecker, Brice Videau, Ivan Duchemin, Paul Boulanger 
 

CEA, INAC, 17 rue des Martyrs, 38054 Grenoble, France 
thierry.deutsch@cea.fr 

 
Daubechies wavelets are a powerful systematic basis set for electronic structure calculations because 
they are orthogonal and localized both in real and Fourier space. We describe in detail how this basis 
set can be used to obtain a highly efficient and accurate method for density functional electronic 
structure calculations. This code, BigDFT, shows high systematic convergence properties, very good 
performances, and an excellent efficiency for parallel calculations alos in hybrid architectures based 
on CPU and graphical processing units. 
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Figure 1:  Efficiency of BigDFT versus the number of cores. The number near the points is the distribution of 
orbitals per core. 
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COMPRESSION OF SETS OF PRODUCTS OF ATOMIC ORBITALS, WITH APPLICATIONS  
TO TDDFT AND GW 
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Molecular orbitals in clusters or molecules can be conveniently expressed as linear combinations of 
localized atomic orbitals. Products of overlapping orbitals occur in electronic densities and these, by 
contrast, are linearly dependent. An improved solution of this well known technical problem leads to 
 

(i) a new solution of the Petersilka-Gossmann-Gross equation of TDDFT- 
(ii) a new O(N3) implementation, without plasmon parametrization, of Hedin's GW scheme. 

 
Here we describe aspects of the compression algorithms we developed and their effect on the 
accuracy of spectra and electronic spectral functions in TDDFT and GW, respectively. 
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A COMPLETE METHODOLOGY FOR THE SIMULATION OF LARGE NANOSTRUCTURES AND 
QUANTITATIVE ANALYSIS USING Z-CONTRAST IMAGES 
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During the last few years, a complete methodology has been developed at the University of Cadiz for 
the simulation of High Resolution Electron Microscopy images of large nanostructures. Z-contrast 
imaging in scanning transmission electron microscopy (STEM) constitutes a powerful approach to 
investigate strained heterostructures on the nanometer scale and it has been proved to be extremely 
reliable for characterizing nanomaterials[1]. The proposed methodology allows the modeling and 
simulation of Z-contrast Electron Microscopy images of large nanostructures in reasonable time and it 
can be used to study materials in the presence of defects, being therefore very useful for a better 
knowledge of their mechanical properties and therefore of a great technological interest. 
 
Figure 1 depicts the steps for a complete analysis of experimental and simulated HAADF images and 
quantitative characterization of nanostructures, and it comprises three steps, 3D nanostructure 
description (geometry, composition, etc.), 3D nanostructure modeling (Finite Element Modeling and/or 
Molecular Dynamics) and Image simulation. 
 
A) Geometry Description: a commercial package (COMSOLTM) is used to describe the geometry of 
the nanostructure (subdomains, boundaries, constraints, symmetries, etc.) and to define the local 
parameters (composition, initial strains, elastic constants…). The geometry of the nanostructure is 
usually described based on a-priori knowledge but the compositional distribution is usually extracted 
from experimental images by electron energy loss spectroscopy and aberration-corrected 
highresolution Z-contrast imaging. 
 
B) Nanostructure modeling: once the geometry is fully described, an atomistic model must be 
generated. This goal can be accomplished by modeling the nanostructure using finite element analysis 
(FEA) and solving the equations of the anisotropic elastic theory to obtain the displacement field [2,3]. 
SIC_Supercell software developed at the University of Cadiz provides the corresponding 3D atomistic 
model from a supercell described as a sequence of (x, y, z) coordinates that have been obtained from 
FEA model at equilibrium, i.e. atom coordinates according to the local displacement field and 
occupancy or Debye-Waller factors according to the local composition. A second approach based in 
Molecular Dynamics is usually applied in our research group in order to obtain the 3D atomistic model 
[4] Molecular modeling involves theoretical and computational methods needed to model the behavior 
of a system at atomic scale. The collective behavior of atoms allows the understanding of how the 
material undergoes deformation, phase changes or other phenomena, providing links between the 
atomic scale to macro phenomena. 
 
The resulting strain obtained by any of these two techniques may be compared with that obtained 
directly from experimental images applying a strain mapping technique. Using high-resolution electron 
microscopy images and under some limitations we may assume there exists a constant spatial 
relationship between the intensity maxima and the location of atomic columns in the studied material 
[5]. This relationship appears in the form of a spatial shift of the intensity maxima positions with 
respect to atomic columns. Peak Pairs Analysis is a strain mapping technique developed at the 
University of Cadiz [6] and implemented in a Digital Micrograph plug-in. It is distributed by HREM 
Research [7] and improves both, the speed of computation, and memory requirements with respect to 
other strain mapping approaches. 
 
