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8066-01, Session 1

Wireless SAW sensor for high temperature 
applications: material point of view
O. Elmazria, Univ. Henri Poincaré Nancy (France)

Scientific and industrial communities have expressed a real need for 
chemical and physical sensors with capability operate at elevated 
temperatures. 

In addition to being small, simple and robust, surface acoustic wave 
(SAW) devices have the advantage of being passive (batteryless), 
remotely requestable (wireless) and inexpensive if fabricated on a 
large scale. The use of SAW devices as passive and wireless sensors 
allows them to operate in extreme conditions such as those with high 
levels of radiation, high temperatures up to 1000°C, or electromagnetic 
interference, in which no other wireless sensor can operate. This is 
obviously conditioned by the fact that the materials constituting the 
device can withstand these harsh conditions.

Knowing that the available conventional piezoelectric substrates such 
as quartz, lithium niobate (LiNbO3) or lithium tantalate (LiTaO3) cannot 
be used at high temperature, R&D is focused on new generation of 
piezoelectric materials stable in these conditions. Now, there is a 
large consensus on the use of Langasite (La3Ga5SiO14 or LGS) for 
such aim. Indeed, this material has been extensively studied at high 
temperature showing a very high stability up to its melting temperature 
at 1473°C and a great resistance to thermal shock treatment. However, 
it is also characterized by relatively high acoustic propagation losses, 
which dramatically increase with frequency and temperature, thus 
limiting the operating frequency below 1 GHz at high temperature. 
AlN/Sapphire layered structure exhibits, however, a good stability until 
900°C and a low propagation loss showing then a good alternative to 
LGS for high frequency application. Stoichiometric LiNbO3 could also 
be a promising way for such applications

In this lecture, general principle of the SAW sensor in wired and 
wireless configurations will be developed and a review of recent works 
concerning the field of high temperature applications will be presented 
with specific attention given to the characterisation of materials 
constituting the SAW device, piezoelectric substrate and metallic 
electrodes.

8066-02, Session 1

Design and fabrication of piezoresistive 
p-SOI wheatstone bridges for high-
temperature applications
J. Kähler, Technische Univ. Braunschweig (Germany); L. 
Döring, Physikalisch-Technische Bundesanstalt (Germany); 
S. Merzsch, A. Stranz, A. Waag, E. Peiner, Technische Univ. 
Braunschweig (Germany)

For measurements while depth drilling, commercial sensors are 
available for a temperature range up to 175 °C. They are used for 
early identification of potential sources of error and timely response to 
critical situations. Today, there is a trend towards higher temperatures, 
e.g. for geothermal projects, where drilling depths of 7000 m and 
temperatures up to 250 °C are expected. Conventional piezoresistive 
silicon sensors cannot be used at these temperatures due to an 
exponential increase of leakage currents which results in a drop of the 
bridge voltage. Therefore, for a trouble-free operation above 175 °C 
high-temperature resistant measuring bridges are required.

A well-known procedure to expand the temperature range of silicon 
sensors and to reduce leakage currents is to employ Silicon-On-
Insulator (SOI) instead of standard wafer material. Diffused resistors 
can be operated up to 200 °C, however, but show the same problems 
beyond due to leakage of the p-n-junction. Our approach is to use 
p-SOI where the resistors as well as the interconnects are defined 
by etching down to the oxide layer. Leakage is suppressed and 
the temperature dependence of the measuring bridge is drastically 
reduced to 2.622 µV/K (at a supply current of 1 mA).

The novel design and process flow will be presented in detail. The 
characteristics of Wheatstone bridges made of silicon, n-SOI, and 
p-SOI will be shown for temperatures up to 300 °C. Besides, thermal 
FEM-simulations will be described revealing the effect of stress 
between silicon and the silicon-oxide layer during temperature cycling.

Modern depth drilling systems are equipped with various electronic 
modules and sensors to enhance the drilling process. For 
measurements while drilling, commercial sensors are available for a 
temperature range up to 175 °C. These sensors can be used for an 
early identification of potential sources of error and timely response to 
critical situations. The main reasons for failure are vibrations caused 
by interactions between chisel and formation (e.g. the bore hole). This 
leads to above-average tool wear, reduced feed and with it increased 
cost. Today, there is a need of operating electronic and sensor 
systems at even higher temperatures. For geothermal projects, e.g, 
drilling depths of about 7000 m and temperatures up to 250 °C are 
expected. Conventional silicon-based sensors cannot be used at these 
temperatures due to an exponential increase of leakage currents which 
results in a drop of the bridge voltage. Therefore, high-temperature 
resistant sensing elements are required for a trouble-free operation 
above 175 °C.

A well-known procedure to expand the temperature range of 
piezoresistive sensors is to employ Silicon-On-Insulator (SOI) material 
as a well comprising the resistors. The aim is to isolate the thin silicon 
well (2 µm to 50 µm) from the bulk material (approximate 300 µm) 
through an oxide layer (0.5 µm to 2 µm) and with it to reduce the 
leakage currents. However, at higher temperatures (> 200 °C) this 
concept faces the same problems due to the p-n-junction. Therefore, 
in this approach we use p-SOI where, the resistors as well as the 
interconnects are realized by etching down to the oxide layer. In this 
case the leakage currents can be completely neglected. With the help 
of the novel process the temperature dependence of the Wheatstone 
bridge is very small (2.622 µV/K at a supply current of 1 mA).

The novel strain gauge design and its fabrication will be presented 
in detail. Moreover, Wheatstone bridges made of silicon, n-SOI, and 
p-SOI will be tested for high-temperature applications. Bridge voltages 
will be measured in dependence on temperature (up to 300 °C) and 
material. Besides, thermal FEM-simulations will be performed in 
order to analyze the stress between silicon and the silicon-oxide layer 
during temperature cycling caused by different thermal coefficients of 
expansion. It will be demonstrated that the novel measuring bridges 
are suitable for high-temperature applications, e.g. piezoresistive 
sensors.

8066-03, Session 1

Microthruster with integrated heater and 
platinum thin film resistance temperature 
detector (RTD) investigated up to 1000°C
N. Miyakawa, W. Legner, T. Ziemann, EADS Deutschland 
GmbH (Germany); D. Telitschkin, EADS Astrium GmbH 
(Germany); H. Fecht, Univ. Ulm (Germany); A. Friedberger, 
EADS Deutschland GmbH (Germany)

We have fabricated microthruster chip pairs - one chip with 
microthruster structures such as injection capillaries, combustion 
chamber and nozzle, the other chip with platinum thin film devices 
such as resistance temperature detectors (RTDs) and a heater. To our 
knowledge, this is the first MEMS-based microthruster with integrated 
temperature sensors. The microthruster structures were machined 
through DRIE process. The platinum thin film was sputtered on 
thermally oxidized silicon wafers WITHOUT adhesion layer. In order 
to passivate the thin film devices and to enable the direct bonding of 
a chip pair, the wafer surface with thin film devices was coated with 
PECVD-SiO¬¬2 and subsequently planarized through a chemical 
mechanical polishing (CMP) process. 

The effects of anneal up to 1050°C on the surface morphology of 
platinum thin films with varied geometry as well as with / without 
PECVD-SiO2 coating were investigated in air and N2 and results will 
also be presented. It was observed that by reducing the lateral scale 
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of thin films the morphology change can be suppressed and their 
adhesion on the substrate can be stabilized. Chemical analysis with 
XPS showed that no diffusion took place between neighboring layers 
during annealing up to 1h at 1050°C in air. 

Electrical characterization of sensors was carried out in a furnace 
tube in which the sensors’ temperature was varied between room 
temperature and 1000°C with a ramp of ±5Kmin-1 in air and N2. 
The sensors’ response was recorded by 4-wire-measurement and 
compared with the reference temperature measured by N-type 
thermocouples placed near the sample. The experiments showed that 
the temperature-resistance characteristics of sensors had stabilized 
after the first heating up to 1000°C in N2. After stabilization the sensors 
underwent further 8 temperature cycles which correspond to over 28h 
of operation time between 800 - 1000°C. The maximum drift of the 
sensor signal was observed at 1000°C and was less than 13K for this 
period in N2.

To reduce the loss of combustion heat, chip material around the 
microthruster structures was partially removed. The effects of thermal 
insulation were investigated with microthruster chip pairs which were 
clamped together mechanically. The heater power was varied up to 
20W and the temperature distribution in the chip pairs with / without 
thermal insulation was monitored with 7 integrated thin film sensors. 
The experiments showed how with thermal insulation the maximum 
temperature as well as the desired temperature gradient within the chip 
pairs can be increased.

8066-04, Session 1

Miniaturized piezoelectric structures for 
application temperatures up to 1000 °C
D. Richter, J. Sauerwald, S. Schmidtchen, H. Fritze, Technische 
Univ. Clausthal (Germany)

Increasing demands for efficient energy conversion in fuel cells or 
decentralized power plants require advanced sensor technologies 
for high-temperature environments. In this context, piezoelectric gas 
sensors show some advantages with respect to resistive or optical 
sensor systems such as the option to monitor mass changes of sensor 
films or to perform in-situ measurements. Therefore, resonant sensors 
based on high temperature stable piezoelectric materials are in the 
focus of the investigations. Initially, new fabrication technologies have 
to be developed in order to miniaturize the devices and to prepare 
sensor arrays.

Miniaturized piezoelectric structures are fabricated and characterized 
with respect to their ability to serve as resonant sensors or 
electronic components at high temperatures. The active material 
is single crystalline langasite (La3Ga5SiO14) which can be excited 
piezoelectrically to bulk acoustic waves up to temperatures close to its 
melting point at 1470 °C.

First, chemical etch processes are developed which enable isotropic 
and anisotropic etching with rates up to 90 µm/h. They are used 
to prepare planar and biconvex membranes, cantilevers and field 
emission tips. For example, 60 MHz membranes showing a thickness 
of 23 µm and a mass sensitivity of 4.6 cm2 Hz/ng are operated as bulk 
acoustic resonators in the thickness shear mode up to about 925 °C. 
Biconvex membranes exhibit improved energy trapping and, therefore, 
relatively high Qf products of 5×10^10 Hz. Langasite cantilevers show 
useable resonances up to temperatures of 750 °C. Further, ceramic 
electrodes as well as monolithic electrodes are applied. The former 
are extremely stable and enable the operation of langasite devices at 
more than 1000 °C. The latter consist of heavily doped langasite which 
avoids thermal stress. Resonators wearing those electrodes could be 
operated up to 800 °C. In addition, field emitter tips of 27 nm in radius 
are characterized at temperatures up to 600 °C. The maximum field 
emission current is 67 µA.

Finally, the operation of membrane arrays as gas sensor at 600 °C is 
shown in an atmosphere consisting of hydrogen and carbon monoxide. 
The sensor system enables to distinct both gases.

8066-05, Session 1

Thin film electrodes and passivation 
coatings for harsh environment microwave 
acoustic sensors
R. J. Lad, S. C. Moulzolf, D. J. Frankel, G. P. Bernhardt, B. 
Nugent, Univ. of Maine (United States)

There is a critical need for a wireless, passive, and battery-free sensor 
system that can reliably operate in harsh gaseous environments (up to 
750 psi) and at high temperatures (up to 1200°C) for many industrial 
applications, including aeronautic, aerospace, power generation, 
industrial process control, transportation, and petroleum exploration. 
In situ sensing of physical properties such as temperature, pressure, 
corrosion, strain, and vibration on turbine blades, rotors, and other 
active parts are needed for dynamic and static health monitoring of the 
present and future condition of these components for condition based 
maintenance. However, the harsh environmental conditions present 
many materials challenges in terms of the stability and degradation 
of sensor materials and associated sensor packaging. In this work, 
results will be reported on the development of stable nanostructured 
ultra-thin electrodes and protective passivation coatings for langasite 
(La3Ga5SiO14) based surface acoustic wave (SAW) sensors that can 
successfully operate in these high temperature harsh environments. 
Ultrathin (<100nm) nanocomposite Pt-Rh/ZrO2 electrode structures 
were fabricated by electron beam evaporation and characterized 
by X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), 
4-point resistivity, and scanning electron microscopy (SEM) studies. 
It was found that the incorporation of ZrO2 into the Pt-Rh electrode 
films retards recrystallization and dewetting, thereby maintaining a 
stable morphology up to at least 1000°C. It was also found that the 
morphology of the bare langasite SAW sensor surface becomes 
roughened at high temperatures in either oxidizing (air) or reducing 
(vacuum) environments. The incorporation of a thin oxynitride (SiAlON 
or SiZrON) coating over the entire sensor protects both the electrode 
and bare langasite surfaces against roughening and further high 
temperature chemical degradation. The oxynitride films, produced 
by rf magnetron sputtering of elemental Si, Al, or Zr targets in O2/
N2/Ar mixtures, are amorphous and extremely smooth. The viability 
and performance of these sensors was validated by experiments 
in which the SAW devices were tested in a controlled atmosphere 
laboratory furnace and also attached to rotating turbine blades within 
a small turbine engine operating with centripetal acceleration and 
temperatures in excess of 52,000g and 650°C, and under severe 
temperature shock conditions.

8066-06, Session 2

Smart ultrasonic sensors systems: 
investigations on aluminium nitride thin 
films for the excitation of high frequency 
ultrasound
S. Walter, T. Herzog, H. Heuer, Fraunhofer-Institut für 
Zerstörungsfreie Prüfverfahren (Germany)

Many new materials and processes require non-destructive evaluation 
methods with high resolutions. Acoustic microscopes in a frequency 
range up to 250 MHz are frequently used because of their versatility, 
but need high inspection times due to the necessary mechanical 
scanning of the sensor. The efficiency of conventional acoustic 
microscopes can be enhanced by a combination with phased array 
ultrasonic techniques. 

With the phased array technique, the use of segmented transducers 
(~ into pixels divided sensors), it is possible to control the shape and 
the sound beam direction by a phase delayed excitation of the single 
elements and therefore evaluate specific volumes of the specimen 
without the need of mechanical scanning. The use of two-dimensional 
sensor arrays allows a three-dimensional steering of the ultrasound 
beam, which is beneficial due to the enormous reduction of the 
manipulation efforts.

Aluminium nitride is a promising material for the use as a piezoelectric 
sensor material in the considered frequency range and contains the 
potential for high frequency phased array application in the future. 
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Smart Sensors, Actuators and MEMS



Return to Contents4 SPIE Microtechnologies · www.spie.org/mtprogramme

This work represents the fundamental development of piezoelectric 
aluminium nitride films with a thickness of up to 20 µm.

We have investigated and optimized the deposition process of the 
aluminium nitride thin film layers regarding their piezoelectric behaviour. 
Therefore we created a specific test setup and a measuring station 
to determine the piezoelectric charge constant (d33) and the electro 
acoustic behaviour of the sensor. Large single element transducers 
were deposited on silicon substrates with aluminium electrodes, using 
different parameters for the magnetron sputter process, like pressure 
and bias voltage. Afterwards we carried out acoustical measurements 
up to 500 MHz in pulse echo mode and qualified the electrical and 
electromechanical properties. As a result, we found out, that there are 
two parameter sets for the sputtering process to obtain an excellent 
piezoelectric charge constant of about 7.2 pC/N maximum.

8066-07, Session 2

Measurement of Young’s modulus and 
residual stress of thin SiC layers for MEMS 
high temperature applications
O. Pabst, Fraunhofer-Institut für Angewandte Optik und 
Feinmechanik (Germany); M. Schiffer, EPCOS AG (Germany); T. 
Tekin, E. Obermeier, K. Lang, H. Ngo, Technische Univ. Berlin 
(Germany)

In this paper we present our work on investigating Young’s modulus 
and residual stress of SiC-films, deposited on single crystal bulk 
silicon. Polycrystalline as well as single crystal cubic silicon carbide 
samples are studied. The SiC layers are deposited on (100) silicon 
substrates and range from 2µm to 5µm in thickness. Polycrystalline 
3C-SiC samples are deposited at a growth temperature of TG=900°C 
and TG for single crystal 3C-SiC samples range from 1270°C to 
1370°C. 

Introduction: Silicon carbide is a material that is well-suited for 
operation in harsh environments due to its large bandgap, excellent 
chemical stability and high thermal conductivity. Many SiC-devices 
have been developed and manufactured in the past decade such as 
pressure sensors, temperature sensors and gas sensors. Operating 
temperature range of standard silicon-based MEMS devices is limited 
to below 130°C for electronic devices and below 600°C for mechanical 
devices.

For the design of SiC-based MEMS devices, knowledge of the 
mechanical properties Young’s modulus and residual stress is crucial. 
Literature values for Young’s modulus range from 100GPa to 400GPa, 
and residual stresses range from 98MPa to 486MPa. 

Bulge testing is a measurement method that is based on pressure-
dependent deflection of membranes. Circular or square membranes 
will be deflected by applying an external differential pressure. 
Membrane deflection is measured interferometrically. By fitting 
measured data to a polynomial formulation, Young’s modulus and 
residual stress can be calculated. For measurements on square 
membranes fitting coefficients from Timoshenko’s approach are 
chosen. For circular membranes fitting coefficients from Vinci’s and 
Vlassak’s work are used.

FEA analysis and samples fabrication: Finite element analysis is 
carried out in order to determine reasonable membrane dimensions 
for experiments. Membrane diameters of 1mm, 2mm and 3mm are 
assumed to be reasonable dimensions.

For the fabrication of circular and square membranes made of 3C-SiC 
and Si, different process steps are necessary. Test samples are 
structured using DRIE on the back side of the bulk silicon underneath 
the device layer. The SiC layer serves as an etch stop and therefore 
remains as membranes. Different test samples are fabricated: single 
crystal 3C SiC layers deposited directly on (100) silicon substrate, 
polycrystalline 3C-SiC layers deposited on oxidized (100) silicon 
substrate and (100) SOI samples. 

Measurement results and conclusion: The setup consists of an 
aluminum chuck for the test sample which a well-defined pressure 
is applied to and a laser interferometer. With pressure applied, the 
membrane deforms and the membrane deflection can be measured 
optically. Totally 28 samples are tested (10 membrane types and three 
peaces each membrane type). Average Young’s modulus and residual 
stress measured are 417GPa and 89MPa for polycrystalline samples, 
respectively. For single crystal samples, the according values are 388 

GPa and 217 MPa. These results compare well with literature values. 
It is found that for reliable results of Young’s modulus, relatively large 
membrane deflections are necessary. For SiC layers used, diameters 
from 2mm to 3mm are found to yield reasonable results.

8066-08, Session 2

Mechanical properties of 1 µm-thick 
metallic freestanding coatings measured by 
in-plane uniaxial stress
T. Fourcade, NOVA MEMS (France) and Univ. de Toulouse 
(France); C. Seguineau, NOVA MEMS (France); J. Desmarres, 
Ctr. National d’Études Spatiales (France); T. Masri, J. Alexis, 
O. Dalverny, Ecole Nationale d’Ingénieurs de Tarbes (France); 
J. Martegoutte, Ctr. National d’Études Spatiales (France) and 
Institut National des Sciences Appliquées de Lyon (France); X. 
Lafontan, NOVA MEMS (France)

Devices based on Micro and NanoTechnologies (MNT) are generally 
constituted of thin films which mechanical properties are greatly 
influenced by fabrication processes. Relevant dataset are required 
to properly design and improve the reliability of new devices. In-
plane uniaxial mechanical stress is less commonly-used than other 
techniques because of experimental difficulties. However, a large 
amount of information can be extracted on the thin coating elastic-
plastic behavior, its damage and possibly its adhesion with sub-
coatings.

The apparatus was initially designed and developed by the SIMaP 
laboratory [1-2]. Insofar as grips displacement is symmetrical, in-situ 
observations of strain and fracturing initiation can be performed 
remaining focused on the area of interest. The observation of 
the fracture allows discriminating if failure occurred after necking 
and homogeneous damaging or because of a localized stress 
concentration induced by the presence of a defect. 

A characterization campaign on 1µm thick aluminum framed 
specimens supplied by three different laboratories (two academic and 
one industrial) with same geometries is conducted. The number of 
specimens from each batch is adapted for a statistic study for each 
supplier and so to evaluate the reproducibility of the experiments 
and of the fabrication. The goal is also to highlight the influence of 
fabrication processes on mechanical properties.

For each specimen, the geometrical parameters are measured (offset 
from the nominal value and homogeneity) and theirs influences on the 
mechanical properties are demonstrated. The presence of geometrical 
defects is highlighted by an in-situ inspection with an optical 
digital microscope. After failure, damaging and type of fracture are 
investigated with the same apparatus. These observations are linked 
with the study of the stress-strain curve in order to provide reliable 
mechanical properties and reduced uncertainties.

Despite the experimental difficulties (handling, grips alignment...), 
these original results show that uniaxial in-plane mechanical stress 
is well suited for characterization of thin metallic films. The good 
results obtained during the characterization campaign lead to extend 
the characterization to other metallic materials and to evaluate the 
damaging during the experiments using a multi-physic approach. 
These campaigns are in progress and results should be compared to 
the first one in the final paper.

References

1. M. Ignat, L. Debove, C. Josserond, Bulletin SMFE 14, (1996) 10-13

2. C. Malhaire et al., Review of Scientific Instruments, 80 (2009)

8066-09, Session 2

Fabrication process and characterization 
of micromechanical sensors based on SU-8 
resist
A. Jordan, S. Büttgenbach, Technische Univ. Braunschweig 
(Germany)

This paper presents an innovative approach to develop highly sensitive 
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piezoresistive 3D force sensors. In order to increase the probing 
sensitivity by using a material with low Young´s Modulus, a novel force 
sensor design based on SU-8 polymer is realized. Therefore, a low cost 
fabrication process is developed accompanied by design studies and 
an estimation of mechanical properties of the deforming elements. The 
novel SU-8 design consists of a SU-8 boss-membrane with integrated 
piezoresistive elements. This paper will present the fabrication process 
as well as a distinguishing set of test results, analytical results, and 
simulations on the characterization of the presented SU-8 force sensor.

The fabrication process of the SU-8 deforming elements is optimized 
to fabricate SU-8 membranes with thickness t in the range of 25 µm < t 
< 100 µm. As tactile element, a 5 mm long stylus with a probing ball of 
300 µm diameter is used. To place the stylus in the center of the boss, 
the design provides an adapted cavity for fitting.

Fabrication begins with substrate preparation and the deposition of 
a sacrificial layer of PECVD Nitride of 200 nm thickness. The SU-8 
membranes are structured using photolithography. The resistive 
elements are connected through a structured gold strip conductor. 
Connection is realized from the bottom side. The structuring 
of the resistive elements is followed by two different levels of 
photolithography to pattern further SU-8 structural layers.

The SU-8 micromechanical structures are characterized to determine 
film stresses, bending stiffness, displacement of the stylus, and 
breaking points. Included in these tests are measurement of the stress 
behavior at different process steps and simulation of stress distribution 
in the membrane at different directions of loading. As failure criterion 
for SU-8 a maximum allowable stress of 3.5-10e7 Pa is assumed. 
In addition a comparative analytical investigation of the structures is 
carried out particularly with regard to the displacement of the stylus. 

Using SU-8 as sensor material, due to low Young´s modulus, promises 
a sensitivity much higher than what is obtained using conventional 
silicon force sensors. The results provides great opportunities to adjust 
the characteristics of the innovative SU-8 force sensor to obtain an 
ideal sensor design.

8066-10, Session 2

On-device extraction of thermal thin-film 
properties in calorimetric flow sensors
R. Beigelbeck, A. Talic, Institute for Integrated Sensor Systems 
(Austria); S. Cerimovic, Technische Univ. Wien (Austria); F. Kohl, 
Institute for Integrated Sensor Systems (Austria); F. Keplinger, 
Technische Univ. Wien (Austria)

Motivation: In membrane-based micromachined calorimetric flow 
sensors, the convective heat transfer through the test fluid competes 
with the spurious heat shunt induced by the thin-film diaphragm, where 
the heater and the temperature sensors are embedded. Therefore, 
accurate knowledge of the thermal properties (conductivity, diffusivity, 
and emissivity) of the diaphragm is mandatory for design, simulation, 
and optimization of such devices. However, these parameters can 
differ considerably from those stated for bulk material and they are 
typically dependent on the production process. Commonly used 
methods for their determination require the fabrication of custom test 
structures (e.g., thin-film cantilevers [1]). In order to overcome this 
serious drawback, a novel method to extract the thermal thin-film 
properties directly from measurements carried-out on calorimetric 
flow sensors was developed and verified by measurements on device 
prototypes.

Measurement setup and principle: Our calorimetric flow sensors 
consist of a silicon frame that supports a rectangular micromachined 
diaphragm made of PECVD SiNx. The diaphragm carries three 
thin-film elements, a chromium heater placed at the center and 
two (regarding the heater) symmetrically arranged highly-sensitive 
thermistors made of amorphous germanium. Applying a sinusoidal 
current to the resistive heater causes a heat transfer process from 
the heater to the thermistors, which is mainly determined by the 
thermal thin-film properties of the diaphragm, if the spurious heat loss 
to the surrounding environment by conduction and/or convection is 
negligible. This can be ensured by carrying out the measurements 
in an evacuated bell jar. By varying the excitation frequency, the 
resulting heat transfer function can be used to calculate the thermal 
conductivity, diffusivity (or alternatively the specific heat capacity), and 
emissivity of the diaphragm. The described measurement procedure 
was performed autonomously through a PC equipped with additional 

interface electronics in combination with a lock-in amplifier.

Theoretical model and parameter extraction: The three thermal 
parameters can be extracted by fitting a theoretically obtained 
characteristic to the measured heat transfer function. Consequentially, 
a proper knowledge of such a theoretical relationship, that either 
exhibits analytical or numerical form, is inevitable in order to ascertain 
accurate values. We investigated the heat propagation through the 
diaphragm by a two-dimensional model, which is applicable owing 
to the high aspect ratio of the device structure. The heat loss across 
the upper and the lower diaphragm boundary as well as the heat 
sink imposed by the supporting silicon frame were incorporated by 
appropriately chosen boundary conditions. The resulting heat transfer 
problem was formulated in terms of a time-harmonic partial differential 
equation of second order, which was solved analytically yielding the 
complex-valued excess temperature response. The solution was 
expressed in terms of a compact Fourier series expansion.

Results: An experimental verification of our thermal parameter 
extraction method was performed on various test devices of 
calorimetric flow sensors featuring thin-film diaphragms made of 
PECVD SiNx. Utilizing our method, we obtained for the thermal 
conductivities ~1W/(K m), average emissivities ~0.3, and heat 
capacities ~650J/(kg K). 

Reference

[1] M. von Arx et.al, Journal of MEMS, vol. 9, no. 1, pp. 136-145, 2000.

8066-11, Session 2

Thin catalyst layers based on carbon 
nanotubes for PEM-fuel cell applications
T. Bohnenberger, J. Matovic, U. Schmid, Technische Univ. Wien 
(Austria)

As a source of clean energy, the proton exchange membrane fuel 
cell (PEMFC) can use hydrogen or methanol as a fuel and work 
with high volume/energy density. As an electrochemical device that 
converts chemical energy directly into electrical energy, the theoretical 
efficiency of FCs can reach about 90%, near than double compared 
to conventional power generators. But, there are some factors 
currently limiting the wider use of FCs. Especially the high costs of 
the ionomer Nafion and the low stack performance are the major 
drawbacks. Commonly used catalyst layers contain Pt nanoparticles 
on a conductive substrate typically composed of carbon black and 
surrounded by Nafion. At this catalyst the permeating hydrogen splits 
into protons and electrons. The protons are channelled via the Nafion 
to the adjacent proton exchange membrane, whereas the electrons 
migrate through an electric load to recombine with the protons at 
the other site of the membrane. Hence, the requirements on a novel 
catalyst layer are a high catalytic area to provide a sufficient reaction 
rate for protonation, sufficient mechanical and chemical resistance, 
a good electron- and proton conductivity, a triple-phase interface 
which allows an encounter of hydrogen, water and catalyst, meaning 
that there have to be both hydrophilic water conducting and non-
flooded hydrophobic pores for the gas [1]. At last the layer has to be 
very smooth with a roughness of some tens of nanometers to ensure 
mechanical protection of the following PEM.

In this study, a promising approach is shown to replace Nafion by 
a hybrid Multiwall and Singlewall Nanotube (MWNT and SWNT) 
architecture. Nanotubes feature excellent mechanical and chemical 
resistance together with high electron conductivity. Whereas the 
MWNTs are hydrophobic the SWNTs are more hydrophilic and doped 
with Pt nanoparticles they can provide interconnected pores being 
necessary for the triple-phase interface. Furthermore, the proton 
conductivity can be provided with layer thicknesses less than 1.3 µm 
so the protons can use the Pt particles as conductor to the PEM [2, 3]. 
For this purpose, a MWNT/SWNT layer is manufactured with a smooth 
surface having a maximum roughness of some tens of nanometers. 
The nanotubes are dispersed as suspension in different solvents 
like ethanol, water and ethylene glycol and dried afterwards on 
metallised silicon wafer with roughness values of about Rq~ 20nm. As 
metallisation aluminium with 200 nm thickness was sputter deposited 
onto the wafer being highly hydrophilic and consequently the nanotube 
dispersion covers the surface homogeneously. Afterwards the layer 
is released from the wafer by selective etching the metallization with 
phosphoric acid at 60°C. By this procedure a very thin nanotube 
membrane with smooth surface can be produced. To strengthen this 
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fragile membrane, an ultrathin and porous Nafion layer is used as 
coating, which is able to increase the membranes elasticity without to 
inhibit the water and proton flow. Future work will include to implement 
catalyst sites by reduction of Pt-salt in ethylene glycol and to find the 
optimal mix of MWNTs and SWNTs to provide the best ratio between 
hydrophilic and hydrophobic channels in the layer resulting in an 
optimized device performance.

8066-14, Poster Session

Resonant piezoelectric AlN-actuated 
microcantilevers for detection Of antigen/
antibody interactions
M. J. Oliver-Gomez, J. Hernando-García, Univ. de Castilla-
La Mancha (Spain); A. Ababneh, Yarmouk Univ. (Jordan); 
H. Seidel, Univ. des Saarlandes (Germany); U. Schmid, 
Technische Univ. Wien (Austria); J. Olivares, E. Iborra, Univ. 
Politécnica de Madrid (Spain); P. Pobedinskas, K. Haenen, 
Univ. Hasselt (Belgium); J. L. Sánchez-Rojas, Univ. de Castilla-
La Mancha (Spain)

Resonant microcantilevers [1] are widely spread for different 
applications, such as atomic force microscopy or biosensor devices. 
Research on resonant cantilever sensor has focused on improving 
their mass sensitivity by scaling down the dimensions or modifying 
their structural configuration. The use of piezoelectric films on top of 
the cantilevers is a very promising technology due to the possibility 
of implementing an all electrical actuation/detection scheme. In 
this sense, PZT-actuated microcantilever biosensors have already 
been demonstrated [2]. Among the different piezoelectric materials, 
polycristalline AlN is a very attractive material as, in contrast to PZT, it 
is fully compatible with the steps of silicon technology, what facilitates 
its integration in silicon-based devices.

Here, our objective is to use polycrystalline AlN as the actuation 
material for cantilever-based biosensors and to study antibody-
antigen interactions in liquid media on the surface of the microdevice. 
Special attention is paid to high frequency modes in the MHz range 
whose displacement can be detected in liquid media. The detection is 
achieved with a laser Doppler vibrometer. 

Firstly, the cantilever beams are calibrated in air in order to check 
experimentally their mass sensitivity. A calibration based on the 
deposition of latex microspheres is carried out for high frequency 
modes in the MHz range and a mass sensitivity of 0.7 pg/Hz is 
deduced for the best case. 

 An adequate liquid cell and flow injection system is developed to allow 
for measuring the cantilever response in liquid. The immobilization 
of the immunoglobulins G (IgG) and the subsequent complementary 
biomolecules is carried out on the top side of the cantilever, terminated 
with either aluminium or chromium. The aluminium termination is 
used to study the physical adsorption of the biomolecules. While the 
chromium termination is used for both physical adsoption and covalent 
attachment. The covalent approach is based on the silanization of the 
surface, the activation with glutaraldehide and the final binding of the 
biomolecule of interest. The frequency shift of the resonance peak 
for the adsorption results of anti-rabbit IgG was much higher than 
expected, following the trend that was already published before for 
DNA experiments [3].
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8066-46, Poster Session

Energy harvesting circuit for special 
purpose generator power management
P. J. Fiala, Brno Univ. of Technology (Czech Republic)

The current state of sensor technology allows to integrate them into 
various parts of the system which parameters are observed. The 
considerable part of the sensor subsystem is the data transmission 
method and the power supply possibilities. Recently the growing 
interest is focused on the sensor systems with autonomous power 
supply. There is no need to lead the supply conductors to sensor, 
which can be crucial issue of the sensor installation, for example in 
aeronautics applications. This type of sensor can be battery powered 
or it can utilize the residual energy in surroundings. The energy 
of ambient electromagnetic field, radiation, temperature field or 
mechanical energy of vibrations can be exploited. The only need is 
to dispose of suitable energy converters. One of the examples is the 
vibration generator which converts mechanical energy into electrical. 
The vibration generator basically consists of magnetic circuit equipped 
with winding and vibrating part which carries the permanent magnet 
system. This converter is of a resonant character. This character 
imposes that it can be optimized at single frequency. This resonant 
frequency has to meet the dominant frequency of vibrations which 
energy is to be utilized. From this reason the requirement for constant 
resistive load of the vibration generator occurred. This can be fulfilled 
with the power factor correction circuit. In case of the dynamical load 
the power factor corrector constitutes a resistive load for the vibration 
generator. The second part of the autonomous power supply system 
is the DC/DC converter which adjusts the output voltage to perquisite 
level and a part which stores the unused energy. The description of the 
new vibration generator is included in the paper. The power harvesting 
circuit based on the power factor corrector and the DC/DC converter is 
described also. There are also presented measured characteristics of 
the power harvesting circuit.

8066-47, Poster Session

MEMS-microfabricated folded waveguide 
circuit for THz TWT
Y. Wang, Z. Chen, Y. Gao, Z. Shi, Chinese Academy of 
Engineering Physics (China)

Envisioned applications of THz radiation, such as high-rate 
communications, radar, remote sensing and biological research, require 
high power, reliable, compact, efficient and relatively inexpensive 
sources. Micro-machined Vacuum Electron Devices, i.e. micro-VEDs 
represent a promising solution. The folded waveguide traveling-wave 
tube (TWT) is one of the most practical and promising terahertz-range 
sources because of its tremendous advantages. 

A major challenge in realizing folded waveguide TWT is the fabrication 
of the folded waveguide circuit. Recently, there have been intensive 
efforts to employ LIGA technology and deep reactive ion etching 
(DRIE) to fabricate the folded waveguide circuit. However, The LIGA 
technology is expensive and it need more time to fabricate the mask. 
DRIE technology is a process for silicon. The silicon structures serve as 
a mold itself for generating metallic structures, or must be metalized. 
UV-LIGA using SU-8 photoresist is another alternative technology for 
fabricating the folded waveguide circuit. It can gain high high-aspect 
ratio structure, vertical sidewalls and all-metal structure, and it is 
inexpensive and timesaving. In this paper, we fabricated the folded 
waveguide circuit for the 220GHz folded waveguide TWT using the 
UV-LIGA technology.

The folded waveguide circuit is formed by E-plane bends rectangular 
serpentine waveguide and the beam tunnel hole in the broad wall of 
the rectangular waveguide. We design a folded waveguide circuit for 
the 220GHz folded waveguide TWT. The cold characteristics including 
dispersion relation and interaction impedance are analyzed using 
HFSS. Preliminary simulations for the 50 periods folded waveguide 
circuit is predicted by CST PARTICLE STUDIO. Simulations show 
that the nonlinear gain is 14 dB at 220 GHz where beam voltage and 
current are 20.6 kV and 15 mA, respectively. The parameters were not 
selected from an optimized set, and further optimizations are under 
investigation.

Here, the folded waveguide circuit with a rectangular beam tunnel 
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was fabricated by UV-LIGA technology. Firstly, a 200µm thick SU-8 
photoresist is spun on the Cu substrate. This photoresist layer is 
exposed and developed to define the circuit geometry without a beam 
tunnel. Cu is electroplated around the SU-8 mold forming the folded 
waveguide. Then polishing the surface using CMP, the second SU-8 
layer is spun on the substrate. After exposed and developed SU-8 
photoresist, another layer of Cu is electroplated for forming a beam 
tunnel. Then the planarization is followed by polishing, and SU-8 
photoresist is eliminated. By aligned bonding of two mirrored cell, 
then we get the folded waveguide circuit. Optimization of the UV-LIGA 
processing to achieve the desired dimensional tolerances is in process. 
And the optimization of structure parameters of the folded waveguide 
circuit will also be discussed.

8066-48, Poster Session

Multilayer gold-based thin films for ohmic 
contacts in RF-MEMS switches
V. Mulloni, J. Iannacci, R. Bartali, S. Colpo, N. Bensaada, B. 
Margesin, Fondazione Bruno Kessler (Italy)

In RF-MEMS switches, many reliability issues are related to the metal-
to-metal contacts in the switching area. From the reliability point 
of view, this type of contact directly influences not only the contact 
resistance (DC and RF) and insertion loss (RF), but also the most 
relevant failure mechanisms for this type of switch that are wear of 
ohmic contact, adhesion and stiction phenomena.

Gold is one of the metals generally used for this purpose, mainly 
because of its good conductivity and chemical inertness, but is clearly 
a soft metal. In this view, the development of new contact materials 
with higher hardness and low resistivity is of great interest for MEMS 
switch reliability. In this contribution, a new approach is developed 
in order to increase the material hardness without compromising the 
useful properties of gold is presented, consisting in sandwiching two 
gold layers with thin layers of different metals such as chromium, 
platinum or palladium. In this way the material hardness can be 
increased by alloying the gold but also by the presence of metal 
interfaces which act as barriers for mechanical dislocation migration. A 
detailed study of mechanical, electrical and morphological properties 
of gold-chromium, gold-platinum and gold-palladium multilayers 
is presented and discussed. It will be shown how hardness of gold 
can be increased in this way, but also that the temperature of typical 
subsequent annealing treatment is especially important for tuning such 
an effect. Finally it will be shown that a careful choice of the alloying 
metal is very important when the material is inserted in a real switch 
fabrication cycle. Some care must be taken, since the measured 
hardness improvement can vanish because of oxygen plasma 
treatments normally involved in RF-switches fabrication, mainly due to 
metal oxidation. In this case the choice of platinum is very convenient, 
because unlike chromium and palladium, it is the only metal tested 
that not only avoids oxidation, but also acts as a barrier for chromium 
adhesion layer diffusion and subsequent contamination of contact 
surface.

8066-49, Poster Session

Micromirror with enlarged static deflection 
based on aluminum nitride springs
S. Weinberger, E. Markweg, T. Polster, M. Hoffmann, 
Technische Univ. Ilmenau (Germany)

For optical tracking systems, mirrors with enlarged static, but 
dynamically adjustable deflection are required. Whereas scan angles 
of more than 20 ° are easily achievable in resonant mode, static 
deflection is usually limited to less than 10 ° that is not sufficient 
for tracking. Optical micro trackers allow a precise optical position 
control by trilateration using a combination of at least three mirrors 
in combination with optical interferometers. In optical trackers, the 
measurement system is decoupled from the force flux by tracking a 
retro reflector at the tool center point (TCP) of a kinematic system. This 
enables measurement of highly dynamic systems. Although numerous 
micromirrors have been developed in the past, there is still a lack of 
mirror devices for large static deflection.

The core problem for large-angle deflections is the required torsional 

spring. In most devices, this spring is made of silicon due to its 
excellent elastic properties. Unfortunately, the spring is relatively stiff 
resulting in large forces for static deflection. Here, aluminum nitride 
is used for the spring. It is fabricated by CMOS-compatible reactive 
sputtering resulting in a nanocrystalline structure of well-oriented 
needle-like AlN crystals. This nanocrystalline structure of AlN seems 
to be able to stop the propagation of cracks and makes AlN a highly 
stable material for mechanical applications.

This is a great benefit in comparison with crystalline or amorphous 
silicon-based materials. AlN has a high mechanical strength (measured 
biaxial modulus of about. 420 GPa) and a linear elastic behavior. A 
fatigue of the material has not been observed during mechanical 
testing. These material properties enable the fabrication of thin and 
compliant springs. Beside the geometric parameters the spring 
stiffness is tunable by the mechanical film stress. The available range 
of film stress spans from -200 to +600 MPa.

The micromirrors are fabricated in a stacked-wafer process. AlN and Al 
are deposited on a standard 525 µm thick silicon wafer. A membrane is 
etched from the back side to define the silicon mirror surface stiffener. 
The torsion springs are under-etched by isotropic dry etching. The 
bottom electrodes are deposited on a glass wafer. The silicon and 
glass wafer are aligned and bonded.

For highly dynamic mirror deflection, an electrostatic actuation is 
used. Planar-plate electrodes enable high static rotation angle with a 
nonlinear voltage vs. angle characteristic but at moderate voltages. 
The first samples exhibit mirror surfaces of 1.5 x 1.5 mm² and 2 x 2 
mm². The AlN/Al torsion springs are 10 to 30 µm in width, 200 µm in 
length and 650 nm thick. The mirror surface area is stiffened by bulk-
silicon. Maximum static deflections of 31 ° and 44 °, respectively, are 
achieved.