C) Image simulation: STEM image simulation of a few unit cells can take hours and the simulation of 
medium-size nanostructures, where millions of atoms are involved, is unfeasible in the state of the art 
personal computers. To overcome this problem, a parallel HAADF-STEM simulation software has 
been developed [8].The software runs in the University of Cadiz cluster, having 320 nodes and 3.8 
Tflops and it is capable to simulate images from nanostructures represented by about 1 million atoms 
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in a couple of days. The software can generate one dimensional line scans, two dimensional images 
and focal series and its results has been successfully compared with WinHREM [4,8] software. 
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Figure 1 :  Schematic diagram of the nanostructure modeling methodology developed at the University of Cadiz 
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MONTE CARLO CONFIGURATION INTERACTION FOR MOLECULES AND NANOSTRUCTURES 
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Wave function methods such as configuration interaction and coupled cluster theory provide 
systematic treatments of electron correlations in nanoscale systems and provide accurate prediction 
for photoexcitation spectra in finite quantum systems. Arbitrarily accurate solutions to the many-body 
Schrödinger equation are possible through a brute force expansion of the wave function in 
determinants or spin coupled sums of determinants (‘configuration state functions’), the so called 
configuration interaction (CI) or superposition of configurations method. Due to the length required for 
a complete many-body expansion, the brute force approach becomes computationally intractable 
except for few-electron problems. 
 
A Monte Carlo technique for sampling configurations and evaluating their contribution to the energy or 
their weight in the many-electron wave function is designed to find only the most import configurations 
in many-electron wave functions [1,2] and has been applied to a variety of molecular problems. 
Recently using this Monte Carlo configuration interaction (MCCI) method, singlet and triplet electronic 
excitation energies have been calculated for few electron molecules for systems with single and multi-
reference 0th order wave functions. We find  that vertical photoexcitation energies can be predicted to 
within a few tens of meV (to within an accuracy of < 1% ) of full CI (FCI, or complete many-body basis 
sets) limits using expansions consisting of only a few thousand configuration state functions as 
compared to the O(1010) to O(1012) configurations occurring in the corresponding FCI expansions [3]. 
The method thus represents the state-of-that art for predicting electronic excitations in few-electron 
systems with accuracy comparable to the equation-of-motion coupled cluster method with the 
inclusion of full triple excitations. 
 
Interactions between localized molecular bound states and a continuum of states such as occurring for 
molecules bonded between electrodes in nanoscale tunnel junctions can be modeled by using an 
(energy-dependent) self-energy, or approximately through use of a complex potential. We discuss the 
relation between the two approaches and give a prescription for using the self-energy to construct an 
energy-independent complex potential [4] that generalizes single-electron electrode self-energies for 
use with many-electron wave functions. This allows for a treatment of molecular correlations on a 
nanoscale sub-system while 'opening' the system to allow interaction with larger systems such as 
electrodes, coupling to bulk bands for localized defect states, or for molecules-surface interactions. 
 
The use of MCCI to the study of the charged nitrogen-vacancy (NV-) center in diamond [5] is 
presented; interest in the center is motivated by its potential use as a qubit. Within these calculations 
116 electrons are correlated using 130 orbitals/260 spin orbitals. Use of the MCCI method allows for a 
study of the symmetry and spin of the electronic excitations needed to understand the mechanism for 
spin relaxation and hence lifetimes of the excited states. Our study suggested that the assumed 
ordering is unlikely to be correct and this theoretical prediction is consistent with recent experimental 
studies [6]. 
 
We will also report on recent results for porting the method to the IBM Blue Gene and discuss scaling 
of the algorithm in massively parallel environments. Recently several new methods that adaptively 
construct and refine a many-electron wave function have been reported using quantum Monte Carlo in 
a determinant space, coupled cluster theory, CI methods and the density matrix renormalization group 
theory. An overview of the common elements of these recent approaches is highlighted. 
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Figure 1:  Convergence behavior for the MCCI algorithm for the C2 molecule in a correlation consistent 
polarized valence quadruple-ζ (cc-pVQZ) basis set. The inset reveals that with different sampling conditions, the 
final total electronic energy agree within a few milli-electron Volt or approximately 1 part in 104 In the correlation 
energy. 
 