8066-50, Poster Session

Aluminum nitride based piezoelectric 
bimorph microgenerator utilizing low-level 
non-resonant excitation
S. Hampl, Technische Univ. Ilmenau (Germany); V. Cimalla, 
Fraunhofer-Institut für Angewandte Festkörperphysik 
(Germany); T. Polster, M. Hoffmann, Technische Univ. Ilmenau 
(Germany)

Medical engineering shows an increasing demand for powering 
implantable sensors for supervising physiological parameters. Energy 
supplies such as batteries, percutaneous cables or bulky telemetric 
energy transmission are often inappropriate. This work aims for utilizing 
human ocular motion for the self-sufficient power supply of a minimally 
invasive monitoring system for intraocular pressure (IOP). 

Because of their applicability for micromechanical energy harvesting 
(EH), piezoelectric thin films have recently attracted much attention. 
Despite their high conversion efficiency, PZT- (lead zircon titanate) 
or ZnO-based (zinc oxide) devices are inapplicable due to their 
harmfulness to the biological environment. Nanocrystalline thin films 
of aluminum nitride (AlN) provide a good capability for EH in medical 
applications: excellent mechanical stability (biaxial modulus 420 GPa), 
simple and CMOS-integrable deposition by RF magnetron sputtering, 
biocompatibility, chemical stability, a moderate relative permittivity and 
a high electrical insulation strength. The c-axis orientation (crucial for 
the conversion performance) and piezoelectric functionality of highly 
textured AlN could be proven by X-ray diffractometry measurements, 
as well as laser Doppler vibrometry of planar AlN-films (d33~5,5 pm/V) 
and resonant microcantilever structures (unimorph, 20-250 µm length, 
4 µm width). 

Bending elements operating in d31-mode have the advantage of 
a higher structural compliance. Given input forces create larger 
strain and thus potential differences. Unfortunately, many previously 
investigated microcantilever architectures are poorly suited for 
human-induced EH, because of one central drawback: Resonant, 
underdamped mass-spring-damper systems are tested under 
laboratory conditions with artificial, harmonic vibrations with high, 
narrow-band excitation frequencies. However, human motions, e.g. 
vibrations of eyeballs are marked by their low frequency (<80 Hz/ <10 
Hz for very small-/ large-amplitude motions), unpredictable, mainly 
aperiodic and time-varying signature. Different vibration types and 
directions (3-dimensional) are superimposed. For the excitation of an 
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inertial microgenerator saccadic eye movements (duration 15-100 
ms) are favorable because of high angular speed and circumferential 
acceleration values up to 800 °/s and 4 m/s². A kinematic, analytic 
model was built in MATLAB Simulink. The chosen, novel generator 
concept (symmetric active/active-parallel-bimorph cantilever) enables 
a high material utilization by maximizing the piezoactive volume at 
very low cantilever thicknesses (<900 nm). An increased length and 
a seismic mass enable an effective excitation by low-level aperiodic 
vibrations such as saccadic acceleration impulses. Structured 
electrodes and the mechanical coupling of separate bimorphs will 
allow a voltage raise by a series connection of in-phase oscillators. 
A vacuum encapsulation for a high Q-factor is supposed. FEM-
simulations investigate the static potential distribution and the transient 
response of different bimorph structures (length 200-1000 µm, width 
20-200 µm) on broadband vibrations. Optimization calculations for 
cantilever shape, layer thickness and electrode areas are performed.

As a proof of concept, first single-layered cantilevers (500 nm, 
respectively 890 nm thick AlN with Si bulk mass) could be released 
by a frontside anisotropic dry etching and a backside DRIE-process. 
Beside very low resonant frequencies (partly <100 Hz) they show an 
adequate robustness. In the subsequent multilayer structures the 
residual stress gradients can be partly compensated by variation of 
deposition parameters.

8066-51, Poster Session

Airborne particle generation for optical 
tweezers by thermo-mechanical membrane 
actuators
T. Polster, S. Leopold, M. Hoffmann, Technische Univ. Ilmenau 
(Germany)

Handling of tiny particles is challenging. Due to surface forces, these 
particles tend to stick on grippers. An alternative is gripping by optical 
forces. So-called optical tweezers working in liquid environment are 
well-established. For optical tweezers working in air, stiction has to 
be overcome when gripping the particle. The forces generated by the 
optical wave are usually not high enough to overcome surface stiction 
forces. Gripping of airborne particles can overcome this.

Vibrating membranes allow separating clusters of particles into single 
particles and lifting them up to the focus of an optical tweezer for 
catching them. The lifting characteristic has to be adjusted to the 
reversal point of particle movement with the optical tweezers focus. 
Due to the characteristic of optical tweezers, a highly transparent 
membrane area is necessary to avoid unwanted back reflection. For 
this reason, common piezo-based systems with non-transparent 
membranes are not suitable. With aluminum nitride thin film 
membranes, piezoelectric or thermo-mechanical actuators can be 
realized. Here, the thermo-mechanical actuator approach is presented.

The actuator is based on a 500 nm thin circular aluminum nitride 
(AlN) membrane with integrated heater. This thermo-mechanical AlN 
actuator is able to work in a fast buckling mode with deflections up to 
20 µm by applying a 130 mW heating power. A pulse excitation with 
frequencies up to 25 Hz generates the buckling. Lifting silica beads 
with a diameter of up to 10 µm is presented. The working principal 
benefits from the highly thermally conductive AlN membranes. A value 
for thermal conductivity of 45 W/(K m) is determined experimentally. 
Comparing AlN with silicon dioxide or silicon nitride films, AlN thermal 
conductivity is approximately 40 times larger. AlN membrane actuators 
with diameters between 500 µm and 3 mm are produced. The oriented 
nanocrystalline texture of sputter-deposited films is identified as source 
of extraordinary mechanical stability. 

The fabrication of the thermo-mechanical actuators follows a simple 
process flow. Sputter deposition of 500 nm AlN thin films on (100) 
silicon substrates is followed by defining the integrated platinum 
heating resistors. For membrane fabrication, their shape is transferred 
on backside of the substrates and a deep reactive ion etching process 
releases the membranes. The extremely high selectivity of AlN against 
fluorine based etching chemistry is the key enabler of this process.

8066-52, Poster Session

Characterization of the first in-plane mode 
of AlN-actuated microcantilevers
V. Ruiz, J. Hernando-García, Univ. de Castilla-La Mancha 
(Spain); A. Ababneh, Yarmouk Univ. (Jordan); H. Seidel, Univ. 
des Saarlandes (Germany); U. Schmid, Technische Univ. Wien 
(Austria); J. K. Gimzewski, Univ. of California, Los Angeles 
(United States); J. L. Sánchez de Rojas Aldavero, Univ. de 
Castilla-La Mancha (Spain)

The use of microcantilevers is widely spread for many different 
applications. In the case of resonant microcantileversensors, the out-
of-plane vibration modes, such as flexural and torsional modes, are 
the most commonly used [1]. In-plane modes have been much less 
studied, despite the fact that they are expected to present a better 
performance [2,3]. In this sense, reference 2 performs an analytical 
study that results in higher quality factor for the first in-plane mode of 
a micro-cantilever than for out-of plane modes of comparable resonant 
frequency, as well as higher mass sensitivity in liquid media.

Here we use piezoelectric AlN-actuated microcantilevers with a 
designed top electrode for the efficient actuation of the first in-plane 
mode.

We have observed that the first in-plane mode of some of the 
cantilevers can be detected by means of a laser Doppler vibrometer 
designed to detect out-of-plane movements, what suggests that the 
in-plane mode is also composed of an out-of-plane component. In 
addition, fluid-structure-interaction simulations were performed to 
determine the quality factor of the in-plane modes.

Next an interferometric microscope with a strobed illumination to 
freeze the movement of the microcantilever at a given moment of 
its periodic displacement is used to detect the in-plane modes. A 
sequence of images is acquired and the proper processing of these 
images with a Matlab program allows us to obtain a frequency 
spectrum. This spectrum provides the information required to 
determine the resonance frequency and the quality factor. Experiments 
are performed both in air and liquid, and latex microbeads are used to 
determine mass sensitivity. A quality factor of 1300 is measured in air 
for the first in-plane mode of a 540 µm long microcantilever resonating 
at 690 kHz.

References

[1] C. A. Van Eysden, J. E. Sader, Frequency response of cantilevers 
beams immersed in viscous fluids with applications to the atomic force 
microscope: Arbitrary mode order, Journal of Applied Physics, 1001 
(2007) 044908-1, 044908-11.

[2] I. Dufour, S. M. Heinrich and F. Josse, Theoretical analysis of 
strong-axis bending mode vibrations for resonant microcantilever 
(bio)chemical sensors in gas or liquid phase, Journal of 
Microelectromechanical Systems 16 (2007) 44-49.

[3] L.A. Beardslee, K.S. Demirci, Y. Luzinova, B. Mizaikoff, S.M. 
Heinrich, F. Josse, and O. Brand, Liquid-Phase Chemical Sensing 
Using Lateral Mode Resonant Cantilevers, Anal. Chem. 2010, 82, 
7542-7549

8066-53, Poster Session

Growth and characterization of uniform 
ZnO film as piezoelectric material using a 
hydrothermal growth technique
E. Makarona, C. Fritz, G. Niarchos, T. Speliotis, National Ctr. 
for Scientific Research Demokritos (Greece); A. Arapoyanni, 
Univ. of Athens (Greece); C. Tsamis, National Ctr. for Scientific 
Research Demokritos (Greece)

Owning to its semiconducting and piezoelectric properties, ZnO has 
attracted a lot of attention of interest over the last years and has been 
employed in electronic, optoelectronic and micromechanical devices 
such as light emitting diodes, gas sensors, solar cells, etc. More 
recently it was demostrated that ZnO nanostructures, especially in the 
form of dense arrays of nanorods or belts, have the ability to efficiently 
convert mechanical energy to electrical energy giving birth to the 
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exciting field of nanogenerators [1]. One of the drawbacks though for 
the exploitation of nanorod technology for commercial devices is the 
ability to make the electrical contacts to the piezoelectric converting 
elements. Although technologies have been developed that provide 
solutions for electrical contact issues, metal contact on uniform thin 
film are much simpler and commercially available for large scale 
applications rendering thin film technology an attractive solution for 
microgenerators. At the same time it has been demonstrated that in 
order to have high piezoelectric coefficients ZnO uniform films with 
columnar grains having their c-axis perpendicular to the substrate are 
required.

In this work, we investigate the growth of uniform ZnO films, using 
a low temperature, low cost hydrothermal process typically used for 
the fabrication of ZnO nanorods [2,3]. Under appropriate conditions 
coalescence of the nanorods occur resulting in uniform film with a 
columnar structure. The study focuses on the understanding the role 
of the growth factors in order to be able to fully control the proposed 
process. The parameters that were examined are: a) The composition 
of the solution, b) the growth temperature and time and c) the role of 
the PH. Moreover, the hydrothermal method was further exploited for 
the fabrication of uniform ZnO nanostructures on patterned substrates 
using standard lithography. From this analysis, process conditions 
have been identified for the growth of uniform nanostructured ZnO 
films, suitable for piezoelectric microgenerators. 

The research is funded by National Funds and the European Regional 
Development Fund in the framework of NSRF 2007-2013, MEMSENSE, 
contract no. 45. 
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8066-54, Poster Session

Piezoelectric AlN-actuated micro-tuning 
forks for sensing applications
M. Gil Barba, T. Manzaneque, J. Hernando-Garcia, Univ. 
de Castilla-La Mancha (Spain); A. Ababneh, Yarmouk Univ. 
(Jordan); H. Seidel, Univ. des Saarlandes (Germany); J. L. 
Sánchez de Rojas Aldavero, Univ. de Castilla-La Mancha 
(Spain)

In recent years, there has been an increasing interest in Micro-Electro-
Mechanical Systems (MEMS) and, more specifically, their application 
to sensing devices. One of the desirable characteristics for the 
resonators employed as sensing structures is a high quality factor. 
This allows their application in liquid environments, in which viscous 
losses are highly increased with respect to air. Moreover, in-plane 
modes have shown a better performance than out-of-plane modes 
in viscous media, since they suffer lower damping [1]. Promising 
structures for such applications are tuning fork-type structures, which 
present high quality factor values and exhibit phase and anti-phase in-
plane vibrational modes [2]. Millimetric tuning forks have been widely 
employed in oscillator circuits [3]. It would be interesting to test the 
performance of such structures in micro scale for MEMS applications.

In this work, we present a piezoelectric micro-tuning fork specially 
designed to optimize in-plane vibrational modes. The tuning fork 
contains a thin layer of AlN that allows electrical actuation. The top 
electrode has been designed to control the actuation of the first order 
in-plane modes, following a previously published optimization protocol 
[4]. It consists in four Al longitudinal electrodes deposited on the 
top side of the structure. On each arm of the fork lay two of the four 
electrodes, which can be excited independently in order to stimulate 
or inhibit certain modes. In-plane and out-of plane modes have been 
studied and characterized by means of a laser Doppler vibrometer and 
an interferometric microscope. The comparison of the quality factors 
of the different modes reveals that, in general, anti-phase modes show 
higher values (even nine times higher) than phase modes. This can 
be partially attributed to the fact that in those modes, forces at the 
attachment area have opposite directions and propagating waves are 
cancelled, considerably reducing support losses [5]. The highest of 
the obtained quality factors corresponds, in fact, to the first anti-phase 

in-plane mode, which reaches Q values over 4000. These values are 
around two times the highest values obtained for an out-of-plane mode 
of the same tuning fork and about three times the highest Q values for 
a comparable cantilever. Values around 3000 have been reported for 
similar cantilevers optimized for in-plane vibration [6]. The analysis of 
the device performance in liquid media, as well as the mass sensitivity 
of the different modes, are also investigated.

[1] Dufour, M. et al. “Theoretical Analysis of Strong-Axis Bending Mode 
Vibrations for Resonant Microcantilever (Bio)Chemical Sensors in Gas 
or Liquid Phase” Journal of Microelectromechanical Systems, vol. 16, 
no. 1, February 2007.

[2] Karrai, K. et al “Piezoelectric tip-sample distance control for near 
field optical microscopes”. Applied Physics Letters, Volume 66, Issue 
14, pp.1842-1844, April 3, 1995.

[3] Momosaki, E. “A brief review of progress in quartz tuning fork 
resonators” Frequency Control Symposium, Proceedings of the 1997 
IEEE International Frequency Control Symposium, pp. 552 - 565 May 
1997.

[4] J. L. Sánchez-Rojas et al, “Modal optimization and filtering in 
piezoelectric microplate resonators” Journal of Micromechanics and 
Microengineering 20, 055027, 2010.

[5] Vignola J.F. et al. “Architectural considerations of micro- and 
nanoresonators for mass detection in the presence of a fluid” Journal 
of Applied Physics, 104, 124305, 2008.

[6] G. J. T. Leighton et al. “In-plane excitation of thin silicon cantilevers 
using piezoelectric thin films”, Applied Physics Letters, 91, 183510, 
2007.

8066-55, Poster Session

Improved load-deflection method for the 
extraction of elastomechanical properties of 
circularly-shaped thin-film diaphragms
J. Schalko, R. Beigelbeck, M. Stifter, Institute for Integrated 
Sensor Systems (Austria); M. Schneider, A. Bittner, U. Schmid, 
Technische Univ. Wien (Austria)

Motivation: Thin-film diaphragms are important constituents in a vast 
number of microelectromechanical systems. In order to design such 
diaphragms, precise knowledge of their elastomechanical properties 
(i.e., Young’s modulus E and internal tensile stress σ) is mandatory. 
The load-deflection (LD) method is a common and convenient 
procedure to extract these two parameters from measurements of the 
maximum transverse deflection (of laterally suspended diaphragms) 
to a uniformly distributed load. By means of this technique, E as 
well as σ can be determined simultaneously by fitting a theoretical 
LD characteristic to experimentally obtained data. Consequentially, 
a proper knowledge of such a theoretical relationship, that either 
exhibits analytical or numerical form, is inevitable in order to ascertain 
accurate values. The goal of this contribution is to report on a novel, 
closed-form load-deflection relationship that covers all relevant 
elastomechanical bending and stretching effects. Furthermore, this 
approach enables an easy and accurate extraction of E and σ from 
circularly-shaped diaphragms and offers the significant advantage 
of general applicability to (even substantially) different types of 
diaphragms.

Theory and Model: Our method relies on major improvements of 
a work by Loy et.al. [1] for circularly-shaped diaphragms. The LD 
relationship of the diaphragm is derived from an appropriate adaption 
of Timoshenko’s membrane bending theory, where the in-plane and the 
out-of-plane deflections are approximated by a series expansion and 
an nth-order polynomial, respectively. Utilizing the minimum potential 
energy principle yields an infinite-dimensional system of equations 
which can be solved analytically resulting in a compact closed-form 
solution for the LD response. This model incorporates: (a) The strain 
energy of deformation due to stretching of the middle surface, (b) 
the elastic strain energy caused by the internal tensile stress, (c) the 
strain energy owing to bending, and (d) the work input by the imposed 
external pressure.

Experimental Verification and Application: To demonstrate its flexibility, 
the method was exploited to extract E and σ of disparate diaphragm 
samples (i.e., PECVD SiNx, sputtered AlN, and microfiltered carbon 
nanotube-based bucky papers). SiNx and AlN diaphragms were 
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investigated by applying a controlled constant load using a syringe 
pump in order to achieve pressures below the ambient value. In 
contrast, bucky papers were mounted on top of a pressure cylinder 
equipped with three ports (an inlet port connected to a mass flow 
controller, an outlet port supplied with a needle valve to vary the 
pressure at constant flow, and a port featuring a pressure gauge). The 
center deflection of a diaphragm was measured by means of a micro-
system analyzer on basis of white light interferometry. The shape of the 
deflection over the radial coordinate was ascertained by varying the 
sample position utilizing micrometer screws. By fitting the theoretical 
relationship to the measured LD values, E and σ were deduced. As 
certain mechanical properties of thin-film diaphragms typically depend 
on their production process, a study regarding the correlation between 
process parameters (e.g., sputtering conditions) and elastomechanical 
properties has been carried out additionally.

Reference

[1] Loy, C.T. et.al., J. Micromech. Microeng. 9 (1999), pp. 341-344.

8066-56, Poster Session

The impact of substrate properties on the 
electromigration resistance of sputter-
deposited Cu thin films
A. Bittner, Technische Univ. Wien (Austria); N. Pagel, H. Seidel, 
Univ. des Saarlandes (Germany); U. Schmid, Technische Univ. 
Wien (Austria)

For electronic components advanced metallization systems made 
in thin film technology have become more and more important 
due to the continuing demand for an enhanced performance of 
microelectronic chips, thus requesting lower power levels, higher 
clock rates and a higher electro migration resistance [1]. Therefore, 
parasitic effects caused e.g. by ohmic conduction losses have to be 
reduced to a minimum. Galvanic deposited copper (Cu) with its high 
electrical conductivity is the metallization used on organic and ceramic 
substrates limiting in commercial products, however, the minimum 
line width to about 100 µm due to the high metallization thickness. 
For further miniaturization on these substrates, sputter deposited thin 
films can be used whereby the microstructure and hence the long term 
stability [2] of the thin films is affected by the surface quality of the 
substrate material. 

It is objective of this study to present investigations on the reliability 
of Cu thin films on organic (i.e. LCP) and ceramic (i.e. LTCC) 
substrates using an accelerated aging procedure. For comparison 
purposes, the long-term performance on glass and Al2O3 (99.6%) 
substrates is investigated representing well known substrates for 
microelectronic applications and with a smooth surface, respectively. 
Besides their chemical composition, the substrates differ in surface 
roughness and crystalline structure and hence, influence grain growth 
and microstructure of the sputter-deposited Cu films. The sputter-
deposited Cu thin films (thickness: 330 nm) were subjected to current 
densities up to 2.5·106 A·cm-2 at various hotplate temperatures 
ranging up to T= 300°C. The substrate temperatures differ, dependent 
on the thermal substrate properties, such as thermal conductivity 
which is again affected by Joule warming of the Ag metallization. 
According to [3], the layout of the test device is designed with 20 
identical conductor lines connected in parallel. When a constant 
voltage is applied, the degradation or even failure of each single line 
can be monitored due to an increase in the overall resistance of the 
device. From Arrhenius plots the activation energy of the copper thin 
films is determined which show a strong dependence on surface 
properties such as roughness or the microstructure of the substrate.

In the final paper we will present in addition morphological 
investigations applying SEM technique to verify the electrical 
degradation behaviour by correlating defects like voids and hillocks 
on the lines. These defects are also influenced by the microstructure 
of the deposited Cu films. Furthermore, the impact of post deposition 
annealing on the microstructure and electrical performance will be 
discussed in detail. 
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8066-57, Poster Session

Microfabricated self-resonant structure as a 
passive wireless chemical sensor
S. P. Zhang, P. Pasupathy, D. P. Neikirk, The Univ. of Texas at 
Austin (United States)

This paper describes on going work to develop a low cost, passive 
wireless chemical sensor using a microfabricated inductor and an 
interdigitated capacitor (IDC). A self-resonant-structure (SRS) is 
designed by incorporating the IDC electrodes in the inter-winding 
space of the inductor. The distributed IDC capacitance is affected by 
the dielectric constant (ε) and the conductivity (σ) of its environment 
or material under test (MUT). This serves as a capacitive transducer 
changing the resonant frequency of the SRS. The SRS is interrogated 
using a non-contact inductively coupled reader coil. The shift in 
resonant frequency of the SRS is used to detect material properties 
of the environment/MUT. A thin dielectric layer is used to prevent 
the SRS from chemically interacting with its environment and yet 
permits sufficient field penetration to allow for capacitive coupling 
with the MUT. This enables deployment of the sensor in potentially 
harsh environments such as in oil wells and geological formations. 
The ε and σ can be used to provide information about the surrounding 
environment by identifying the chemical environment and conductivity 
of the medium. The dielectric constant (εMUT) and the conductivity 
(σMUT) are determined by fitting and extraction from circuit models of 
the IDC capacitance developed to account for the bi-layer formed by 
the protective dielectric and the MUT. In addition, an equivalent circuit 
model of the SRS is developed and analyzed enabling the extraction 
of capacitance changes of the SRS itself. The increase in transduction 
area in such an SRS can result in increased sensitivity but may affect 
inductive coupling to the reader. The relationship between sensor 
layout and coupling factor between sensor and reader is investigated. 
Optimizations of the coupling factor based on this relationship are 
discussed. IDC design considerations for trade-offs between the 
sensor’s sensitivity and coupling factor are investigated. The sensor’s 
response to variety of liquid MUTs with a wide range of dielectric 
constant and conductivity are presented.

8066-58, Poster Session

In incubator live cell imaging platform
N. Moscelli, Technische Univ. Wien (Austria); W. Witarski, 
Institute of Virology (Slovakia); S. van den Driesche, M. J. 
Vellekoop, Technische Univ. Wien (Austria)

In this contribution we present an imaging platform that operates in 
a standard incubator, allowing real-time observation of multiple cell 
cultures. Also, the sensor platform operates with disposable multi-well 
plates. The system comprises four image sensors (Charge-Coupled 
Devices) built into a custom made holder in which a multi-well plate 
can be positioned without further alignment. The image sensors focal 
points are fixed at the bottom of the wells of interest. The image 
sensors feature an array of 640 × 480 pixels over a surface of 4.60 
× 3.97 mm2. Above the multi-well plate, white light LEDs with an 
aperture are mounted to provide orthogonal illumination over the 
sensors.

The state-of-art of optical cell observation devices used in laboratories 
is represented by microscopy. Time-lapse measurements are normally 
performed with optical microscopes. This causes thermal shocks 
and contamination hazards to the biological sample, because it has 
to be temporarily taken out of the incubator. A way to overcome this 
problem, is to equip the microscope with an additional incubation 
stage for controlled thermal, humidity, and CO2 regulation [1]. Our 
proposed platform is a compact, high-throughput, and cost-effective 
solution for real-time measurements without interrupting the optimal 
cell cultivation conditions. In addition, our imaging platform is 
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compatible with unmodified lab disposables, contrarily to contact 
imaging systems [2].

For the observation and understanding of tumor progression, cell 
proliferation and motility studies are of great importance [3]. For 
these studies, a sensor system that monitors cell motility in four wells 
simultaneously (of a 24-well plate), has been developed. The validation 
of the system has been carried out by optical visualization of micro-
beads with known dimensions (12 µm diameter); this yields an object 
resolution of approximately 5 µm, which makes the sensor setup 
suitable for individual cell observation.

In the present work we focus on motility tests on adherently grown 
mammalian epithelial cells. By using our system, the simultaneous 
observation of two stimulated (with 50 ng/ml HGF) and control samples 
of MDCK (Madin-Darby Canine Kidney) cells is carried out in real-time.

The presented imaging platform is an attractive and versatile 
alternative to conventional time-lapse microscopy to monitor in vitro 
assays. Furthermore, the high-throughput feature makes its use 
advantageous for the simultaneous tracking of biological samples 
exposed to different analytes.
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8066-59, Poster Session

Analytical investigation of the pull-in voltage 
in capacitive mechanical sensors
J. Lardies, M. Berthillier, Univ. de Franche-Comté (France)

A MEMS capacitive sensor is basically an electrostatic transducer and 
an analytical approach is used to model a MEMS-based capacitive-
type sensor. A new relatively simple closed-form model to evaluate the 
pull-in voltage associated with a rigidly clamped square diaphragm 
or a circular diaphragm subject to electrostatic forces due to a bias 
voltage is developed. The method incorporates the nonlinear and non 
uniform nature of the electrostatic force associated with a clamped 
diaphragm deformation. Our approach is based on a linearized 
uniform approximation of the nonlinear electrostatic force due to the 
bias voltage and the use of a 2D load deflection model for MEMS 
based capacitive acoustical sensor. The spring hardening effect 
associated with nonlinear stretching of the central region of a clamped 
diagram is also considered. The resulting electrostatic pressure on the 
diaphragm, the pull-in voltage, and the deflection of the midpoint of 
the diaphragm for different bias voltage are studied.The method can 
be extended to determine the pull-in voltage for other microstructures 
such as cantilever beams under electrostatic excitation. A comparison 
of the results obtained using the developed analytical model of 
the communication with the results obtained by Senturia, Hsu and 
Bergqvist is presented. 

Numerical results are presented showing the effectiveness of the 
method in nonlinear identification problems. Using our model, we can 
derive simple design equations, calculate the small signal model for 
frequency response computation and simulate the MEMS large-signal 
transient behaviour.

8066-60, Poster Session

Biomimetic MEMS to assist, enhance and 
expand human sensory perceptions: survey 
on state-of-the-art developments
T. Makarczuk, U. Schmid, Technische Univ. Wien (Austria); 
T. R. Matin, Univ. Kebangsaan Malaysia (Malaysia); M. O. 
Macqueen, Aramis Technologies (Malaysia); I. C. Gebeshuber, 
Univ. Kebangsaan Malaysia (Malaysia)

The human body is equipped with six general senses: smell, hear, 
taste, touch, see and temperature sensing. These senses are of 

extraordinary value but we cannot change them even if this proves 
to be a disadvantage in our modern times. However, we can assist, 
enhance and expand these senses via MEMS. Current MEMS cover 
the range of the human sensory system, and additionally provide data 
about signals that are too weak for the human sensory system (in 
terms of signal strength) and signal types that are not covered by the 
human sensory system. 

Biomimetics deals with knowledge transfer from biology to technology. 
Biomimetics that is applied by researchers coming from biology, 
science and engineering is a promising method especially in the 
development of MEMS that assist, enhance and expand human 
sensory perception. 

In our interdisciplinary approach existing MEMS sensor designs 
are modified and adapted (to keep costs at bay), via biomimetic 
knowledge transfer of outstanding sensory perception in ‘best practice’ 
organisms (e.g. thermoreception, UV sensing, electromagnetic sense). 
The MEMS are then linked to the human body (mainly ex corpore to 
avoid ethics conflicts), to assist, enhance and expand human sensory 
perception (artificial eyes, magnetic sense for facilitated orientation, 
etc.).

Examples of created products comprise sensors that vibrate when a 
blind person approaches a kerb stone edge, devices that allow divers 
better orientation under water (echolocation, ultrasound), special 
glasses that allow vision in the ultraviolet range, vibrating devices on 
the steering wheel that inform car drivers of low fuel level, enhanced 
hearing capabilities (ultrasound, infrasound) and electromagnetic 
senses.

The combination of Malaysia’s high biomimetic inspiration potential 
and prototyping facilities in Europe can create a significant added 
value for commercial customers.

8066-61, Poster Session

System modeling of a piezoelectric energy 
harvesting module for environments with 
high dynamic forces
A. Frey, M. Schreiter, J. Seidel, I. Kuehne, Siemens AG 
(Germany)

This paper reports the design of a piezoelectric energy harvesting 
module for a tire based wireless sensor node. System considerations 
comprise the generator design, material impact and the generator 
interface circuitry. A design procedure is presented, which allows 
identifying a geometry design space for the piezo microgenerator 
consistent with required boundary conditions.

The addressed tire pressure monitoring application (TPMS) for 
the microsystem requires a mounting inside of the car tire. In this 
environment a large dynamic force range occurs for a given mass. The 
acceleration is in the range of some ten up to some thousand units 
of gravitational acceleration. Therefore, a conventional spring-loaded 
generator cantilever design with a mass in the gram-range is critical. 
For our design we use a piezoelectric MEMS generator approach 
without additional mass. The intrinsic mass of the cantilever is in the 
microgram region and the resulting acceleration forces are very small. 

For the energy transfer from the environment to the generator we 
suggest a non-resonant excitation scheme. Tire related forces during 
the period of tread shuffle passage are to be used for a pulsed 
excitation of the generator. After the excitation the cantilever starts 
oscillating. During each oscillation cycle electrical energy is extracted 
by the interface circuit to provide it to the load. The cantilever 
amplitude decays exponentially until it is reset to the initial value during 
the next tread shuffle passage.

The cantilever consists of a silicon carrier layer and a self-polarized 
piezoelectric PZT thin film realized with a MEMS compatible sputtering 
technology. The carrier layer serves three purposes: it provides 
mechanical stability of the structure, it contains the neutral axis and it 
is used as a storage element for the harvested mechanical energy. The 
generator has a triangular shape to realize a uniform stress distribution 
and therefore a maximum amount of harvested energy per active 
piezoelectric area. The geometry of the generator is completely defined 
by three parameters: area (some ten mm2), carrier thickness (some ten 
µm) and the piezoelectric layer thickness (some µm).

All relevant system parameters are analytically calculated. Based on 
the stress distribution in the cantilever layers the mechanical energies 
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are determined. The electrical energy for a particular cantilever state 
is obtained with the piezo material constants. The open circuit voltage 
is directly calculated from this energy using the piezo capacitance. 
The transformation of the primary electric piezo energy into a load 
power depends on the operational conditions (e.g. rotation speed 
of the tire) and on the used interface circuit. We considered resistive 
and inductive schemes. Based on the analytical modeling the system 
parameters are calculated for a given generator area (for our design 
25 mm2) over the geometrical design space of the layer thicknesses. 
The results are utilized to identify a design space consistent with given 
boundary conditions. For our application a minimum load power of 3 
µW, a minimum open circuit voltage of 1.5 V and a maximum resonant 
frequency of 10 kHz are specified. An example of a suitable design 
space for these parameters is presented.

8066-62, Poster Session

3D capacitive vibrational micro-harvester 
using isotropic charging of electrets 
deposited on vertical sidewalls
A. Nimo, B. Müller, A. Saad, U. Mescheder, Hochschule 
Furtwangen Univ. (Germany)

This paper reports a new charging and design principle which allows 
the definition and charging of electrets on vertical sidewalls and thus 
the realization of 3D vibrational energy harvester in a standard planar 
Si-MEMS process.

Electrets are key components in capacitive MEMS harvester. Mostly 
CYTOP [1] is used as efficient electret as CYTOP provides high 
dielectric breakdown strength, good charging stability and simple 
processing. Also thermally grown SiO2 has been proved as CMOS 
compatible electret which can be integrated easily in a MEMS 
fabrication process [2], [3]. Charging of those electrets can be done 
by Corona charging [1] or ion-implantation [3] suitable for electrets 
deposited on the surface of the energy harvester, i.e. of the surface 
of a wafer. However, to overcome limitations of present capacitive 
vibrational, Si-based MEMS harvester in respect to stiction and 
3D-capability in respect to axes of vibration we have developed a new 
technique of charging electrets defined on vertical sidewalls (e.g. comb 
like electrodes to transduce vibration to electric energy).

Details of design and technological realization of the basic structure of 
a 3 D energy harvester are discussed in [4]. Thermally grown SiO2 is 
used as electret which is selectively defined on the vertical sidewalls of 
the fixed, comb like electrodes only. The process is based on a CMOS 
compatible MEMS process using DRIE for anisotropic etching of the 
c-Si electrodes and Si3N4 passivation for local oxidation. 

For this design a local charging of the electret on the vertical sidewalls 
is essential. Charging with high energetic ions such as for corona 
charging or especially ion implantation is not suited for this purpose. 
Instead we have shown that commercially available ionizers used in so-
called ionic hair dryers or air ionizers can be used for effective charging 
of CYTOP and SiO2 electret films. In [5] first results of charging with 
this technique are presented which are elaborated further in this paper. 
Charging up to more than 1000 V for 7.8 µm thick CYTOP and for 1.5 
µm SiO2 with excellent long term stability was achieved. This shows 
that the technique does not change the thin film properties, especially 
the dielectric breakdown strength. The charging can be achieved by 
using directly commercial hair dryers available in a typical household. 
An air fan provides a directed air flow including the charges. This 
turbulent air flow ensures a uniform supply of ions, charging finally the 
electret. The anisotropic charging of vertical sidewalls even for deep 
and narrow trenches needed for large capacity of the corresponding 
comb like capacitances has been investigated. 

Using rotation during charging results in a reasonable homogeneity of 
charged SiO2-electret with standard deviation of 72 V for an average 
value of -585 V.

As this techniques ensures access of ions even in directly not 
accessible locations, we propose this technique also as method 
for future recharging of electrostatic energy harvesters by the final 
costumer in case of charge loss (moisture, electrical short cut, 
electrostatic charging by handling).
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8066-64, Poster Session

Modified thermopile structure for THz 
detection
B. Szentpáli, Research Institute for Technical Physics and 
Materials Science (Hungary); G. Matyi, EnerSys GmbH 
(Hungary); P. Fürjes, Research Institute for Technical Physics 
and Materials Science (Hungary); E. László, Research Institute 
for Technical Physics and Materials Science (Hungary) and 
Pázmány Péter Chatolic Univ. (Hungary); G. Battistig, I. 
Bársony, Research Institute for Technical Physics and Materials 
Science (Hungary); G. Károlyi, T. Berceli, Budapest Univ. of 
Technology and Economics (Hungary)

The modified micromachined thermopile device consists of doped 
poly-Silicon thermopairs situated on a thin SiO2/Si3N4 membrane over 
a cavity. The thermopairs are linearly arranged instead of the usual 
loop layout. The device can act as a series of tuned antennas and 
senses the millimeter wave radiation [1]. The antenna-like operation 
was demonstrated by detecting the strong dependence of the 
generated voltage on the polarization of the applied electromagnetic 
field. The working principle is similar to the bolometers in that respect 
that the absorbed radiation heats up the semiconductor strips, but 
the temperature increment is sensed by the Seebeck effect instead 
of the resistance variation. Therefore no read-out current is needed 
and the voltage output starts from zero. The absorption efficiency of 
the device can be improved significantly under resonant conditions. 
In the present work we discuss these conditions. It is shown that the 
resonance depends mainly on the dimensions and shape of the chip; 
the linear thermopiles rather act like E-field probes. The maximum 
output voltage can be measured at well defined resonant frequencies; 
in that case the electric field has maximum value at the surface of 
the chip, where the linear thermopairs are located. The effects of two 
parameters are investigated: the thickness of the substrate and the 
area of the back-etched cavity. Both parameters influence effectively 
the resonant frequency. The microfabrication of the device as well as 
the experimental results will be also outlined. 
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8066-65, Poster Session

Microfabricated ultrashort cantilever probes 
for high speed AFM
C. Richter, O. Krause, W. Engl, T. Sulzbach, Nanoworld 
Services GmbH (Germany); S. Schade, C. Penzkofer, B. Irmer, 
nanotools GmbH (Germany); P. Weinzierl, Nanoworld Services 
GmbH (Germany)

Since the invention in 1986 atomic force microscopy (AFM) has 
become the most widely used scanning probe microscopy (SPM). 
The microscope images the interaction of forces like van der Waals 
or Coulomb forces between a sample and the apex of a small 
tip integrated near the free end of a flexible cantilever. Due to the 
inherent mechanical characteristics of the AFM a serial acquisition 
of data is required what limits the maximum operating speed of the 
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microscope. Using commercially available AFMs a typical image 
with a resolution of 256 x 256 pixels is obtained over a period of 
approximately 10min, which is much slower than the time resolution 
required e.g. for resolving biological processes. Enhancing the speed 
to video rate imaging makes high demands on scanner technology, 
control electronics and on the key feature the cantilever with integrated 
sharp stylus in order to increase the three limiting factors: (1) the 
measurement bandwidth of the local interaction between tip and 
sample, (2) the tip velocity over the sample and (3) how fast the tip can 
follow the sample topography. For the cantilever probes, fundamental 
resonance frequencies in the MHz regime are envisaged while the force 
constant of a few nN/nm shall be maintained.

For that, the cantilever dimensions have to shrink down to a width of 
2 to 6µm, a length of 3 to 20µm and a thickness in the range of 0.1 
to 1µm. Although, such cantilevers have been presented previously 
and applied successfully by different groups, some aspects of mass 
fabrication have not yet been taken into account for the realization of 
such small cantilevers. Firstly, for probes with small cantilevers, an 
adequate shaping of the support chip is essential avoiding contacts 
between chip corners and the sample under investigation. Secondly, 
precise control of small cantilever dimensions is crucial for a reliable 
mass fabrication as well as the integration of a low mass, high aspect 
ratio tips with appropriate length reducing squeezed film dumping 
between sample and cantilever to enhance the mechanical quality 
factor and therefore the sensitivity. Furthermore the radius of curvature 
of the tip should be as small as possible.

We present novel AFM probes with ultrashort cantilevers for high 
speed AFM suitable for reliable mass fabrication. Cantilevers fabricated 
either from single crystalline silicon, poly crystalline silicon and 
silicon nitride, with resonance frequencies of up to 10 MHz and force 
constants of less than 0.1nN/nm, has been demonstrated. The support 
chip is fabricated from silicon and its shape accepts accidental lateral 
tilts of more than 5 degrees without infringing the measurement for 
10µm long cantilevers with a tip of 2 µm length. The cantilever length 
is precisely controlled to an accuracy of 2 µm by a stepwise wet 
chemical etching and a novel cantilever release technique. The length 
of cantilever is determined by an edge of the support chip and the 
fixture can be assumed as rigid what guarantees a harmonic oscillation 
characteristic. The tips are integrated by sophisticated electron 
beam deposition and consist of a very hard, conducting and almost 
completely sp3 hybridized carbon. They have a controlled height of 
up to 3µm, an aspect ratio of better than 5:1 and a radius of less than 
10nm. For improved performance the mounting tilt of the probe within 
the AFM instrument is compensated by the tip shape with an axis tilted 
about 8 degrees.

8066-66, Poster Session

Tactile refreshable screen based on 
magneto-rheological fluids for map 
exploration and navigation tasks
G. Changeon, V. Plaud, S. Roselier, J. Lozada, C. Bolzmacher, 
M. Hafez, Commissariat à l’Énergie Atomique (France)

Human-machine interfaces can convey information via visual, audio 
and/or haptic cues during a navigation task. The visual and audio 
technologies are mature, whereas research has to be focused on 
haptic technologies for mobile devices with specific design goals 
including low energy consumption and compact size. In this work, 
a tactile refreshable screen is proposed which allows its user the 
exploration of maps and the navigation in unknown terrain in an 
egocentric perspective. 

The haptic feedback of the proposed device is provided by an array 
of actuators which can display various patterns. The actuation 
technology is based on a magneto-rheological fluid which is injected 
in a chamber with an elastomeric membrane on the top using a micro 
pump. The fluid pressure deforms the membrane in order to display 
a pattern. The magneto-rheological effect is used to switch between 
the deformed and undeformed state of each cell. A permanent magnet 
forms a closed magnetic field with a surrounding armature, where 
the fluid can traverse the armature through a small gap on the top 
end. The permanent magnet induced magnetic field interacts with the 
fluid inside the supply channel and prevents the filling or draining of 
the chamber. Applying a current to the coil placed around one part of 
the armature on top of the magnet, the magnetic field of the magnet 

is cancelled out and the fluid can circulate freely in order to inflate 
or deflate the membrane. In this work, a first prototype of this tactile 
screen is presented with 16 individual actuators of 5 mm diameter 
each. Characterisation results of the device indicate that a maximum 
pressure of 1.25 bars can be applied to each cell without de-blocking 
the channel. The application of a current of 0.3 A is sufficient to allow 
the fluid’s circulation.