 
 
Figure 2:  Convergence Cluster model of the NV- center in diamond. MCCI spectra suggests that the ordering 
assumed for the singlet A1 and degenerate E state should be reversed, with the singlet A1 state lying higher in 
energy. 
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INTEGRATED HPC APPLICATION SERVICES FOR MULTISCALE MATERIALS MODELING 
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Computational materials science is essential for development of products with novel properties 
(examples: catalysis, semiconductors, and alloys). Nevertheless, next generation materials, especially 
nano-structured materials, exhibit pronounced complexity and multiscale behavior. Also “classical” 
systems like the biological cell and its building blocks include structures on many length scales. Thus, 
the physical models and the simulation protocols employ many different well established methods and 
different codes to treat the steps in these protocols. However, the lack of integration of these individual 
codes, the increasing complexity of models and the high demand for distributed HPC resources 
reduces industrial usability of the methods. In addition, joint effort of groups providing expertise for all 
different methods is needed. These aspects are treated within the project MMM@HPC [1] which 
brings together scientists from industry and academia into a unified community which is able to use 
the e-infrastructure to solve modern real-life problems. 
 
We will give an overview of our methodology to provide adequate solutions for the following 
requirements: 
 
Reusable interfaces and workflows. To this end, we adopted GridBeans [2] which is a modern 
technology to create application interfaces for use in grid middleware, such as UNICORE 6 [3] or 
Globus. Every GridBean provides a graphical user interface and can be readily included into different 
workflows without further modifications. Moreover, the workflows created for one specific task can be 
reused in other simulations with minor parametric modifications. 
 
Robust tools and standards for data exchange between individual codes. In the field of materials 
modeling a variety of data formats are used and virtually every individual code has its own non-
standard input and output formats. Thus, we aim to enhance data interoperability of individual 
GridBeans employing the Chemical Markup Language (CML) standard and work together with 
experienced developers from other projects, currently from UNICORE and OpenMolGrid [4, 5]. 
 
Solutions for licensing issues. Unfortunately, many of the codes used in the community are provided 
under non-free (proprietary) licenses. To treat this aspect we are working on a solution based on the 
Virtual Organization Membership Service (VOMS) and UNICORE. 
 
Security and reliability. Industrial applications need secure handling (communication, storage) of 
simulation data. Moreover, the storage, the connection and the processes must be error-tolerant and 
thus reliable. All these are implemented properties of the underlying generic e-infrastructures and they 
are reused in our approach. 
 
Capacity (high throughput) and capability (high performance) computing. The applications addressed 
in the community are particularly demanding with regard to computing and storage resources. This is 
why the scalable deployment of the application services requires linking to HPC and distributed 
resources, e.g. such as those provided in the projects EGI and PRACE. 
 
All these user requirements pose a great challenge for both code developers and providers of e-
infrastructures. These aspects are addressed in the EU project MMM@HPC. The application protocols 
are mapped onto scientific workflows and the application interfaces are able to ex-change input/output 
data using data formats like CML. The platform of our choice is the UNICORE middleware that is 
broadly and productively deployed in different grid infrastructures such as D-Grid, DEISA and PRACE. 
 
As an example, we present in Figure 1 a model of an Organic Light Emitting Diode (OLED) that 
requires treatment on different size scales using different code types – quantum mechanics, molecular 
mechanics, kinetic Monte Carlo (coarse-grained method) and finite element analysis (continuous 
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method). Two of the interfaces are shown on the figure. We aim genericity of the developed workflow 
so that we consider several different codes that can perform one specific step in the simulation 
protocol. For example, an electronics structure calculation can be carried out employing two or more 
alternative programs. Our code selection criteria are maturity, open accessibility, high parallel 
performance, and availability of expertise by partners. 
 
To demonstrate the functionalities of the developed tools we consider key applications, including de-
novo modeling and simulation of whole devices, such as organic electronics, molecular electronics, 
carbon nano-device and Li-Ion batteries. 
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Figure 1 :  Multiscale modeling of an Organic Light Emitting Diode (OLED). 
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The knowledge of excitation properties of molecules is crucial in developing organic semiconductor 
devices. Many-body perturbation theory is one of the most promising theories for characterization of 
excitations in electronic systems. In particular, Hedin's GW approximation for one-electron Green's 
function is capable of calculating lumo and homo of molecules with O(N3) computational complexity 
like TDDFT. 
 