Such interfaces may be used to guide visually impaired persons 
in unknown areas by means of haptic and acoustic cues, or more 
generally speaking, they can redistribute visual or acoustic information 
via the sense of touch.

8066-67, Poster Session

Robust pressure sensor for measurements 
in boundary layers of liquid fluids with 
medium total pressures
T. T. Beutel, N. J. Ferreira, M. Leester-Schädel, S. Büttgenbach, 
Technische Univ. Braunschweig (Germany)

In this work, the design, fabrication and characterization of a new 
MEMS piezoresistive pressure sensor is presented. The sensor’s 
micro-fabrication is based on technologies developed for micro 3D 
force sensors. They are made of silicon using a boron diffusion process 
to create piezoresistors. Significant changes in the layout as well as in 
the micro-fabrication process have been made, e.g. anodic bonding 
of a Pyrex cover on the backside lead to this very precise pressure 
sensor, which is tailor made for high dynamic measurements in fluids 
with a total pressure up to 4 bar as the sum of static and dynamic 
pressure. To meet the special requirements of fluid mechanics, this 
new piezoresistive pressure sensor with a flat surface has been 
developed so that the flow is not affected by the sensor. Therefore the 
sensor can be mounted flush to the surface on which the flow has to 
be measured.

The entire development, beginning from simulations regarding the 
mechanical stresses within the diaphragm is described. Furthermore, 
the anisotropic silicon etching was simulated to specify the diaphragm 
in detail. These calculations lead to the important aspect of finding 
the best place for the resistors to achieve a maximum sensitivity. After 
these theoretical investigations, the micro-fabrication was carried 
out, including all typical processes e.g. photolithography, diffusion, 
sputtering techniques and wet-etching. To characterize the sensor’s 
behavior, a special pressure chamber was constructed and used for 
automated calibrations.

The result of all these steps is a sensor which has well known 
properties. These are necessary to enable new measurements in the 
boundary layer of fluids. All important parameters including sensitivity, 
resonance frequency and maximum load are described precisely. Its 
linearity and repeatability is demonstrated in several figures, as well as 
its excellent dynamic capability.

8066-68, Poster Session

Non-electrical-power temperature-time 
integrating sensor for RFID based on micro 
fluidics
M. Schneider, M. Hoffmann, Technische Univ. Ilmenau 
(Germany)

The integration of RFID tags into packages offers the opportunity 
to combine logistic advantages of the technology with monitoring 
different parameters from inside the package at the same time. An 
essential demand for enhanced product safety especially in pharmacy 
or food industry is the monitoring of the time-temperature-integral. 
Thus, completely passive time-temperature-integrators (TTI) requiring 
no battery, microprocessor nor data logging devices are developed. 

TTI representing the sterilisation process inside an autoclave system 
is a demanding challenge: a temperature of at least 120 °C has to 
be maintained over 45 minutes to assure that no unwanted organism 
remains. The basic idea of this high-temperature TTI is based on 
the effect of capillarity. Due to increased temperature, the viscosity 
of a fluid changes and thus the speed of the fluid inside a channel 
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increases. The filled length of the channel is a measure for temperature 
over time and represents the time temperature integral affecting the 
system. 

The capillary micro channels are realized in a polymeric material, 
starting in a reservoir filled with a low melting point conductive 
material such as an electrolyte polymer. After reaching the minimum 
temperature of about 120°C the polymer begins to fill the capillary 
structure and closes defined contact pads, positioned inside the 
channel. The more pads are shortened the further the fluid moved 
inside the channel. So the distance of the fluid corresponds to the 
time the system is heated above the melting point of the fluid. Also 
overheating or a too long time can be detected when the covered 
distance of the fluid is above a defined value.

The capillary channel is spiral-shaped around the reservoir. Because 
of the small dimensions the influence of gravity is negligible. 
Regarding the aim of integration of the system inside the packaging 
manufacturing process the complete system is based on a 
photolithographically structured polymeric material. It is secured that 
the fabrication process could easily be conferred to a mass production 
compatible process e.g. stamping or hot moulding.

The theoretical background can be described by the Navier Stokes 
Equation for one-dimensional fluid movement extended by capillary 
force. Measurements and simulations for channel widths from 25 µm to 
100 µm show a significant correlation. The most important parameters 
for variation of the operating range are determined by investigating 
the different terms of the analytical model. In addition to the simplified 
analytical model, the results were confirmed by a model based on the 
Finite Element Method.

A completely passive sensor element for monitoring an integral 
parameter with waiving of external electrical power supply and data 
processing technology is demonstrated. Furthermore, it is shown 
how to adjust the specific TTI parameters of the sensor to different 
applications and needs by modifying the geometrical parameters of the 
system.

8066-69, Poster Session

Investigation on micromachining 
technologies for the realization of LTCC 
devices and systems
T. Haas, C. Zeilmann, Micro Systems Engineering GmbH 
(Germany); A. Bittner, Technische Univ. Wien (Austria); U. 
Schmid, Technische Univ. Wien (Germany)

Low temperature co-fired ceramics (LTCC) has established as a 
widespread platform for the fabrication of advanced functional 
ceramic circuits in a lot of different applications. This is due to the 
high reliability, the excellent physical properties, especially in the high 
frequency range, and the possibility to integrate passive components 
in the robust LTCC body, offering the potential for a high degree of 
miniaturisation. 

But, to further increase the integration level in LTCC devices, the 
realization of miniaturized structures down to lateral dimensions of 10 
µm is of high importance and adequate techniques for micromachining 
this compound material are needed to provide channel structures 
and cavities inside the glass-ceramics pathing the way for further 
application scenarios. 

One example is the limited thermal conductivity of the LTCC requiring 
innovative cooling approaches for heat critical devices. This drawback 
can be solved by forcing a continuous water flow in microchannels 
directly arranged below the sensitive component. Furthermore, the 
realization of highly integrated pressure sensors especially for the 
operation under harsh environmental conditions would be possible 
by integrating the membrane directly into the ceramic. Also for high 
power electrical devices substantial improvement can be offered, when 
filling defined channel structures, having a typical depth of 50 µm, with 
conductor material, so that the resistivity can be decreased by factor 
5 or even more without affecting the topography of the ceramics, what 
is an important issue for the assembly of the module. And finally, also 
high frequency applications can profit by integrating metallised channel 
structures for the realization of wave guides inside the LTCC.

In the final paper, we give examples with respect to the realization of 
the above mentioned different fields of application for micromachined 
structures in LTCC. We will evaluate existing as well as modified 

manufacturing methods for advanced fabrication. In particular, 
techniques such as punching, where structures in the range of around 
100 µm to some millimetres can be achieved, the applicability of 
lasers, which are favourable for prototyping of very complex structures 
as well as embossing, which is very interesting especially for the 
implementation of wave guide structures and also for high volume 
production were analysed to demonstrate the benefits and also the 
limitations of each technology. All in all, it can be summarized that 
these established manufacturing techniques offer a remarkable 
potential for the realization of future circuit designs and devices, 
especially when carefully adapted to their specific requirements.

8066-70, Poster Session

IR thermocycler for centrifugal microfluidic 
platform with direct on-disk temperature 
measurement system
J. Burger, A. Gross, Albert-Ludwigs-Univ. Freiburg (Germany); 
D. Mark, Hahn Schickard Gesellschaft HSG-IMIT (Germany); 
G. Roth, F. von Stetten, R. Zengerle, Albert-Ludwigs-Univ. 
Freiburg (Germany)

The direct on-disk wireless temperature measurement system 
presented at the MicroTAS 2010 [J. Burger et al., “DIRECT ON-DISK 
WIRELESS TEMPERATURE MEASUREMENT FOR CENTRIFUGAL 
MICROFLUIDIC PLATFORMS”, W18A, pp. 1502-1504] was further 
improved in its sensitivity and accuracy. Now we apply it to an 
integrated IR thermocycler as part of a centrifugal microfluidic analyser 
for polymerase chain reactions (PCR). This IR thermocycler allows 
the very efficient direct heating of any liquids in microfluidic cavities 
by an IR radiation source. The efficiency factor of this IR heating 
system depends on various parameters. First there is the efficiency 
of the IR radiator considering the transformation of electrical energy 
into radiation energy. This radiation energy needs to be focussed by 
a reflector to the centre of the cavity. Both the reflectors shape and 
the quality of the reflecting layer affects the efficiency. On the way 
to the centre of the cavity the radiation energy will be diminished 
by absorption in the surrounding air/humidity and especially in the 
cavity lid of the microfluidic disk. The transmission spectrum of the lid 
material and its thickness is of significant impact. We chose a COC 
polymer film with a thickness of 150 µm. At a peak frequency of the 
IR radiator of 1470 nm approximately 90 % of the incoming radiation 
energy passes the lid and is absorbed within the first 1.5 mm depth of 
liquid in the cavity. As we perform the thermocycling for a PCR, after 
heating to the denaturation temperature of ~ 92 °C we need to cool 
down rapidly to the primer annealing temperature of ~ 55 °C. Cooling 
is realized by 3 ventilators pumping air of room temperature into the 
disk chamber. Due to the air flow itself and an additional rotation of 
the centrifugal microfluidic disk the PCR reagents in the cavities are 
cooled by forced air convection. Simulation studies show that an 
increase of rotation frequency from 3 Hz to 30 Hz reduces the drag 
factor from > 20000 K/W to less than 8000 K/W for our COC disk 
geometry. A further increase of rotation speed to 100 Hz would result 
in an additional decrease to 6000 K/W. Both the IR ring heater and 
the ventilators are controlled by an embedded adaptive PID controller 
running on a microcontroller MSP430. The sampling frequency is set 
to 4 Hz. It could be further increased up to a maximum value being 
permitted by the wireless temperature data transmission system. As 
we are controlling a significantly non-linear process we adapt the 
controller parameters by a lookup table in real-time depending on the 
set point and the measured temperature value. Such we get a very 
dynamic system for both the heating and the cooling process. Heating 
rates > 5 K/s with our IR ring heater (1700 W electrical power) could be 
achieved. Cooling rates of instantly 1.3 K/s at 20 Hz rotation frequency 
could be even further increased by higher rotation frequencies, faster 
air circulation, optimisation of the controller parameters or an active air 
cooling unit.

8066-72, Poster Session

Optical fiber waveguide sensor for the 
colorimetric detection of ammonia
K. Schmitt, J. Rist, C. Peter, Fraunhofer-Institut für 
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Physikalische Messtechnik (Germany); J. Wöllenstein, Univ. of 
Freiburg (Germany)

In recent years a rising need for ammonia sensors could be observed. 
Application fields of ammonia sensors include environmental 
monitoring, biomedicine, process monitoring and the control of 
perishable goods like vegetables and other food. Most of these 
applications do not require high accuracy, but a very compact setup, 
long-term stability, low energy consumption and low fabrication costs. 
A further advantage is the possibility of wireless communication of the 
sensor data.

Fiber optical sensors in combination with colorimetric layers sensitive 
to ammonia are a very promising technology that fulfills these 
requirements to a large extend. Here we present the development and 
characterization of a fiber-optic colorimetric gas sensor combined 
with the electronic circuitry for measurement control and wireless 
communication via radio-frequency identification (RFID). A C++-
based PC software for sensor configuration and downloading of 
stored measurement data via a commercially available RFID reader is 
presented. The gas sensor detects ammonia using a 300 µm polyolefin 
fiber coated with a gas-sensitive polymer film.

The spectral and time-dependent sensitivity of various polymer films 
to ammonia was tested in transmission measurements. The films 
contained the pH-sensitive dyes bromocresol purple or bromophenol 
blue embedded in either ethyl cellulose or poly(vinyl butyral). For 
improved mechanical stability, tributyl phosphate was optionally used 
as plasticizer. Films with plasticizer showed lower absorbance in the 
visible spectrum and stronger sensitivity to ammonia, making them 
more suitable for fiber-optic applications. The bromophenol blue 
based films showed a strong reaction to ammonia, with saturation 
concentrations around 1000 ppm and response times of about 
15 seconds to 100 ppm. However, the sensitivity and kinetic rate 
constants of the films decreased within a few days after preparation. 
The colorimetric reaction was simulated using a simple kinetic model. 
The experimental results obtained for most of the films were in good 
agreement with the derived model. 

For the gas sensor setup, light from a standard LED at 590 nm was 
coupled into a polyolefin fiber through the front face. The coupling 
efficiency was estimated for two configurations, either using an 
aspheric lens or by direct front face coupling. The use of the lens 
yielded a much better coupling efficiency (~1%) than the direct method 
(~10-3%), but the latter is much easier to integrate in a small sensor 
device. A prototype of the gas sensor with the direct coupling method 
was tested under realistic measurement conditions, i.e. battery-driven 
and in a completely autonomous mode. The stored data was read out 
via RFID. The sensor system showed good sensitivity to the applied 
ammonia concentrations and response times in the order of minutes. 
For this measurement the power consumption of the device was about 
860 µW. A simple reconfiguration in software yielded values below 100 
µW. Further steps include the optimization of the polymer films with 
focus on long-term stability.

8066-73, Poster Session

Sensor for mechanical liquid properties 
utilizing pressure waves
H. Antlinger, Johannes Kepler Univ. Linz (Austria); R. 
Beigelbeck, Institute for Integrated Sensor Systems (Austria); 
S. Cerimovic, F. Keplinger, Technische Univ. Wien (Austria); B. 
Jakoby, Johannes Kepler Univ. Linz (Austria)

Sensors for fluid properties facilitate the monitoring of many processes. 
In particular, industrial applications require small, reasonably priced, 
and robust sensors for online monitoring applications. In the field of 
liquid condition monitoring, a lot of recent work has focused on the 
sensing of viscosity (often in combination with the liquid’s density). 
Methods used for laboratory equipment involve motors and rotating 
objects immersed in liquids which are bulky and require maintenance. 
Alternatively, vibrating small structures (preferably microstructures) 
can be immersed in liquids, where the vibration characteristics of said 
structures change according to the liquid’s properties and in particular 
its viscosity. Examples for the successful application of this concept 
include shear wave resonators, e.g., in quartz technology. However, 
due to the strong attenuation of the excited shear wave, only a small 
layer of the liquid is being sensed (often in the order of microns or 

below) such that these devices are prone to surface contamination and 
they do not sense the bulk properties of the liquid. 

The presented approach concerns the implementation of a simple 
alternative concept where the viscous attenuation of pressure 
waves in the liquid sample is utilized so that the bulk of the liquid 
is characterized rather than a surface layer. In order to increase the 
sensitivity, we use a resonant setup where the pressure wave is 
resonating between two rigid boundaries. The attenuation of pressure 
waves in fluids is well known from the propagation of acoustic waves 
in gases. However, when using this effect as a sensor mechanism for 
viscosity, the detailed influences of the first and the second coefficient 
of viscosity, or shear and dilatational viscosity (n and n´), respectively, 
need to be considered in detail. The dilatational viscosity particularly 
appears in connection with compressional stress components. 
Studying the viscous attenuation for the simple case of of planar 
pressure waves, the attenuation is determined by the expression n´+2n 
so that n and n´ cannot be determined separately. We show that this 
situation remains virtually the same, even if non-uniform pressure wave 
excitation (e.g., by using an array of transducers) is considered.

A prototype device with two piezoceramic transducers mounted on 
parallel rigid walls has been devised, where one transducer is used 
to excite the waves in the so formed acoustic cavity and the second 
one can be optionally used as receiver. This allows to detect the 
characteristics of the resonant pressure waves by either sensing the 
input impedance of the actuator or the transfer function at the electrical 
ports of the transducers. In our contribution, we will outline the detailed 
analysis showing the obtainable sensor effect and sensitivities (also for 
other liquid parameters), models for the proposed system (including 
models for the transducers), and experimental results obtained with 
prototype devices.

8066-74, Poster Session

Non-contact volume determination of free-
flying nanoliter droplets using an adjustable 
capacitive measurement bridge
A. Ernst, Albert-Ludwigs-Univ. Freiburg (Germany); B. 
Vondenbusch, Hochschule Furtwangen Univ. (Germany); R. 
Zengerle, P. Koltay, Albert-Ludwigs-Univ. Freiburg (Germany)

We present the improvement of the readout circuitry of a capacitive 
sensor for the non-contact detection of single liquid droplets in the 
nanoliter range, reported in [A. Ernst et al., “A capacitive sensor for 
non-contact nanoliter droplet detection”, Sensors and Actuators A 153 
(2009), pp. 57-63].

Non-contact droplet sensors are applied for online process control of 
non-contact dispensing systems in different industrial- and research 
disciplines to monitor the ejected liquid quantity. 

Besides the ability of online droplet volume determination, the novel 
circuitry features an improved sensitivity enabling the detection of 
small droplet deformations during the droplet’s flight. 

A droplet is measured while it passes through an open measurement 
capacitor which is positioned below a droplet generator’s nozzle. The 
change in capacitance, caused by the droplet’s presence is amplified 
by a capacitive measurement bridge, feeding a differential amplifier 
which is sensitive to deviations in the measurement bridge paths’ 
signals. 

However, the applied fabrication technology - printed circuit board 
(PCB) technology - which enables a cost effective, monolithic 
integrated sensor, does not allow for the creation of two identical 
fabricated capacitors. Deviations in the capacitor geometries entail an 
off-tuned measurement bridge, thus a mechanically implementation of 
the system can not be realized. Therefore, the sensor’s measurement 
principle is based on an adjustable capacitive measurement bridge 
featuring only one measurement capacitor, with a capacity of C0 = 17 
fF, implemented by a sliced PCB through connection. The calibration of 
the measurement bridge is realised by an adjustable analogue voltage 
divider and an analogue all pass to adjust the reference signal in 
phase and amplitude. This method enables to modulate the reference 
signal replicating the initial signal of the measurement path, including 
the measurement capacitor, to assure a zero offset at the differential 
amplifier’s output. Therefore, high sensitivity to even small changes in 
the measurement capacitor’s capacitance is achieved. 

The circuitry enables to amplify changes in capacitance caused by 
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single droplets in the range from  C = {0.6 fF to 2.7 fF} (corresponding 
to droplet volumes of V ≈ {20 nl to 70 nl} at the present geometries) 
to a voltage level of Umax= 2.3 V. The achieved sensitivity to the 
droplet volume is Si = 77 mV/nl with a sensor accuracy of  V = ± 4 nl 
for droplets of different velocities udrop = {0.2 to 1.0 m/s}. Besides 
the expected sensitivity to the droplet volume, the improved circuitry 
enables to detect deformation of the droplet’s shape during the 
flight. These deformations can be observed by the generation of 
multiple signal peaks, occurring from lateral (towards the electrodes) 
and longitudinal extension of the droplet’s shape, leading to small 
alternations in the change in capacitance ( Cmax ≈ 0.2 fF). These 
multiple signal peaks can be used to determine the reproducibility of 
the dispensing process considering the droplet’s shape during the 
flight.

8066-75, Poster Session

Micro-electro discharge machining: an 
innovative method for the fabrication of 3D 
microdevices
C. Lesche, T. Krah, S. Büttgenbach, Technische Univ. 
Braunschweig (Germany)

This paper reports on the potential of micro-electro discharge 
machining (µEDM) as an innovative method for the fabrication of 3D 
microdevices. To demonstrate the wide capabilities of µEDM two 
different high-potential 3D microsystems - a microfluidic device for 
the dispersion of nanoparticles and a star probe for microcoordinate 
metrology - are presented. For both systems a maximum stability 
and resistance is essential. The dispersion micromodule is used for 
pharmaceutical screening applications in a high pressure range up 
to 2000 bar. In case of the star probe a high bending stiffness for 
coordinate measurements has to be guaranteed. Here, µEDM offers a 
flexible, precise, effective and cost-efficient fabrication method for the 
machining of hard, resistant materials.

In recent years a new generation of electro discharge machines for the 
application in micrometer range has been developed. In the field of 
µEDM a lot of fundamental research has been done. Different groups 
examine the single process parameters (e.g. discharge voltage, peak 
current, pulse properties, polarity, electrode gap), their interaction and 
the improvement of the process performance. Despite the high number 
of publications referring to the improved capabilities of this technique, 
it is still not widely used. The objective of our research group is to 
transform these experiences into applications of practical relevance.

For the realization of the presented 3D microdevices a µEDM-milling 
machine with integrated micro-wire electro discharge grinding 
(µWEDG) module is utilized. Simple rod electrodes are applied to 
follow a programmed path comparable to conventional CNC milling. 
In addition to a high flexibility this allows the cost- and time-efficient 
use of different electrode diameters for the generation of complex 
microstructures. The dispersion micromodule is fabricated with three 
electrode diameters: a 300 µm electrode for the fast generation of the 
in- and outlets, a 200 µm one to produce the main channel geometry 
and a 50 µm one to machine the thin nozzle geometry. To gain a 
levelfree change at the channel bottom as well as a high surface 
quality an adequate adaptation of the single erosion parameters such 
as discharge energy, gain and incremental depth has to be carried out. 
At the channel bottom a surface roughness of Ra = 80 nm is achieved. 
Stainless steel (X10CrNi18 8) was chosen as material because of 
its biocompatibility and hardness. In microtechnology accurate 
techniques for the measurement of distances and surfaces are 
indispensable. With the presented star probe it is possible to measure 
complex 3D microstructures. The probe is assembled of five styli and 
one carrier. Each stylus consists of a shaft and a sphere fabricated 
by µWEDG. By the use of µWEDG it is possible to produce shaft and 
sphere out of one piece. The fabricated stylus elements have sphere 
diameters of 40 200 µm and are made of tungsten carbide.

The presented examples prove the great capabilities of µEDM-milling 
processes for the flexible and cost-effective fabrication of complex 3D 
microdevices of hard material.

8066-77, Poster Session

Wafer bonding for MEMS and CMOS 
integration
V. Dragoi, J. Burggraf, G. Mittendorfer, EV Group (Austria); E. 
Pabo, EV Group Inc. (United States)

Wafer bonding consists of joining two substrates by bringing their 
surfaces into contact under well defined condition. The bond between 
the two surfaces is a result of various principles including molecular 
bonds, atomic diffusion, metal alloying or polymer adhesion. As the 
quality of the bond depends primarily on the surface quality and 
surface condition wafer bonding was seen as the technology enabling 
the “Anything-on-Anything” concept, allowing in principle to combine 
by bonding any two materials whose surfaces fulfill the bonding 
requirements.

During past years the applications area of wafer bonding has 
expanded significantly and was driven mainly by consumer products. 
Probably the most important current challenges for wafer bonding 
in this applications area are driven by the need to bond substrates 
with electronic devices (e.g. CMOS). The use of CMOS wafers brings 
several important limitations for bonding: low temperature (max. 
400°C), no mobile ions and extreme cleanliness. The requirement for 
low temperature is practically the first important factor limiting the 
choice of bonding process type, high temperature processes being 
automatically excluded. By considering the low contamination criteria 
the area of CMOS-compatible bonding processes is further reduced.

Bonded interface functionality is an important factor in choosing 
the appropriate process, as sometimes there is a need besides the 
obvious mechanical connection of the substrates to realize electrical 
interconnects or to provide good thermal conductivity or device 
encapsulation (sealing from ambient).

Even with the aforementioned restrictions there are still several different 
bonding processes which are compatible with CMOS technology:

- Low temperature fusion (direct) bonding

- Eutectic or Transient Liquid Phase (TLP) wafer bonding (e.g. Al-Ge)

- Metal thermo-compression bonding (e.g. Cu-Cu, Al-Al)

- Adhesive wafer bonding with polymers

It must be considered that the use of any of the above listed processes 
imposes very strict conditions to the substrates to be bonded in terms 
of parameters or additional surface preparation steps.

The current paper aim is to present an overview of the process 
conditions, substrates requirements, and process selection guidelines 
for each type. Examples of applications based on these wafer bonding 
processes will be introduced.

8066-78, Poster Session

Use of self-sensing piezoresistive Si 
cantilever sensor for determining carbon 
nanoparticles mass
H. S. Wasisto, S. Merzsch, A. Stranz, A. Waag, Technische 
Univ. Braunschweig (Germany); I. Kirsch, E. Uhde, 
T. Salthammer, Fraunhofer-Wilhelm-Klauditz-Institut 
Holzforschung (Germany); E. Peiner, Technische Univ. 
Braunschweig (Germany)

In this work, a silicon cantilever with slender geometry based Micro 
Electro Mechanical System (MEMS) for nanoparticles mass detection 
is investigated. The cantilever is actuated using a piezoactuator at 
the bottom end of the cantilever supporting frame. The oscillation of 
the microcantilever is detected by a self-sensing method utilizing an 
integrated full Wheatstone bridge as a piezoresistive strain gauge for 
signal read out. This detection method using a self-sensing cantilever 
is more desirable than optical detection methods, i.e. optical fiber and 
laser beam bounce detection that are bulky and require adjustment. 
The advantages of this self-sensing cantilever are its simplicity, 
portability, high-sensitivity and low-cost microfabrication. In order 
to investigate air pollution sampling, a nanoparticles collection test 
of the piezoresistive cantilever sensor is performed in a sealed glass 
chamber (1 m3, T = 23°C, rH = 30 %) with a stable carbon aerosol 
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inside. An integral concentration of 3000 particles/cm3 of 6 to 523 
nm (average = 20 nm) in diameter is maintained for 24 h as monitored 
using a Fast Mobility Particle Sizer (FMPS). The cantilever sensor 
itself is operated by detecting the resonance frequency shift that is 
directly induced by an additional carbon nanoparticle mass deposited 
on it. The deposition of particles is enhanced by an electrostatic field. 
The frequency measurement is performed off-line in atmospheric 
environment where a large volume air is surrounding the cantilever, 
before and after carbon nanoparticles sampling. Fabricated cantilevers 
of 1.5 mm long, 30 µm wide and 25 µm thick have been employed. 
Instead of using costly silicon-on-insulator wafers (SOI), sensors are 
manufactured by imposing on low-cost silicon wafers which provide 
higher crystal quality and a higher flexibility for the geometrical design 
of the sensor. The calculated equivalent mass-induced resonance 
frequency shift of the experiment is measured to be 11.78 ng and 
a mass sensitivity of 120 pg/Hz is obtained. The quality factor (Q) 
achieved from the frequency measurement is 1145. The performance 
of this silicon cantilever sensor has been evaluated in comparison 
with previously reported sensors. The proposed sensor exhibits the 
smallest effective mass of 2.63 µg, the highest resonance frequency of 
43.92 kHz, and the lowest minimum detectable mass of 120 pg among 
the other compared sensors. These results and analysis indicate that 
the proposed self-sensing piezoresistive silicon cantilever can offer the 
necessary potential for future nanoparticles mass sensing applications.

8066-79, Poster Session

Experimental setup for the coating of 
chlorosilane based self assembling 
monolayers to reduce stiction in MEMS 
devices
H. Steiner, M. Sachse, J. Schalko, W. Hortschitz, F. Kohl, 
Integrated Microsystems Austria GmbH (Austria); A. 
Jachimowicz, Technische Univ. Wien (Austria)

A problem that has to be kept in mind during the design and 
production of silicon MEMS structures is the phenomena called 
stiction. It describes a failure behavior of MEMS devices, where free 
movable parts of a silicon structure sticks to surrounding parts. The 
device failure probability due to stiction depends on the geometry 
of the structure and the surface energy of the material used. Since 
the geometry of a structure is often fixed to the application, only the 
surface energy can be adapted to overcome the stiction problem. 
Coating of a monolayer on the device can reduce the surface energy 
and therefore decrease the stiction probability.

Monolayers, which sustain further production steps (e.g. bonding 
processes, several hundred °C), consist commonly of a chlorosilane 
headgroup, which attaches covalent to the silicon substrate, and 
a variable hydrocarbon chain, being responsible for a low surface 
energy. The coating process for such monolayers is extremely sensitive 
to the initial water content of the coating solution and the water 
contamination during the process.

An experimental setup was designed and built up to minimize the 
water content of the monolayer solvent and to ensure reproducible 
conditions during the coating process. The required set of liquids 
is channeled through a system of valves and tubes to rinse a teflon 
trench with a silicon die. To avoid contamination of the liquids 
used with water, the setup is partly placed in a box filled with N2. 
FDTS (1H,1H,2H,2H-perfluorodecyltrichlorosilane) and DDMS 
(Dichlorodimethylsilane) were used as monolayer building chemicals.

In the experiments cantilevered beam arrays with different beam 
lengths, manufactured in silicon-on-insulator wafer technology, where 
used to determine the surface energy. After the silicondioxid beneath 
the beams was removed and the monolayer was coated onto the 
surface, the beams were inspected. By counting the number and 
length of the freestanding beams, which were not adhered to the 
substrate, the surface energy can be calculated. 

With the setup presented above, the MEMS structures surface energy 
could be reduced from ~20 mJ/m² to 51 µJ/m² using FDTS and to 78 
µJ/m² for DDMS.

8066-80, Poster Session

Impedance spectroscopy on a digital 
microfluidic platform
T. Lederer, S. Clara, B. Jakoby, Johannes Kepler Univ. Linz 
(Austria); W. Hilber, Johannes Kepler Univ. Linz (United States)

Digital microfluidics combines the advantages of low consumption 
of reagents with a high flexibility of processing fluid droplets 
automatically. For applications in life sciences not only processing 
but also characterization of fluid analytes is crucial. Therefore, a 
microfluidic platform combining the actuation principle of electro 
wetting on dielectrics for droplet manipulations and the sensor 
principle of impedance spectroscopy for the characterization of fluid 
composition and condition is presented.

The fabrication process of the microfluidic platform contains physical 
vapor deposition and a consecutive photolithographical structuring of 
the metal electrodes onto a substrate, the deposition of a dielectric 
isolator and a hydrophobic top coating displaying low hysteresis angle 
and a high apparent contact angle.

To characterize the influence of the dielectric layer onto the sensor 
signal we simulated and measured the impedance function over a 
range from 40 Hz to 110 MHz and compared it to a measurement 
of the analyte in direct contact with the impedance electrodes. Also 
the thickness of the isolating layer was varied and a correlation of 
increasing isolation thickness and a shift of the lowest frequency 
at which the characteristic properties of the fluid can be detected, 
was found. Below this characteristic frequency the transfer function 
was dominated by the lower capacitance of the isolation material. 
These tests for material selection suggested the application of high 
permittivity dielectric materials like TiO2, Ta2O5 or Al2O3 as isolation 
layer. The application of hydrophobic self assembled monolayers 
was tested to lower the characteristic frequency. The key advantage 
is the common electric nature of sensor and actuation principle. 
The structured coplanar electrodes are capable of performing both 
processing and measurements, so no additional sensor integration is 
necessary.

 Multiple measurements on fluids of different composition (including 
rigid particles and biologic cells) and of different conditions 
(temperature, sedimentation) were performed as well as online 
monitoring of changes in process parameters over time. These sample 
applications demonstrate the versatile applications of this combined 
technology.

8066-81, Poster Session

Determining the acoustical resistance of 
small sound holes for MEMS microphones
M. Winter, C. Siegel, EPCOS AG (Germany); E. Schroeder, 
Müller-BBM VibroAkustik Systeme GmbH (Germany); P. Iskra, 
Fraunhofer-Einrichtung für Modulare Festkorper-Technologien 
EMFT (Germany); M. Yusufi, Hochschule München (Germany) 
and EPCOS AG (Germany); G. Feiertag, Hochschule München 
(Germany); P. Bakardijev, Müller-BBM VibroAkustik Systeme 
GmbH (Germany)

Most microelectromechanical systems (MEMS) microphones are 
designed as capacitive microphones where a thin conductive 
membrane is located in front of a rigid counter electrode. The 
membrane is exposed to the environment to convert sound into 
vibrations of the membrane. The movement causes a change in the 
capacitance between the membrane and the counter electrode which 
can be read out using an application-specific integrated circuit (ASIC). 

At the SPIE conference 2009 “Smart Sensors, Actuators and MEMS” 
we presented a package design where the microphone and the ASIC 
chips are placed on an high temperature co-fired ceramic (HTCC) 
substrate using a flip-chip process. The package is closed by a lid 
containing a polymer foil and metallization. The sound inlet hole of the 
system is realized by punched holes in the HTCC ceramic substrate.

Furthermore a simulation model for calculating the frequency response 
of this system was presented. The acoustic behaviour was simulated 
using an analogous electro-acoustic-mechanical circuit diagram. 
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Lumped elements describe the different parts of the system.

Since the ceramic has a very rough surface, the used value in the 
simulation model for the resistance of the sound inlet holes was an 
order of magnitude higher than the value calculated from theory. The 
occurrence of turbulences in the air flow through the sound inlet hole 
was assumed to cause the difference.

In our talk we will present a method for determining the acoustical 
resistance value of holes in the HTCC ceramic substrate. Therefore 
the transmission, reflection and absorption of a pressure wave 
passing through an unpopulated HTCC substrate is measured using 
an impedance tube. Furthermore the velocity dependent air flow 
resistance of the perforated HTCC substrate at air velocities, which 
are in the range of sound velocity of speech is determined. Different 
hole geometries on different substrates will be compared amongst 
each other. These results will help predicting the frequency response of 
further microphone designs.

8066-82, Poster Session

A comb-drive scanning-head array for fast 
SPM measurements
S. Gao, K. Herrmann, U. Brand, Physikalisch-Technische 
Bundesanstalt (Germany); K. Hiller, S. Hahn, A. Sorger, J. 
Mehner, Technische Univ. Chemnitz (Germany)

Nowadays scanning probe microscopes (SPM) are widely used in 
various scientific disciplines and industrial fields, and became an 
indispensable tool, particularly for nanotechnology. In spite of their 
achieved successes regarding measurement resolution and accuracy, 
traditional SPMs using a single cantilever for topography imaging, 
still embody such unsurmountable disadvantages, like high costs, 
huge volume and relatively low imaging speed. The latter becomes 
even unacceptable especially for those nano-measuring machines, 
whose scanning table has a displacement range up to several tens of 
millimeters with nanometric resolution.

A novel MEMS based scanning head comprising an array of comb 
drive sensor actuators is developed for parallel SPM imaging to 
enhance the performance of the currently available nano-measuring 
machines and effectively reduce the measurement time for large 
specimen. The scanning-head consists of an array of seven scan 
heads, which are realized on one chip by MEMS technology. The 
actuation of the scan-head is realized by an electrostatic comb-
drive, in which the displacement can be measured by detecting the 
capacitance change of the actuator. The main shaft of the scan-head 
protrudes out of the MEMS chip to sense the surface topography of 
a specimen under test. To further improve the lateral resolution of the 
micro-SPM head, an AFM tip can be mounted onto the end of the 
actuator’s main shaft.

Design, simulation and fabrication of the scan-head array will be 
presented. The displacement of the actuator was calibrated using a 
laser interferometer. The actuator has a good linearity. Mechanical 
performance such as stiffness and eigenfrequency were also 
investigated. Preliminary experiments prove the feasibility of the 
scanning-head array for large-scale topography measurements.

8066-83, Poster Session

A MEMS-based thermal infrared emitter for 
an integrated NDIR spectrometer
C. A. Calaza, M. Salleras, N. Sabaté, J. Santander, C. Cané, L. 
Fonseca, Instituto de Microelectrónica de Barcelona (Spain)

This work presents the design, fabrication and characterization of a 
MEMS-based thermal infrared radiation emitter conceived as part of 
a fully integrated nondispersive infrared (NDIR) microspectrometer 
system. The proposed device concept will allow the co-integration 
of the most critical components of the spectrometer (the thermal IR 
source, the detector array and the signal-processing circuitry) on a 
single silicon chip, by using a shared fabrication process flow that 
merges the standard CMOS steps with silicon micromachining.

The emitter basically consists of a heavily boron doped silicon 
slab acting as a Joule heating element, which is suspended on a 

micromachined dielectric membrane and electrically connected 
through aluminum leads embeded in the dielectric layers. This 
semiconductor material has been chosen over other available 
metallic options for the heater due to its superior high-temperature 
performance and long term stable operation. As well, it provides a 
significant emissivity in the mid-IR spectral region to be covered by 
the NDIR spectrometer. The use of such a membrane based design 
provides low electrical power consumption and high electrical 
modulation speed, both features advantageous for realizing a NDIR 
monitoring system allowing the use of lock-in techniques in data 
acquisition without the use of additional moving parts for light 
modulation.

Studies of the behavior of these IR emitter structures, employing 
different designs to attain good mechanical stability and high thermal 
isolation, have been initiated and early favorable results are reported. 
The emitters have been mounted in TO-8 housings using ceramic 
adhesive and gold wire bonding, and have been heated by Joule 
effect with biasing currents up to 100 mA. The temperature distribution 
attained in the structures has been measured both optically using 
an IR camera (for temperatures up to 400ºC) and electrically using 
the silicon heater resistance or an additional aluminium structure 
deposited on top of the suspended silicon as a temperature monitor 
(once established the TCR of both materials, that will be considered 
constant for the whole operating temperature range). Both optical and 
electrical measurements are in good agrement in their common range, 
with temperatures up to 400ºC for a heating power of 100 mW (80 mA), 
while the extended electrical measurement predicts a temperature in 
excess of 800ºC for a heating power of 200 mW (100 mA).

Tested devices have shown good mechanical stability in this 
temperature range. The main failure mode observed at higher current 
levels is the electromigration in the aluminum leads embeded in the 
dielectric layers in the Al-Si contacts. A parameterized finite element 
model adapted to the measured data will be the basis for a numerical 
optimization procedure for the realization of a future series of improved 
designs.

8066-84, Poster Session

Flexible and large area pressure sensors 
for human-neuroprostheses and human-
neurorobotic interface assessment
J. Herrán, I. Fernández, E. Ochoteco, G. Cabañero, H. 
Grande, CIDETEC (Spain); J. L. Pons, Consejo Superior de 
Investigaciones Científicas (Spain)

There is a variety of motor disorders due to the damage in the human 
central nervous system. Such motor disorders might have the origin 
in the brain or spinal cord structures and the most common causes 
of paralysis and paresis are due to cerebrovascular accidents, spinal 
cord injuries and cerebral palsy. Restoring human motor functions has 
been a fascinating yet frustrating research area during the last century. 
In this context, different research groups are working on new wearable 
neurorobots and motor neuroprostheses systems that will combine 
biological and artificial structures in order to overcome the major 
limitations of current rehabilitation solutions for these particular cases 
of paralysis.

In this work, advanced low-cost pressure sensors for assessment of 
comfort and interface status and for evaluation of fitting conditions 
(distributed pressure sensors at the interface) are developed. 
The pressure sensor system will be integrated in a wearable 
robot platform, and it is based on an array configuration (8x4) of 
single sensors of 1x1 cm2. Each single sensor is formed by silver 
interdigitated electrodes defined by screen-printing technology on 
a PET (polyethylene terephthalate) flexible substrate and a PEDOT 
(3,4-polyethylenedioxythophene) conductor polymer acting as an 
active coating on the top side of the electrodes. The operation 
pressure ranges can be tuned from a few g/cm2 to several kg/cm2 and 
the response time is around 1 ms. The array configuration allows to 
develop an easy multiplexed electronic system where only one channel 
is enough in order to control the sensor signal.

Conference 8066:  
Smart Sensors, Actuators and MEMS



Return to Contents 19TEL: +44 (0)29 2089 4747 · info@spieeurope.org

8066-85, Poster Session

A study on tunable resonators for 
rheological measurements
M. Heinisch, Johannes Kepler Univ. Linz (Austria); E. K. 
Reichel, Katholieke Univ. Leuven (Belgium); B. Jakoby, 
Johannes Kepler Univ. Linz (Austria)

During the last decades resonating sensors have been of great interest 
and found numerous applications in sensor technology. This trend 
resulted from their advantages such as high accurate sensing due to 
their distinctive resonant behavior, simple and reliable designs, which 
allow for low cost as well as micro-machining fabrication, just to name 
some of them. For rheological purposes micro-acoustic sensors like 
quartz thickness shear mode (TSM) resonators and surface acoustic 
wave (SAW) devices have been found to be adequate alternatives to 
conventional laboratory viscometers. There, the liquid is subjected to 
time harmonic shear stress induced by a resonating mechanism. From 
the resulting frequency response liquid’s rheological properties such as 
e.g., complex viscosity and mass density can be deduced. However, 
it has been shown that due to their high resonance frequencies in the 
megahertz range and thus, their small penetration depth of hundreds 
of nanometers to several micro meters, these sensors are not well 
suited for measuring complex liquids such as e.g., suspensions, 
emulsions and polymers which show viscoelastic behavior and long-
ranged structure.

To enable the investigation and the characterization of non-Newtonian 
liquids with resonating sensors, it is advantageous if their resonance 
frequencies are in the low kilohertz range to ensure adequate 
penetration depths of the shear waves into the liquid to be examined. 
In literature, a large number of different resonator principles and 
their fabrication techniques have been reported. There, again, due 
to the same arguments as above i.e., low cost and relatively easy 
manufacturing capability, a big trend towards devices implemented 
either in thin or thick film technology could be observed. The 
presented devices mostly include vibrating beams such as cantilevers 
and bridges and their variations. For a comprehensive rheologic 
investigation it is desirable to record the liquid’s behavior not only at 
one single frequency, but in a range of different frequencies. For this 
purpose it is worthwhile to have devices, which can be operated at 
tunable frequencies without changing their geometry.

In this contribution a study on resonating sensors for rheologic 
properties facilitating measurements at tunable frequencies is 
presented. The sensors can be operated in either in-plane or out-of-
plane mode. The actuation is effected by means of Lorentz forces on 
conducting paths carrying sinusoidal electrical currents and being 
placed in a static mantic field. A motion-induced voltage representing 
the movement of the resonator is used as readout signal. The ability 
of tuning the sensor’s resonance frequency is based on varying the 
normal stresses within the vibrating suspensions. The focus of this 
work is on the implementation of suitable tensioning mechanisms 
and on the design of the resonator self to ensure a large tunable 
frequency range. The usage of appropriate materials and different 
micro-fabrication techniques are discussed and the applicability of 
the particular devices for rheological measurements are outlined. To 
deduce the liquid’s properties from the resulting frequency response 
adequate models representing the sensors physical behavior are 
used. These models are compared to measurement results and the 
suitability of the particular resonator for accurate and reliable sensing 
is discussed.

8066-86, Poster Session

BinärZeroPowerSensors: an alternative 
solution for power-free energy-autonomous 
sensor systems
T. Frank, CiS Institut für Mikrosensorik und Photovoltaik GmbH 
(Germany); G. Gerlach, Technische Univ. Dresden (Germany); 
A. Steinke, CiS Institut für Mikrosensorik und Photovoltaik 
GmbH (Germany)

Self-powered sensor systems extract the energy required for operation 
and data transfer from the current environment. The main energy 
consumers are the sensors, the microcontroller and the radio module. 

Self-powered sensor systems therefore require additional electrical 
energy for wireless data transfer In addition to efficient energy-
harvesting strategies and a suitable energy storage management, ultra-
low-power technologies for sensors, signal processing and wireless 
transmission are required. Various power management scenarios are 
known that minimize fuel consumption, an example is the “power-
down” operating condition of electrical circuits. A further significant 
reduction in the required electrical power can be achieved if the current 
consumption of the sensors is reduced to zero, even if they are online. 
This is of particular interest because 70% of all applications, sensors 
can be used for a two-step control. The poster describes a solution for 
minimizing the electrical energy intake of energy-autonomous sensor 
systems, thus significantly reducing the complexity.

The solution is binary micro switches. Materials with sensor-actuator 
function are the basis. These react with an increase in volume as a 
function of the measured variable. Hydrogels as materials are used. 
The mechanical work of the swollen hydrogel is converted into a 
movement and a force. This motion activated, two electrical states, 
high impedance “OFF” and low “ON”. A sleeping sensor system 
is woken up in response to a measured quantity. The binary micro 
switches (BIZEPS - binary zero power sensors) is online at 100%, 
although the sensor systems offline and requires no electrical energy in 
this state. The measurements, humidity, temperature, pH and pressure 
could be realized. The binary micro-switch directly use the energy 
of the measurand (ambient energy) for the switching of the electrical 
contacts. The conversion of ambient energy into electrical energy is 
eliminated. For switching is no electrical supply voltage required and 
there are therefore no electrical losses. External electrical power is 
required only after switching of the contacts when the binary switch 
activates certain functions, such as the sensor system awaken. It is a 
capacitive or resistive switching possible.

8066-87, Poster Session

Fabrication process for the electrode 
structure of a dielectric elastomer bending 
tube actuator
F. Wehrheim, H. F. Schlaak, Richard Wolf GmbH (Germany)

A new concept for a tube-like dielectric elastomer actuator (DEA) 
utilizes rigid micro-electrodes to stabilize the tube structure in 
azimuthally direction. 

The desired tube actuator is focused on thin walled structures with 
an outer diameter less than 6 mm and an available width of the wall 
of less than 0.4 mm. By application of electrical voltage mechanical 
tension is induced into individual wall segments by the effect of 
Maxwell-stress. Those segments are called actuator filaments. A 
circular arrangement of a number of actuator filaments allows selective 
bending of the tube in any direction. Each filament is split in similar 
actuator groups. The smallest element within this structure is a single 
actuator, which is set up by one pair of electrodes. The electrode 
dimensions are less than 0.005 x 0.3 x 1.0 cubic mm. Those individual 
electrodes are electrically and mechanically interconnected and fully 
embedded into a silicone layer. Their interaction causes a change 
of the total length of selected actuator groups or complete actuator 
filaments.

The challenge for the fabrication of this electrode structure is 
mainly based on the elastic properties of the 2K-silicone substrate, 
unfavourable adhesion characteristics of the silicone and a required 
homogenious electrode body. Because the thickness of the electrodes 
appears as passive, non compliant parameter within the axial length 
of an actuator filament, the electrode thickness has to be less than 5 
microns. 

Comparison of state-of-the-art micro manufacturing technologies 
shows the challenges which are given by those single-part micro-
dimensions of the actuator. The fabrication task can be split into 
generation , handling and bonding procedures. A first demonstrator 
of a single actuator filament allows the verification of theoretical 
discussions versus experiences from a practical fabrication setup with 
desired actuator dimensions. 

The present work introduces the tube-actuator concept and details 
fabrication concepts for the embedded electrode structure considering 
actuator-related electrical and mechanical requirements.

Conference 8066:  
Smart Sensors, Actuators and MEMS



Return to Contents20 SPIE Microtechnologies · www.spie.org/mtprogramme

8066-88, Poster Session

Evaluation of sensor arrays for engine oils 
using artificial oil alteration
S. Sen, C. Schneidhofer, N. Dörr, AC2T Research GmbH 
(Austria); M. J. Vellekoop, Technische Univ. Wien (Austria)

For ecological and economical reasons, engine oils should be used 
to their limits but without the risk of engine breakdown. Therefore, the 
optimal oil change interval or moment for an oil drain, respectively, 
have to be determined. With respect to varying operation conditions, 
e.g. due to varying fuel quality or driving behaviour, only sensors 
directly installed in the engine to detect the current oil condition meet 
the requirement to get the right time for the oil change.

Currently used methods based on algorithms only consider indirect 
parameters and therefore cannot detect unforeseen impacts on the 
engine oil, e.g. water inleakage. Analyses at a laboratory are very 
accurate and reliable but suffer from the drawback of an unacceptable 
time delay. Hence, the present oil condition is not reflected.

Based on the advantages of online sensor systems over laboratory 
analysis, an extensive portfolio of different sensor systems is available 
on the market, capable to measure various parameters exploiting 
various principles. Usually, only one parameter is not sufficient to 
obtain reliable information about the current oil condition. Additionally, 
some sensor principles are not feasible for every application.

For this reason, appropriate sensor principles were evaluated for 
the design of sensor arrays for the measurement of critical lubricant 
parameters. In this contribution, we report on the development of 
a sensor array for engine oils using laboratory analyses of used 
engine oils for the correlation with sensor signals. The sensor array 
comprises the measurement of conductivity, permittivity, viscosity 
and temperature as well as oil corrosiveness as a consequence of 
acidification of the lubricant.

As a key method, rapid evaluation of the sensors was done by short 
term simulation of oil intervals based on artificial oil alteration. The 
fundamental applicability of the sensors selected was investigated 
by the integration of the considered sensor systems in an artificial 
alteration apparatus. Thereby, the compatibility of the sensor array 
to the lubricant at high temperature was evaluated. Furthermore, the 
oil deterioration during the artificial alteration process was observed 
by the sensors and confirmed by additional laboratory analyses of oil 
samples taken on a regular basis.

8066-89, Poster Session

Integrated microsystems based on 
intrinsically active polymers
A. Richter, S. Klatt, R. Greiner, G. Paschew, M. Allerdissen, W. 
Haas, Technische Univ. Dresden (Germany)

Integrated microsystems are discussed as key components of various 
new technologies. However, especially the realisation of highly 
integrated microsystems consisting of hundred or thousand single 
actuators or other elements is a major challenge, which is only been 
solved insufficiently.

Here, we present microsystems based on intrinsically active polymers. 
As a first application, we introduce a high-definition, intermodal 
display containing more than 4,000 actuator pixels [1]. The device 
generates visual and tactile impressions about a virtual surface 
and allows physical-auditory interaction with the virtual world of 
simulators and games by mapping computer-generated data. If the 
display is combined with image-based diagnostics such as computed 
tomography and ultrasonography then new features will be provided 
in teleoperations and diagnostics due to the virtual tactile access to 
inaccessible regions. 

Microsystems based on intrinsically active polymers have the potential 
to become a major technology for fluidic microprocessors. In the 
field of microfluidics active polymers offer a multi-functionality which 
is only known from silicon in microelectronics. On the example of 
poly(N-isopropylacrylamide) we show that microvalves[2], micropumps 
[3], microsensors [4], and chemical transistors [5] are realisable with 
the same material. As an example of a fluidic microprocessor using 
intrinsically active polymers a device able to investigate the enzyme 

kinetics will be discussed.

[1] Richter, A.; Paschew, G. Adv. Mater. 2009, 21, 979.

[2] Richter, A.; Kuckling, D.; Howitz, S.; Gehring, T.; Arndt, K.-F. J. 
Microelectromech. Syst. 2003, 12, 748.

[3] Richter, A.; Klatt, S.; Paschew, G.; Klenke, C. Lab Chip 2009, 9, 613.

[4] Richter, A.; Paschew, G.; Klatt, S.; Lienig, J.; Arndt, K.-F.; Adler, H.-
J. Sensors 2008, 8, 561.

[5] Richter, A.; Türke, A.; Pich, A. Adv. Mater. 2007, 19, 1109.

8066-90, Poster Session

A MEMS viscosity and density sensor with 
Lorentz force actuation and integrated 
piezoresistive readout
S. Cerimovic, Technische Univ. Wien (Austria); R. Beigelbeck, 
Institute for Integrated Sensor Systems (Austria); H. Antlinger, 
Johannes Kepler Univ. Linz (Austria); J. Schalko, Technische 
Univ. Wien (Austria) and Institute for Integrated Sensor 
Systems (Austria); B. Jakoby, Johannes Kepler Univ. Linz 
(Austria); F. Keplinger, Technische Univ. Wien (Austria)

The possibility of online monitoring of viscosity and mass density 
is in many applications of particular importance. Commonly used 
TSM resonators and SAW devices feature small size, low cost, and 
mechanical stability. However, due to operational frequencies in 
MHz range their output is not always comparable to the results of 
conventional viscometers. On the other side, MEMS structures like 
vibrating beams or cantilevers operate at lower frequencies and higher 
amplitudes. Therefore, they are more suitable for measuring complex 
and non-Newtonian liquids. The drawback of these devices is that 
they usually do not feature an integrated readout. Typically, the beam 
deflection is detected by optical means which limits the usability and 
the application field. 

We developed a MEMS resonant sensor for viscosity and mass 
density measurements of liquids. The device is based on Lorentz-
force excitation and has an integrated piezoresistive readout. The 
sensing element is a rectangular, in-plane vibrating plate suspended by 
four beam springs. In the liquid nearby the plate mainly shear waves 
are excited. Due to small penetration depth, the plate contribution 
to the damping of the sensor vibration is low. On the other side, 
the plate increases the moving mass of the sensor, and hence, the 
quality factor of the resonant system. In order to estimate the sensor 
behaviour and to investigate the influence of the dimensions variation, 
a comprehensive 3D FEM model was developed.

The sensor is fabricated on an SOI-wafer. The device layer is p-doped 
silicon, which is inherently piezoresistive. The sensor utilizes this 
effect for the readout of the plate deflection. At the end of plate-
carrying springs two piezoresistors are located. With two additional 
resistors placed on the silicon rim, they form a half Wheatstone 
bridge driven by a readout voltage. Through the conductive layer of 
the four beam springs a sinusoidal excitation current is driven. In the 
field of a permanent magnet, Lorentz force excites plate vibrations 
resulting in a bridge unbalance. Two different operating modes are 
possible. In the first mode the bridge is driven by a DC voltage. The 
frequency of the excitation current is swept and a lock-in-amplifier is 
used to separate the bridge output from the DC offset which arises 
from inequalities of the piezoresistors. In this mode two measurement 
cycles are necessary, with and without the magnetic field. The results 
without the Lorentz-force excitation (i.e., magnetic field) can be used 
to compensate for interference caused by inductive or capacitive 
coupling between excitation and readout circuits. Alternatively, the 
bridge can be driven by a sinusoidal voltage. In this case the plate 
deflection can be obtained by setting the lock-in-amplifier to the 
difference of the excitation and bridge frequencies. This eliminates the 
crosstalk and the need for an additional measurement cycle, however, 
at the expense of higher measurement setup complexity. The sensor 
was tested experimentally using glycerol-water solutions. We recorded 
both the frequency and the phase of the bridge output. By evaluating 
the properties of the resonant system, it is possible to extract viscosity 
and mass density of liquids.
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Fabrication and characterization of artificial 
hair cell sensor based on MWCNT-PDMS 
composite
C. Y. Kim, Pohang Univ. of Science and Technology (Korea, 
Republic of); H. S. Lee, Samsung Electronics Co., Ltd. 
(Korea, Republic of); Y. H. Cho, C. Joh, Agency for Defense 
Development (Korea, Republic of); P. Choi, Kyungpook National 
Univ. (Korea, Republic of); S. J. Park, Pohang Univ. of Science 
and Technology (Korea, Republic of)

The aim of this work is to design and fabricate a flow sensor using 
an artificial hair cell (AHC) inspired by biological hair cells of fish. The 
sensor consists of a single cilium structure with high aspect ratio and 
a mechanoreceptor using force sensitive resistor (FSR). The cilium 
structure with 300 µm in diameter and 2mm in height is designed 
for capturing a drag force with direction due to flow field around the 
sensor and the mechanoreceptor is designed for sensing the drag 
force with direction from the cilium structure and converting it into an 
electric signal. The mechanoreceptor has a symmetric four electrodes 
to sense the drag force and its direction. To fabricate the single cilium 
structure with high aspect ratio, we have proposed a new design 
concept using a separated micro mold system (SMS) fabricated by 
the LIGA process. For a successful replication of the cilium structure, 
we used the hot embossing process with the help of a double-
sided mold system. We used two materials in hot embossing with 
different processing conditions; polymethyl methacrylate (PMMA) at 
temperature of 150 C and pressure 42 of MPa and poly carbonate (PC) 
at temperature of 170 C and pressure 42MPa. We used a composite of 
multiwall carbon nanotube and polydimethylsiloxane (MWCNT-PDMS) 
as sensing material for FSR. A parylene coating with thickness of 3 µm 
was employed to protect the FSR sensor in underwater environments. 
The performance of the mechanoreceptors was measured by a 
computer-controlled nanoindenter equipped with a 200 µm spherical 
sapphire indenter tip. We designed an experimental test apparatus 
consisting of a water channel, a rotating cylinder, a pump, valves, a 
flow rate measurement system, and a sensor signal measurement 
system to evaluate the performance of the sensor. We carried out 
several experiments with the sensor in the different flow rate and 
direction using this experimental test apparatus. The cross sectional 
area of the water channel is 30 mm X 15mm and the flow rate in the 
water channel is controlled from 0 to 100 l/min with increment of 10 
l/min. We investigated that the change of the normalized resistance 
decreases when the flow rate increases even though the electrical 
resistance of mechanoreceptors itself varies from several kilo ohms to 
several mega ohms. In addition, we found the relationship between the 
changes of the normalized resistance and the stresses on the cilium 
structure due to flow field around the sensor. To calibrate the sensor 
and calculate the velocity with direction at 0o and 45o based the signal 
from the sensor, we analyzed the coupled phenomena between flow 
field and the cilium structure to calculate the deflection of the cilium 
structure and the drag force applying to the cilium structure due to the 
flow field around sensor.

8066-92, Poster Session

Comparison among performance of strain 
sensors based on different semiconductor 
thin films
M. A. Fraga, Instituto de Estudos Avançados (Brazil); H. Furlan, 
Faculdade de Tecnologia de São Paulo (Brazil); R. S. Pessoa, 
Instituto Tecnológico de Aeronáutica (Brazil)

Harsh environments are found in different automotive, aeronautical, 
petrochemical and aerospace applications where microsensors 
are subjected to high temperature and pressure, and a chemically 
corrosive environment. It is known that silicon sensors have low 
performance in these environments. Motivated by this, we have 
studied the piezoresistive properties of different semiconductor thin 
films, with chemical and mechanical stability, in order to use them as 
base material in the fabrication of strain sensors for high temperature 
applications. In this context, this work compares the performance of 

strain sensors based on sputter-deposited semiconductor thin films 
such as titanium dioxide (TiO2), silicon carbide (SiC) and diamond-like 
carbon (DLC) operated at temperatures up to 250ºC. The structure 
of each sensor consists of four thin-film resistors, configured in 
Wheatstone bridge, with Ti/Au electrical contacts. These strain sensors 
reported here differ from our previous works in the types of materials 
used and in the quantity/configuration of the thin-film resistors.

The strain sensors were fabricated by photolithography techniques in 
conjunction with lift-off processes. The beam-bending experiments 
were performed to characterize the sensors. One strain sensor of each 
type was bonded near the clamped edge of a stainless steel cantilever 
beam and on the free edge were applied different forces. The electrical 
resistance of each sensor was measured without applied load on 
the beam and during subsequent tensile load. The influence of the 
temperature on the performance of the strain sensors was evaluated 
by measurements of temperature coefficient of resistance (TCR). It was 
observed that the DLC strain sensor exhibits greater GF and smaller 
TCR that the strain sensors based on SiC and TiO2 films. Besides, it 
was observed that the three types of films used exhibit smaller TCR 
that the silicon which indicate that these materials can be a good 
alternative for development of high temperature strain sensors.

8066-93, Poster Session

Polyimide/PDMS flexible thermoelectric 
generator for ambient assisted living 
applications
L. Francioso, C. De Pascali, I. Farella, C. Martucci, P. Cretì, P. 
Siciliano, Consiglio Nazionale delle Ricerche (Italy)

In the framework of European Ambient Assisted Living (AAL) program 
for increasing the quality of life of older people using pervasive 
Information and Communication Technology (ICT) infrastructure, the 
interest of scientific community and caregivers for low cost solutions 
for wearable biometric monitoring sensors, energy autonomous and 
maintenance free has grown very fast during the last years. State-
of-theart monitoring nodes are typically powered by rechargeable 
batteries, with known drawbacks for continuous operation from elderly 
peoples or human beings affected by cognitive diseases. Present work 
reports on the fabrication process and electrical characterization of a 
complete micro thermoelectric generator (µTEG) on Kapton foil, with 
specific engineering for applications in power generation for ultra-
low power ASIC devices and remote monitoring biometric devices. 
Dedicated improvements during microfabrication step were adopted 
for thermal gradient stabilization and thermally conductive PDMS 
(Polydimethylsiloxane) polymer housing coupling.

Thermoelectric generation properties of a miniaturized thermoelectric 
generator fabricated on a 50µmthick Kapton foil are reported.

The fabricated prototype integrates 100 Sb2Te3 and Bi2Te3 
thermocouples connected electrically in series and thermally in 
parallel and presents, at room temperature, an internal resistance 
of 380 KOhm. Kapton HN polyimide film was chosen as substrate 
because of its good thermal properties and superior temperature 
resistance. Furthermore, the use of a flexible substrate is crucial for 
the development of unobtrusive wearable and ubiquitous integrated 
systems for healthcare and biometric parameters monitoring. The 
RF co-sputtering deposition of Sb2Te3 and Bi2Te3 thin films was 
optimized to obtain perfect stoichiometric ratio and higher power 
factor; X-ray diffraction and Van der Pauw analysis supplied electrical 
resistivity, carrier concentration and Hall mobility of active materials 
for an optimal dimensioning of the array. The prototype generates, at 
40K temperature difference, an open circuit voltage of 430mV and an 
electrical output power up to 32nW with optimal impedance matching.

In order to realize a microsystem of proposed prototype coupled with 
a integrated circuit (ASIC) able to efficiently manage the harvested 
energy, a suitable solution will be an higher power prototype, with 
734 thermocouples and internal resistance of about 10 KOhm (for 
typical ASIC impedance matching), able to supply, at 10K temperature 
gradient, an open circuit voltage of about 3V and a output power of 
100µW.
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8066-94, Poster Session

Nanostructured silicon for thermoelectrics
A. Stranz, J. Kähler, A. Waag, E. Peiner, Technische Univ. 
Braunschweig (Germany)

Thermoelectric modules convert thermal energy into electrical energy 
and vice versa. At present bismuth telluride is the most widely 
commercial used material for thermoelectric energy conversion. 
There are many applications where bismuth telluride modules are 
installed, mainly for refrigeration. However, bismuth telluride as 
material for energy generation in large scale has some disadvantages. 
Its availability is limited, it is hot stable at higher temperatures 
(>250°C) and manufacturing cost is relatively high. An alternative 
material for energy conversion in the future could be silicon. The 
technological processing of silicon is well advanced due to the rapid 
development of microelectronics in recent years. Silicon is largely 
available and environmentally friendly. The operating temperature of 
silicon thermoelectric generators can be much higher than of bismuth 
telluride. Today silicon is rarely used as a thermoelectric material 
because of its high thermal conductivity. In order to use silicon as an 
efficient thermoelectric material, it is necessary to reduce its thermal 
conductivity, while maintaining high electrical conductivity and high 
Seebeck coefficient. This can be done by nanostructuring into arrays 
of pillars. Fabrication of silicon pillars using ICP-cryogenic dry etching 
(Inductive Coupled Plasma) will be described. Their uniform height 
of the pillars allows simultaneous connecting of all pillars of an array. 
The pillars have diameters down to 180 nm and their height was 
selected between 1 micron and 10 microns. Measurement of electrical 
resistance of single silicon pillars will be presented which is done in a 
scanning electron microscope (SEM) equipped with nanomanipulators. 
Furthermore, measurement of thermal conductivity of single pillars with 
different diameters using the 3  method will be shown.

8066-95, Poster Session

Variable isotropy deep RIE process for 
through wafer via holes manufacturing
D. Vasilache, S. Colpo, F. Giacomozzi, S. Ronchin, A. Q. A. 
Qureshi, B. Margesin, Fondazione Bruno Kessler (Italy)

This paper reports a method on the manufacture of through wafer via 
holes in silicon with tapered walls using deep reactive ion etching. 
This method consists in repeated cycles of anisotropic etching (Bosch 
process), oxygen plasma and isotropic etching to achieve the purpose. 
The most important step to establish the final angle of the walls is 
the isotropic etching, because the lateral etching obtained during 
these steps will give finally the tilting angle of the walls. This kind of 
shaped vias can be useful for applications like through wafer electrical 
connections.

The method was tested using different etching windows sizes, 100µm 
and 20µm respectively. The influence of number of etching cycles 
over the profile was also studied - for the manufactured structures 
two different number of cycles was used, first one composed by five 
etching cycles, while the second one consists in just three etching 
cycles; each process will be finished by a anisotropic etching step, 
supplementary of the cycles number set, in order have a well defined 
dimension of the hole on both sides of the wafer. Another parameter 
investigated was the length of the isotropic etching steps - knowing 
the etching rates of anisotropic and isotropic etching steps for each 
holes dimension, it is possible to change the etching times to achieve 
different angles. Etching rates optimization is needed for different 
etching windows, due to the ARDE (Aspect Ratio Dependent Etching) 
effect. An Alcatel AMS200 deep plasma etching system was used for 
via holes manufacturing and tilted walls between 88° and 68° were 
obtained.

Bosch process used to achieve anisotropic etching results in a specific 
scalloping pattern, which may have a negative impact for some 
applications. In order to reduce this effect, the method proposed by 
M Shikida et al. (The mechanism of selective corrugation removal by 
KOH anisotropic wet etching, J. Micromech. Microeng. 20 (2010), 
doi:10.1088/0960-1317/20/1/015038) was used - but in this case a 
TMAH 25% solution was used for 10 minutes to smooth the walls.

Once optimized, this process can be easily used to achieve any 
angle between 90° (vertical walls obtained by Bosch process only) 

and completely isotropic process by mixing in different ways the two 
components of the dry etching process, depending of application (for 
example, high density through wafer via holes, mold tool etc.

This simple method, consisting in consecutive cycles of anisotropic 
/ isotropic etching, can be easily implemented in any ICP or DRIE 
systems and can be used for new 3D structures manufacturing.

8066-96, Poster Session

Development of a new technological MEMS 
process for AC voltage standards
F. Blard, A. Bounouh, Lab. National de Metrologie et d’Essais 
(France); S. Charlot, D. Bourrier, H. Camon, Lab. d’Analyse et 
d’Architecture des Systèmes (France)

This paper deals with the development of a new technological process 
aiming at fabricating silicon Micro-electromechanical (MEMS) based 
voltage references of high stability (deviation from the nominal value 
less than some 10-6 per year) working in alternating current (AC). In 
this application, the AC voltage reference is defined at the pull-in point 
of a MEMS variable capacitor made of two electrodes, one fixed and 
the other movable driven by an AC current having a frequency much 
higher than the mechanical resonant frequency. This process has 
been developed for having MEMS devices exhibiting high nominal 
capacitances, which makes it easier the development of the read-out 
electronics, and metalized electrodes to avoid the charge effects on 
the stability of the voltage standard. It also allows us to fit the devices 
with stoppers, necessary to ensure their sustainability.

First MEMS devices based on silicon disk membrane have been 
designed and fabricated using an industrial Silicon-On-Insulator (SOI) 
Surface Micromachining process. The stability of the MEMS output 
voltage has been found very promising but large discrepancies have 
been observed when the measurements are carried out over longer 
times, which could be due to the mismatch between the vertical 
motion of the movable electrode and the dimensional characteristics 
of the SOI wafer used in the industrial process. We have developed a 
new and original technological process consisting in the assembly of 
on one hand a first 10 µm thick silicon disk plate acting as the movable 
electrode suspended by three springs and made from a SOI wafer 
having a gap of 2 µm, and on the other hand a 500 µm thick glass 
wafer acting as the top fixed electrode as well as a cap for protecting 
the MEMS. This process allowed us to fabricate MEMS devices having 
very high capacitances compared to split-fingers MEMS and metalized 
electrodes, which will contribute to reduce the charge effects on the 
stability of the voltage references.

8066-97, Poster Session

Hysteresis correction of tactile sensor 
response with a generalized Prandtl-
Ishlinskii model
J. A. Sánchez-Durán, Ó. Oballe-Peinado, J. Castellanos-
Ramos, F. Vidal-Verdú, Univ. de Málaga (Spain)

Tactile sensors are basically arrays of force sensors. Most of these 
force sensors are made of polymers or conductive rubbers to lower 
the cost, especially in the case of large area low-medium resolution 
tactile sensors [1]. The price to pay for such decrease in the cost and 
complexity is a worse performance. Hysteresis and drift are the two 
main sources of error. This paper presents a method to reduce the 
error caused by hysteresis. This method is based on the generalized 
Prandtl-Ishlinskii model that has been recently applied to characterize 
hysteresis and saturation nonlinearities in smart actuators [2]. The 
classical Prandtl-Ishlinskii model is not suitable because the lack of 
symetry the output curves from the sensor show. Other alternatives like 
the Preisach model are too complex to implement, especially taking 
into account that a tactile sensor provides many data to process. The 
approximation error depends on several parameters as well as on 
the envelope (basis) functions that are chosen. Different alternatives 
are explored in the paper. Moreover, the model can also be inverted. 
This inverted model allows obtaining the force values from the tactile 
sensor output while reducing the errors caused by hysteresis. Since 
implementations of tactile sensors usually have the electronics close 
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to the raw sensor, and this hardware is also commonly based on 
a microcontroller or even on an FPGA [3], it is possible to add the 
algorithms presented in this paper to the set of compensation and 
calibration procedures to run in the smart sensor.

[1] Julián Castellanos-Ramos, Rafael Navas-González, Haritz Macicior, 
Tomasz Sikora, Estíbalitz Ochoteco, and Fernando Vidal-Verdú, Tactile 
sensors based on conductive polymers, Microsyst Technol (2010) 
16:765-776.

[2] Mohammad Al Janaideh, Subhash Rakheja and Chun-Yi Su, A 
generalized Prandtl-Ishlinskii model for characterizing the hysteresis 
and saturation nonlinearities of smart actuators, Smart Mater. Struct. 
18 (2009) 045001 (9pp).

[3] Óscar Oballe Peinado, Julián Castellanos Ramos, José Antonio 
Hidalgo López, Fernando Vidal Verdú, Direct Interfaces for Smart Skins 
based on FPGAs, SPIE International Symposium on Microtechnologies 
for the New Millenium, Vol. 7365, Dresden, Germany, 2009.

8066-12, Session 3

Poly(dimethylsiloxane) photonic 
microbioreactors and multiple internal 
reflection systems for real-time cell 
screening
P. Ortiz, Ctr. Nacional de Microelectrónica (Spain); S. Demming, 
Technische Univ. Braunschweig (Germany); E. Fernández-
Rosas, Univ. Autònoma de Barcelona (Spain); B. Ibarlucea, 
J. Vila-Planas, Ctr. Nacional de Microelectrónica (Spain); S. 
Büttgenbach, Technische Univ. Braunschweig (Germany); 
A. Llobera, Ctr. Nacional de Microelectrónica (Spain) and 
Technische Univ. Braunschweig (Germany)

Photonic biosensors have demonstrated outstanding performance 
if compared to their electrical counterparts. This is because they 
not only provide high sensitivity, but also because the use of 
light as an interrogation mechanism allows the measurement of 
physical properties which are not accessible by other transduction 
mechanisms. Generally speaking, two main architectures are used for 
defining photonic sensors: microoptics and integrated optics. In the 
former case, huge developments in biosensing are directly linked to 
the polymer poly(dimethylsiloxane) (PDMS) and to soft lithographic 
methods [1]. In addition with this material, microfluidic and photonic 
elements can be monolithically defined. Not surprisingly, this approach 
has already been used in laser-induced-fluorescence systems [2] and 
optical cytometers [3] amongst many others. 

The state-of-the-art in integrated optics is mainly based on evanescent 
field (EF) [4] using silicon nitride waveguides. In an attempt to enhance 
the light-analyte interaction, recently the Full-Field (FF) approach has 
also been presented [5]. The optimal situation would be to have a 
photonic system in which the performance of the full-field approach 
(high light-analyte interaction) was merged with the light guiding 
properties of EF. Although this approach may seem counterintuitive, 
Kinrot and co-workers [6] have proven it to be viability by defining 
segmented waveguides (SWG). 

In this work, we will analyze two different approaches towards real 
time cell screening. Firstly, we will show a multiple internal reflection 
system (MIR) able to screen a monocyte cell culture with three different 
protocols (scattering, scattering+absorption and absorption). An 
additional novelty is that the whole spectrum is obtained and analyzed, 
being then possible to determine for each regime which is the optimal 
working wavelength that would provide the best performance in terms 
of sensitivity and LoD. Finally, as an additional application, the same 
system is also used for measuring the dead/live cell ratio, obtaining 
LoDs similar to these obtained with a Neubauer cell, but only requiring 
an integration time of 30 ms. 

An alternative approach is to integrate SWGs with Microbioreactors 
(MBR) obtaining therefore a photonic microbioreactors (PhMBR). A 
culture of Saccharomyces cerevisiae was locally monitored inside the 
PhMBR during 33 h. Spectral analysis showed that the determination 
of culture parameters were wavelength dependant, with a growth rate 
of 0.39±0.02 h-1 and a doubling time of 1.65±0.09 h at the optimal 
wavelength.

Besides the easy and monolithic integration of both the MIR and the 
PhMBRs, results presented herein are very promising for real time cell 

screening.

[1] Xia Y., Whitesides G.M. Angew. Chem. Int. Ed 1998. 37. 550-575.

[2] Camou S., Fujita H., Fujii T. Lab Chip 2003. 3. 40-45. 

[3] Lin C.H., Lee G.B. J.Micromech.Microeng, 2003. 13. 447-453. 

[4] Prieto F., Sepúlveda B., Calle A., Llobera A., Domínguez C., Abad 
A., Montoya A., Lechuga L. M., Nanotechnol., 2003, 14(8), 907-912.

[5] Llobera A., Cadarso V. J., Darder M., Domínguez C., Fernandez-
Sanchez C., Lab Chip, 2008, 8, 1185-1190

[6] Kinrot N., Nathan M., Jour. Light. Tech., 2006, 24(5), 2139-2145.

8066-13, Session 3

Mid-infrared CH2-stretch ratio sensor 
system for suspended mammalian cells
S. van den Driesche, C. Haiden, Technische Univ. Wien 
(Austria); W. Witarski, Institute of Virology (Slovakia); M. J. 
Vellekoop, Technische Univ. Wien (Austria)

In this contribution we present a sensor system to measure the CH2-
stretch ratio of suspended mammalian cells. To overcome the strong 
infrared absorbance of water our sensor system comprises a sample 
chip with three equal chambers with an inner height of only 23 µm.

Early detecting and accurate staging of primary tumors are highly 
important for increasing the overall survival rate of cancer patients. 
Commonly used techniques to screen suspicious tissue or cell 
samples are based on morphological and molecular features (e.g. 
visual inspection after staining). Unfortunately, this method still results 
in a high number of false positives and negatives.

As alternative screening method we have realized a sensor system with 
which we measure the CH2-symmetric/CH2-antisymmetric stretch 
ratio of mammalian cell samples [1]. This stretch ratio increases when 
the concentration of membrane stabilizing agents such as cholesterol 
in the plasma membrane decreases or is reallocated. 

In previous publications we have shown that this CH2-stretch ratio 
is significantly increased for epithelial kidney carcinoma compared 
to the normal cell type [2,3]. The elaborate time consuming sample 
preparation step, to obtain a confluent cell monolayer attached to an 
infrared transparent calcium fluoride slide, took in optimum conditions 
7 to 9 hours. The sample slides also had to be dried to prevent the 
strong infrared light absorbance due to the water fraction.

In this contribution an improved method allowing the CH2-stretch 
ratio measurement of suspended mammalian cells is proposed and 
analyzed. Instead of the 7-9 hours cell preparation step we now 
introduce the sample, cells suspended in phosphate buffered saline 
(PBS), directly into a sample chip allowing at-line measuring of the 
CH2-stretch ratio. The measurement time was reduced to about 30 
min. The in-house designed and realized sample chip comprises two 
bonded infrared transparent calcium fluoride wafers with in between 
a 23 µm high SU-8 channel structure. Each sample chip consists of 
three chambers of equal height with a volume of about 0.3 µL. Two 
chambers were used as reference, one empty and the other one filled 
with PBS. The third chamber was filled with cells suspended in PBS.

To test the cell type discrimination method of in PBS suspended 
samples we have measured the CH2-stretch ratio of a normal (MDCK) 
and carcinoma (Caki-1) epithelial kidney cell line. Between the two cell 
lines reproducible CH2-stretch ratio differences have been measured, 
MDCK: 0.44 +/- 0.01 and Caki-1: 0.48 +/- 0.01 (average +/- standard 
deviation). The CH2-stretch ratio differences measured between the 
two kidney cell lines show that our fast, label-free, suspended cell 
measuring method is very promising. Especially, because the elaborate 
steps required for dried cell measurements are now redundant.

The presented sensor system has the potential to be further developed 
into a fast, label-free, easy-to-use device to measure the CH2-stretch 
ratio to improve the staging of suspicious suspended cells.

REFERENCES:

[1] S. van den Driesche, W. Witarski, and M.J. Vellekoop, 3.0-3.7 
µm infrared sensor system for cell analysis, Proc of SPIE, 7362, 
73620Y-73620Y-9, 2009.

[2] S. van den Driesche, W. Witarski, S. Pastorekova, and M.J. 
Vellekoop, A quadruple wavelength IR sensor system for label-free 
tumour screening, Meas Sci Technol, 20, 124015, 2009.
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[3] S. van den Driesche, W. Witarski, C. Hafner, H. Kittler, and M.J. 
Vellekoop, A mid infrared LED-photodiode based sensor for cell 
analysis, Proc IEEE Sensors, 1562-1566, 2009.

8066-15, Session 3

Microfluidic cartridges for DNA purification 
and genotyping processed in standard 
laboratory instruments
M. Focke, Albert-Ludwigs-Univ. Freiburg (Germany); D. Mark, 
F. Stumpf, Hahn Schickard Gesellschaft HSG-IMIT (Germany); 
M. Müller, G. Roth, R. Zengerle, Albert-Ludwigs-Univ. Freiburg 
(Germany); F. von Stetten, Hahn Schickard Gesellschaft HSG-
IMIT (Germany)

We present two microfluidic cartridges intended for upgrading standard 
laboratory instruments with automated liquid handling capability by use 
of centrifugal forces. Both cartridges integrate and automate laboratory 
protocols for analysis of nucleic acids. The first microfluidic cartridge 
enables purification of DNA from human whole blood and is operated 
in a standard laboratory centrifuge. The second microfluidic catridge 
enables genotyping of pathogens by geometrically multiplexed real-
time PCR. It is operated in a slightly modified off-the-shelf thermal 
cycler (Rotor-Gene 2000, Corbett Resarch Ltd.). Both solutions aim at 
smart and cost-efficient ways to automate work flows in laboratories.

The DNA purification cartridge automates all liquid handling steps 
starting from a lysed blood sample to PCR ready DNA. The DNA yield 
extracted from a 32 µl blood sample is 192 ± 30 ng DNA (3 tests) which 
corresponds to 53 ± 8% of a reference extraction (QIAamp DNA blood 
mini kit). The disk includes two glass ampoules for prestorage of 100 
µl of washing buffer each, three burst valves for time-controlled release 
of reagents, one silica extraction matrix and one microfluidic router 
for collection of waste and eluate in two different chambers. Glass 
ampoules were crushed simultaneously at the beginning of the DNA 
extraction to release liquid reagents into the microfluidic system.

The genotyping cartridge is based on a microstructured polymer 
foil. The disposable disk is applied to analyse isolates of the multi-
resistant Staphyloccus aureus (MRSA) by real-time PCR. The system 
was evaluated with 44 genotyping assays containing clinical isolates 
of 8 different genotypes of MRSA proving a 100% specificity and 
agreement with the reference assays in standard tubes. The lower 
limit of detection was well below 10 copies of DNA per reaction (N = 
24 wells in 3 independent disks). The master mix containing the DNA 
sample is automatically aliquoted into individual reaction wells based 
on a centrifugo-pneumatic valving principle. Reaction volumes of 9.8 
µl are aliquoted with a precision of CV 3.4 % (32 wells). The wells 
contained pre-stored dry reagents such as primers and probes.

In conclusion, we demonstrate that microfluidic cartridges can be 
designed to be processed in standard laboratory instruments. This 
creates added value for the supplier of standard lab equipment and 
reduces market entry barriers for organisations developing microfluidic 
solutions.

8066-16, Session 3

Investigation of enzyme kinetics based on a 
fluidic microprocessor
M. Allerdissen, R. Greiner, A. Richter, Technische Univ. Dresden 
(Germany)

In recent years microfluidic systems have gained considerable 
importance, especially in the fields of chemistry, biology and medicine. 
[1, 2] Regarding lab-on-a-chip (LOC) applications and micro total 
analysis systems (µTAS), disposable platforms intended for single use 
only are of great interest. Using these systems, contaminations caused 
by previous measurements and expensive cleaning processes can be 
avoided. 

Microsystems based entirely on polymeric materials offer a promising 
approach to fabricate low-priced microfluidic platforms. Not only the 
channel structures of these systems, but also the control elements 
are made of polymers, for example of hydrogels. Hydrogels combine 
the functions of a chemical sensor with those of an actuator.[3, 4] In 

dependence of an external stimulus (in this case water) they are able 
to change their volume significantly.[5] Their properties allow to design 
automatic devices without the necessity to use additional external 
actuators, sensors and/or data processing units.

In this abstract, a polymer-based, microfluidic device designed to 
automatically perform enzymatic tests is described. During these tests, 
an enzyme and a substrate are mixed in three different ratios. The 
subsequent analysis is performed optically.

The chip realizing the enzymatic tests consists of three different layers: 
(i) a control layer used only to manipulate the process media, (ii) the 
reaction layer in which the enzymatic reaction takes place, and (iii) a 
thin, flexible membrane that separates the two layers. This separation 
of control and reaction layer allows on the one hand to integrate 
fluidic drives onto the microfluidic platform, on the other hand various 
influences of the actuators on the process medium can be reduced. All 
three layers are fabricated using polydimethylsiloxan (PDMS).

The channel structure of the control layer contains microvalves and 
micropumps to control the process medium. Most of the microvalves 
as well as the micropumps are atuators made of photocrosslinked 
acrylate-based hydrogels. The height of the hydrogels determines the 
actual response time. Due to the flexibility of the membrane separating 
the two layers, swollen hydrogels placed inside the control layer 
not only close the channels of the control layer, but also deflect the 
membrane and therefore are able to manipulate the process mediums 
in the reaction layer as well. 