In this work [1], we implement the Hedin's GW approximation on top of DFT calculations performed 
with SIESTA [2] code. We apply a dominant product technique [3] to span the space of orbital 
products and to reduce the dimensionality of dielectric matrix.  Moreover, to describe the 
frequency/time dependence of necessary correlators, we use their spectral functions. The spectral 
function techniques avoids otherwise necessary analytical continuations and allow for Fast Fourier 
techniques to be applied in our method. As examples of application, we discuss several results for 
ionization potentials and electron affinities of large molecules, revealing strengths and limitations of 
our implementation. 
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Figures:  
 

 

Figure 1 :  The density of states of anthracene 
molecule computed in two approximations: “GW x-
only” – only instantaneous part of self-energy is taken 
into account, while “GW xc” – the correlation effects 
due to dynamical screening are taken into account. 
Please, note that it is the correlation effects make our 
theoretical anthracene an aceptor, while exchange-
only self-energy wrongly predicts our anthracene being 
donor. 
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Recent experiments (see Refs. [1,2] for an overview) on ion and electron bombardment of 
nanostructures demonstrate that irradiation can have beneficial effects on such targets and that 
electron or ion beams can serve as tools to change the morphology and tailor mechanical, electronic 
and even magnetic properties of various nanostructured materials.  
 
We systematically study irradiation effects in nanomaterilas, including two-dimensional (2D) systems 
like graphene and hexagonal boron-nitride (h-BN) sheets. By employing various atomistic models 
ranging from empirical potentials to time-dependent density functional theory we simulate collisions of 
energetic particles with 2D nanostructures and calculate the properties of the systems with the 
irradiation-induced defect. In this talk, our latest theoretical results on the response of graphene and h-
BN to irradiation will be presented, combined with the experimental results obtained in collaboration 
with several groups [3,4]. The electronic structure of defected graphene sheets with adsorbed 
transition metal atoms will be discussed [5], and possible avenues for tailoring the electronic and 
magnetic structure of graphene by irradiation-induced defects and impurities will be introduced [4,6]. 
The effects of ion and electron irradiation on boron-nitride sheets and nanotubes will also be touched 
upon. Finally, we will discuss how electron irradiation and electron beam-assisted deposition can be 
used for engineering hybrid BN-C nanosystems by substituting B and N atoms with carbon with high 
spatial resolution. 
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GRAPHENE EDGE MAGNETISM FOR SPINTRONICS APPLICATIONS: DREAM OR REALITY? 

Jens Kunstmann
1, Cem Özdo?an2, Alexander Quandt3,4, Holger Fehske3, Hâldun Sevinçli1, 

Gianaurelio Cuniberti1 
 

1Institute for Materials Science, TU Dresden, 01062 Dresden, Germany 
2Department of Materials Science and Engineering, Cankaya University, Ankara, Turkey 

3Institut für Physik, Ernst-Moritz-Arndt-Universität Greifswald, Germany 
4School of Physics and DST/NRF Centre of Excellence In Strong Materials,  

University of the Witwatersrand, South Africa 
jens.kunstmann@tu-dresden.de 

 
 
We critically discuss the stability of edge states and edge magnetism in zigzag edge graphene 
nanoribbons (ZGNRs). We point out that magnetic edge states might not exist in real systems, and 
show that there are at least three very natural mechanisms - edge reconstruction, edge passivation, 
and edge closure - which dramatically reduce the effect of edge states in ZGNRs or even totally 
eliminate them. Even if systems with magnetic edge states could be made, the intrinsic magnetism 
would not be stable at room temperature. Charge doping and the presence of edge defects further 
destabilize the intrinsic magnetism of such systems. We conclude that edge magnetism within 
graphenes ZGNRs is much too weak to be of practical significance, in particular for spintronics 
applications. We further discuss the influence of nonmagnetic edges on the electron transport through 
ZGNRs. 
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SIMULATION OF SCANNED PROBE SPECTROSCOPY: A CHALLENGING NUMERICAL PROBLEM 
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Scanned probe spectroscopy is an interesting technique developed a few years ago [1,2] for the direct 
investigation of the flow of electrons and of the position of impurities in nanoscale devices based on a 
2- dimensional electron gas. Initial applications [1,2] were to the electron gas obtained by modulation 
doping in a GaAs/AlGaAs heterostructure and, more recently, to that in a graphene sheet [3]. The 
basic concept of scanned probe spectroscopy consists in measuring the effect on the device 
conductance of the potential perturbation due to a negatively biased probe that is scanned over the 
region of interest of the device. By creating a map of the conductance values in correspondence with 
the probe positions, interesting information about current paths and impurity scattering can be 
obtained. 
 
We have been interested in the numerical simulations of these experiments, in order to develop a tool 
providing a better understanding of what is actually measured in such experiments and a reliable 
estimate of the achievable resolution. Our initial work was focused on GaAs/AlGaAs heterostructures 
and, in the last year, we got interested in the simulation of scanned probe spectroscopy experiments 
performed on graphene flakes [3]. 
 
Simulation of this type of experiments requires indeed a significant computational effort, because in 
principle the conductance across the device has to be re-computed for each probe position. The 
conductance can be evaluated, via the Landauer-Buettiker formula, from the knowledge of the 
transmission through the device for a range of energies around the Fermi level. Transmission can be 
obtained, for example, by means of the recursive Green’s function technique or the recursive 
scattering matrix technique. All of these methods include a first step in which the device is subdivided 
into slices, within each of which the potential is assumed to be longitudinally constant. Calculation of 
the transmission is in itself a computationally intensive task, if, at least in some regions, a large 
number of transverse modes are propagating; then this has to be repeated for a number of times 
corresponding to the possible positions of the scanning probe. Without some form of optimization, 
such a calculation would definitely be unfeasible. We have looked into several forms of optimization, 
starting from preventing the repeated calculation of the transverse wave functions of the sections: the 
transverse Schroedinger equation is solved again, at each step in the probe position, only for the 
slices which are directly affected by the probe potential. Furthermore, one could compute the Green’s 
function matrix from each end of the device to any of the intermediate slices (in the absence of the 
probe), keep this information in memory, and reuse most of it at each scanning step (thereby 
computing from scratch only the Green’s function matrices of the region whose potential is altered by 
the probe). There is clearly a trade-off in terms of memory occupancy vs. speed, because if we want to 
keep all of this information, quite significant an amount of memory will be needed. With such an 
approach we can obtain plots of the results of scanned probe spectroscopy of quantum point contacts 
(Fig. 1) or of mesoscopic cavities (Fig. 2) with a computational effort of the order of a CPU-day. 
 
Further improvements could be achieved by treating the potential of the probe as a perturbation and 
recomputing the overall Green’s function matrix via the Dyson equation. This has been done with 
success in Ref. [4], where the effect of the probe was assumed to be localized in a single grid-point. In 
principle, this approach can be extended to the case of a probe creating a generic perturbation of the 
potential at the 2DEG level (usually assumed to be a Lorentzian), but the speedup is reduced and, 
depending on the size of the area affected by the potential perturbation, may not be convenient. 
 
We are currently working on the implementation of scanned probe spectroscopy simulations of 
grapheme flakes: such simulations pose a very challenging computational problem, since experiments 
are performed on flakes with a width of the order of 1 micron, which makes approaches based on the 
atomistic methods usually applied to graphene (such as tight-binding) unfeasible. Therefore we have 
chosen a continuum approach consisting in the solution of the Dirac equation in each transverse 
section (which corresponds to the equation for the envelope functions in the vicinity of the band 
degeneration points). The numerical solution of such an equation is, however, a very challenging 
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problem in itself, due to the difficulties in finding a proper, consistent discretization. By extending the 
solution to a domain that is twice the width of the original domain, the boundary conditions become 
more standard and an efficient algorithm for the numerical solution can be implemented. 
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Figures:  
 

 
 
Figure 1:  Results for the scanned probe spectroscopy of a quantum point contact in the presence of a random 
potential due to dopants. 
 

 
 
Figure 2:  Results for the scanned probe spectroscopy for a mesoscopic cavity, in the presence of the potential 
due to randomly located dopants. 
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ELECTRONIC AND TRANSPORT PROPERTIES OF CHEMICALLY FUNCTIONALIZED NANOGRAPHENES 

Francesco Mercuri, Daniele Selli, Matteo Baldoni, Antonio Sgamellotti 
 

ISTM-CNR, c/o Department of Chemistry – University of Perugia, 06123 Perugia, Italy 
francesco.mercuri@cnr.it 

 
 
Recent advancements in production techniques have allowed the synthesis and characterization of 
novel nanostructured materials based on graphene.[1] Particularly, recent research efforts have been 
targeted to the investigations of low-dimensional nanographenes, such as graphene quantum-dots 
(GQDs) and nanoribbons (GNRs). Here, the dimensional confinement at the nanoscale allows the 
tuning of the intrinsic electronic properties of graphene, which can potentially be exploited for the 
production of next-generation nanostructured electronic devices. Nevertheless, limitations in current 
experimental methodologies hinder both the controlled synthesis of nanographenes, with well-defined 
electronic properties, and large-scale production. To overcome these issues, the chemical 
modification of graphenes has been spotted as a viable route to produce materials with controlled and 
well-defined properties with potential use in applications. However, despite recent theoretical and 
experimental efforts, [2,3] a comprehensive understanding of the relationships between chemical 
structure and electronic properties in nanostructured graphenes is still missing. This concern is 
particularly critical in relation to the electron transport properties of chemically-modified graphenes, in 
view of their use in nanoelectronics. 
 