In the reaction layer two process mediums are stored in separate 
reservoirs. To trigger an enzymatic reaction, the control layer only 
has to be provided with a control liquid, in this case with water. The 
water then activates the integrated valves and pumps according to a 
predefined schedule. In the reaction layer, the two process mediums 
are pumped into the different sized reaction chambers in which the 
actual mixing takes places.
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70 (1979), 1214-1218

8066-76, Session 3

Optimization of an impedance sensor for 
droplet-based microfluidic systems
B. P. Cahill, Institut fur Bioprozess- und Analysenmesstechnik 
e.V. (Germany)

Digital microfluidics or droplet-based systems have gained widespread 
application within the field of microfluidics. In a microfluidic system, if 
two immiscible phases (oil and water) pumped at differing flow rates 
meet at a T-junction type it is possible to generate fluid segments, 
that is, entrained droplets. We are interested in the use of droplets as 
bioreactors. 

There exists a great need for the development of sensors for the 
measurement of cell content in droplet-based microfluidic systems. 
Most sensor systems for these systems are based on optical 
measurement of the droplet contents by means of fluorescence or 
optical density. Electrical measurements have thus far been limited to 
measuring the presence/absence of the drop, that is, to measuring 
the large dielectric constant difference between oil and water but 
not to measure the content of the droplet . Impedance spectroscopy 
is a technique that is commonly used for sensing the cell count in 
biotechnology. We have built a sensor system that is inspired by the 
contactless measurement of conductivity in capillary electrophoresis 
but for application to the measurement of the impedance of a droplet. 
This sensor uses a thin-walled glass capillary (nominal thickness 10 
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µm) the internal surface of which has been silanized in order to provide 
a hydrophobic surface over which droplets can move freely without 
breaking up. Electrodes are placed on the outer surface of the capillary. 
With this sensor it is possible to measure the impedance of a droplet, 
that is, to measure the capacitance and conductivity of droplets 
simultaneously. 

This work aims to illustrate by means of finite element modelling the 
factors that affect the measurement of droplet impedance in a thin-
walled glass capillary. These include modelling the effect of varying 
capillary wall thickness, electrode spacing, electrode area, droplet 
size, shielding and droplet conductivity. The simulation is performed 
using COMSOL finite element analysis software. Firstly the two-phase 
laminar flow of the droplet through the capillary is modelled. The 
results of this model are used as the basis of the second part whereby 
the impedance response of the electrodes is measured as a function of 
the transit of the droplet through the capillary. 

The numerical modelling described in this work will be compared 
with analytical models of the sensor as well as with experimental 
measurements. The model serves to aid the optimization of the 
measurement system.

8066-17, Session 4

New method for selectivity enhancement 
of SiC field effect gas sensors for 
quantification of NOx
C. Bur, P. Reimann, Univ. des Saarlandes (Germany); M. 
Andersson, Linköping Univ. (Sweden); A. Schuetze, Univ. 
des Saarlandes (Germany); A. Lloyd Spetz, Linköping Univ. 
(Sweden)

The detection of NOx gases is still a challenging task and has become 
more and more important for control of combustion processes, e.g. 
from cars or boilers. The requirements on such systems are very high 
due to the harsh environmental conditions, the difficulties to detect 
particular gaseous species in a varying background and to accurately 
quantify them. 

In this work, an enhancement type Silicon Carbide (SiC) field effect 
transistor with a porous platinum film as the gate contact has been 
used. The gate and drain contacts are connected to create a two 
terminal device. The current through the transistor is kept constant 
at 100 µA and the resulting voltage drop (U_DS) which depends on 
the reaction of gaseous species on the gate contact, is measured 
as the sensor signal. In order to improve the selectivity to NOx in a 
background of typical exhaust gases like carbon monoxide (CO), hydro 
carbons (HC) and ammonia (NH3) the “virtual multi sensor” approach 
has been used. This involves the use of a single sensor operated in a 
dynamic mode, here using temperature cycling. A suitable temperature 
cycle covering a wide temperature range and specifically the points 
of maximum sensitivity vs. NOx has been developed based on results 
from static measurements. The temperature range covers 118°C to 
380°C where the high temperature of 380°C is mainly important for 
desorbing adsorbed molecules from the sensor surface and thus 
regenerating the sensor regularly. Additionally, the gate potential (gate 
is connected to drain) is changed during the measurement which is 
believed to further influence the reactions taking place on the surface 
of the gate contact. 

The sensor signal has been investigated in detail and significant 
features describing the shape of the sensor response have been 
extracted. In order to discriminate different concentrations of either NO 
or NO2 linear discriminant analysis (LDA) has been used as a powerful 
pattern recognition tool. With the mentioned approach, we are able to 
detect different concentrations of NO over a large concentration range 
from 0 ppm up to more than 200 ppm which is a realistic range in the 
field of combustion monitoring. The detection works reasonably well 
even in a background of other typical exhaust gases. Furthermore, 
quantification of NO in a mixture of exhaust gases is also possible, 
even in the presence of NO2 (and vice versa, NO2 quantification in the 
presence of NO). Slight changes of the background do not influence 
the measurement considerably due to the temperature cycling 
operation which thus enhances the sensor system stability.

8066-18, Session 4

Fabrication of a miniaturized ionization gas 
sensor with polyimide spacer
T. H. Walewyns, G. Scheen, E. Tooten, L. El Fissi, P. Dupuis, L. 
A. Francis, Univ. Catholique de Louvain (Belgium)

The chemical analysis of gaseous compounds may be performed by 
evaluating their field ionization [1, 2]. For a given gas trapped between 
two metal electrodes, the current flowing through the ionized gas 
as a function of the applied voltage results in a unique fingerprint at 
known humidity level. However, the method requires an independent 
measurement of the gas pressure that can be eliminated by using 
several gaps between the electrodes [3]. To this end, a simple and 
robust fabrication method is proposed.

In this study, we report the development of a miniaturized 
gas ionization sensor using polyimide as sacrificial layer. The 
miniaturization of the sensor presents several advantages: lowered 
voltages allowing compatibility with standard CMOS electronics, faster 
scanning rates and reduced gas sampling. In this view, the retained 
configuration consists of a pair of planar electrodes with a gap spacing 
obtained by removal of polyimide in between. This material has been 
chosen for its high planarization factor, CMOS compatibility, and its 
known use as sacrificial layer in structures such as RF-MEMS filters 
[4]. Furthermore, its chemical resistance up to high temperatures, 
high resistance to radiation from both electrons and neutrons, and 
low outgassing are of primary importance to avoid interferences with 
the ionization gas sensing. Moreover, depending on its formulation, 
polyimide can be spin-coated with thicknesses as low as 100 nm and 
as high as several tens of µm.

The sensor structure consists of a bottom gold layer evaporated on 
an oxidized silicon substrate and patterned by lift-off to form the 
bottom electrode, a top aluminum layer patterned by lift-off to form 
the top electrode, and polyimide acting both as a spacer between 
the two electrodes and structural support for the anchoring of the 
top electrode. Two layers of a non-photosensitive PI2545 polyimide 
from HD Microsystems  are spin-coated to reach a total thickness of 
6 µm. It corresponds approximately to the Paschen’s minimum for 
dry air at atmospheric pressure. The polyimide spacer is patterned in 
two steps through the top aluminum layer by reactive ion etching in 
oxygen plasma. Firstly, an anisotropic etching is performed at a rate 
of 650 nm/min through the entire spacer thickness. In a second step, 
the plasma RF power is shut down and the reaction chamber pressure 
increased to obtain an isotropic etching below the top electrode at an 
approximate rate of 200 nm/min. At the end, the top electrode forms 
a suspended micro-bridge with dimensions 20 µm width and 220 
µm length. The spacing gap was obtained with two layers of cured 
polyimide. Instead of bridges, larger electrode membranes were also 
released with etching holes of 3 and 5 µm in diameter. In this case, 
diffusion-limited ionic etching results in a lower under-etching rate from 
125 to 150 nm/min.

The ionization curves of air at several temperatures, humidity and 
pressure have been obtained during first non-destructive electrical 
characterizations. The growth of metallic nanowires templated in ion 
track-etched polyimide on the electrode is envisioned in order to 
enhance the ionization field and to reduce the required measurement 
power.

[1] P. Carazzetti et al., Proc. of SPIE, 6884, 2008. 

[2] R. B. Sadeghian and M. Kahrizi, Sens. and Act. A, 137, 2007. 

[3] Z. Yong et al., Sens. and Act. A, 125, 2005. 

[4] W. C. Wilson and G. M. Atkinson, NASA/TM-2007-214870, 2007.

8066-19, Session 4

Fabry-Perot-based thin film structure used 
as IR-emitter of a NDIR gas sensor: ray 
tracing simulations and measurements
J. Mayrwöger, Johannes Kepler Univ. Linz (Austria); W. Reichl, 
E+E Elektronik (Austria); C. Krutzler, Integrated Microsystems 
Austria GmbH (Austria); B. Jakoby, Johannes Kepler Univ. Linz 
(Austria)
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Non-dispersive infrared (NDIR) gas sensors make use of the specific 
infrared absorption of particular target gas molecules (e.g., CO2) in 
order to measure their distinctive gas concentration. The main parts 
of such a NDIR gas sensor are: an IR-emitter, a chamber containing 
the sample-gas, and an IR-detector with a filter for the characteristic 
absorption wavelength. The effectiveness of the IR-source for the 
total system is characterized by its temperature and the emissivity 
(i.e., the difference to blackbody radiation) of the device surface. 
Anchored in the fact that conventional metal surfaces provide a rather 
low emissivity, their emitting temperature must be set very high to 
generate sufficient IR-radiation when using them as IR-sources in NDIR 
gas sensor systems. Based on these high temperatures, such devices 
often suffer from aging effects and consequently from reduced life 
time, therefore a method for improving the emissivity is desirable. 

We developed a strongly emitting IR-source consisting of a stack of 
thin films. Its main part is a combination of two mirrors (one is the 
electrically driven heater and the other is the emitting surface) and 
a dielectric layer with a high index of refraction, which represent a 
Fabry-Perot structure (FPS). The increase in the emissivity is based 
on wavelength-depending interferences in the dielectric layer. In 
such a composition, diffusion between the different layers can occur 
especially in the case that the total assembly is heated (this has to be 
considered even if the system does note show any diffusion problems 
at room temperature). To prevent diffusion at elevated temperatures, 
the choice of the used layer materials is very important as will be 
discussed in our paper.

The obtained emission of the FPS and the consequences for the 
performance of the whole NDIR gas sensor system were simulated 
with the enhanced transmittance matrix approach and a 3D ray 
tracing model using a Monte-Carlo method. As an example, CO2 was 
considered as sample gas where the major characteristic absorption 
occurs around 4.26µm. The theoretical results are validated by 
comparing them to experiments obtained with prototype devices.

8066-20, Session 4

Metallo-porphyrine as gas sensing material 
for colorimetric gas sensors on planar 
optical waveguides
C. Peter, K. Schmitt, M. Schiel, J. Wöllenstein, Fraunhofer-
Institut für Physikalische Messtechnik (Germany)

Porphyrines are natural pigments and already widely used in industry 
and research. They consist of four pyrrole rings which are connected 
by four methines. Metallo-porhyrines additionally have a metallic ion 
in the centre of the structure. Typical metals are zinc, iron or cobalt. 
These metallo-porphyrines are, as prosthetic groups, part of many 
proteins with varying functions. Haemoglobin and myoglobin manage 
the oxygen transport and storage; cytochromes and chlorophyll are 
responsible for electron- and energy transfer; vitamin B12 catalyses 
biochemical reactions. 

The work presented here focuses on 5, 10, 15, 
20-tetraphenylporphyrine-zinc (ZnTPP) and its gasochromic behaviour 
to low concentrations of nitrogen dioxide (NO2). ZnTPP powder has 
a characteristic purple colour; in solution it is purple to light red, 
depending on the dilution. During exposure to NO2 the dye changes to 
yellow colour.

The colour change was detected with a Perkin Elmer UV/VIS 
spectrometer in the first step. The dye was deposited on a glass 
lens; a special chamber allows simultaneous measurements and 
gas exposure. ZnTPP in atmospheric ambience has characteristic 
transmission spectra with minima at 594 nm, 555 nm, 516 nm and 
complete absorption between 419 nm and 428 nm. When exposed 
to 5 ppm NO2 the spectra shift in blue wavelength; the dye appears 
yellow. At 460 nm the transmission decreases from 70% to 60%. This 
relates to a changing attenuation coefficient from 1.03 x 10-3 µm-1 to 
2.47 x 10-3 µm-1. 

To assess sensor performance, the porphyrine was embedded into 
a polymeric matrix (polyvinyl chloride, PVC) and deposited onto 
planar optical waveguides. The colour change of the porphyrine 
dye, due to the gas exposure, can be detected in the evanescent 
field of the waveguide. Therefore the light of a blue LED is coupled 
into the waveguide. The colour change of the porphyrine can be 
easily detected with photodiodes as variations of the decoupled light 
intensity. 

For material characterization and investigations of the selectivity, 
the ZnTPP polymeric matrix was also exposed to carbon monoxide, 
carbon dioxide, ethanol and ammonia. For these gases, no cross 
sensitivities are detectable. The presented method allows the easy 
selective detection of small concentrations of nitrogen dioxide.

8066-21, Session 4

Nanostructured ZnO-based field effect 
transistors for enhanced gas sensing 
applications
N. Kelaidis, M. Widmann, E. Makarona, National Ctr. for 
Scientific Research Demokritos (Greece); M. G. Kompitsas, 
National Hellenic Research Foundation (Greece); T. Speliotis, 
National Ctr. for Scientific Research Demokritos (Greece); F. V. 
Farmakis, Demokritos Univ. of Thrace (Greece); P. T. Jedrasik, 
Chalmers Univ. of Technology (Sweden); C. Tsamis, National 
Ctr. for Scientific Research Demokritos (Greece)

ZnO has gained a leading role among the materials which have been 
widely used as the functional core of gas sensors. Its prominent role 
is mainly due to an inherent combination of attractive properties that 
include high electron mobility, enhanced sensing capabilities and most 
importantly, deposition at lower temperatures, a fact that will enable its 
integration onto cheaper flexible substrates. 

In this work, field effect transistors (FETs) with an active sensing 
layer of ZnO enriched with Au nanoparticles, deposited at various 
conditions, have been fabricated and tested as bottom gate FET gas 
sensors of enhanced capabilities. For their fabrication, a combination 
of e-beam lithography and conventional microfabrication techniques 
has been applied. In specific, a 100nm thick thermal oxide was grown 
at 1000 C on highly doped silicon wafers. Backside gate contact was 
performed by metallization by RF-sputtering of Ti/Au. On the front 
side, patterned Ti/Au contact pads were deposited via lift-off process. 
Palladium electrodes were sublimated and lift-off process with E-beam 
lithography was applied to obtain cross-fingered type structures. These 
structures were fabricated with interdigitated distance that varied from 
0.3 to 2 µm, therefore obtaining transistors of various gate lengths. As 
an active layer, ZnO as well as ZnO doped with nanoparticles of Au, 
has been deposited at various deposition conditions with Pulsed Laser 
Deposition (PLD) and lift-off techniques over the interdigitated (IDT) 
Pd-based electrodes.

Electrical characterization of the devices was performed. Standard 
I-V measurements were performed in order to evaluate the 
response of the sensors as FET devices and the effect of different 
deposition conditions and materials on I-V characteristics. The 
effect of temperature was examined by performing characterisation 
measurements at various temperatures ranging from room temperature 
to 200 C. The characterization of ZnO-FET structures as gas sensors 
was performed in CO ambient at the same temperature range. It 
was observed that the presence of Au nanoparticles within the ZnO 
nanostructured layers significantly enhanced the performance of the 
gas sensors. Surface morphology and structural characterization 
by AFM and XRD were used to investigate the factors that lead to 
the sensor performance enhancement that was observed. From the 
analysis of the results with the aid of a device simulator (Synsopys 
software), the physical mechanisms underlying device operation were 
investigated. 

*Device development and fabrication was financed by the European 
Community - FP6 translational access MC2ACCESS, contract No 
026029.

8066-22, Session 4

Gas sensors based on MEMS structures 
made of ceramic ZrO2/Y2O3 material
A. A. Vasiliev, Russian Research Ctr. Kurchatov Institute 
(Russian Federation); A. Lipilin, Institute of Electrophysics 
(Russian Federation); A. Pisliakov, N. Samotaev, A. Sokolov, 
A. Lagutin, Russian Research Ctr. Kurchatov Institute (Russian 
Federation)
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One of most important tasks for the designers of gas measuring 
instruments is the fabrication of semiconductor, thermocatalytic, and 
electrochemical sensors, which could be used in autonomous and 
wireless units to be applied for forecast and prevention of dangerous 
situations. In addition, very often thete sensors must operate under 
harsh ambient conditions (high temperature, high humidity, aggresive 
atmosphere, etc.). This application requires the minimization of electric 
power consumed by the sensor and the application of materials and 
sensor design stable under these conditions. The most prospective 
way to solve these problems is the application of MEMS structures, 
where minimal heat dissipation from hot element of gas sensor (300 
- 6000C) is assured by the application of thin ceramic membrane 
supporting this hot element. 

In this work, we describe the first attempt to develop such MEMS 
sensors with thin ceramic films made of yttria stabilized zirconia 
(YSZ) stretched on YSZ substrate with 3 mm holes. In comparison 
with membranes made of  -alumina, which we applied earlier, YSZ 
membranes have heat transfer coefficient lower by one order of 
magnitude in whole working temperature range (2.5 W/m K and 30 
W/m K, respectively). 

The application of thin ceramic YSZ membranes enables a decrease 
in power consumption of gas sensor down to 60 mW at continuous 
heating up to 4500C, and down to < 1mW at pulse heating of the 
sensor at satisfactory stability of thin film platinum heater deposited 
on top of the membrane. We plan to use MEMS platforms based on 
thin ceramic films made of YSZ for the fabrication of semiconductor 
sensors of combustible gases, for gas fire detectors, and for 
electrochemical oxygen sensors. In the last case, a decrease in 
resistance will permit us to reach better reversibility of electrodes at 
lower temperature. This will lead to a decrease in response time of gas 
sensor.

8066-23, Session 5

Closed-loop synchronization scheme of 
resonant MOEMS-mirrors with two axes
A. Tortschanoff, A. Frank, Carinthian Tech Research AG 
(Austria); M. Wildenhain, T. Sandner, Fraunhofer-Institut für 
Photonische Mikrosysteme (Germany); A. Kenda, Carinthian 
Tech Research AG (Austria)

Resonantly driven oscillating MOEMS mirrors are of high interest for 
various fields in optics, telecommunications and spectroscopy. They 
feature high mirror deflection angles, relatively low driving voltages and 
minimal energy consumption. Due to their small weight they are shock 
and vibration resistant and can provide scanning rates of up to 30 
kHz. Finally the small device dimensions and possible low production 
costs are important features with regard to mass production. On the 
other hand, in current devices there is no inherent position feedback 
of the movement of the mirror, which is crucial for most applications. 
One of the important challenges is to ensure operation close to 
resonance under varying environmental conditions, which necessitates 
sophisticated driver electronics.

For this reason, we have developed compact devices comprising 
optical position sensing and driver electronics, with closed loop 
control, capable of driving resonant 1D- and 2D- MOEMS scanner 
mirrors. Position encoding is realized by measuring a laser beam 
reflected from the backside of the mirror. The angular position of 
the mirror is encoded by an optical trigger signal combined with a 
harmonic extrapolation function. The approach is very flexible and 
especially applicable for high frequency devices, where synchronized 
excitation is difficult. It was successfully implemented and in the 
1D-device with a size of only ~1cm3, it was demonstrated, that the 
timing can be measured and controlled with a precision of <10 ns 
(corresponding to a phase difference of 0.01°). 

For the 2D MOEMS mirrors, we use cylindrical mirrors, in order to 
suppress the deflection of the orthogonal dimension. The backside of 
the mirror now is hit by two crossed orthogonal laser beams, whose 
reflections pass a cylindrical mirror before being sent onto the photo-
diodes for the timing signals. This reduces the problem to the control 
of two independent 1D-oscillations and allows accurate position 
sensing and closed loop control. 

In the 2D case, also the phase between the oscillations of the two 
orthogonal axes must be controlled. In our device the fast axis is phase 
stabilized in order to be driven close to resonance and the slow axis 

is controlled with the aim of achieving a stable Lissajous figure. This 
is done, by comparing the timings of the zero transitions of the y- and 
x- axis. 

In this contribution we present in much detail the position encoding 
and feedback scheme of the novel 2D device, and in addition, 
demonstrate that this approach is scalable for synchronization of 
separate MEMS modules. 

Closed-loop control and reliable synchronization of individually 
MOEMS mirrors will significantly improve the performance of these 
devices and will be highly relevant e.g. for the development of low 
cost, large aperture reception devices, where the effective aperture is 
increased by using an array of synchronized MEMS devices.

8066-24, Session 5

Design of a (non-)linear hybrid optical 
MEMS displacement sensor
W. F. Hortschitz, F. Kohl, H. Steiner, M. Sachse, M. Stifter, 
Integrated Microsystems Austria GmbH (Austria); J. Schalko, A. 
Jachimowicz, F. Keplinger, Technische Univ. Wien (Austria)

Motivation: Despite the popularity of capacitive and piezoresistive 
readouts for MEMS, they suffer from serious drawbacks like 
technological complexity, limited range of displacement, inherent 
nonlinearity, or insufficient sensitivity. A complemetary approach for a 
readout is the use of a new hybride optomechanical device. It offers a 
range of displacement being not restricted by any constraints inherent 
to capacitive or piezoresistive conversion. Additionally, no electrical 
connections are needed. Furthermore, this principle allows to design 
the output characteristics in a desired linear or nonlinear way.

Summary: We present a novel OMEMS (optical micro 
electromechanical system) readout for displacement which offers 
the possibility to design the output characteristics in hardware as 
requested. Congruent positioned gratings modulate the light flux 
owing to a relative in-plane displacement. As demonstrator, an inertial 
sensor is used consisting of a Si-chip bearing a perforated, spring 
suspended MEMS structure (seismic mass), which is bonded with 
SU8 to a glass chip featuring vapor deposited Cr-pattern. Both form 
a partially transparent sandwich structure where the transmittance 
depends on the position of the movable Si mass. The modulated light 
flux is generated and detected by an SMD-LED and a phototransistor 
at the top and bottom side of the sandwich structure, respectively. 
First results [1] show a linear characteristic, a high sensitivity of 10 mV/
nm displacement of the seismic mass and a noise level of about 200 
pm/sqrt{Hz}. However, the readout principle also offers the ability to 
linearize usually nonlinear phenomena characteristics like the U^{2} 
dependency of an micromechanical combdrive by designing the 
apertures in a approptiate way. Combining the nonlinear combdrive 
with the inverse nonlinear optical readout will therefore result in a linear 
voltage sensing system.

References

[1] W. Hortschitz, H. Steiner, M. Sachse, F. Kohl, J. Schalko, 
F. Keplinger. Hybrid Optical MEMS Vibration Sensor. Procedia 
Engineering, Vol. 5, pp 420-423.

[2] B. Zhao, A.Q. Liu, F. Chollet, J. Miao, H. Xie, A. Asunid. Designing 
and modeling of a grating based displacement micro transducer. 
Nanotechnology. 2001, Vol. 12, pp. 308-315.

8066-25, Session 5

Miniaturized multi-channel infrared optical 
gas sensor system
J. Wöllenstein, S. Rademacher, A. Eberhardt, Fraunhofer-
Institut für Physikalische Messtechnik (Germany)

Infrared spectroscopy uses the characteristic absorption of the 
molecules in the mid infrared and allows the determination of the 
gases and their concentration. Especially by the absorption at longer 
wavelengths between 8 µm and 12 µm, the so called “fingerprint” 
region, the molecules can be measured with highest selectivity.

We present an infrared optical filter photometer for the analytical 
determination of trace gases in the air. The challenge in developing the 
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filter photometer was the construction of a multi-channel system using 
a novel filter wheel concept - which acts as a chopper too- in order to 
measure simultaneously four gases: carbon monoxide, carbon dioxide, 
methane and ammonia. The system consists of a wide-band infrared 
emitter, a long path cell with 1.7m optical path length, a filter wheel and 
analogue and digital signal processing. 

Multi channel filter photometers normally need one filter and one 
detector per target gas. There are small detection units with one, 
two or more detectors with integrated filters available on the market. 
One filter is normally used as reference at a wavelength without any 
cross-sensitivities to possible interfering gases (e.g. at 3.95 µm is 
an “atmospheric window” - a small spectral band without absorbing 
gases in the atmosphere). The advantage of a filter-wheel set-up is 
that a single IR-detector can be used, which reduces the signal drift 
enormously. Pyroelectric and thermopile detectors are often integrated 
in these kinds of spectrometers. For both detector types a modulation 
of the light is required and can be done -without an additional chopper 
- with the filter wheel.

8066-26, Session 5

Polyvinylidene fluoride (PVDF) based 
bimorph actuator for high-speed laser beam 
manipulation
R. Pérez Suárez, M. Král, H. Bleuler, R. Clavel, Ecole 
Polytechnique Fédérale de Lausanne (Switzerland)

High-speed laser manipulation is a key technology in applications 
such as fast optical switches for coupling light into optical fibres, 2D 
beam steering for optical scanners, laser printers or 2D sensors. A 
novel design of a Polyvinylidene Fluoride (PVDF) bimorph actuator 
is proposed in this work as high speed switching element in the kHz 
range. The actuator of several cm length and 100 micron thickness 
takes advantage of the structural and electromechanical capabilities 
of the PVDF. A 3 gram compact lens is located at the tip of the PVDF 
bimorph actuator allowing scanning of the beam in two directions. 
Tests made by an autocollimator have been performed in order to 
characterize the precision, repeatability and also the long term stability. 
Experimental results will be presented together with further possible 
improvements. In addition, due to the intrinsic properties of the PVDF, 
the system is compact and light-weight. This is of advantage in several 
domains such as e.g. aerospace or micro-engineering.

8066-27, Session 5

A systems engineering approach to 
structural health monitoring of composites 
using embedded optical fibre Bragg sensors 
for aeronautical applications
A. J. van Wyk, C. Roberson, Univ. of Johannesburg (South 
Africa)

A clearly defined systems approach is imperative in order to 
perform real-time structural health monitoring on primary composite 
structures of aircraft. The article will involve a typical systems 
engineering approach such as a mission analysis, outline of sub-
systems, functional analysis, system design specification, criteria, 
alternatives, selection of an optimal solution, proposed instrumentation 
requirements and recommendations.

Furthermore the paper will serve to introduce some of the apparent 
pitfalls and problems encountered during the process of sensor to 
composite structure integration. Some of these problems include the 
presence of hysteresis in coated fibre sensors which are exposed 
to high strain, a poor interfacial bond quality between coated fibre 
sensors and the composite matrix and the realization that de-coated 
optical fibre sensors are brittle and their properties seem to deteriorate 
with age and moisture exposure.

A proposed solution to these problems will be introduced which 
includes: the removal of the polymer coating from the fibre thus 
overcoming the problem of hysteresis. The process of hydrofluoric 
acid etching in order to increase fibre robustness by removing 
stress concentrations caused by micro and nano-cracks at the fibre 

surface, and the application of silane coupling agent coatings to 
promote bonding, further heal any residual deficiencies and protect 
the fibre from moisture inception.These factors will discussed as 
well as methods of experimentation for the purposes of quantifying 
factors such as fibre robustness, interfacial bond quality and the 
improvements thereof.

8066-28, Session 5

Impact damage detection of composite 
materials by fiber bragg gratings
Z. V. Djinovic, Integrated Microsystems Austria GmbH (Austria); 
M. Scheerer, Aerospace & Advanced Composites (Austria); M. 
C. Tomic, Univ. of Belgrade (Serbia)

Usage of fiber-optic Bragg gratings (FBG) for strain measurement is 
already well-known technique in structural health monitoring (SHM). 
However, this technique in its common application, based on shift 
of spectral peak, suffers from different spurious signals, particularly 
caused by thermal effect. In this paper we present a method for 
impact damage detection of composite materials based on FBG as a 
fiber-optic sensor without thermal disturbance of the main signal. This 
method is based on broadening of the spectral peak in dependence 
of the FBG separation from the impact damage. In this investigation 
we used a sensing configuration based on Optical Spectrum Analyzer 
having resolution of about 1nm. An array of 10 particular FBGs, 
separated at 2mm, with central wavelength between 813 and 817nm 
was bonded on rectangular CFRP composite plate with overall 
dimensions of 400x80x4mm with 16 plies. We performed two groups 
of impact experiments: the first one by impact energy of about 10J at 
four points around the FBG at the right side and second by two 20J 
impact actions at the left side of the plate. We calculated the shift and 
broadening of the spectral peak for both group of experiments. We 
found there was no any significant evidence of the spectral peak shift 
after the impact for any spatial configuration between the FBGs and 
impact place and load. Contrary, we confirmed in both experiments 
the spectral peak broadening caused by impact load. The width of the 
peak decreases with an increase of the impact point distance from 
the sensitive area of the FBG sensor. The peak broadening primarily 
depends on the strain generated into FBG, i.e. into the damaged area. 
We made a correlation between the peak width and FBG-impact point 
(damage) separation. There are three characteristic regions; near to 
impact, abrupt region and almost even region.

8066-29, Session 6

Electro-acoustic sensors based on AlN thin 
film: possibilities and limitations
G. Wingqvist, Linköping Univ. (Sweden)

Electro-acoustic sensors utilizes typically the transduction of electric to 
acoustic energy, as well as the transduction of acoustic back to electric 
energy. The use of piezoelectric materials for such sensors enables 
compact and linear devices. 

A new type of electro-acoustic sensor device has been developed 
and studied, specifically in view of possible biosensor applications. 
It is fabricated using the same processes used for the fabrication of 
integrated circuits. This enables tighter integration and further sensors/
biosensor miniaturization. The device is a so-called Thin Film Bulk 
Acoustic Resonator (FBAR). Developments are here reported of a 
low temperature reactive sputtering process for growing wurtzite-
AlN thin films enabling shear mode FBAR fabrication suitable for 
in-liquid operation, essential for biosensor applications. Shear mode 
FBARs were fabricated, operating at frequencies above 1GHz. This 
made it possible to move the thickness excited shear mode sensing 
of biological layers into a new sensing regime using substantially 
higher operation frequencies than the conventionally used quartz 
crystal microbalance (QCM) operating at 5-20 MHz. Measured noise 
levels of shear mode FBARs in contact with water demonstrated the 
FBAR resolution without any averaging or additional stabilization 
measures already to be in the same range as the conventional QCM, 
suggesting that FBARs may be a competitive and low cost alternative 
to QCM. The linear thickness limit for sensing of biomolecular layers 
was concluded to be larger than the thickness of the majority of the 
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molecular systems envisaged for FBAR biosensor applications. A 
temperature compensated shear mode FBAR composite structure was 
demonstrated with retained electromechanical coupling and quality 
factors by utilizing the second mode of operation. Understanding 
has been gained on the sensor operation as well as on how the 
design parameters influence its performance. Specifically, sensitivity 
amplification utilizing low acoustic impedance layers in the FBAR 
structure has been demonstrated and explained.

8066-30, Session 6

Development of capacitive RF MEMS 
switches with TaN and Ta2O5 thin films
A. Persano, F. Quaranta, A. Cola, G. De Angelis, R. Marcelli, P. 
Siciliano, Istituto per la Microelettronica e Microsistemi (Italy)

The reliability of RF MEMS technology is a critical issue mainly 
because of the limitations related to the electrical properties of the 
materials used for both actuation lines and capacitors. The use 
of III-V technology offers the advantage to allow the integration of 
MEMS and HEMT components in a single fabrication process for the 
implementation of future generation transmit/receive modules.

In this work capacitive RF MEMS switches are developed in III-V 
technology using materials alternative to the ones commonly used. 
Specifically, tantalum nitride (TaN) and tantalum pentoxide (Ta2O5) 
thin films are realized for the actuation lines and dielectric layers, 
respectively.

A compositional, structural and electrical characterization of the TaN 
and Ta2O5 films as a function of deposition parameters as substrate 
temperature and sputtering gas mixture composition is preliminary 
performed. In particular, Hall effect measurements show that the TaN 
film resistivity is higher than that of NiCr and it can be controlled over 
three orders of magnitude, from about 0.01 Ω�cm to 30 Ω�cm, by 
varying the nitrogen content of the sputtering mixture. These results 
are beneficial for the application of TaN as alternative to NiCr for the 
realization of the actuation lines in the RF MEMS switches since they 
allow a better separation of the DC and RF contributions as well as 
a greater flexibility of the line thickness and geometry. A RIE process 
based on fluorine chemistry to pattern the TaN actuation electrode is 
further optimized, reaching the value of 28 nm/min for the etching rate. 

Ta2O5 films are found to be almost stoichiometric (ratio O/Ta=2.46) 
when 66% content of oxygen is used in the sputtering mixture; film 
morphology is investigated by recording plan-view and cross-sectional 
SEM images. The electrical characterization shows a low leakage 
current density of few nA/cm2 for E~1 MV/cm, whereas for greater field 
values the Poole-Frenkel effect is found to dominate the conduction 
until irreversible breakdown occurs for E~4 MV/cm. Capacitance 
measurements provide a dielectric constant �r≈32, in agreement with 
the value reported in literature. Ta2O5 dielectric constant is much 
higher than that of Si3N4 which is the dielectric commonly used in III-V 
technology for RF MEMS switches with the benefit that an increase of 
the switch capacitance ratio Cdown/Cup can be achieved. Current and 
capacitance transients are used to investigate the charging effects in 
the Ta2O5 films and they show a decay which is well described by the 
stretched-exponential law. 

By using the TaN and Ta2O5 layers, shunt capacitive RF-MEMS 
switches are fabricated on GaAs substrate. To this scope, an eight-
mask process compatible with HEMT fabrication process is developed.

The fabricated switches exhibit actuation voltages of 15-20 V, an 
insertion loss better than -0.8 dB up to 30 GHz, and an isolation 
of ~ -40 dB at the resonant frequency which in the range 15-30 
GHz, according to bridge size. The comparison of the measured 
S-parameters with those obtained by a circuit simulation performed 
using the lumped-element equivalent-circuit model is also presented 
and discussed, providing useful information on the operation of the 
fabricated switches.

8066-31, Session 6

Effect of electro-thermo-mechanical 
coupling on the short-circuit in RF 
microswitch operation
E. G. M. Brusa, Politecnico di Torino (Italy); M. G. Munteanu, 
Univ. degli Studi di Udine (Italy)

Operation of microswitch device for radio frequency application deeply 
involves the dynamic behaviour of the whole microelectromechanical 
system (MEMS). Actuation of microswitch is operated via a nonlinear 
electromechanical action imposed by the applied voltage. Standalone 
configuration of MEMS is usually affected by residual stress, when 
mechanical constraints are clamps at both the ends of the microbridge. 
In this case every axial load couples with a bending of the microbeam, 
thus inducing a flexural displacement which can either help or inhibit 
the “pull-in” phenomenon and the consequent contact with the fixed 
electrode. Moreover, temperature effect sometimes superimpose to 
the actions previously described and affect the strain and the stress 
distributions, respectively, occurring into the MEMS structure. Thermal 
effect can be related to the environmental temperature, the internal 
dissipation of material, produced either by thermo-elastic or Joule 
effect.

A preliminary experimental characterization of coupled phenomena 
occurring in this MEMS was performed by the Authors in [1]. Buckling 
induced by thermal stresses applied by temperature on the MEMS 
solid was analytically predicted and experimentally evidenced. An ideal 
model of microbeam thermally loaded looked sufficient to predict the 
actual flexural displacement of the microbeam, even in presence of 
residual tensile stress and axial-flexural coupling. Nevertheless, some 
issues concerning design operation did not find a complete definition 
yet. In the literature some doubts were expressed about the shape of 
the deformed microbridge in presence of higher temperature. When 
elastic instability occurs, deflection can be either downwards, i.e. 
bringing the microstructure towards the fixed electrode, or upwards, 
so as strain appears antagonist of the actuation Present work is aimed 
at continuing the proposed investigation by analysing the double 
coupling imposed on the MEMS device when electromechanical force 
is applied, because of the voltage actuation. 

Some relevant tasks are considered in this research activity. A 
preliminary analysis demonstrates that shape of anchors may 
affect the microbeam deformation even in case of purely thermal 
loading. Increasing of temperature may induce a buckling effect 
on the microsystem and the related deformed shape is usually 
antagonist of the electromechanical actuation, because of a sort 
of anisotropy of the anchor layout. To investigate this topic authors 
were required to resort to a numerical model of the tested specimens 
and of constraints. Modelling activity was therefore carried out. It 
allowed relating the anchor shaping to some effects in the axial-
flexural coupling of the microbeam, the constraints compliance to 
the direction of the buckling deflection and to investigate the stress 
concentration occurring at microbridge clamps. A second issue 
concerns thermomechanical coupling in presence of applied voltage. 
Numerical and experimental investigations demonstrate that “pull-
in” voltage is lowered with respect to configuration insensitive to 
temperature as far as temperature increases, even in case of structure 
deformed by temperature before electromechanical actuation. 
Moreover, a further investigation was performed to understand whether 
a critical temperature can be predicted to have a spontaneous pull-
out of the deflected microbeam, because of temperature increasing, 
due to the current flow. This effect is possible, although delivery 
depends on several conditions, mainly corresponding to residual 
stress, temperature distribution, Joule effect rate, flowing current and 
structure layout. Final result of this work consists of a comprehensive 
understanding of experimental evidences of relevant phenomena 
occurring in pull down and pull up operation of the microswitch by 
means of an electro-thermo-mechanical model based on the Finite 
Element Method.

Conference 8066:  
Smart Sensors, Actuators and MEMS



Return to Contents30 SPIE Microtechnologies · www.spie.org/mtprogramme

8066-32, Session 6

A reconfigurable impedance matching 
network entirely manufactured in RF-MEMS 
technology
J. Iannacci, Fondazione Bruno Kessler (Italy); D. Masotti, Univ. 
degli Studi di Bologna (Italy)

The potentialities of RF-MEMS technology in the fabrication of high-
performance and low-cost lumped components have been already 
reported and demonstrated in literature. In recent years, RF-MEMS 
technology is also emerging as an enabling technology for the 
realization of complex networks, like, for instance, reconfigurable 
phase shifters, switching matrices, impedance matching networks, 
starting from the basic components previously mentioned.

In this work we present the implementation of a reconfigurable multi-
state impedance matching network entirely realized in the RF-MEMS 
technology platform available at Fondazione Bruno Kessler (FBK). 
The network is based on 4 impedance sections, realizing 2 LC-ladder 
sub-networks. The 4 sections are reconfigured by 16 electrostatically 
controlled RF-MEMS ohmic switches, that, per each branch of the 
LC-ladder sections (both series and shunt), enable the insertion of 
a capacitor, an inductor, both in parallel, or just the shorting of that 
impedance load. This large reconfigurability enables also the possibility 
of tailoring the input/output impedance depending on whether an up 
or down resistance conversion has to be synthesized by the network. 
It is well-known, indeed, that in the first case the smaller resistance 
termination should be connected to the series impedance of the 
matching network, while the larger resistance termination to the shunt 
impedance. Differently, when a resistance down conversion is needed, 
the impedance matching network configuration should be the opposite 
one.

The reconfigurable network, whose fabrication is currently underway, 
is simulated by a commercial FDTD (Finite Difference Time Domain) 
software tool and the input/output impedance transformation covers a 
large portion of the Smith chart.

In the full paper we will report experimental measurements on the 
RF-MEMS impedance matching network samples that are currently 
being manufactured, and we will discuss more configurations that the 
network can realize.

8066-33, Session 6

Mechanical contact in system-level models 
of electrostatically actuated RF-MEMS 
switches: experimental analysis and 
modeling
M. Niessner, Technische Univ. München (Germany); J. Iannacci, 
Fondazione Bruno Kessler (Italy); G. Schrag, Technische Univ. 
München (Germany)

We present an experimental and theoretical analysis of the mechanical 
contact occurring during the operation, i.e. the dynamic pull-in, of 
ohmic contact-type RF-MEMS switches and similar contact-type 
MEMS actuators. Since the proper function and the reliability of such 
devices is essentially determined by the impact forces during pull-in, 
physics-based and predictive contact models are needed that describe 
this phenomenon accurately. Otherwise, the design of those devices, 
whose operation is, by their nature, determined by the coupling of 
multiple energy domains, cannot be properly supported by efficient 
and fast simulations on the system-level. 

As demonstrator, we selected an electrostatically actuated ohmic 
RF-MEMS switch consisting of a perforated movable gold membrane 
suspended by four beams above a fixed ground polysilicon electrode. 
By applying a voltage beyond the so called pull-in voltage, the 
membrane collapses onto elevated contact pads and closes an 
ohmic contact. In order to investigate the landing phase, we carried 
out extensive measurements of the closing transient of the switch 
using a laser Doppler vibrometer (LDV). A Fourier transform of the 
measured transients revealed that higher eigenmodes are activated 
during impact. Those higher eigenmodes are not present in the 
spectrum before pull-in, which corresponds in very good agreement 

to the eigenfrequency spectrum calculated by a modal FEM analysis 
of the suspended membrane alone. At the same time, the natural 
fundamental frequency of the membrane is drastically increased when 
the membrane is in contact with the pads. This phenomenon can 
be explained by assuming an increased stiffness of the total system 
in the closed state, i.e. in contact, due to the coupling between the 
high contact stiffness of the contact pads and the stiffness of the 
membrane. 