In this work, we analyze, by means of density functional theory and non-equilibrium Green’s function 
calculations, the electronic and transport properties of low-dimensional graphene nanostructures 
subjected to chemical functionalization. Our calculations concern models based on GQDs, GNRs and 
functionalized nanostructures thereof, targeting systems of interest in recent experiments, focused on 
oxidization and edge-functionalization of nanographenes.[4] In particular, we demonstrate how the 
remarkably versatile chemistry of sp2 carbon and the use of traditional organic chemistry concepts 
[5,6] provide a reliable guide to rationalize the properties of chemically functionalized graphenes. The 
application of rigorous concepts in the definition of model systems and the use of high-performance 
computing platforms constitute crucial prerequisites for realistic simulations of low-dimensional carbon 
nanostructures aimed at the development of novel materials with potential application in 
nanoelectronics. 
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Figures:  
 

 

 
 
F igure 1 :  Transmission spectra and I(V) characteristics (inset) of armchair-edge 9-AC (red lines), 10-AC (green 
lines) and 11-AC (blue lines) GNRs. Optimized structures, color-coded according to their mean bond length 
(average of the six C-C bond lengths for each six-term ring), are also depicted above the corresponding 
transmission plateau. 
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MASSIVE COMPUTATION FOR NON-EQUILIBRIUM PHENOMENA IN NANOCARBONS 

Yoshiyuki Miyamoto 
 

Nanosystem Research Institute, National Institute of Advanced Industrial Science and Technology 
(AIST), Japan 

 
 

In this presentation, I will introduce you computational scheme of extremely strong optical electric field 
(E-field) generated by compressed laser pulse (femtosecond laser pulse). Since the optical E-field is 
over 1 V/Å and the pulse has very short time-range (less than 40 fs), the conventional perturbation 
theory does not work so direct numerical simulation solving electrons’ real-time dynamics under time-
varying E-field should be solved. For that purpose, we have applied the time-dependent density 
functional theory combined with molecular dynamics. 
 
As examples of applications we will provide our result for graphene exfoliation from graphite surface 
[1] and molecular photochemical reaction inside nanotubes [2]. We will also discuss future possible 
applications of non-equilibrium phenomena on nano-carbons which has high melting temperatures 
and difficult to deal with conventional thermal processes. 
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EXPLORING THE REAL NANO-WORLD USING HPC BEYOND THE AB-INITIO APPROACH 

Pablo Ordejón 
 

Centro de Investigación en Nanociencia y Nanotecnología - CIN2 (CSIC-ICN) 
Campus de la UAB, 08193 Bellaterra, Barcelona 

 
 

The advances in the predictive power, speed and reliability of ab-initio methods has occurred in the 
last few decades at a very fast pace. Simultaneously, the computing power available through HPC 
facilities has continued growing exponentially. This combination has brought the paradigm of ab-initio 
simulations as an invaluable tool to understand and predict the behavior of matter at the nanoscale. 
However, enormous challenges are still ahead of us, to be able to extend the range of practical 
applicability of these methods to the sizes and time scales which are relevant to most of the practical 
problems in nanotechnology. In this talk, I will talk about some of these challenges, and discuss 
strategies to use the information extracted from ab-initio simulations to tackle problems in the length 
and time scales which are really relevant for practical uses of nanotechnology. In particular, I will 
describe approaches to study electronic transport properties in nano-to-meso scale devices (see 
Figure 1) [1], and the interaction of large proteins with inorganic nanostructures. The role of HPC 
facilities and the interaction between these and the development of simulation tools will also be 
discussed [2]. 
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Figures:  
 
 
 
 
Figure 1: Drude conductivity of samples of graphene 
functionalized with different concentrations of oxygen, in 
the configuration of epoxide groups, as a function of gate 
voltage. The inset shows a section of one of the samples. 
Adapted from Ref. [1] 
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BITLLES: A QUANTUM-TRAJECTORY SIMULATION TOOL FOR ELECTRON TRANSPORT IN LARGE 
ELECTRONIC STRUCTURES 
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With the aim of manufacturing smaller and faster devices, the electronic industry is today entering the 
nano and picosecond scales. In such particular scenarios, electron dynamics becomes affected by 
strongly correlated quantum dynamics, both in space and time. Thus, in order to provide an enough 
accurate description of the electron-electron correlations, quantum transport simulators must consider 
a reasonable approach to the many-particle problem. Anyway the big deal concerns the solution of the 
many-particle Schrödinger equation nowadays solvable only for very few degrees of freedom.  
 
In this work we present a general purpose time-dependent 3D quantum electron transport simulator 
based on Bohmian trajectories that we call BITLLES [1-3]. It is based on  a recently published 
algorithm [1] that, on the grounds of Bohmian Mechanics [2], solves the many-particle Schrödinger 
equation for hundreds of electrons in terms of multiple single-particle pseudo-Schrödinger equations 
without losing the explicit Coulomb and exchange correlations among electrons (at a level comparable 
to the Time Dependent Density Functional Theory) [1-4].  
 
The code of the BITLLES simulator is currently made up of more than 15000 FORTRAN lines (see the 
algorithm in Fig.1). It has also a 3000 C++ lines for a (Windows, MAC and Linux compatible) user 
friendly environment to design an verify the simulated electronic structures (see Fig. 2). The 
computational burden associated with the solution of the self-consistent many-particle 3D Poisson-
Schrödinger loops involves large simulation times. For example, one week for the complete I-V curve 
(DC, AC and noise) with a cluster of 24 Intel Xeon CPUs at 2.7GHz.  
 
Same examples of the numerical viability of the BITLLES simulations are provided below for a 
Resonant Tunneling Diode (RTD). Its characteristic I-V curve with Coulomb correlations introduced at 
different approximation levels is plotted in Fig. 3 [3,5]. Many-particle tunneling phenomena are reveled 
in the (super-Poissonian) behavior of the Fano factor shown in Fig. 4 [2]. Finally, in Figs. 5 and 6 we 
show the transient (time-dependent) current response and its Fourier transform respectively, when a 
voltage step is applied in the negative differential conductance region. 
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Figures:  
 

 

Move particles (and waves) inside the active region 

Initialize all variables and functions (electric field 

and scalar potential) to predetermined values 

 t=0 

Time-dependent Boundary conditions algorithm 

Evaluate (running average) charge density / ( )S D
tρ at 

the borders of the active region. 

Newton method to achieve a continuous electric field 
(and scalar potential) at the borders of the simulating 

boxes. 

Modify the injecting energy levels or the depletion 
length to globally achieve charge neutrality within the 

dielectric time. 

Compute the drift current and drift electric field deep 

inside the reservoir.  

t t t= + ∆  

Ramdom Fermi-Dirac injection of  particles (and 

waves) inside the simulating box (See subsection 2.3). 

1. 

2. 

3. 

4. 

5. 

 

 

Figure 1:  General algorithm describing 
the fundamental routines defining the 
BITLLES simulator. 

Figure 2 :  Very recently BITLLES has been provided with a 
user friendly interface. 
 

  

Figure 3:  DC Current for a RTD with 
Coulomb correlations introduced at different 
levels of accuracy. 

Figure 4:  Fano Factor computed for the RTD of Fig. 1 
computed directly from the (time-dependent) current 
fluctuations. 
 

  

Figure 5:  Current response of the RTD to 
a step input voltage. Self-consistent 
boundary conditions including the leads are 
used 

Figure 6:  Spectrum of the current response of Fig. 5. Cut off 
frequency and its offset due to the lead delay are pointed out. 
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MODELING PHOTO-INDUCED DYNAMICAL PROCESSES IN MASSIVE PARALLEL ARCHITECTURES 
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Spectroscopy Facility (ETSF),    Edificio Korta, Avda. Tolosa 72, 20018 San Sebastián, Spain 

angel.rubio@ehu.es 
 

 
There has been much progress in the synthesis and characterization of nanostructures however; there 
remain immense challenges in understanding their properties and interactions with external probes in 
order to realize their tremendous potential for applications (molecular electronics, nanoscale opto-
electronic devices, light harvesting and emitting nanostructures). In this talk we will review the recent 
advances within density-functional based schemes to describe spectroscopic properties of those 
complex systems. Special emphasis will be made in modeling new materials and simulate new time 
and spatially resolved spectroscopies. We will address both linear and non-linear response regimes to 
study the optical absorption and luminescence of bio-chromophores, one-dimensional polymers and 
nanotubes and layered materials. Moreover, we will illustrate how an optimal control theory can be 
implemented such that we could have control of the quantum state of a molecular structure. 
 