We used three different, multi-energy domain coupled system-level 
models (our in-house models, models from our co-author Iannacci, 
and models from the commercial system-level simulator Coventor 
Architect) to simulate the closing transient of the switch. A comparison 
of the simulated and the measured data showed that all simulations 
failed in capturing the mechanical contact correctly. This leads us to 
the conclusion that the performance of the employed contact models 
and the physics behind them has to be critically analyzed. Otherwise, 
accurate results and, consequently, a reliable predication of the 
forces acting on the membrane during impact cannot be obtained 
from system-level simulations, making a minimization of impact 
forces by means of a system-level simulation-based optimization not 
feasible. The derivation of suitable contact models that account for 
the increased system stiffness as well as for the transfer of energy 
between different eigenmodes is the focus of ongoing work. First 
results will be presented in the extended version of this abstract and in 
the conference.

8066-34, Session 7

Modeling of gold microbeams for 
characterizing MEMS packages
A. Faes, A. Repchankova, F. Solazzi, Fondazione Bruno Kessler 
(Italy); B. Margesin, Univ. degli Studi di Trento (Italy)

Modeling of gold microbeams for characterizing MEMS packaging 
solutions in terms of strains induced to the MEMS devices as well 
as hermetic sealing capability is presented. MEMS wafer-level 
packages should protect the encapsulated components during 
both fabrication and operation by keeping stable gas and pressure 
conditions, without impacting on the performance characteristics of 
the devices with induced deformations. Proper characterization of new 
packaging solutions is therefore very important in order to develop 
capping technologies, which can enhance the reliability of MEMS 
components and allow for successful commercialization. The gold 
microbeams presented in this work are meant to be manufactured 
by surface micromachining front-end technology available at FBK, 
suitable to be packaged for testing purposes by (RF-)MEMS capping 
technologies developed within EU-FP7 project MEMSPACK. The 
proposed test structures are based on arrays of rectangular-shaped 
cantilever beams as well as clamped-clamped bridges, with a width 
of 20 µm and a length ranging from 100 to 400 µm, to be realized by 
a 2 µm thick film of electroplated gold. The resonant frequency of 
these test structures is modeled by FEM simulations as a function 
of substrate deformations, which could be induced by the package. 
Clamped-clamped bridges show a linear change with respect to the 
square of the resonant frequency up to 1800 ppm/µstrain in case of 
in-plane deformations. In order to detect out-of-plane deformations, 
cantilever beams are modeled as variable capacitors. The calculated 
change of capacitance as a function of the rotation angle at the anchor 
point is slightly non-linear, with a normalized value of up to 68 ppm/
µrad around the undeformed condition. Packaging solutions usually 
need to be tested at different operational temperatures for assessing 
deformations induced by thermal expansion mismatch. For this 
purpose, the impact of temperature excursions on the response of 
the proposed test structures is also simulated. In addition, both an 
analytical model and FEM simulations are used to study cantilever 
beams as resonators for detecting pressure changes, showing an 
impact on the Q-factor in a range from 1-2 bar down to 0.1-10 µbar. 
These gold microbeams, easy to fabricate by the front-end MEMS 
technology, are promising for the integration in test modules in order to 
characterize different packaging solutions for MEMS devices.
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8066-35, Session 7

Hardware implementation of an electrostatic 
MEMS-actuator linearization
F. Mair, M. Egretzberger, A. Kugi, Technische Univ. Wien 
(Austria)

The electrostatic actuation principle is the most common way to 
generate actuation forces in micro-electro-mechanical systems 
(MEMS). The fact that the required electrodes can be manufactured 
within well established production processes led to its successful 
application in many mass products like accelerometers, gyroscopes, 
optical mirrors and many more. A negative aspect, though, that is 
inherent to all voltage controlled electrostatic actuators is that the 
generated force is proportional to the square of the applied voltage. 
However, complex arithmetic calculations are not feasible in MEMS 
applications as the demands on high sampling rates and low latency, 
combined with the pricing pressure of high volume production require 
an efficient hardware implementation of the control loops. Therefore, in 
most state-of-the-art applications linear control concepts are utilized 
and the intrinsic limitations in either the range of operation or the lack 
of performance are accepted. For advanced nonlinear control concepts 
of capacitive gyroscopes, which result in a noticeable increase of 
the closed-loop performance, a nonlinear input transformation is 
indispensable.

In this paper, an electrostatic actuator linearization will be introduced, 
which is based on an existing efficient iterative square root algorithm 
for unsigned integer numbers. The advantage of the presented 
algorithm is that it is solely based on add and shift operations. In 
comparison to other well established calculation procedures, this 
iterative algorithm leads to a significant reduction of the required 
hardware resources, especially as no multipliers are utilized, while just 
needing n/2 iterations for an n bit wide input signal. Furthermore, an 
implementation of the algorithm in the Verilog hardware description 
language will be given and the corresponding hardware consumption 
will be instantiated for a Xilinx Virtex 5 Field Programmable Gate 
Array (FPGA). Finally, as a practical example, the nonlinear input 
transformation will be utilized for the design of the primary mode 
controller of a capacitive MEMS gyroscope and measurement results 
will validate the feasibility of the presented control concept and its 
hardware implementation.

8066-38, Session 7

Modeling and analysis of a micromachined 
piezoelectric energy harvester stimulated by 
ambient random vibrations
A. B. M. Alamin Dow, D. Koo, Univ. of Toronto (Canada); 
M. Schneider, A. Bittner, U. Schmid, Technische Univ. Wien 
(Austria); N. P. Kherani, Univ. of Toronto (Canada)

Piezoelectric energy microgenerators are devices that generate 
continuously electricity when they are subjected to varying mechanical 
strain due to e.g. ambient vibrations. They can generate electrical 
power up to 100 µW which can be used to drive various sensing and 
actuating MEMS devices. Today, piezoelectric energy harvesters are 
considered autonomous and reliable energy sources to actuate low 
power microdevices such as wireless sensor networks, indoor-outdoor 
monitoring, facility management and biomedical applications. The 
advantages of piezoelectric energy harvesters including high power 
density, moderate output power and CMOS compatible fabrication 
in particular with aluminum nitride (AlN) have fueled and motivated 
researchers to develop MEMS based energy harvesters. Recently, 
the use of AlN as a piezoelectric material has increased fabrication 
compatibility, enabling the realization of smart integrated systems 
on chip which include sensors, actuators and energy storage . 
Piezoelectric MEMS energy microgenerator is used to capture and 
transform the available ambient mechanical vibrations into usable 
electric energy via resonant coupling in the thin film piezoelectric 
material. Analysis and modeling of piezoelectric energy generators are 
very important aspects for improved performance.

This paper presents the mathematical analysis, modelling and 
validation of a piezoelectric energy harvester based on ambient 
random vibrations. Aluminium nitride as piezoelectric material is 

sandwiched between two electrodes. The device design includes a 
silicon cantilever on which AlN film is deposited and which features 
a seismic mass at the end of the cantilever. Euler-Bernoulli energy 
approach and Hamilton’s principle are applied for device modeling and 
analysis of the operation of the device at various acceleration values. 
The model shows good agreement with the experimental findings, 
thus giving confidence into model. Both mechanical and electrical 
characteristics such as the resonant frequency, output power and load 
resistance are considered and compared with the experimental data, 
and good agreement is obtained. The developed analytical model 
can be applied for the design of piezoelectric microgenerators with 
enhanced performance.

8066-39, Session 7

Modeling of thermal response of bimorph 
electromechanical sensor
V. A. Fedirko, D. A. Zenyuk, E. A. Fetisov, Moscow Institute of 
Electronic Technology (Russian Federation)

We report on the results of theoretical and numerical modeling 
of thermo-mechanical response of MOEMS IR sensors. Thermo-
mechanical model for multi-layered micro-beam containing layers 
with different thermal expansion coefficients is developed and applied 
to simulate numerically the thermo-mechanical response. Bi-layered 
structures with various layers are compared aiming to obtain maximum 
response. Micro-capacitor thermo-sensor with suspended electrode 
has been modeled and analyzed. Model for MOS structure with 
suspended electrode has been developed, electromechanical and 
thermo-electromechanical characteristics of MOS structure with 
suspended electrode have been modeled. The results are compared 
with experimental data for experimental thermo-sensitive elements on 
the basis of multi-layered micro-cantilevers.

8066-63, Session 7

Vibration energy harvester optimization 
using artificial intelligence
Z. Hadas, C. Ondrusek, J. Kurfurst, V. Singule, Brno Univ. of 
Technology (Czech Republic)

This paper deals with a design, test results and optimization study 
of an improved vibration energy harvester. The vibration energy 
harvester is a mechatronic system which generates electrical energy 
from ambient vibrations. This harvester can be used as autonomous 
source of electrical energy for remote or wireless applications, which 
are placed in environment excited by ambient mechanical vibrations. 
The ambient energy of vibrations is usually on very low level but the 
harvester can be used as alternative source of energy for electronic 
devices with an expected low level of power consumption of several 
mW. The harvester was developed under European project WISE and 
further the harvester design is improved. The vibration energy harvester 
consists of a precise mechanical part, electromechanical converter and 
special electronics (electric load), thus the harvester is the complex 
mechatronic system and parameters of this device are mutually 
affected. The harvester operates correctly in a narrow bandwidth of 
the tuned up resonance frequency and the physical principle of this 
harvested is based on Faraday’s law.

The optimization study for maximization of harvested power or 
minimization of volume and weight are the main goals of our 
development. The optimization study of such complex device is 
complicated therefore artificial intelligence methods can be used 
for tuning up of optimal harvester parameters. The optimization 
process is used for the optimal design of mechanical, electrical and 
electromagnetic parameters. Several optimization studies can be 
used: optimization for maximal harvested output power with the fixed 
volume of the mechanical design, optimization for minimal volume or 
weight with the constant harvested output power and also complex 
optimization study for the design of all or picked harvester parameters. 

The artificial intelligence optimization process of the Self Organizing 
Migration Algorithm is used for these optimize studies. This 
optimization algorithm is denoted as SOMA and it has several 
optimization strategies. The strategy “All To One” is suitable for the 
optimization study of the complex energy harvester and this strategy 
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was applied for several optimizations with different cost functions. 
The cost function describes all requirements for the vibration energy 
harvester design. The computing program in the MATLAB was 
designed for this complex energy harvesting system. This program 
contains a dynamic model of the vibration energy harvester in the 
MATLAB Simulink which simulates the real behaviour of the excited 
system by ambient vibrations. The harvester model outputs are used 
as input parameters to the SOMA application.

The vibration energy harvester model consists of resonance 
mechanism model, electromagnetic converter model, coil and 
electrical load models. These model parameters for the optimize study 
were identified on the base on a shaker test of the real vibration energy 
harvester. Due to non-linear behaviour of the sensitive resonance 
mechanism and feedbacks between individual parts of harvester the 
traditional design of optimal coil parameters cannot be used. The 
optimal harvester parameters on the base of system requirements are 
found using artificial intelligent optimization study and this approach 
is useful tool for optimal design such complex systems as vibration 
energy harvester.

8066-40, Session 8

Modeling and characterization of a circular-
shaped energy scavenger in MEMS surface 
micromachining technology
F. Solazzi, J. Iannacci, A. Faes, F. Giacomozzi, B. Margesin, 
Fondazione Bruno Kessler (Italy); A. Tazzoli, G. Meneghesso, 
Univ. degli Studi di Padova (Italy)

This work reports the analysis, modeling and characterization of an 
electrostatic vibration-to-electric energy scavenger manufactured 
by means of a MEMS (Micro-Electro-Mechanical System) surface 
micromachining technology. Such a device may be employed in a 
sensing node of wireless sensor networks (WSN). 

Despite electrostatic scavengers typically show lower efficiency 
conversion with respect to piezoelectric and electromagnetic ones, 
they can exploit the significant advantage of the full compatibility with 
the standard CMOS process. This aspect is particularly important in 
order to obtain compact and low-cost devices.

The design and modeling stage is critical for scavengers realized with 
small vertical size (<10 µm) such as the ones manufactured by means 
of surface micromachining technology. A suspended thin membrane 
preferentially oscillates out-of-plane of the wafer. Hence a very large 
membrane is needed not only to lower as much as possible the 
resonant frequency, but also to have a large capacitance for the energy 
conversion. 

Preliminary finite element analyses (FEA) were performed to 
significantly optimize a thin suspended membrane and the anchors 
shape. As a result a 4.2 mm diameter circular profile was finally 
chosen for the movable part, and a membrane thickness of 5.5 µm 
was considered. Four anchor springs were placed at 90-degree arc-
distance and designed with semi-circle-shaped edges. This design 
topology allows for a more uniform distribution of the gold residual 
stress, along with a better control of the stress gradient, that frequently 
affects movable thin layers in MEMS technology.

As a proof of the concept, the modeled scavenger was manufactured 
by the FBK in-house foundry by using a surface micromachining 
8-masks CMOS-compatible process. The material used for the 
suspended part is electroplated gold, whith a measured average 
stress is 60 MPa. Process parameters were accounted for during the 
modeling phase, including an effective Young’s modulus for gold, 
allowing for a significant simplification of the FE model. 

As a result of the modeling optimization, the disk is quite planar, 
and does not exhibit any buckling, although the aspect ratio of the 
structure is very high. A release procedure based on low temperature 
plasma etching further improved the planarity.

For testing purposes, the scavenger was also planned to work as a 
mechanical resonator. Hence a driving electrode made of polysilicon 
was designed under the suspended membrane to provide the electric 
signal for the actively excitation of the device.

FE modal analysis with effective values of gold Young’s modulus 
and density showed a first resonance mode at 4.8 kHz. This result 
was validated by measurements performed on-wafer with a Laser 

Doppler Vibrometer, showing a resonant frequency of 4.45 kHz. 
Despite the model simplification, FE results are quite in agreement with 
measurements. The slight mismatch can be also due to the squeeze 
film damping (not accounted for in the FE analysis) lowering the first 
resonant mode.

In the full paper the authors will report more details and experimental 
data of the discussed device. Moreover, a FE random vibration analysis 
will be presented to evaluate the effects on the energy scavenger of a 
real operation environment.

8066-41, Session 8

Issues in validation of performances of 
piezoelectric vibration-based energy 
harvesters
D. Bla?evic, S. Zelenika, Univ. of Rijeka (Croatia)

Energy harvesting systems have attracted wide attention in developing 
wireless system networks and in numerous other fields. In this frame, 
harvesting of kinetic energy of vibrations via piezoelectric cantilevers 
is advantageous due to design simplicity, miniaturization potential and 
the linearity of the mechanical and electromechanical behavior [1-3].

In this work a modal model of the dynamics behavior of the considered 
devices, based on the classical Euler-Bernoulli beam model [4, 5], 
is presented and validated with results obtained via a Finite Element 
Model. Experimental set-ups are then developed for assessing 
the performances of commercially available piezoelectric energy 
harvesters [6], whose usage can be limited by the lack of relevant 
data on their electromechanical characteristics or, even when these 
are partly available, by their very complex layered structure. Bending 
tests allowed thus determining the equivalent bending stiffness of 
the scavengers. On the other hand, dynamics tests allowed obtaining 
frequency response functions (FRF) in terms of tip displacement - 
to - base acceleration, produced voltage - to - base acceleration 
and power output - to - base acceleration around the fundamental 
bending resonance frequency of the considered devices. These 
results allow determining the influence of the voltage feedback due to 
the piezoelectric effect on the dynamic response of the devices, the 
dependence of their output voltage and output power on the applied 
resistive loads, as well as the values of the loads and frequencies for 
which the output power is maximized.

It becomes therefore possible to correlate the behavior of the off-the-
shelf piezoelectric harvesters to the models of their electromechanical 
performances proposed recently in literature [7, 8]. All of this will, in 
turn, make possible, in the following phase of the work, developing 
optimized vibration energy harvesting devices by taking into 
consideration not only their dynamics, but also dimensional and 
material strength constraints.
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8066-42, Session 8

Plucked piezoelectric bimorphs for energy 
harvesting applications
M. Pozzi, M. Zhu, Cranfield Univ. (United Kingdom)

The modern drive towards mobility and wireless devices is motivating 
intense research in energy harvesting (EH) technologies. In an effort 
to reduce the battery burden of people, we are investigating a novel 
piezoelectric wearable energy harvester. As piezoelectric EH is 
significantly more effective at high frequencies, in opposition to the 
characteristically low-frequency human activities, we propose the use 
of an up-conversion strategy. In order to guide the design of such 
harvester, we have successfully modelled with Finite Elements (FE), 
for the first time, the response and power generation of a piezoelectric 
bimorph while it is “plucked”, i.e. deflected, then released and allowed 
to vibrate freely. One important issue in defining the configuration of 
the harvester is the “design plucking frequency”, i.e. the frequency at 
which the bimorph should be plucked. The new model is invaluable in 
answering this question, as it shows that there is an optimal plucking 
frequency for power output, which is close to the resonance frequency 
(f0) of the device, but also that in the wider range between f0 and f0/3 
interesting power outputs can be obtained. Our model also shows 
that whilst PZT-5A is superior for very sparse plucking, the softer 
PZT-5H yields higher powers when the plucking frequency is high. 
A comparison between theoretical predictions and experimental 
measurements in the familiar situation of seismic harmonic excitations 
shows that the model is quite accurate and reliable. Furthermore, an 
experimental rig has been devised and set up to reproduce the action 
of the bimorph in the harvester we are designing. Measurements of 
the voltage output and the energy dissipated across a selection of 
series resistors are reported and successfully compared with the FE 
predictions. A PZT-5H monolithic bimorph of size 31.8x12.7x0.38 
mm^3 was used for the experiments; a single plucking action was 
capable of producing an energy of almost 40 µJ with peak voltages 
in excess of 22 V across a load of 25 kΩ. As the novel harvester will 
feature a number of bimorphs, each plucked tens of times per step, we 
predict a total power output of several mW, with imperceptible effect 
on the wearer’s gait.

8066-43, Session 8

A novel MEMS design of a piezoelectric 
generator for fluid-actuated energy 
conversion
I. Kuehne, M. Schreiter, Siemens AG (Germany); H. Seidel, 
Univ. des Saarlandes (Germany); A. Frey, Siemens AG 
(Germany)

This paper reports a novel MEMS design of a piezoelectric generator 
for fluid-actuated energy conversion. Moreover, the fabrication and 
characterization of these optimized piezoelectric MEMS cantilever 
structures are presented. A comparison of piezoelectric thin films (PZT, 
AlN, ZnO) regarding best conversion efficiency is given. Optimized 
triangular beam shapes result in electrical energy densities of 35 nJ/
mm2. Compared to classical rectangular piezoelectric beam shapes 
the energy output is increased by a factor of 15.

State of the art piezoelectric MEMS generators typically harvest 
mechanical energy that is based on environmental vibrations. These 
generators are based on spring-mass configurations that show the 
best efficiency when the resonant frequency of the device and the 
dominant frequency of the vibrations match. Consequently, each 
design has to be specific and depends on a relatively stable vibration 
source. Moreover, mass-based generators are sensitive to vibrations 
that are interfered by large static mechanical forces (e.g. centrifugal 
forces).

In this work we present MEMS generators that consist of fixed-
free piezoelectric beams without additional inertial mass. These 
structures can easily be stimulated by fluid flows. Alternatively, the 
primary mechanical energy can be brought into the generator by 
directly exposing the piezoelectric transduction element to a defined 
deflection. The way of stimulus has a large impact on optimum 
beam shapes. The goal is to design the geometry in a way so that 
the mechanical stress distribution over the lateral beam area is 

constant. This directly results in a fixed electrical voltage distribution 
- equipotential surface - so that the entire piezoelectric volume evenly 
contributes to the energy transduction. There are different optimum 
beam shapes depending on the impact of the external forces. In case 
of a point load at the beam tip a triangular geometry is best regarding 
maximum electrical energy generation. A uniform load (e.g. fluid flow) 
results in an optimum geometry in form of a triangle with curved side 
edges.

In general, two species of piezoelectric beam stacks - monomorphic 
and bimorphic - are investigated. The piezoelectric layer is made of a 
self-polarized PZT thin film that is processed via sputtering technology. 
The monomorphic stack needs an additional carrier layer (e.g. 5 µm 
Si) in order to fix the neutral fiber outside the piezoelectric material. 
Moreover, a comparison between different piezoelectric thin films - 
PZT, AlN, ZnO - is presented. Here, electrical characterizations are 
performed in order to extract the piezoelectric constants which are 
fundamental for the conversion efficiency.

First measurements of triangular designs have been done. The 
piezoelectric beam was excited by a mechanical deflection at the 
beam tip and then abruptly released in order to see the decay of the 
natural oscillations. Based on these measurements the optimum 
external resistive load was determined. Here, an optimum impedance 
matching between internal and external resistance was found (6.67 
kOhm). Furthermore, the dependency of the electrical quality factor 
regarding the ambient pressure is presented. Quality factors of more 
than 100 were found in case of atmospheric pressure. The maximum 
electrical voltage and energy density for both triangular and rectangular 
beam shapes were measured.

8066-44, Session 8

Piezoelectric power generation for sensor 
applications: design of a battery-less 
wireless tire pressure sensor
N. Makki, Univ. of Ontario Institute of Technology (Canada)

Piezoelectric materials such as Lead Zirconate Titanate (PZT) are well 
known for their ability to produce a voltage when subjected to stress. 
Applications of these materials in systems that undergo cyclic stresses 
such as vibrations, periodic loading, cyclic deformation etc provide 
an excellent opportunity for power harvesting. One such automotive 
system is the tire, which undergoes cyclic deformation during rotation. 
A piezo material attached to the tire can easily generate power in 
deformation mode. Since the power generated by PZT material is only 
in the milli-watt range they cannot support large power demanding 
devices, however, smaller electronic devices especially sensor units 
can be powered by these materials relatively easily. This paper focuses 
on the use of power harvested from a tire to energize low-power 
wireless sensors [such as tire pressure sensor],resulting in battery 
elimination, design simplification, component reduction, increased 
system efficiency , weight and size reduction, improved system life and 
reduced end-of-product life waste making it environmentally friendlier.

For power generation, a deformable circular piezo element is attached 
to the sidewall of the tire close to the rim. As the tire rotates, the area 
of the sidewall above the tire contact patch deforms due to the vehicle 
load acting on it. This deformation, which is cyclic in nature, causes the 
attached piezo element to deform generating a periodic charge pulse. 
This charge is then stored into a capacitor after rectification. Overtime, 
enough charge is built-up in the capacitor to power a low-load circuit 
for a short period of time. The size of capacitor used for charge storage 
as well as the circuit load determines the duration for which the circuit 
can be powered. This configuration results in a periodic operation of 
the sensor due to the time required for the capacitor to charge after 
each discharge, an approach similar to the one presented by Wu 1, 
who relies on vibration as the source of capacitor charging as opposed 
to deformation mode being presented here. A 20 mm element attached 
to the wheel of a 2001 Nissan Sentra accumulated 9V in a 100uf 
capacitor within a distance of 700m. 

The charge stored in a capacitor could then be used for tire pressure 
measurement using a piezoresistive pressure sensor placed between 
the rim and the tire bead. Reduction in air pressure inside the tire 
causes a reduction in the compressive stress acting on the piezo-
pressure sensor resulting in a change in its resistance which is read 
by a microcontroller and transmitted through a low power transceiver 
to the receiving unit. The entire cycle from pressure sensing to data 
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transmission takes only a few hundred milliseconds and thus can be 
successfully supported by a 100uf to 150uf capacitor. The unique 
feature of this arrangement is the fact that it could be mounted onto 
the outside of the rim similar to a ‘balancing weight’ (and could also be 
mounted onto the inside just like conventional pressure sensors).

References:

1 - Wu, Liji’, WANG,Yixiang, JIA, Chen, ZHANG, Chun, Battery-less 
Piezoceramics Mode Energy Harvesting for Automobile TPMS

8066-45, Session 8

Smart energy management and low-power 
design of sensor and actuator nodes on 
algorithmic level for self-powered sensorial 
materials and robotics
S. Bosse, T. Behrmann, Univ. Bremen (Germany)

Today there is an increasing demand for miniaturized smart sensors 
embedded in sensorial materials and smart actuators in microsystem 
applications. Each sensor and actuator node provides some kind 
of sensor, electronics, data processing, and communication. With 
increasing miniaturization and sensor-actuator density, decentralized 
network and data processing architectures are preferred. But energy 
supply is still centralized. Using local energy-harvesting technologies, 
a decentralized energy supply can be provided, too. Energy harvesting, 
for example using thermo-electrical sources, delivers actually only 
low electrical power, requiring 1. smart energy management on the 
consumer side controlling the energy consumption, and 2. low-power 
design.

We propose and demonstrate a design methodology for embedded 
systems satisfying low power requirements suitable for self-powered 
sensor and actuator nodes.

This design methodology focuses on 1. smart energy management at 
runtime and 2. application-specific System-On-Chip (SoC) design at 
design time, contributing to low-power systems on both algorithmic 
and technology level.

Smart energy management is performed spatially at runtime by a 
behaviour-based or state-action-driven selection from a set of different 
(implemented) algorithms classified by their demand of computation 
power, and temporally by varying data processing rates. It can be 
shown that power/energy consumption of an application-specific SoC 
design depends strongly on computation complexity. 

A simple example in sensor data processing is a calculation of mean 
values and data trends. Calculation could be performed by direct 
processing of a full data array, reducing array size or by using moving 
average algorithm reducing the accuracy. Data trends could be 
estimated by nonlinear curve fitting, linear regression or interpolation 
of the last two sample values. These algorithms trade in different 
performance properties regarding noise rejection vs. calculation effort.

Depending on the actual state of the system, the actual and estimated 
future energy deposit, suitable algorithms can be selected and 
executed optimizing the Quality-of-Service (QoS) and the balance 
between accuracy and economy.

Signal and control processing is modelled on abstract level using 
signal flow diagrams (Matlab & Simulink modelling and simulation 
environment). These signal flow graphs are mapped to Petri Nets to 
enable direct high-level synthesis of digital SoC circuits using a multi-
process architecture with the Communicating-Sequential-Process 
model on execution level (ConPro High-Level synthesis framework). 
Power analysis using simulation techniques on gate-level provides 
input for the algorithmic selection during runtime of the system, leading 
to a closed-loop design flow. Additionally, the signal-flow approach 
enables power management by varying the signal flow and data 
processing rates depending on actual energy consumption, estimated 
energy deposit, and required Quality-of-Service.
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8067-01, Session 1

Evolutionary hardware design
L. Sekanina, Brno Univ. of Technology (Czech Republic)

Since the early 1990’s researchers have begun to apply evolutionary 
algorithms to synthesize electronic circuits. Nowadays it is evident that 
the evolutionary design approach can automatically create efficient 
electronic circuits in many domains. This paper surveys fundamental 
concepts of evolutionary hardware design. It introduces relevant search 
algorithms such as Cartesian genetic programming (CGP). Several 
case studies are presented demonstrating strength and weakness 
of the method. Target domains are combinational circuit synthesis 
where the goal is to minimize the number of gates, image filter 
design intended for field programmable gate arrays (FPGAs) where 
the goal is to obtain the quality of filtering of conventional methods 
for a significantly lower cost on a chip and evolution of benchmark 
circuits for evaluation of testability analysis methods. Evolved circuits 
are compared with the best-known conventional designs. FPGAs are 
presented as accelerators for evolutionary circuit design and circuit 
adaptation.

8067-02, Session 1

3D design exploration of CNN algorithms
L. Spaanenburg, Lund Univ. (Sweden) and RaviteQ (Sweden); 
S. Malki, Lund Univ. (Sweden) and BASE AB (Sweden)

Multi-dimensional algorithms are hard to implement on classical 
platforms. Pipelining may exploit instruction-level parallelism, but not 
in the presence of simultaneous data; threads optimize only within 
the given restrictions. Tiled architectures do add a dimension to the 
solution space. With locally a large register store, data parallelism is 
handled, but only to a dimension.

3-D technologies are meant to add a dimension in the realization. 
Applied on the device level, it makes each computational node 
smaller. The interconnections become shorter and hence the network 
will be condensed. Such advantages will be easily lost at higher 
implementation levels unless 3-D technologies as multi-cores or chip 
stacking are also introduced.

Multi-core architectures have been popularized with the advent of the 
IBM CELL. On a finer grain the problems in scheduling multi-cores 
have already existed in the tiled architectures, such as the EPIC and 
Da Vinci. It is not easy to evaluate the performance of a schedule on 
such architecture as historical data are not available. One solution 
is to compile algorithms for which an optimal schedule is known by 
analysis. 

3-D technologies scale in space, where (partial) reconfiguration scales 
in time. The optimal selection over the various implementation levels 
is algorithm dependent. The paper discusses such principles while 
applied on the scaling of cellular neural networks (CNN). It illustrates 
how stacking of reconfigurable chips supports many algorithmic 
requirements in a defect-insensitive manner. Further the paper explores 
the potential of chip stacking for multi-modal implementations in a 
reconfigurable approach to heterogeneous architectures for algorithm 
domains.

8067-03, Session 1

Bio-inspired FPGA architecture for self-
calibration of an image compression core 
based on wavelet transforms in embedded 
systems
R. Salvador, A. Vidal, F. Moreno, T. Riesgo, Univ. Politécnica de 
Madrid (Spain); L. Sekanina, Brno Univ. of Technology (Czech 
Republic)

A generic bio-inspired adaptive architecture for image compression 
which is suitable to be implemented in embedded systems is 
presented. The architecture allows to tune the system during its 
calibration phase. An evolutionary algorithm is responsible of 
making the system evolve towards the required performance point. 
A prototype has been implemented in a Xilinx Virtex 5 FPGA device 
featuring an adaptive wavelet transform core directed at improving 
image compression for specific types of images.

A simplified version of an Evolution Strategy using fixed point 
arithmetic has been chosen as the search algorithm. The typical 
genetic operators of such an algorithm have been adapted to allow 
for a hardware friendly implementation. The algorithm is responsible 
of finding the transform coefficients which are better adapted to the 
type of image being analized. The wavelet transform is implemented 
using the lifting scheme, which gives support for the construction of 
custom wavelets. HW/SW partitioning issues are also considered after 
a high level description of the algorithm is profiled which validates the 
proposed resource allocation in the device fabric.

To check the robustness of the system and its adaptation capabilities, 
different types of images have been selected as validation patterns. 
Therefore, the proposed system can be considered as a generic 
accelerator for evolving better than the standard wavelet transforms 
which are adapted for image compression of very specific types of 
images.

A direct application of such a system is its deployment as an 
autonomous embedded system in an unknown environment during 
design time, letting the calibration phase adjust the system parameters 
so that it performs efficient image compression. Also, this prototype 
implementation may well serve as an accelerator for the automatic 
design of evolved transforms. Once the required compression 
performance has been reached, the resulting evolved transform 
coefficients may be synthesized and implemented in a non-adaptive 
system in the final implementation device, whether it is a HW (FPGA, 
ASIC) or SW (CPU, DSP, GPU) based computing device.

The architecture has been built in a modular way so that it can be 
easily extended to adapt other types of image processing cores, which 
could potentially show the architecture flexibility to host different types 
of adaptive processing cores. Details on this pluggable component 
point of view are also given in the paper.

A further extension of this work may lead to an hypothetically 
continuously evolving system with self-adaptation capabilities ready 
to follow environmental changes. However, this future work requires a 
more thorough analysis from a higher level perspective of the system’s 
intelligence which will be tackled in following works.

8067-04, Session 1

Partial reconfiguration of a peripheral in an 
FPGA-based SoC to analyse performance-
area behaviour
A. Cardona Cardona, Y. Guo, C. Ferrer, Univ. Autònoma de 
Barcelona (Spain)

Systems on Chip (SoC) are present in a wide range of applications. 
This diversity in addition with the quantity of critical variables involved 
in their design process becomes it as a great challenging topic. FPGAs 
due to their flexibility have consolidated as a common device to 
develop and prototype SoCs, and consequently Partial Reconfiguration 
(PR) has gained importance in this field. Through PR it is possible 
to have a section of the FPGA operating, while other section is 
disabled and partially reconfigured to provide new functionality. In 
this way hardware resources can be time-multiplexed and therefore 
it is possible to reduce size, cost and power. Our work focuses on 
the implementation of a SoC, in an FPGA-based board, with one of 
its peripherals being a reconfigurable partition (RP). Inside this RP 
different hardware modules defined as reconfigurable modules (RM) 
can be configured. Thus, the system is suitable to have different 
hardware configurations depending on the application needs and 
FPGA limitations, while the rest of the system continues working. To 
this end a MicroBlaze soft-core processor is used in the system design 



Return to Contents36 SPIE Microtechnologies · www.spie.org/mtprogramme

and a Virtex-5 FPGA board is utilized to its implementations. Typical 
applications for embedded systems are used to explore the capabilities 
of this approach. Identifying the sections of the application suitable 
of being time-shared it is possible to define the RMs to place inside 
the RP. Different configurations are carried out and measurements of 
speed and area are taken. Preliminary results of the performance and 
area utilisation are presented to validate the improvement in flexibility 
and resource usage.

8067-05, Session 1

Cost and energy efficient reconfigurable 
embedded platform using Spartan-6 FPGAs
A. Otero, M. Llinás, E. de la Torre, J. Portilla, T. Riesgo, Univ. 
Politécnica de Madrid (Spain)

Modern Field Programmable Gate Arrays (FPGAs) with run-time 
reconfiguration allow the implementation of complex systems 
offering both the flexibility of software-based solutions combined 
with the performance of hardware. This exclusive combination of 
characteristics, together with the development of new specific 
methodologies oriented to the design of those dynamically partial 
reconfigurable (DPR) systems, make feasible to reach new points of 
the system design space, and make embedded systems built on these 
platforms being conquering more and more research importance. For 
instance, a promising application field of this technology is Wireless 
Sensor Networks (WSN). Providing WSN nodes with reconfiguration 
capabilities would allow the implementation of self-adaptive systems 
that could automatically select the optimum profile, switching between 
different high performance requiring modules (Not implementable 
in SW-based systems), like specific image processing algorithms, 
different profiles of video coders or variable key-size cryptographic 
engines. 

However, the practical exploitation of this technique in fields that 
traditionally have relied on resource restricted embedded systems, is 
mainly limited by strict power consumption requirements, as well as 
by the cost limit imposed by its massive production. Other limitations 
are the highly dependence of DPR with the specific features of the 
underneath technology, that is, with the particularities of each FPGA 
family. This increases the adaptation cost of former solutions to 
new devices, that is, the cost of keeping updated and consequently 
competitive these platforms.

In this work, we tackle the previously reported problems, designing 
a reconfigurable platform based on the low-cost and low-power 
consuming Spartan-6 FPGA family, recently launched to the market. 
The full process to develop the platform will be detailed in the paper 
from scratch, beginning with the selection of the FPGA family, and 
following with the results of the research process required to find 
out some reconfiguration details of the device, necessary to design 
and implement the reconfiguration solution. After these steps, the 
implementation of the reconfiguration mechanism, including two 
profiles, is detailed. The first profile is a low area-consumption and 
low-speed reconfiguration engine based mainly on software functions 
running on the embedded processor, while the other one is a hardware 
version of the same engine, implemented in the FPGA logic that 
achieves a lower reconfiguration time overhead. This reconfiguration 
hardware block has been originally designed to the Virtex-5 family, 
and its porting process will be also described in this work, facing 
the interoperability problem among different families. In addition, 
performance of the reconfigurable platform has been evaluated, 
considering both the reconfiguration time and its consequence in the 
power consumption.

8067-06, Session 2

Performance analysis of 802 .15 .4 wireless 
standard
M. Conti, E. Losavio, S. Orcioni, Univ. Politecnica delle Marche 
(Italy)

The protocols for low distance wireless communications are becoming 
more and more important. Widely used protocols for wireless sensor 
networks are Bluetooth and ZigBee.

The ZigBee (the lower layers of the protocol is the IEEE 802.15.4) 
standard was developed specifically for remote monitoring and control. 
ZigBee networks are designed to conserve the power of the slave 
nodes. For most of the time, a slave device is in deep-sleep mode 
and wakes up only for a fraction of a second to confirm its presence 
in the network. The ZigBee provides the highest bit rate of 250 kbps 
operating at 2.4GHz. The packet size is length 127 bytes, but only 
102 bytes can be used for data transmission, therefore the maximum 
nominal information rate is 200 kbps

Since the ZigBee nodes are not synchronized, a collision in the 
channel can occur when the nodes try to transmit in the same time. 
The ZigBee MAC layer uses the CSMA-CA algorithm to access the 
channel and reduce the collision probability: each device tries to use 
the channel after a random delay. This algorithm yields high throughput 
and low latency for low duty cycle devices like sensors and controls. 
Unfortunately the CSMA-CA algorithm reduces the effective maximum 
information rate to about 125 kbps in case of a single node that uses 
the channel.

In this work a model of the IEEE 802.15.4 standard is proposed. Both 
MAC and PHY layer are implemented in SystemC. 

The model has been used to verify the performances of the 802.15.4 
standard in terms of efficiency (percentage of packets transmitted 
successfully), channel throughput, power dissipation (amount of time 
the transmitter or receiver must be on) as a function of the number 
of nodes in the network, of the dimension of the payload and of the 
frequency with which the nodes try to transmit.

In particular the analysis has been carried out to evaluate network 
performances with an high number of nodes. Networks with 30 nodes 
have been simulated and an extrapolation with 1000 nodes has been 
derived.

8067-07, Session 2

RFID-based wake-up system for wireless 
sensor networks
A. Sanchez, J. Aguilar, S. Blanc, J. J. Serrano, ITACA Institute 
(Spain) and Univ. Politécnica de Valencia (Spain)

In the past few years wireless sensor networks (WSN) have evolved 
considerably. The aim of WSN is to provide solutions which are low 
in cost but reliable acquiring data from the environment in real time 
and ensuring loss free transmission to their final destination. A critical 
issue of WSN circuits is energy management. Most part of the power is 
consumed by the radio interface, up to 75%. In order to minimize this 
consumption, every node of the wireless network should be kept in an 
ultra low power mode, also known as sleep mode, as long as possible.

This work presents a Radio-Triggered Wake-Up solution. Generally 
speaking, a node stays longer in sleeping mode when using a Wake-
Up circuit rather than using a synchronous sleep timer. In many WSN 
applications, those with low network traffic like precision agriculture 
or solar panel monitoring, this advantage becomes significantly 
remarkable.

Nowadays, a wide range of commercial Wake-Up circuits are available 
for 125 KHz RFID systems. This kind of circuitry is commonly 
optimized for an ultra low power or even self-powered autonomous 
devices. However, due to the low efficiency of radiating elements at 
this frequency, communication distance using RFID technology is 
severely restricted. The aim of this work is to take advantage of 125 
KHz RFID systems using a digital modulation to carry the Wake-Up 
signal up to a higher frequency ISM band, such as 433 MHz, 868 
MHz or 2.4 GHz, where small antennas have much better radiation 
efficiency.

To generate and transmit the Wake-Up signal via radio, the simplest 
digital Amplitude Shift Keying, the On-Off Keying (OOK), is used. This 
modulation can be easily done by the main microcontroller switching 
the node RF interface output power. This work also shows the 
algorithm to perform this task in a real microcontroller. Therefore no 
extra radio interface is needed to transmit the wake up signal.

For receiving aforementioned generated signal, a demodulation 
circuitry has been implemented using an envelope-detector based 
on a Dickson Charge Pump Structure. The detected 125 KHz signal, 
can now be processed by an existing commercial RFID Wake-Up IC. 
As a result, when a valid Wake-Up signal is received, a pulse signal is 
generated to wake the microcontroller, without any further processing.
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In order to design a final IC product, small size and low cost solution, 
only CMOS likely elements have been used. Hence, inductors have 
been avoided due to their poor integrated performance, favoring 
hardware IP cores, diodes and low capacitances instead.

In the functional aspect, selective Wake-Up can be performed thanks 
to predefined patterns recognition implemented in the RFID system 
used. Thus, network nodes can be individually wakened up, which 
means a worthy advantage in extensive networks.

Finally, to make possible the analysis of Wake-up circuit results, a 
prototype has been developed using discrete components. With only 
8.7 microWatts of power consumption (@ 3.0 Vdc) the system is able 
to successfully Wake-Up nodes 15 meters away from the transmission 
source. This performance improves solutions presented in previous 
research works.

8067-08, Session 2

Wireless videosurveillace over 802 .15 .4
M. Conti, M. Telari, S. Orcioni, Univ. Politecnica delle Marche 
(Italy)

The main specifications to be considered in the design of image sensor 
wireless networks are the quality of the image to be transmitted, the 
number of images per second that can be transmitted, the power 
dissipated for image processing and transmission, the insensitivity with 
noise in the channel. 

Image processing algorithms, image compression algorithms, sensor 
node architecture, wireless protocol from application layer to physical 
layer, network topology must be analysed and all the parameters 
should be tuned in a system level simulation of the complete sensor 
network in order to optimize the performances of the complete system.

Image compression in the sensor reduces data to be transmitted, but 
this causes a reduction in image quality and a greater sensitivity to 
noise. Conversely, image processing can be performed to improve 
quality before compression in the sensor, but the processing will 
increase the power dissipated by the sensor itself and the compression 
ratio will be reduced with a consequent increment in the transmission 
power and sensitivity to noise. Image processing on the receiver side, 
after compression, does not allow the same quality, but reduces power 
dissipation on the sensor node.

The IEEE 802.15.4 standard has been developed specifically for 
remote monitoring and control. 802.15.4 networks are designed to 
save the power of the slave nodes. For most of the time, a slave device 
is in deep-sleep mode and wakes up only for a fraction of time to 
confirm its presence in the network. The targets of 802.15.4 are low 
cost applications where the battery cannot be changed (battery life 
time of 1-2 years) with limited requirements of bandwidth.

Therefore the IEEE 802.15.4 protocol for videosurveillance can be 
used only if the data processing and compression is performed very 
carefully.

In this work we will present an analysis of performance analysis of a 
wireless network of image sensor nodes using the low cost and low 
bandwidth 802.15.4 protocol.

The SysemC design environment for a system level design of 
electronic system has been used.

The JPEG standard described in C++ has been included in a SystemC 
module. The MAC and Physical layers of the 802.15.4 protocol and the 
wireless channel has been implemented in SystemC. The complete 
videosurveillance wireless network with 5 image sensor nodes has 
been modelled and simulated in SystemC.

The optimization of the JPEG parameters (Q factor, use of restart 
marker ...) and of the 802.15.4 parameters as a function of the image 
dimensions and number of nodes has been performed.

The performances considered are image quality, channel effective 
throughput, average time for sending the images, packet error rate due 
to collisions.

8067-09, Session 2

Simulation of impulse response for indoor 
wireless optical channels using 3D CAD 
models
S. Rodríguez Pérez, B. Rodríguez Mendoza, G. Miranda 
Valladares, C. Segura González, R. Pérez Jiménez, Univ. de La 
Laguna (Spain)

Recent years have seen the increased utilization of infrared radiation 
(IR) in indoor wireless optical communications systems in an effort 
to achieve high-speed wireless links for use in local area networks. 
In this sense, the characterization of the IR channel is essential 
to studying and analyzing the limits in terms of the design and 
performance offered by these links. Among the drawbacks associated 
with IR communications links are high propagation losses, transmitter 
power may be limited by concerns over power consumption and eye 
safety, and sensitivity to ambient infrared noise caused by sunlight, 
incandescent lighting and fluorescent lighting, which induces noise 
in an infrared receiver. Furthermore, the IR channel exhibits multipath 
distortion that can cause ISI in high bit-rate links. 

In this paper, a tool for simulating the impulse response of indoor 
wireless optical channels using 3D computer-aided design (CAD) 
models is presented. The tool uses a simulation algorithm that relies on 
ray tracing techniques and the Monte Carlo method and improves on 
all previous methods from a computational standpoint. The simulation 
tool features two fully differentiated parts. The first is charged with 
defining the 3D scene or the simulation environment, which the 
user can describe by means of any CAD software that is capable of 
generating or storing the scene in 3DS format. The geometry of the 
setting where the communications are being established, along with 
the different material types, emitters and receivers that comprise the 
link or links involved in the simulation are specified in the 3D scene. 
The second element consists of the simulation model. This refers to 
the mathematical models that characterize the effect of each of the 
elements present in the simulation environment (reflecting surfaces, 
emitters and receivers), and to the simulation algorithm that, aided by 
these models, allows the channel impulse response to be computed. 
The part of the tool that implements the simulation model and into 
which the 3D scene is input is programmed in C++. In addition 
to allowing for the simulation of angle-diversity receivers, the tool 
includes an additional utility that lets the user see and analyze the 
execution trace of the program by means of a 3D environment viewer 
written in Java 3D.

Lastly, so as to improve the computational efficiency, two optimizations 
were introduced. The first consists of dividing the simulation 
environment into sub-cubes of equal size. When a ray is traced in 
these sub-regions, only those object faces and/or surfaces that 
are in the ray propagation path need to be considered. This first 
optimization yields improved calculation performance of approximately 
50%. The second consists of parallelizing the simulation algorithm. 
The parallelization method proposed involves the equal and static 
distribution of the rays for computation by different processors. 
This optimization results in a calculation speed-up that is essentially 
proportional to the number of processors used.

8067-10, Session 2

A 55 µW programmable gain amplifier with 
constant bandwidth for a direct conversion 
receiver
J. Masuch, M. Delgado-Restituto, Instituto de Microelectrónica 
de Sevilla (Spain)

A fully differential programmable gain amplifier (PGA) with constant 
transfer characteristic and very low power consumption is proposed 
and implemented in a 130 nm CMOS technology. The PGA features 
a gain range of 3 dB to 56 dB with a step size of 6 dB and a constant 
bandwidth of 10 - 550 kHz. It employs two stages of variable 
amplification with an intermediate 2nd order low pass channel filter. 

The first stage is a capacitive feedback OTA using current-reuse 
achieving a low input noise density of 15nV/sqrt(Hz). The gain of this 
stage is set by the capacitance ratio to 0-24 dB. Moreover, the first 
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stage sets the overall high-pass cutoff frequency to approximately 10 
kHz. For all gain settings the cutoff frequency variation is within +/- 
5%.

The low-pass channel filter is merged with a second amplifying stage 
forming a Sallen-Key structure. This amplifier employs gain-boosting 
in order to cover a gain range of 3-32 dB. The gain is controlled by 
the ratio of the load resistance to a variable degeneration resistance. 
In order to maintain a constant transfer characteristic versus gain, the 
Sallen-Key feedback is taken from different taps of the load resistance. 
Using this new approach, the low-pass cutoff frequency is kept quite 
constant between 490 kHz and 590 kHz for all gain settings (+/- 10%). 
Finally, the second stage is placed within an offset cancellation loop 
leading to an output offset of less than 3mV. 

The PGA occupies an area of approximately 0.02 mm² and achieves 
a post-layout power consumption of 55 µW from a 1V-supply. For the 
maximum gain setting the integrated input referred noise is 12 µV_RMS 
while the total harmonic distortion is 0.5 % for output amplitudes of 0.6 
Vpp.

8067-11, Session 2

Multi-user THSS system for indoor wireless 
optical communications with angle-diversity 
detection
S. Rodríguez Pérez, B. Rodríguez Mendoza, J. R. Álvarez 
Santos, O. B. González Hernández, A. J. Ayala Alfonso, Univ. 
de La Laguna (Spain)

Recently, there has been a growing interest in the use of wireless 
optical communications in some well-defined indoor environments. 
Wireless optical communications present certain advantages over RF 
transmission that make them suitable in certain specific scenarios. 
Optical systems do not interfere with RF systems, thus avoiding 
EM compatibility restrictions. Moreover, there are no current legal 
restrictions involving bandwidth allocation and, since radiation is 
confined by walls, they produce intrinsically cellular networks, which 
are more secure against deliberate attempts to gain unauthorized 
access than those in radio systems. There are two major limitations 
for establishing a wideband IR communications link: the power 
requirements and the intersymbol interference caused by multipath 
dispersion. In general, the use of angle-diversity receivers makes it 
possible to reduce the impact of ambient light noise, path loss and 
multipath distortion. Basically, there are three ways to achieve angle-
diversity detection: using conventional, imaging or sectored receivers.

In this paper, an infrared wireless communications system based on 
time-hopping spread-spectrum techniques (THSS) employing angle-
diversity detection is studied via simulation. Although the system is 
designed to operate at infrared wavelengths, it can also be used for 
Visible Light Communications (VLC). Time-Hopping codification is 
based on splitting the symbol period into several short slots. In order 
to specify which slots are used to transmit and which are not, the use 
of maximum length sequences (MLS) is considered. The remaining 
time slots can be used by other users so as to provide the system 
with multiple access capabilities. In this paper, a 2-PPM modulation 
scheme is selected because it yields good results in infrared systems 
as well as in VLC. Furthermore, the THSS system provides for physical 
level redundancy, i.e., it allows for selecting the number of pulses 
per symbol to be transmitted. The system makes use of an optimum 
maximum-likelihood receiver for AWGN channels, and hard or soft 
decision decoding can be selected.

The system designed allows for comparing the performance based on 
the computation of the bit error rate (BER) as a function of the pulse 
energy to noise power spectral density ratio (Ep/No), for different 
configurations in single-user and multi-user environments. The results 
show a significant enhancement when angle-diversity receivers are 
used as compared to employing receivers using a single-element 
detector with a wide FOV. In this paper, two of the three angle-diversity 
structures are studied: conventional and sectored receivers. Although 
the sectored receiver exhibits better BER versus Ep/No than the 
conventional receiver, its implementation is more complex. In general, 
sectored receivers comprise more detectors than conventional 
receivers.

8067-28, Poster Session

Evaluation of MOBILE-based gate-level 
pipelining augmenting CMOS with RTDs
J. Nuñez, IMSE-CNM (Spain) and Consejo Superior de 
Investigaciones Científicas (Spain); M. J. Avedillo, J. M. 
Quintana, Univ. de Sevilla (Spain) and IMSE-CNM (Spain) and 
Consejo Superior de Investigaciones Científicas (Spain)

Introduction and Motivation: Resonant tunneling devices (RTDs) are 
very fast quan¬tum-effect devices exhibiting Negative Differential 
Resistance (NDR) in their I-V characteristic which has been exploited, 
in combination with transistors, to improved circuit performance (in 
comparison to transistor-only technologies): higher circuit speed, 
reduced component count, and/or lowered power con¬sumption 
[1], [2]. It has been suggested that the addition of RTDs to CMOS 
technology (RTD-CMOS) could extend its life. Currently, the realization 
of tunnel diodes in silicon is a very active research area where progress 
is expected.

In particular, the NDR allows implementation of MOBILE (Monostable-
to-Bistable Logic Elements) logic gates. MOBILEs are clocked gates 
which evaluate with clock edges and exhibit self-latching behaviour. 
Because of this, MOBILE gate networks operate in a pipeline fashion 
(each gate-level is a pipeline stage) with a multi-phase clock scheme 
[1]. Also a single phase scheme has been proposed alternating 
positive-edge triggered stages and negative ones and adding latches 
between them [3]. 

Objective: We claim that on the basis of the mentioned edge-triggered 
behaviour of MOBILE gates a simpler single phase scheme without 
latches is possible. This paper addresses this issue and contributes 
to provide results on how RTD-CMOS realizations compare to pure 
CMOS gate-level pipelining.

Methodology: We have explored interconnection schemes avoiding the 
use of latches and have experimentally validated them. For validation, 
a prototype has been fabricated in which the NDR characteristic of the 
RTDs is emulated by a 3-transistor circuit (MOS-NDR device). 

We have designed and evaluated simple RTD-CMOS logic networks 
implementing the developed interconnection scheme. The study uses 
transistors from a standard 0.13µm CMOS process. For the RTDs, 
we use a model for an existing RTD. The design has been validated 
through extensive Monte-Carlo simulations (mismatching and process 
parameters & supply voltage variations) carried out at different 
frequencies and load conditions. Evaluation is carried out in terms of 
power consumption and energy per cycle. The same logic networks 
have been implemented in TSPC logic style (gate level pipelining) and 
evaluated for comparison. Supply voltage has been scaled from typical 
value of 1.2 V when possible.

Results: Energy per cycle for RTD-CMOS circuit varies from 20% to 
80% of the energy required by TSPC solution. Savings significantly 
increase with operating frequency. RTD-CMOS network works in all 
cases with 0.8 V supply voltage. Supply voltages requires by TSPC 
ranges from 1V to 1.2 V.

Conclusions: Our study suggests that incorporation of RTDs in CMOS 
transistor technologies could be advantageous to implement energy 
efficient gate level pipelined logic circuits. Future work addressing 
more complex gates and networks as well as further scaled transistor 
technologies and which takes into account clock distribution networks 
is required.
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8067-35, Poster Session

Model for analyzing of multi-phase systems 
with variable configuration of inclusions
V. V. Shchennikov, Institute of Metal Physics (Russian 
Federation); S. V. Ovsyannikov, Univ. Bayreuth (Germany); I. 
V. Korobeynikov, G. V. Vorontsov, Institute of Metal Physics 
(Russian Federation); V. V. Shchennikov, Jr., Institute of 
Engineering Science (Russian Federation); I. A. Komarovskii, 
Institute of Metal Physics (Russian Federation)

In the present work the approach for calculating of effective 
properties is considered for multi-component composite materials 
with variable configurations and concentration of inclusions [1]. The 
model describing the dependence of electronic properties of multi-
component heterophase systems on concentration and configuration 
of inclusions allows to point out the ways for improving of electronic 
properties (e.g. thermoelectric effectiveness, thermoelectric and 
thermomagnetic figure of merit, etc.) and for extending of functional 
possibilities of such systems. The approach has promising application 
in the revealing of the true intrinsic parameters of different phases of 
multi-phase systems.

The calculations of thermo- and galvanomagnetic properties of 
heterophase materials as a function of inclusion concentration and 
configuration were performed in the model of the oriented inclusions 
model with variable phase configuration. The approach is based on 
interpolation formulas obtained between the rigorously calculated 
limiting borders.[2] The model was used for a set of compounds [3] 
and, in particular, for iron ore consisting of pure iron, and the certain 
oxides and silicides [4]. It may be applicable for real technical systems 
under influences of electrical, thermal, magnetic, etc. fields.

The approach developed seems to be perspective for using in micro-
device technology either for analyzing of signal or for generation of 
multi-level outputs.

The research is supported by the Russian Foundation for Basic 
Research (RFBR) and the Presidium of the RAS Scientific Programme.
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8067-12, Session 3

Heterogeneous transmission and parallel 
computing platform (HTPCP) for remote 
sensing applications
Y. Guo, Univ. Autònoma de Barcelona (Spain); A. Rius, Institut 
d’Estudis Espacials de Catalunya (Spain) and Consejo Superior 
de Investigaciones Científicas (Spain); S. Ribó, C. Ferrer, Univ. 
Autònoma de Barcelona (Spain)

The GPS open-loop differential real-time receiver (GOLD-RTR) 
instrument was designed by the ICE (IEEC-CSIC)1 to gather 
global positioning satellite system (GNSS) signals after they have 
been reflected from suitable surfaces (sea, ice and ground). This 
configuration was first proposed in 1993 by the European Space 
Agency (ESA) as passive multi-static radar to monitor mesoscale 
ocean altimetry, currently known as global positioning satellite system 
reflectometry (GNSS-R) scenario. However the increasing campaigns 
have put great pressure on high performance post-processing design 
into the space level instrumentation. Indeed, the main and most 
innovative feature of GOLD-RTR is its computation and storage in 
real-time of complex-valued (I and Q) cross correlations (waveform) 
between GPS L1-C/A signals and the reflection signals. Due to the 
intensive computation of cross-correlation waveform and the amount 

of data needed to store prior to downlink, on-board real-time parallel 
processing has been suggested as a promising technique for satellite 
post-processing system. 

In recent years, parallel processing becomes increasingly important in 
high performance computing, but the success of this paradigm heavily 
relies on the efficiency and widespread diffusion of parallel software. 
Therefore, symmetric multiprocessing (SMP) offers an attractive way 
to expose coarse-grained parallelism application. Nonetheless, the 
gap between the cycle time of processors and data exchange time of 
cache-memory has continuously increased in SMP. According to the 
parallel workload analysis, one of the solutions is to apply the Level 
2 memory to get rid of the bus busy ratio and memory access time. 
But the total memory access time cannot be reduced by only using a 
large Level 2 memory, the bus congestion should be avoided. Dealing 
with the bus congestion of multi-channel waveform integration, we 
apply two different modules: Transmission Module and Processing 
Module and various buses to balance the transmission and computing 
workload.

The work focuses on the interaction between the chip level 
multiprocessing architecture and applications, showing that the 
unbalanced workload of transmission and processing can be 
compensated on heterogeneous transmission and parallel computing 
platform (HTPCP). The whole system includes three parts: GOLD-RTR 
instrument, HTPCP board, and control PC. This work is to realize a 
series of Integration Algorithms (IAs) for each correlation channel in 
parallel. The proposed novel platform, named as HTPCP, which can 
be flexibly used to achieve the results of these algorithms in real-
time. The numerical results show that system throughput can reach 
up to about 1.669MB/sec. As well as deeper insights, the processing 
time of IAs can improve 8.17 times comparing with the conventional 
coarse-grained parallelism application on Symmetric Multiprocessing 
(SMP). And Hardware real-time performance of HTPCP outperforms 
SMP. In the future, we will use the campaign results of the GOLD-RTR 
instrument to validate the proposed method.

8067-13, Session 3

Low-power, high-speed FFT processor for 
MB-OFDM UWB application
G. Liang, D. He, E. de la Torre-Arnanz, T. Riesgo, Univ. 
Politécnica de Madrid (Spain)

This paper presents a low-power, high-speed four data-path 128-point 
mixed-radix (radix-2 & radix-22) FFT processor for MB-OFDM Ultra-
Wideband (UWB) systems. The Processor employs the single-path 
delay feedback (SDF) pipelined structure for the proposed algorithm, it 
uses substructure-sharing multiplication units and shift-add structure 
other than traditional complex multipliers.

Furthermore, the word lengths are properly chosen, thus the hardware 
costs and power consumption of the proposed FFT processor are 
efficiently reduced. The proposed FFT processor is verified and 
synthesized by using 0.13 µm CMOS technology with a supply voltage 
of 1.32 V. The implementation results indicate that the proposed 
128-point mixed-radix FFT architecture supports a throughput rate of 
1Gsample/s with lower power consumption in comparison to existing 
128-point FFT architectures.

8067-14, Session 3

SystemC modelling of wireless 
communication channel
M. Conti, S. Orcioni, Univ. Politecnica delle Marche (Italy)

The increasing integration density allows the implementation of 
complex systems in a single chip. 

The design of a complex System-on-Chip (SoC) is based on efficient 
modelling methodologies, the development of seamless tool chains, 
the creation and collection of appropriate test suites and libraries. 
The International Technology Roadmap for Semiconductors (ITRS) 
evidence Heterogeneous Systems Design as one of the major 
challenges in the semiconductor business that need innovative EDA 
solutions. In particular, short range wireless communications are widely 
used and of great commercial interest. 
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Therefore the definition of design methodologies and tools allowing 
the simulation in the same environment of the digital part, the RF 
transceiver, wireless channel including noise and interference with 
other wireless communications is extremely important.

In previous work the authors developed a system level SystemC model 
of short range wireless protocols, in particular Bluetooth and Zigbee, 
allowing the performance analysis of the wireless network such as 
power dissipation, throughput, delay for different network topologies 
and in presence of noise in the channel. The wireless channel has 
been modelled with an high abstraction level in order to increase the 
simulation speed.

A SystemC-WMS description of all the components of the RF analog 
parts of a Bluetooth has been developed and integrated with the digital 
Bluetooth baseband layer. This description allows the design of SoC 
including wireless transceivers, design that is extremely complex due 
to the fact that design specifications on the analog and the digital parts 
are strictly correlated. On the other hand this detailed description of 
the RF transceiver and of the wireless channel allows the simulation 
only of a single transmission, due to the CPU time required for a 
detailed simulation.

In this work we present the definition of a design methodology allowing 
the definition and simulation in SystemC of wireless protocols and 
transceivers and wireless channel at different levels of abstraction.

The different levels of description of the wireless channel can be easily 
interchanged allowing the reuse of the application and baseband layers 
in a high level analysis of the network or in a deep analysis of a single 
communication between the wireless devices.

In particular an intermediate level of description of the wireless channel 
has been defined that allows the definition of the signal power and 
noise power at the receiver on the basis of the transmitter power, noise 
power the positions of the transmitter, the noise and the receiver and 
the attenuation of the channel.

In principle an unlimited number of devices (transmitters and receivers) 
can be connected to the channel. The interference between the 
transmitter, trying to transmit at the same time, and additional noise 
source in each receiver is evaluated.

The wireless channel takes in to account separately the 79 sub-bands 
of the Bluetooth protocol and the 23 sub-bands of the ZigBee protocol.

The channel has been used to simulate Bluetooth networks 
considering the frequency hopping, Zigbee networks and the 
simultaneous existence of Bluetooh and ZigBee networks.

8067-15, Session 3

Hardware-software-co-design of parallel 
and distributed systems using a unique 
behavioural programming and multi-process 
model with high-level synthesis
S. Bosse, Univ. Bremen (Germany)

Embedded Systems used for control and data processing, for example 
in Cyber-Physical-Systems (CPS), perform the monitoring and 
control of complex physical processes using applications running on 
dedicated execution platforms in a resource-constrained manner. 

Either software-controlled processor or System-on-Chip hardware 
architectures on RT level are used to provide the execution platform. 
Required parallelism can only be partially implemented in traditional 
processor architectures, but complex algorithms can not be 
implemented on RT level. A compromise exists in traditional hardware-
software-co-design, synthesizing multi-processor architectures, and 
software.

A new design methodology for parallel and distributed systems is 
presented using the behavioural hardware-software compiler ConPro 
providing an imperative programming model based on concurrent 
communicating sequential processes (CSP) with an extensive set of 
interprocess-communication primitives. The behavioural programming 
level describes the behaviour of the full design interacting with the 
environment using processes and (shared) objects. The programming 
language and the compiler-based synthesis flow enables the design 
of constrained power- and resource-aware embedded systems on 
RT level efficiently mapped to FPGA/ASIC technologies. Concurrency 
is modelled explicitly on control- and data path level. Additionally, 
concurrency on data-path level can be automatically explored and 

optimized by different schedulers.

The CSP programming model can be synthesized to software, too, 
primarily C and ML. A common source can be used for both hardware 
and software implementations with identical functional behaviour, 
providing real and simulated concurrency, respectively. The necessary 
abstraction of hardware blocks and IPC is performed by using an 
object-orientated model layer, part of the programming model.

Processes and objects of the entire design can be distributed on 
different hardware and software platforms, for example, several FPGA 
components and software executed on several microprocessors, 
providing a parallel and distributed system. Intersystem-, interprocess-, 
and object communication is automatically implemented with serial 
links, not visible on programming level.

This presented design methodology has the benefit of high modularity, 
freedom of choice of target technologies, and system architecture. 
Algorithms can be well matched to and distributed on different suitable 
execution platforms and implementation technologies, using a unique 
programming model, providing a balance of concurrency and resource 
complexity.

An extended case study of a communication protocol used in high-
density sensor-actuator-networks should demonstrate the design of a 
SoC and software implementation.

8067-16, Session 3

Dynamically reconfigurable router for NoC 
congestion reduction
J. E. Rosales Rodríguez, F. B. Tobajas Guerrero, V. De Armas 
Sosa, R. Sarmiento Rodríguez, Univ. de Las Palmas de Gran 
Canaria (Spain)

Multiprocessor System-on-Chip (MPSoCs) are emerging as one of 
the technologies providing a way to support the growing design 
complexity of embedded systems including several types of cores. The 
interconnection among cores of a MPSoC is proposed to be provided 
by Networks-on-Chip (NoC). In real applications it is usual to find 
different interconnection needs amongst cores, so distinct bandwidth 
is needed in each node of a NoC. Since larger FIFOs in NoC routers 
provide larger throughputs and smaller latencies, depths are usually 
sized for the worst case, compromising not only the routing area, but 
power consumption. 

In this paper, a reconfigurable router with a dynamic sharing 
mechanism of buffers at the input channels is proposed to reduce 
congestion in the network. In the proposed router, each channel can 
have a different buffer size. In this situation, a channel may dynamically 
lend or borrow some non-used buffer units to or from neighboring 
channels, in accordance to the connection rates. The proposed 
reconfigurable router architecture was embedded in the HERMES NoC 
[1]. 

The main advantages of the HERMES are its small size and modular 
design. This, as well as the open source approach, have lead to 
the selection of this NoC. The basic element of HERMES is a router 
with five bi-directional ports employing an XY routing algorithm. 
FIFO buffering is present only at the input channel, with all channels 
having the same buffer depth defined at design time. The proposed 
reconfigurable router has been coded in VHDL at RTL level from the 
adaptation of the HERMES router to fit into the proposed scheme. 

Results obtained from the simulation of the router under scenarios with 
different traffic characteristics and percentage of shared buffer, show 
that mean latency can be reduced up to a 30% in comparison to the 
original router.

8067-17, Session 3

NoC emulation framework based on Arteris 
NoC solution for multiprocessor system-on-
chip
J. A. Mori De Santiago, F. B. Tobajas Guerrero, V. De Armas 
Sosa, R. Sarmiento Rodríguez, Univ. de Las Palmas de Gran 
Canaria (Spain)
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The growth of complexity and the requirements of on-chip 
technologies creates the need for new architectures which generate 
solutions representing a compromise between complexity and power 
consumption, and Quality of Service (QoS) of the communications 
between the cores of a System-on-Chip (SoC). Network-on-Chip (NoC) 
arises as a solution to implement efficient interconnections in SoC.

This new technology, due to its complexity, creates the need of 
specialized engineers who can design the intricate circuits that NoC 
requires. It is possible to reduce those specialization needs by using 
CAD tools.

In this paper, one of this tools, called Arteris NoC Solution, is used for 
developing the proposed framework for NoC emulation. This software 
includes three different tools: NoCexplorer, for high-level simulation 
of an abstract model of the NoC, NoCcompiler, in which the NoC 
is defined and generated in HDL language, and NoCverifier, which 
performs simulations of the HDL code.

Furthermore, a validation and characterization infrastructure was 
developed for the created NoC, which can be completely emulated in 
FPGA. This environment is composed by OCP traffic generators and 
receptors, which also can perform measurements over the created 
traffic, and a store and communication module, which is responsible 
for storing the results obtained from the emulation of the entire 
system in the FPGA, and send it to a PC. Once the data is stored in 
the PC, statistical analyses are performed, including a comparison of 
mean latency from high level simulations, RTL simulations and FPGA 
emulations. The analysis of the results is obtained from three scenarios 
with different NoC topologies for the same SoC design.

8067-18, Session 4

Performance analysis of the scalable video 
coding (SVC) extension of H .264/AVC for 
constrained scenarios
N. J. Suárez, G. M. Callicó, S. López, J. F. López, R. Sarmiento, 
Univ. de Las Palmas de Gran Canaria (Spain) and Research 
Institute for Applied Microelectronics (IUMA) (Spain)

Nowadays, video coding standards are used for a widely range of 
applications and, in particular, video streaming has quickly increased 
her usage on the Internet. Video transmission over packet networks 
is exposed to variable transmission conditions. Moreover, to the 
complexity of video streaming over Internet it is also added the amount 
of heterogeneous devices with different requirements in spatial and 
temporal resolution.

Scalable Video Coding (SVC) is the approach proposed by Joint Video 
Team (JVT) to provide flexibility and adaptability on video transmission. 
SVC is an extension of the H.264/AVC codec that exploits the use of 
layers, where the lowest one, called base layer, corresponds to the 
H.264/AVC specifications. Each higher layer is an enhancement for 
spatial, temporal or quality layers which reuses data of lower layers 
to enhance compression. This method permits to obtain a bitstream 
where specific parts can be removed to obtain an output video with a 
lower resolution (temporal or spatial) and/or lower quality/fidelity.

Scalability is not new in the video coding standards since MPEG-
2 Video, H.263, and MPEG-4 Visual employs scalable profiles. 
Nevertheless, the scalability increased unduly the decoder complexity 
and reduced significantly the coding efficiency. SVC is an amendment 
of the H.264/AVC standard to address the disadvantages of scalable 
video. 

This paper provides a performance analysis of the scalable video 
coding (SVC) extension of H.264/AVC for constrained scenarios using 
the open-source decoder called “Open SVC Decoder”. The SVC 
decoder was adapted to obtain a version likely to be implemented 
in reconfigurable architectures. To study which parts of the decoder 
are fixed and which are suitable candidates for reconfigurability the 
decoder was divided into functional blocks. For each scenario a set of 
different sequences were decoded to analyze the performance of each 
block inside the decoder. 

From this analysis we conclude that reconfigurable architectures are 
a suitable solution for an SVC decoder in a constrained device or 
for a specific range of scalability levels. Our proposal consists in an 
architecture of a SVC decoder that admits different options depending 
on device requirements where certain blocks are customizable to 
improve the performance of decoder in hardware resources usage and 
execution time.

8067-19, Session 4

Scalable 2D architecture for H .264 SVC 
deblocking filter with reconfiguration 
capabilities for on-demand adaptation
T. G. Cervero García, Univ. de Las Palmas de Gran Canaria 
(Spain); A. Otero, E. De la Torre, Univ. Politécnica de Madrid 
(Spain); S. López, G. M. Callicó, Univ. de Las Palmas de Gran 
Canaria (Spain); T. Riesgo, Univ. Politécnica de Madrid (Spain); 
R. Sarmiento, Univ. de Las Palmas de Gran Canaria (Spain)

One of the most computational intensive tasks in recent video 
encoders and decoders is the deblocking filter. Its computational 
complexity is considerable, and it might take more than 30% of the 
total computational cost of the decoder execution. Nowadays, some 
of its limiting factors for reaching real-time capabilities are mainly 
related with memory and speed. In terms of memory, it needs a large 
amount of memory and a huge quantity of memory accesses due 
to data dependencies between the current filtering data and its top 
and left neighbors. In terms of speed, the intrinsic complexity of the 
DF algorithm spoils the achievement of real-time performance for 
the most demanding video formats, such as HDTV. Furthermore, 
these requirements might vary strongly depending on factors such 
the selection of a different video profile, or scalability level in case of 
scalable video standards.

In this paper we propose a novel algorithm that supports all filtering 
modes available in both the H.264/AVC and Scalable Video Coding 
(SVC) standards, showing advantages with respect to previous works 
thanks to the high degree of parallelism, scalability and inter macro-
block (MB) data dependence management.

Also, this paper introduces a novel proposal for accelerating 
DF execution by implementing this algorithm in a HW scalable 
architecture, which benefits of the parallelism and adaptability of the 
algorithm, and which can be adapted dynamically in FPGAs, by means 
of dynamic partial reconfiguration properties. 

Regarding the parallelism, this algorithm and its architecture mapping 
are capable of respecting data dependencies among MBs while 
several functional units (FU) are filtering data in parallel. Regarding 
scalability, the architecture is flexible enough for adapting its 
performance to the diverse environment demands. This fact is possible 
by increasing or decreasing the number of FUs, like in a systolic array. 
Thus, it means that the size of the architecture, mapped on HW, may 
grow in 1D or 2D, depending on the area restrictions in the FPGA, by 
using dynamic reconfiguration.

All these advantages are obtained at the cost of increasing the whole 
area. In this sense, this paper will present a composition between the 
FU proposed against the state-of-the art work.

8067-20, Session 4

AAC decoder energy consumption estimate 
on an OMAP-based platform
R. del Castillo, E. Juarez, F. Pescador, C. Sanz, Univ. 
Politécnica de Madrid (Spain)

System-level energy optimization of battery-powered multimedia 
embedded systems has recently become a design goal. The poor 
operational time of multimedia terminals makes computationally 
demanding applications impractical in real scenarios. For instance, the 
so-called smart-phones are currently unable to remain in operation 
longer than several hours. Moreover, because no step change in 
energy densities of lithium-based batteries is predicted in the near 
future, storage technology improvements alone will achieve no 
significant increase in terminal operational time. System-level solutions 
to maximize operational time have already been proposed in the 
literature.

The OMAP3530 processor basically consists of two processing cores, 
a General Purpose Processor (GPP) and a Digital Signal Processor 
(DSP). The former, an ARM Cortex-A8 processor, is aimed to run a 
generic Operating System (OS) while the architecture of the latter, a 
DSP core based on the C64+, is optimized for video processing.

The BeagleBoard, a commercial prototyping board based on the 
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OMAP processor, has been used to test the AAC Decoder and 
measure its performance. The board has 128 MB of SDRAM external 
memory, 256 MB of Flash external memory and several interfaces. 
Note that the clock frequency of the ARM and DSP OMAP cores is 600 
MHz and 520 MHz, respectively.

This paper describes an OMAP-based Advanced Audio Coding (AAC) 
Decoder. The aim of the work is to estimate the energy consumed 
in a real-time implementation that utilizes both the ARM and the 
DSP cores. To achieve this goal, the work has been divided in the 
following sections. First, we have built a PC test-bench which consists 
of a subset of the standard AAC conformance tests. Profiles such 
as the Low Complexity (LC), High Efficiency (HE) and HEv2 have 
been verified. Then, we have implemented the AAC decoder into the 
GPP and the DSP. Finally, we have estimated the decoder energy 
consumption.

As far as the energy estimates concern, the OMAP processor energy 
consumption model provided by the manufacturer has been used. 
The model is basically divided in two energy components. The former, 
the baseline core energy, describes the energy consumption that is 
independent of any chip activity. The latter, the module active energy, 
describes the energy consumed by the active modules depending on 
resource usage.

8067-21, Session 4

Closing the gap between software 
and hardware super-resolution image 
reconstruction: provision of high-quality 
output
T. M. Szydzik, G. M. Callicó, A. Núñez Ordóñez, Univ. de Las 
Palmas de Gran Canaria (Spain) and Institute for Applied 
Microelectronics (Spain)

We are living in a reality dominated by high quality content. The 
omnipresence of high resolution (HR) content, and the fact that it is 
encountered on daily basis, results in elevated users’ expectations 
of the content’s quality. Thus, in order to meet today’s consumer 
outlook the legacy LR content quality has to be enhanced before being 
displayed. Content pre-processing and up-scaling methods include 
interpolation and Super-Resolution Image Reconstruction (SRIR). The 
SRIR is a discipline of mathematics that investigates methods for the 
estimation of spatially augmented representation of an image. The 
SRIR algorithms can be divided into two main groups: synthesis and 
fusion SRIR algorithms and two main execution flows: iterative and 
non-iterative. The algorithms that the SRIR encapsulates are diverse, 
nevertheless a feature that all the SRIR algorithms have in common is 
the capability of additional details extraction, where possible, from the 
low resolution content and their incorporation in the content spatially 
augmented representation. When carried out, this process can lead to 
significant image quality enhancement. 

Nevertheless, in spite of multiple SRIR software implementations, 
the ability of providing real-time hardware implementation of SRIR 
algorithms that is capable of producing satisfactory output quality is 
still a challenge. The main obstacles in reaching satisfactory output 
quality are the SRIR algorithms high logic and memory requirements. 
In fact these requirements are so high that in most cases in order to 
make the implementation mapping feasible some design trade-offs 
have to be made. For fusion type SRIR algorithms, these trade-
offs usually take form of constraints in the maximal number of 
iteration stages (for iterative algorithms) or reduction in supported 
ranges of the super-resolution parameters values (in case of non-
iterative algorithms). Those constraints bring about compromised 
output quality, resulting in the fact that existing iterative hardware 
implementations are not capable of providing the same level of output 
quality, in terms of average peak-noise-to-signal ratio (PSNR) as 
their software counterparts. Moreover, even nowadays, the hardware 
implementations of those algorithms struggle to meet the satisfactory 
output quality required by the users.

In this work we tackle the problem of high resource requirements 
by using a non-iterative algorithm for hardware implementation. The 
proposed algorithm software implementation offers high quality of the 
super-resolved outcome. The algorithm execution flow is presented 
and described. The algorithm objective output quality, expressed in 
PSNR, is measured for three test sequences: Foreman, Mobile and 

Paris. The tests are repeated for nearest-neighbor, bilinear and bi-cubic 
interpolation, available state-of-the-art software implementations of the 
iterative back projection (IBP) and the robust super-resolution (RSR), 
and for a hardware implementation of modified/combined robust 
super-resolution (results are courtesy of Christos Bouganis-Savvas). 
It should be noticed that the iterative algorithms use the frame-level 
motion estimation whereas the proposed algorithm relies on block 
matching motion estimation technique. The comparison of the tests 
outcome shows that the presented software provides superior output 
quality for all tested sequences, while promising efficient hardware 
implementation that is capable of matching the software performance 
understood in the terms of outcome quality.

8067-22, Session 4

Area-delay trade-offs of texture 
decompressors for a graphics processing 
unit
E. Novoa, P. Ituero, M. Lopez-Vallejo, Univ. Politécnica de 
Madrid (Spain)

Graphics Processing Units have become a booster for the 
microelectronics industry. However, due to intellectual property 
issues, there is a serious lack of information on implementation 
details of the hardware architecture that is behind GPUs. For 
instance, the way texture is handled and decompressed in a GPU 
to reduce bandwidth usage has never been dealt with in depth from 
a hardware point of view. This work addresses a comparative study 
on the hardware implementation of different texture decompression 
algorithms for both conventional (PCs and video game consoles) and 
mobile platforms. S3 Texture Compression (S3TC) is a set of texture 
compression algorithms developed by S3 Graphics Ltd. incorporated 
into Microsoft’s 3D API Direct3D version 6.0 in 1998. Since then this 
compression system, also known as DXTC, has established itself as 
the standard in texture compression for both the PC and game console 
platforms. In 2005, a new texture compression algorithm presently 
named ETC was published targeted at mobile architectures. While 
the quality aspect is thoroughly analyzed in [1], when it comes to 
hardware implementation details it is stated in that publication that no 
data is readily available regarding the cost of implementing an S3TC 
decompressor. The contribution of this article is the filling of this gap 
by providing implementation data for ETC and two S3TC/DXTC texture 
decompressors.

Circuit synthesis is performed targeting both a reconfigurable hardware 
platform (Xilinx Virtex2P XC2VC30 FPGA) and a 90nm standard cell 
library (Faraday Technology Corporation). Area-delay trade-offs have 
been extensively analyzed, which allows us to compare the complexity 
of decompressors and thus determine suitability of algorithms for 
systems with limited hardware resources. We have verified that 
ETC is indeed less costly in terms of hardware resources compared 
with S3TC/DXTC. Comparing with DXT1, savings in area are in the 
order of 50% for a given delay constraint in the 2 to 7 nanosecond 
range. This makes ETC a suitable candidate for texture compression/
decompression in systems with limited hardware resources as is the 
case of mobile platforms.

References:

[1] T. Akenine-M¨oller and J. Str¨om, “iPACKMAN: High-Quality, Low-

Complexity Texture Compression for Mobile Phones,” Graphics 
Hardware, pp. 63-70, 2005.

8067-23, Session 4

Evaluation of elementary functions without 
range reduction
F. Meireles, Univ. do Porto (Portugal); A. Araújo, INESC Porto 
(Portugal) and Univ. do Porto (Portugal)

The evaluation of functions is often the performance bottleneck of 
many compute-bound applications. Examples of these functions 
include elementary functions such as log(x), cos(x) and sqrt(x). 
Computing these functions quickly and accurately is a major goal in 
computer arithmetic. Software implementations are often too slow 
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for numerically intensive or real-time applications. The performance 
of such applications depends on the design of a hardware function 
evaluator. Advanced FPGA devices enable the development of 
low-cost and high-speed function evaluation units, customizable to 
particular applications.

The evaluation of elementary functions can be performed by 
approximations using minimax polynomials requiring simple hardware 
resources. The general method to calculate an elementary function 
is composed by three steps: range reduction, computation of the 
polynomial in the reduced argument and range reconstruction. 
The range reduction and reconstruction steps allow a low-degree 
polynomial but they introduce a calculation overhead.

This work proposes an evaluation methodology without range 
reduction and consequent reconstruction. Applications that need to 
compute elementary functions may benefit from avoiding these steps 
if the argument is within a sub-domain of the function. Particularly 
in the context of embedded systems, applications related to digital 
signal processing most of the times require a function evaluation 
within a specific interval. As a consequence the degree of approximant 
polynomials increase to maintain the required precision. Interval 
segmentation is an effective way to reduce the polynomial degree 
because the approximations are computed in a set of smaller intervals. 
The proposed methodology uses non-linear segmentation as a tool 
to mitigate the consequences of non-performing range reduction. 
When applied to the general evaluation technique its benefits were 
limited by the range reduction and reconstruction steps because the 
segmentation only applies to the approximation step. However, when 
used within the proposed methodology it is more valuable.

The implementation of some elementary functions using the proposed 
methodology was performed in a FPGA device. The metrics used 
to characterize the proposed technique are the impact in area 
occupation and calculus latency. To compare the results for each 
implementation, with and without reduction, they were compared 
with the corresponding ones of the general method. The main results 
show that the latency can be significantly decreased while the area is 
approximately the same.

8067-24, Session 5

Challenges facing academic research in 
commercializing event-detector implantable 
devices for an in-vivo biomedical 
subcutaneous device for biomedical 
analysis
J. Colomer-Farrarons, E. Juanola-Feliu, P. L. Miribel-Català, J. 
Samitier Martí, J. Valls-Pasola, Univ. de Barcelona (Spain)

It is widely recognized that the welfare of the most advanced 
economies is at risk, and that the only way to tackle this situation 
is by controlling the knowledge economies and dealing with. To 
achieve this ambitious goal, we need to improve the performance 
of each dimension in the “knowledge triangle”: education, research 
and innovation. Indeed, recent findings point to the importance of 
strategies of adding-value and marketing during R+D processes so 
as to bridge the gap between the laboratory and the market and so 
ensure the successful commercialization of new technology-based 
products. Moreover, in a global economy in which conventional 
manufacturing is dominated by developing economies, the future of 
industry in the most advanced economies must rely on its ability to 
innovate in those high-tech activities that can offer a differential added-
value, rather than on improving existing technologies and products. It 
seems quite clear, therefore, that the combination of health (medicine) 
and nanotechnology in a new biomedical device is very capable of 
meeting these requisites. 