Within the goal of spanning larger time-scales and more complex structures, we will describe a new 
method to mimic the electron-ion dynamics within the Ehrenfest scheme where no explicit 
orthogonalization is necessary and we can increase of the time step while keeping the system close to 
the Born-Oppenheimer surface. The method is easily implemented and scales very well with the 
system size. Applications to the excited state dynamics in some organic molecules will be used as text 
cases to illustrate the performance of the approach. We will present the dynamical processes in 
organic/inorganic charge-transfer systems and biological complexes.  In particular we will show the 
effect of electron-hole attraction in those systems. Pros and cons of present functionals will be 
highlighted and provide insight in how to overcome those limitations by merging concepts from many-
body perturbation theory and time-dependent density functional theory. 
 
All those developments constitute a basic ingredient for the realization of the European Theoretical 
Spectroscopy Facility (ETSF, http://etsf.eu) as a top-level scientific infrastructure. We implemented all 
those ideas in the open source computer code OCTOPUS (http://www.tddft.org). This program 
released in 2002 simulates the dynamics of electrons and nuclei under the influence of arbitrary time-
dependent fields. his code is very versatile and can handle diverse physical situations (molecules, 
solids, 2D quantum dots, etc.) making it an extremely powerful tool for spectroscopy. Thanks to its 
current parallel capabilities, OCTOPUS was chosen as a benchmark code for the Partnership for 
Advanced Computing in Europe1 (PRACE) initiative that aims to provide European scientists with 
world-class leadership supercomputing infrastructures. 
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TUNABLE BANDGAPS AND EXCITONS IN DOPED SEMICONDUCTING CARBON NANOTUBES MADE 
POSSIBLE BY ACOUSTIC PLASMONS 

Catalin Spataru 
 

Sandia National Labs, USA 
 

 
Doping of semiconductors is essential in modern electronic and photonic devices. While doping is well 
understood in bulk semiconductors, the advent of carbon nanotubes and nanowires for nanoelectronic 
and nanophotonic applications raises some key questions about the role and impact of doping at low 
dimensionality. Here we show that for semiconducting carbon nanotubes, bandgaps and exciton 
binding energies can be dramatically reduced upon experimentally relevant doping, and can be tuned 
gradually over a broad range of energies in contrast to higher dimensional systems. The later feature, 
made possible by a novel mechanism involving acoustic plasmons, establishes new paradigms for the 
understanding and design of nanoelectronic and nanophotonic devices. 
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ELECTRON TRANSPORT OF NANO-CARBON MATERIALS 

Syogo Tejima, Satoshi Nakamura,Hisashi Nakamura 
 

Research Organization for Information Science & Technology, Tokyo, Japan 
 

 
We have investigated electron transport of nano-carbon materials at finite temperatures through the 
large scale simulation using high-end supercomputers. For our purpose, we have developed an 
electron transport simulation model, based on a non-equilibrium finite temperature Green's function. 
The advanced tight-binding, Hamiltonian and molecular dynamical approaches enable us to consider 
phonon mode effect on electron transport at finite temperatures. 
 
Through oder (N) approach, we are able to simulate meso-scale transport phenomena with several 
ten thousands of carbon atoms. In addition to calculating fundamental transport coefficient, our 
method is able to give atomistic electron current for all atomic positions. From the atomistic point of 
view, we can more clearly understand the interesting behavior of electron transport as nanoscale 
carbon materials. Our results show that electron current properties of nano-carbon materials strongly 
depend on a way of attachment of electrodes to such materials. Moreover, a choice of carbon orbital, 
pi or sigma, which is connected to electrodes, has crucial influence on electron transport behaviors. As 
for carbon nanotube, grahene, and Macky crystal, we will introduce our progress of researches and 
our large-scale simulation experiences. 
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COMPUTATIONAL STUDIES OF DIRAC FERMION MATERIALS AND NANOSTRUCTURES 

Oleg V. Yazyev 
 

Department of Physics, University of California, Berkeley, California 94720, USA 
Materials Sciences Division, Lawrence Berkeley National Lab, Berkeley, California 94720, USA 

 
 
Graphene and topological insulators are among the most remarkable scientific discoveries of the past 
decade. High-performance computing plays important role in exploring various aspects of the physics 
of these novel materials and derived nanostructures. In my talk, I will cover our recent studies in the 
field of Dirac fermion materials which involve computational methods of various complexities: model 
Hamiltonian approaches applied to large nanostructures, density functional theory and many-body 
perturbation theory techniques. In particular, I will focus on the electronic properties of chiral graphene 
nanoribbons and on the electronic transport in polycrystalline graphene. Finally, I will discuss our 
recent investigations of the bismuth-based bulk topological insulators. 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 