In this paper, the design of a generic CMOS Front-End Self-Powered 
In-Vivo Implantable Biomedical Device, based on a three-electrode 
amperometric biosensor approach, capable of detecting threshold 
values for targeted concentrations, is presented. 

Given the speed with which diabetes can spread, as diabetes is the 
fastest growing disease in the world, the nano-enabled implantable 
device for in-vivo biomedical analysis needs to be introduced into the 
global diabetes care devices market. Once thought of as primarily a 
childhood disease - sometimes referred to as juvenile diabetes, now 
mostly Type 1 diabetes - the obesity crisis linked to the adoption of a 

high-fat, high-carbohydrate, high-calorie American diet has resulted 
in skyrocketing rates of diabetes, particularly Type 2 diabetes, among 
adults across the world. As the World Health Organization has 
estimated the number of diabetics to exceed 350 million by 2030, 
governments and other healthcare providers around the world are 
investing in health education, diagnosis and treatments for this chronic, 
debilitating - but controllable - disorder.

The improvements that are possible in its diagnosis and control if 
needle-free systems are available, the device introduced in this paper 
is designed to reach a huge market over the next few years. Moreover, 
when the entire value chain is publicly funded, this means that the 
goals of technology transfer from university to industry and the social 
returns on the public investment have been fully realized. Thus, a 
successful model for research, innovation and technology transfer can 
be introduced to a particular scenario typified by the convergence of 
technologies and disciplines, as well as by the convergence of various 
stake-holders combining representatives from research centers, 
hospitals, market, policy centers and citizens as well. 

Although the case study reported in this paper is complex because 
it involves multiple organizations and sources of data, it contributes 
to extend experience to the best practices and models on 
nanotechnology applications and commercialization. Moreover, this 
case study could provide a basis to apply solutions to commercialize 
nano-related products understanding the complex real-life situations 
and learning from the everyday experience on facing market 
challenges by academic research. 

In the case of glucose monitoring, the detection of a threshold 
decrease in the glucose level it is mandatory to avoid critic situations 
like the hypoglycemia.

This work propose a generic implantable front-end architecture 
based on inductive coupling for in-vivo detection of presence or 
absence of pathogens, ions, oxygen concentration, etc, for a generic 
amperometric biosensor application.

8067-25, Session 5

Discrete to full custom ASIC solutions for 
bioelectronic applications
J. Punter-Villagrasa, J. Colomer-Farrarons, P. L. Miribel-Català, 
M. Puig-Vidal, J. Samitier Martí, Univ. de Barcelona (Spain)

The bioelectronics group at the University of Barcelona, in partnership 
with the Bioelectronics and Nanobioengineering Group (SICBIO), is 
researching Smart Self-Powered Bio-Electronic Systems. Our interest 
is focused on the development of custom built electronic solutions for 
bio-electronics applications, from discrete devices to ASICS solutions. 

The integration of medical and electronic technologies allows the 
development of biomedical devices able to diagnose and/or treat 
pathologies by detecting and/or monitoring pathogens, multiple ions, 
PH changes, and so on. Currently this integration enables advances 
in various areas such as microelectronics, microfluidics, microsensors 
and bio-compatible materials which open the door to developing 
human body Lab-on-a-Chip implantable devices, Point-of-Care in vitro 
devices, etc. 

In the development of such devices this work presents a summary of 
the state-of-the-art in the field of instrumentation for biosensors, based 
on potentiostat amplifiers and lock-in amplifiers.

Biosensors that use antibodies as receptors are of great interest. The 
general function of a biosensor is to convert binding events between 
biological receptors and target agents into a qualificable electrical 
signal, in particular working with amperometric biosensors. The 
need to check for this electrical signal opens our interest looking for 
electrochemical instrumentation; the solutions vary from discrete to 
mixed and full custom-ASICs devices. The definition of the adopted 
solution is given by the size of the sensor, and complexity of the 
system. For electrode areas greater than 1mm2 electronics based on 
low-cost surface mount components alone can be adopted, but for 
smaller and multiplexed solutions, full custom ASIC solutions are a 
valid approach. If very low current levels are derived from the sensors, 
an ASIC interface near the electrodes is indicated. Other key indicators 
for an ASIC solution near the electrodes are not only the degree of 
miniaturization, but also the fact that EMI can be reduced, and external 
disturbances such as vibrations, moisture, sources of electrical noise, 
etc. are avoided.
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Experiences with amperometric sensors, calibration voltammetries and 
amperometric measurements that can be used with such biosensors 
are presented. In particular, the comparison between voltammetries 
for different concentrations (1 mM, 2 mM, 3 mM, 4 mM and 5 mM) of 
K4[Fe(CN)]6 in PBS using a commercial CH 1232 A instrument with our 
electronics.

8067-26, Session 5

VLSI design of low-leakage single-ended 6T 
SRAM cell
S. Solanky, F. Frustaci, P. Corsonello, Univ. della Calabria (Italy)

Aggressive CMOS scaling results in significant increase of leakage 
current in MOS transistors manufactured in deep submicron regime. 
Consequently low power SRAM design becomes an important criteria 
in design of VLSI circuits. In this work, a new six transistor (6T) 
SRAM cell based on dual threshold voltage and dual power supply 
techniques, has been proposed for low leakage SRAM design. 

The cell has a single bitline for read/write operations and a single 
standard-VTH NMOS pass-transistor. The latter connects the bitline 
with the information node Q. During the read operation, node Q is 
supplied by the nominal supply voltage VDD,nom, whereas, during 
the write operation, it is supplied by VDD,low<VDD,nom. A read 
signal distinguishes the read from the write operation. The two pull-
up networks of node Q (for VDD,nom and VDD,low) have different 
threshold voltage (low and high, respectively). During the hold phase, 
the balance of leakage currents, resulting from the adopted threshold 
voltages, guarantees the data retention. Due to the asymmetric nature 
of the cell, a single-ended sense amplifier has been exploited in the 
memory design. To further reduce the energy dissipation, the dual-
threshold approach has been applied also to the sense amplifier 
and the choice of the threshold voltages has been done making a 
trade-off between static energy consumption and sensing delay. The 
proposed cell has been compared to the conventional 6T-SRAM, 
using the 65 nm technology. The new 6T SRAM cell reduces leakage 
power consumption by 72.6%. This results from the use of high-VTH 
devices and the elimination of the second bitline, whose leakage, in 
the standard 6T cell, is significant. Dynamic energy dissipation of the 
proposed 6T SRAM is reduced by up to 70.1% and 28.9% for write 
“0” and write “1” operation respectively, as compared to conventional 
6T SRAM cell. This energy savings is achieved thanks to the exploited 
single bitline approach, which also reduces the number of pass-
transistors per wordline whose parasitic capacitance is lowered. 
Furthermore, the proposed SRAM cell shows no area overhead and 
comparable read/ writes speed as compared to conventional 6T SRAM 
cell.

8067-27, Session 5

A first approach to analogue memristive 
ciruit modeling
T. Schmidt, U. Feldmann, R. Tetzlaff, Technische Univ. Dresden 
(Germany)

The memristor is considered to be the fourth basic circuit element 
in addition to coil, capacitor and resistor. Although the concept of 
a memristor was described already in 1971 by Leon Chua, the first 
physical realization was done only in 2007 by researchers at HP Labs. 
The properties of memristors make them very promising candidates 
for lossless storage and logical devices. However, most of the research 
work concentrated up to now on the different types of physical 
realizations such as polynomial memristors, spintronic memristors and 
thermal memristors. Very few results exist in the general theoretical 
description of single memristors and even less knowledge has been 
gained in the field of understanding memristive circuits, i.e. circuits 
with memristors. For example, the influence of a memristor on the 
well-known properties of a linear circuit is a very urgent question. The 
purpose of this work is to present a first comprehensive approach 
to model the steady state of any memristive circuit which consists 
of an arbitrary linear circuit coupled with a memristor. We represent 
the memristance as a general polynomial function of the charge 
and hence cover a large range of memristor types, including the 
prominent Williams-memristor. Our approach is based on a Volterra 

representation of the time functions and the admittance operator of the 
linear circuit. The obtained results show an excellent agreement with 
numerical simulations. An outlook is given in the work which shows 
that this method can easily be extended to linear systems which are 
coupled with many memristors. In our view, the present approach 
represents a first step in comprehensive modeling of memristive 
circuits and to a deeper understanding of the properties of such 
nonlinear networks.

8067-29, Session 5

Effect of separation and depth of N+ 
diffusions in the quality factor and tuning 
range of pn varactors
M. Marrero-Martin, J. A. Garcia, B. Gonzalez, A. Hernández, T. 
M. Szydzik, Univ. de Las Palmas de Gran Canaria (Spain)

Variable capacitors are key components in many types of microwave 
circuits. The RF performance of these circuits in silicon technologies 
has experience a spectacular increase over the past years. The 
varactor is the main component in tunable filters and VCOs. In both 
cases it is essential to have a high quality factor.

This paper studies the variation of the basic parameters of the varactor 
(tuning range and quality facto, Q-factor) when varying the depth and 
separation of N+ diffusions in a PN junction varactor. For this, we have 
analyzed two groups of varactors, both implemented with 42 cells. 
In the first group, all N+ diffusions are connected to the buried layer, 
while in second, N+ diffusions are not buried, but every two unit cells, 
a buried diffusion N+ is placed on both sides of the cell. 

The design methodology starts with the design of the unit cells, which 
are four type of cells: A ,B, C and D, which N+ and P+ diffusions of 
different shapes: 

Unit cell A (N+ diffusions have cross form, and are surrounded by four 
corners of P+ diffusions), 

unit cell B (N+ diffusions have cross form and C-form P+ diffusions are 
used), 

unit cell C (N+ diffusions are central rectangles, surrounded by P+ 
diffusions shaped as donought) 

unit cell D (a bar of P+ diffusion is surrounded by two parallel bars of 
N+ diffusions at each side).

The varactors are formed by horizontal and vertical overlapping unit 
cells. Group 1 of varactors, VA1, VB1, VC1 and VD1, have an area of 
1795.74 µm2 (51.9 x 34.6) whereas the area of varactors in Group 2 
(VA2, VB2, VC2 and VD2) is 1288.92 µm2 (46.7 x 27.6). 

The varactors have been fabricated in 0.35µm HBT BiCMOS 
technology of AMS, and they have been measured with an Agilent 
8720ES VNA using a method based on the four step de-embedding 
method. Varactors have been measured with bias voltages from 0 V to 
-5 V, applied between the anode terminal P+ terminal and the cathode 
terminal. The measurements were applied in a wide range of frequency, 
from 0.5 GHz to 10 GHz. 

In order to compare both groups the capacitance per unit area has 
been measured at 2 GHz. The results obtained vary from 0.18 to 0.50 
fF/µm2. The maximum capacitance/area ratio was obtained for C 
varactors due to these varactors have greatest P+ area. 

Tuning range (TR) varies from 2.03 to 2.45 at 5 GHz. In this case, the 
varactors of group 1 have greater tuning range than those from group 
2. According to this, the varactors of Group 2 are 28.22% smaller than 
Group 1 but its Q-factor in the worse case is 1.25 times greater. So, 
the minimum Q-factor of VB2 is 4 times greater than VB1 and equal to 
58.18 at 5 GHz.

In conclusion, the choice of a varactor in group 1 or 2 depends on the 
application requirement. In case a greater tuning range was needed, 
the varactor should be chosen from group 1, while the greater Q-factor 
is achieved for varactor in group 2.
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8067-30, Session 6

Automatic vector generation guided by a 
functional metric
I. Ugarte, P. Sanchez, Univ. de Cantabria (Spain)

Verification is still the bottleneck of the design of complex digital 
system. Formal techniques have advanced in their capacity for 
handling more complex descriptions, but they still suffer of memory 
or time explosion. Simulation-based techniques handle descriptions 
of any size or complexity. However, the efficiency of these techniques 
is reduced with the increase of the system complexity because 
of the exponential increase of the number of simulation tests to 
keep the coverage. Semi-formal techniques join the advantages of 
simulation and formal techniques. It enables to increase the efficiency 
of the simulation-based verification. In this area, there are several 
contributions that have presented techniques that automate the 
generation of vectors driven by traditional coverage metrics. However, 
these techniques do not ensure the detection of the 100% of failures. 

This paper presents a novel technique for the generation of vectors in a 
semi-formal verification environment. A mayor benefit of the presented 
technique is the generation of the test-benches more efficient that the 
semi-formal techniques based on structural metrics.

The introduced technique is more efficient since it relies on a novel 
coverage metric, which is more directly correlated to functional 
failures than structural coverage metric (line, branch, ...). The proposal 
coverage metric is based on an abstraction of the system as a set 
of polynomials where each system behaviours is described by a set 
of coefficients. By assuming a finite precision of coefficients and a 
maximum degree of polynomials, all the system behaviours, including 
the correct and the incorrect ones, can be modelled. This technique 
applies mathematical theories (computer algebra and number theory) 
to calculate the coverage and to generate vectors with maximize 
coverage.

Moreover, in this work, a tool which implements the introduced 
technique has been developed. This tool takes a C-based system 
description and gives as output the coverage and the generated 
vectors. By applying this tool to a battery of examples, as a significant 
sample of digital systems, it is shown how this technique is able to 
find more errors than the other techniques for the same coverage 
percentage.

8067-31, Session 6

Energy consumption estimation of an 
OMAP-based Android operating system
G. Gonzalez, E. Juarez, J. J. Castro, C. Sanz, Univ. Politécnica 
de Madrid (Spain)

System-level energy optimization of battery-powered multimedia 
embedded systems has recently become a design goal. The poor 
operational time of multimedia terminals makes computationally 
demanding applications impractical in real scenarios. For instance, the 
so-called smart-phones are currently unable to remain in operation 
longer than several hours. Moreover, because no step change in 
energy densities of lithium-based batteries is predicted in the near 
future, storage technology improvements alone will achieve no 
significant increase in terminal operational time. System-level solutions 
to maximize operational time have already been proposed in the 
literature.

The OMAP3530 processor basically consists of two processing cores, 
a General Purpose Processor (GPP) and a Digital Signal Processor 
(DSP). The former, an ARM Cortex-A8 processor, is aimed to run a 
generic Operating System (OS) while the architecture of the latter, a 
DSP core based on the C64+, is optimized for video processing. 

The BeagleBoard, a commercial prototyping board based on the 
OMAP processor, has been used to test the Android Operating System 
and measure its performance. The board has 128 MB of SDRAM 
external memory, 256 MB of Flash external memory and several 
interfaces. Note that the clock frequency of the ARM and DSP OMAP 
cores is 600 MHz and 520 MHz, respectively.

This paper describes the energy consumption estimation of the 
processes and multimedia applications of an Android v1.6 (Donut) OS 

on the OMAP3530-Based BeagleBoard. Scripting to automatize the 
installation has been used. In addition, tools to communicate the two 
processing cores have been employed. A test-bench to profile the OS 
resource usage has been developed.

As far as the energy estimates concern, the OMAP processor energy 
consumption model provided by the manufacturer has been used. 
The model is basically divided in two energy components. The former, 
the baseline core energy, describes the energy consumption that is 
independent of any chip activity. The latter, the module active energy, 
describes the energy consumed by the active modules depending on 
resource usage.

8067-32, Session 6

SCA security verification on wireless sensor 
network node
W. He, C. Pizarro, E. de la Torre, J. Portilla, T. Riesgo, Univ. 
Politécnica de Madrid (Spain)

Side channel information, such as power consumption or 
electromagnetic leakage from a running electronic device are 
intrinsically data or process dependent. If these side-channel 
information could be properly gathered and analyzed by special 
methods, it’s possible to recover the secret critical data, such as the 
keys of cryptographic algorithms.

Since side channel attack was firstly introduced by Paul Kocher, many 
SCA-specific researches have been successfully conducted towards 
crypto-algorithm implementation on various applications, mainly 
including simple power analysis (SPA), differential power analysis 
(DPA), correlation power analysis (CPA), electromagnetic analysis 
(EMA), fault analysis (FA). SCA differs from traditional mathematic 
attack, it get around of the exhaustive mathematic calculation and 
precisely pin to certain points in the algorithm. In order to hinder these 
threats, some countermeasures could be adopted towards specific 
scenarios, for instance, masking or hiding. However, security comes 
with costs. In the real deployment of cost-driven wireless sensor 
networks, the large number of nodes always requires low cost for each 
one, low energy consumption, long lifetime and easy maintenance. 
The inherent characteristic of resource-constraints in wireless sensor 
networks render it not suitable to most SCA-security shields and 
therefore an ideal candidate for SCA attacks. 

In this paper, we present the differential power analysis (DPA) attack to 
the FPGA implemented AES-128 cryptographic algorithm on our own 
wireless sensor node. We mainly focus on the low-cost oriented setup, 
and give detailed setup of the platform and analysis to the results 
of different PA attacks. We propose the security suggestions to the 
algorithm implementation on FPGAs applied WSN.

The detailed SCA-setup is based on CEI’s WSN node-Cookie. we 
adopt a broad range of special measures to make the setup very 
low-cost. Normally, DPA to hardware implementation needs more 
sophisticated measurements to get the power traces, which in return 
requires extremely expensive equipments. In our setup, we use a self-
made simple voltage probe to avoid of using the expensive differential 
active probe. Combined with other optimizations, such as noise 
reduction, we make the DPA attack run perfectly on our platform. 

We also survey the results of attacks to different rounds of the total 
AES iterations. And make the analysis of the effect of the parasitic 
capacitance, get the conclusion that the sole register masking is not 
sufficient to counter the power analysis attack. 

Even the time-consumption for SCA is multi-order of magnitude less 
than traditional mathematic attack, when attacking highly protected 
device or badly disturbed power information, the need of large 
number of power traces inevitably retards the attack. We survey the 
optimization of analysis codes to make it run efficiently, mainly on 
matrix division method.

Finally, SCA-Prevention suggestions of Differential Security Strategy for 
the FPGA hardware implementation in WSN will be given, helping to 
make an optimal compromise between security and cost.

Conference 8067:  
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8067-33, Session 6

Self-Repairing SRAM architecture to 
mitigate the inter-die process variations at 
65nm technology
S. Kansal, M. Lanuzza, P. Corsonello, Univ. della Calabria (Italy)

With aggressive scaling, one of the major barriers that CMOS 
technology faces is the increasing process variations. Consequently, 
the devices exhibit large variations in their fundamental parameters, 
particularly in the threshold voltage (VTH). 

Variations in the threshold voltage are one of the major reasons for 
failures of SRAM cells. A negative shift in the VTH from the nominal 
value can result in read and hold failures. Whereas, a positive shift 
in the VTH from the nominal value can cause write and access 
failures. Hence, a need is felt to design a reliable self-repairing SRAM 
architecture in order to increase the yield of SRAM cells. Adaptive 
repairing techniques, such as adaptive body biasing, are effective to 
reduce the failure probability, thus increasing the design yield. 

In this paper, we propose a zone based self-repairing technique, based 
on adaptive body biasing, which helps in the mitigation of the impact 
of inter-die process variations on SRAM cells. The exploited mitigation 
approach, here implemented in two different circuit variations, is 
based on the use of a Leakage Monitor which produces an output 
voltage proportional to the leakage current measured in the SRAM 
cell under test. The produced voltage signal is inputted to two Voltage 
Comparators, used to univocally identify if the die belongs to low-
VTH or standard-VTH or high-VTH process corners. This information 
is used by a Body Bias Generator which provides reverse, forward 
or conventional body biasing for the SRAM array. The suggested 
mitigation strategy was experimented and analyzed exploiting 
extensive Monte Carlo simulations, on a 65 nm commercial technology. 
Experiments were performed considering operating temperature 
spreading from 27°C to 125°C. Obtained results demonstrate that 
improvements up to 35.7% in variability for leakage power and up to 
22.3% in Design Margin for leakage power can be achieved.

8067-34, Session 6

Analytical modeling of glitch propagation in 
nanometer ICs
X. Gili, S. Barcelo, S. A. Bota, J. Segura, Univ. de les Illes 
Balears (Spain)

It has been extensively reported that today ICs are more susceptible 
to single event transients (SET), that manifest as voltage perturbations 
within combinational circuit nodes. Such events may be due to 
a variety of causes among which ionizing effects or crosstalk are 
dominant today.

In this work we provide a simple and efficient analytical model to 
classify noise pulses based on the curve limit concept. The model 
provides a single value (the pulse susceptibility, or PS) that can 
be used to categorize the propagation likelihood of a given noise 
waveform within a circuit. Such a computation is key to predict if a 
SET is capable of causing a SEU as it states if such a perturbation will 
propagate through logic.

The PS is computed considering the equivalent area enclosed by 
the voltage noise waveform on a voltage vs. time representation 
normalized to a given reference current and modulated by the product 
of a time-scale and a voltage-scale modulation factors (TMF and VMF 
respectively). The modulation factors account for the noise filtering 
process carried by logic gates for too short, or too small pulses thus 
containing the information provided by the critical curve. A given noise 
waveform having a large Equivalent Energy (for example a large voltage 
pulse due to a ionizing particle that lasts for a short time) may not pass 
a given logic gate because such its Equivalent Energy is delivered at 
a rate too quick to be captured by a logic gate. Both TMF and VMF 
are unit-independent factors computed for each noise waveform 
considering its PW and PH and range between 0 and 1. The overall PS 
factor (TMF x VMF product) assigns a value to each noise waveform 
according to the limit curves. A given pulse located below the critical 
curve will get a TMF x VMF value close to 0, indicating that such noise 
pulse will get filtered by the gate, while noise pulses located beyond 
the critical curve will get TMF x VMF = 1 indicating that they would 

travel an infinite number of gates. In this way, a noise waveform whose 
height does not arrive to the limit value would have VMF = 0, and 
would result in a modulation factor equal to 0 even if the pulse duration 
is very large.

The PS is computed from the waveform equivalent noise energy 
modulated by the TMF x VMF product. The equivalent noise energy 
is defined as the product of the noise waveform PH times its PW 
normalized to the smallest MOSFET maximum saturation current 
InMAX, being the current driven by the smallest n-MOS transistor 
polarized at VGS = VDS = VDD.

Expressions for both the TMF and VMF are derived and the results 
are compared to the specific limit curve for each logic gate. Results 
obtained for advanced technologies up to date demonstrate good 
agreement between simulations and modeling.

Conference 8067:  
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8068A-01, Session 1

Ultrasensitive nanosensors based on 
electronic effects in nanoscale structures
W. Fritzsche, C. Leiterer, S. Berg, T. Schneider, N. Jahr, O. 
Stranik, G. Broenstrup, S. Christiansen, A. Csaki, Institut für 
Photonische Technologien e.V. (Germany)

Charge carrier distribution changes in solid substrates induced by the 
presence of biomolecules have the potential as sensoric principle. For 
a high surface-to-bulk ratio as in the case of nanostructures, this effect 
can be used for highly sensitive bioanalytics. 

Plasmonic nanosensors represent one possible implementation: The 
resonance wavelength of the conductive electron oscillation under 
light irradiation is changed upon molecular binding at the structure 
surface. This change can be detected by spectroscopic means, even 
on a single nanoparticle level using microspectroscopy. Demonstration 
of this effect for the detection of protein and DNA targets will be 
presented.

Other examples are nanowires in electrodes gaps, either by metal 
nanoparticles arranged in a chain-like geometry or by rod-like 
semiconductor nanowires directly bridging the gap. Molecules binding 
at the surface will lead to changes in the electrical conductivity 
which can be easily converted into an electrical readout. The various 
geometries will be discussed and their sensoric potential for an 
electrical detection demonstrated.

8068A-02, Session 1

Hybridisation mix synthesis in a spiral lab-
on-chip device for fast-track microarray 
genotyping of human pathogens
J. R. Peham, L. Recnik, Austrian Institute of Technology 
(Austria); W. Grienauer, Austrian Research Ctrs. GmbH 
(Austria); M. J. Vellekoop, Technische Univ. Wien (Austria); C. 
Nöhammer, H. Wiesinger-Mayr, Austrian Institute of Technology 
(Austria)

MOTIVATION & PROBLEM STATEMENT: Fast diagnostic assays have 
the great potential of enabling early therapeutic intervention against 
infectious diseases. If they deliver species specific information in 
addition to their rapidness, the therapy can be solely targeted on the 
causative pathogens. This can improve patient recovery and confines 
the development of novel antibiotic resistances. DNA microarray 
assays can provide this specific species identification, but they lack 
the required rapidness because of multiple and time demanding 
analysis steps, such as Polymerase Chain Reaction (PCR), fluorescent 
labelling and microarray hybridisation. Therefore a rapid one-step 
method for synthesising a hybridisation-ready reagent out of initial 
bacterial DNA is required.

APPROACH: This work presents the combination and acceleration 
of PCR and fluorescent labelling within a disposable microfluidic 
chip, converting low concentrated bacterial DNA into a hybridisation-
ready mix. The polycarbonate lab-on-chip disc was fabricated by an 
optimised injection-molding process and sealed by solvent-assisted 
thermal bonding for accurate sealing of the channels. This production 
technique qualifies the chip as a disposable device, which is crucial 
for the approval as an in vitro diagnostic (IVD) test. The utilised 
geometry consists of a spiral meander with 40 turns representing a 
cyclic-flow PCR system with 40 reaction cycles. With the tempering 
of three equidistant temperature sectors (denaturation, annealing and 
extension) by an external heater, the sample can be driven through 
the channels and experiences a full PCR-protocol. Bacterial DNA was 
isolated by thermal lysis without any purification steps, which proves 
the system for robustness. The used reaction chemistry includes Cy3-
conjugated primers and a high-yield polymerase leading to a one-step 
process accelerated by cyclic-flow PCR.

RESULTS: Three different bacterial samples (Staphylococcus aureus, 

Escherichia coli and Pseudomonas aeruginosa) were processed in 
the presented chip. The bacterial DNA was successfully amplified and 
labelled for all three species with detection limits down to 102 cells 
per reaction, which shows no reduction in comparison to the standard 
method. In addition the specificity of species identification was 
comparable to the approach of separate PCR and labelling. The cyclic 
flow setting in combination with the integration of amplification and 
labelling into one reaction reduced the overall processing time from 6 
hours to 1.5 hours. 

CONCLUSION: We showed that a disposable polycarbonate chip, 
fabricated by injection molding and thermal bonding is suitable for the 
significant acceleration of DNA microarray assays. In particular the 
device is capable of synthesising a hybridisation-ready solution out 
of low-concentrated bacterial DNA samples. The reaction output lead 
to high-sensitivity bacterial identification, which is crucial for targeted 
therapy. The combination of specificity with rapidness provides 
substantial information for early therapeutic intervention, which 
increases the probability of patient convalescence and may help to 
reduce antibiotic resistances.

8068A-04, Session 1

GMR-based real-time cell endocytosis 
monitoring of magnetic particles
A. I. Shoshi, J. Schotter, P. Ertl, P. Schroeder, M. Eggeling, 
M. Milnera, A. Keller, F. Bellutti, M. Purtscher, V. Charwat, H. 
Brückl, Austrian Institute of Technology (Austria)

We present a Magnetic-Lab-on-a-Chip-System (MAGLab-System, [1]) 
which provides a platform for on-chip cell analysis including, amongst 
others, cell endocytosis, migration and magnetic manipulation. Cell 
analysis is carried out by the interplay between magnetoresistive 
sensors (GMR-Sensors), superparamagnetic particles (beads) and 
magnetic fields in a microfluidic environment. The GMR-sensors 
are embedded in a silicon chip and provide electronic signals 
proportional to their bead surface coverage. Magnetically labeled 
cells can be manipulated by superimposing magnetic gradient fields 
from small local coils and homogeneous fields from Helmholtz coils. 
Both attractive and repulsive forces can be applied, which allows for 
computer control of three dimensional (3D) movements.

In this presentation we mainly focus on GMR-based real-time 
monitoring of cell endocytosis of beads. In a first step, streptavidin-
coated magnetic beads are immobilized onto the APTES functionalized 
GMR-sensor surface. Reference readings are taken by magnetizing the 
beads, leading to in-plane stray field components that are detected 
by the embedded GMR-sensors. In a second step, human fibroblast 
cells (NHDF) are seeded and grown over the entire bead-covered 
sensor surface to a confluent monolayer. After bead recognition, 
the cells start to engulf and internalize them into transport vesicles 
derived from the plasma membrane. During this uptake process, the 
distance (r) between the beads and the sensor increases. According 
to the approximately r-3 dependency of the magnetic dipole field of 
the particles, the GMR-signal decreases due to the lower stray field 
strength acting onto the sensor. Real-time monitoring of the entire 
dynamic uptake process is realized by reading out the sensors at 
appropriate time-intervals. Afterwards, the cells are detached from the 
surface, leading to a relaxation of the sensor signal to noise level. By 
controlling the size and surface chemistry of the beads, we explore the 
complex kinetics of cellular uptake mechanisms and, thereby, mimic 
cellular responses to changes in the environment.

Besides real-time monitoring of cell endocytosis, on-chip detection 
of cell migration is also demonstrated. Here, bead-loaded cells are 
grown confluently in a fluidic channel aligned along a row of GMR 
sensors. Initially, a PDMS barrier confines the cells within a defined 
area. By removing the barrier, the cells start migrating into the cell-free 
area along the channel and pass the sensors embedded underneath. 
Similar to cell endocytosis monitoring, the stray field of the beads 
inside the cells affect the sensor. A time-dependent read-out shows 
a signal increase corresponding to the progress of cell migration over 
the sensor. Following the same approach, on-chip cell adhesion/
attachment and detachment has been shown successfully. 
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In addition, our setup allows 3D computer controlled manipulation of 
magnetically labeled cells in suspension, enabling on-chip cell mixing 
and separation.

Taking all this features into account, our MAGLab system provides 
a multifunctional platform for on-chip cell analysis, representing a 
promising tool for a variety of biomedical applications. 

[1] J. Schotter, A. Shoshi and H. Brückl, Journal of Magnetism and 
Magnetic Materials 321(2009)1671-167

8068A-05, Session 1

Performance of a novel micro force vector 
sensor and outlook into its biomedical 
applications
T. Meiss, T. Rossner, C. Minamisava Faria, R. Werthschützky, 
Technische Univ. Darmstadt (Germany)

Topic: Forum micro system technology, sensors for biomedical 
technology

For the HapCath system, which provides haptic feedback of the 
forces acting on a guide wire’s tip during vascular catheterization 
[1], very small piezoresistive force sensors of 200*200*640µm³ have 
been developed. This paper focuses on the characterization of the 
measurement performance and on possible new applications. 

Besides the determination of the static and dynamic measurement 
performance, special focus is laid onto the results of the 3-component 
force vector calibration. This article addresses special advantageous 
characteristics of the sensor like its integratability into very small 
devices, a force measurement range from static up to 90Mhz, a 
nominal load of 100mN while achieving an overload resistance larger 
than 1N and a measurement resolution better than 0.1mN. Besides 
the adavantegous characteristics of the sensor also the limits of 
applicability will be discussed.

From the special characteristics of the sensor, the second part of the 
publication demonstrates new applications which can be opened 
up with the novel force sensor, like surface roughness evaluation in 
biomedical systems, automatic navigation of medical or biological 
instruments without impacting surrounding tissue, needle insertion 
with tactile or higher level feedback, or even building tactile hairs for 
artificial organisms.

LITERATURE

1. Meiss, T.; Budelmann, C.; Kern, T.A.; Sindlinger, S.; Minamisava, 
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during Angioplasty. 
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2. Meiss, T.; Kern, T.A.; Sindlinger, S.; Werthschützky, R. : HapCath - 
Highly Miniaturized Piezoresistive Force Sensors for Interior Palpation 
of Vessels during Angioplasty. 

In: IFMBE Proceedings. 2009 , S. p. 228 ff. 
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8068A-13, Session 1

Finite element analysis of tactile sensors 
made with screen printing technology
J. Castellanos-Ramos, R. Navas-González, Univ. de Málaga 
(Spain); E. Ochoteco, CIDETEC (Spain); F. Vidal-Verdú, Univ. de 

Málaga (Spain)

Tactile sensors have increasing presence in different applications, 
especially in assistive robotics or medicine and rehabilitation. They 
consist of an array of force sensors (taxels) and are intended to 
emulate the human skin. Large sensors must be implemented with 
large area oriented technologies like screen printing. The authors 
have proposed and made sensors with this technology. They consist 
of a few layers of conductive tracks to implement the electrodes 
and elastomers to insulate them, on a polymer substrate. Another 
polymer sheet with conductive ink on its surface is placed atop the 
obtained structure. Pressure distribution in the interface between the 
piezoresistive material and the electrodes has a direct impact on the 
sensor performance. The mechanical behavior of the layered topology 
with conductive tracks, elastomers and polymers must be studied. 
For instance, the authors have observed experimentally the existence 
of pressure thresholds in the response of their sensors. Finite element 
simulations with COMSOL explain the reason for such thresholds 
as well as the dependence of the pressure distribution profile on the 
properties of the materials and the geometry of the taxel. This paper 
presents results from these simulations and the main conclusions that 
can be obtained from them related to the design of the sensor. The 
influence of the difference between the size of the gaps between the 
two electrodes and the sensitive piezoresistive surface and the impact 
of the spacer implemented to avoid short-circuited taxels are studied. 
Moreover, the thickness and flexibility of the piezoresistive layer and 
the size and shape of the taxel are analyzed and related to the spatial 
resolution and range of the tactile sensor. Finally, the relationship 
between the range and compliance of the elastomers used to insulate 
the conductive layers is also studied.

8068A-06, Session 2

Multi-resolution low-power Gaussian 
filtering by reconfigurable focal-plane 
binning
J. Fernández-Berni, R. A. Carmona-Galán, F. Pozas-Flores, 
IMSE-CNM (Spain); A. Zarándy, Computer and Automation 
Research Institute (Hungary); Á. B. Rodríguez-Vázquez, IMSE-
CNM (Spain)

Gaussian filtering is a basic tool for image processing. Its scope of 
application extends widely. Noise reduction, scale space generation 
or edge detection are examples of tasks where different Gaussian 
filters can be successfully utilized. However, their implementation 
in a conventional digital processor by applying a convolution 
kernel throughout the image is quite inefficient in terms of power 
consumption and speed. It is due to the serial processing of the raw 
data along with the repeated accesses to memory to operate over 
each and every pixel and its neighborhood. This inefficiency is specially 
remarkable for filters with large variance, as the kernel size increases 
significantly. In this paper, a different approach to achieve Gaussian 
filtering is proposed. It is oriented to applications with very low power 
budgets which can afford to work with low resolution images. The 
key point is a reconfigurable focal-plane binning. Pixels are grouped 
according to the targeted resolution by means of a division grid. Then, 
two consecutive shifts of this grid in opposite directions carry out the 
spread of information to the neighborhood of each pixel in parallel. 
The outcome is a Gaussian filtering with a variance equals to 0.85 over 
the original image before performing the grid shifts. This operation 
can be successively repeated in order to achieve Gaussian filters 
with larger variances. A rough estimation of the necessary energy for 
every repetition until reaching the desired filter is below 20nJ for a 
QCIF-size array. Finally, experimental results of a QCIF proof of-the-
concept focal-plane array manufactured in 0.35µm CMOS technology 
are presented. A maximum RMSE of only 2% is delivered on-chip 
with respect to the corresponding equivalent ideal Gaussian filtering 
performed off-chip.

Conference 8068A: Bioelectronics, Biomedical,  
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8068A-07, Session 2

High-dynamic range tone-mapping 
algorithm for focal plane processors
S. Vargas, G. Liñán-Cembrano, Á. B. Rodríguez-Vazquez, Ctr. 
Nacional de Microelectrónica (Spain)

This paper presents a Dynamic Range improvement technique 
which is specially well-suited to be implemented in Focal Plane 
Processors due to its very limited computing requirements since only 
local memories and a comparator are required at the pixel level. The 
presented algorithm employs measurements during exposure time to 
create a 4-bit artificial image whose histogram determines the shape 
of the tone-mapping curve which is applied to create the final image. 
Simulations results over a highly bimodal 120dB image are presented 
showing that both the highly and poorly illuminated parts of the image 
keep a sufficient level of details. The algorithm employs conventional 
integration pixels, comparators, and reduced local memory, thus being 
very suitable for Focal Plane Processor implementation. This technique 
reduces the amount of data of the HDR image to just 7-bit per pixels 
while preserving the relevant information in the visual scene. A Vision 
Chip is being developed with the reported tone mapping system using 
Austrian Microsystems 0.35um OPTO technology.

8068A-08, Session 2

Design of a smart SiPM based on focal-
plane processing elements for improved 
spatial resolution in PET
F. Pozas-Flores, R. Carmona-Galan, J. Fernandez-Berni, Á. B. 
Rodríguez-Vázquez, Instituto de Microelectrónica de Sevilla 
(Spain) and Consejo Superior de Investigaciones Científica 
(Spain)

Single-photon avalanche diodes (SPAD) are compatible with standard 
CMOS [1]. It means that photo-multipliers (PM) for scintillation 
detectors in nuclear medicine (i. e. PET, SPECT) can be built in 
inexpensive technologies [2]. This silicon PMs (SiPM) consists in 
arrays of, usually, passively-quenched SPADs whose output is sensed 
by some analog readout circuitry [3]. However, in addition to the 
implementation of photosensors that are sensitive to single-photon 
events, analog, digital and mixed-signal processing circuitry in the 
same CMOS chip [4]. For instance, the SPAD can be employed as an 
event detector, and with the help of some in-pixel circuitry, a digitized 
SiPM [5] can be implemented.

Moreover, this concurrent processing circuitry can be employed 
to realize low level image processing tasks. They can be efficiently 
implemented by this architecture given their intrinsic paralellism.

Our proposal is to operate onto the light-induced signal at the focal 
plane in order to obtain a more elaborated record of the detection. For 
instance, information about the depth-of-interaction, in scintillation 
detectors, can be derived from the position and shape of the 
scintillation light distribution [6]. This has an impact on the spatial 
resolution that can be achieved. We are presenting the design in 
CMOS of an array of detector cells. Each cell contains a SPAD and the 
pixel-level circuit required to analyse the morphology of the photon 
arrival distribution.//// References: 

[1] A. Rochas, A. R. Pauchard, P. -A. Besse, D. Pantic, Z. Prijic, R. 
S. Popovic, “Low-noise silicon avalanche photodiodes fabricated in  
conventional CMOS technologies,” IEEE Trans. on Electron Devices, 
vol.49, no.3, pp.387-394, Mar 2002

[2] D.J. Herbert, S. Moehrs, N. D’Ascenzo, N. Belcari, A. Del Guerra, 
F. Morsani, V. Saveliev, “The Silicon Photomultiplier for application to 
high-resolution Positron Emission Tomography”. Nuclear Instruments 
and Methods in Physics Research, A, Vol. 573, No. 1-2, pp. 84-87, 
April 2007

[3] G. Llosa et al. “Monolithic 64-channel SiPM matrices for small 
animal PET”.IEEE Nuclear Science Symposium Conf. Rec. pp.2658-
2661, October 2009.

[4] J. Ohta, Smart CMOS Image Sensors and Applications. CRC Press 
2007

[5] T. Frach, G. Prescher, C. Degenhardt, R. de Gruyter, A. Schmitz, 

R. Ballizany, “The digital silicon photomultiplier - Principle of operation 
and intrinsic detector performance”. IEEE Nuclear Science Symposium 
Conf. Rec.pp.1959-1965, Oct. 2009.

[6] C. W. Lerche et al. “Depth of gamma-ray interaction within 
continuous crystals from the width of its scintillation light-distribution”. 
IEEE Transactions on Nuclear Science, Vol.52, No.3, pp. 560- 572, 
June 2005

8068A-09, Session 2

Visual learning in drosophila: application on 
a roving robot and comparisons
L. Patané, P. Arena, S. De Fiore, P. S. Termini, Univ. degli Studi 
di Catania (Italy); R. Strauss, Johannes Gutenberg Univ. Mainz 
(Germany); L. Alba Soto, Anafocus (Spain)

Visual learning is an important aspect of fly life. Flies are able to 
extract visual clues from objects (e.g. colour, center of gravity position 
and others), and associate a meaning to them depending on other 
proprioceptive and exteroceptive stimuli.

In an interesting paper Liu et al. (2006) flies are trained to avoid 
flying towards specific visual objects appearing on a surrounding 
white cylinder. If flies approached such an object a heat beam was 
automatically activated punishing the on-going behaviour. Wild-type 
flies effectively learn to avoid those objects but this is not the case for 
the learning mutant rutabaga defective in the cyclic AMP dependent 
pathway for plasticity.

The dangerous and the harmless objects shown on the cylinder were 
characterized by distinct visual features: their height over ground, their 
angular orientation or their size. Interesting biological experiments 
using a partial rescue technique for localizing the memory in the fly 
brain show that the object features are stored in the fan-shaped body 
(i.e. part of the Central Complex, a brain structure present in insects).

Using the currently known information available through the 
experiments a model of the part of the Central Complex involved in 
visual learning has been designed. 

Experiments on a roving robot were performed to evaluate the 
proposed architecture. The experimental set-up includes an arena 
where some objects are present. These objects are different but they 
also have common features. We assume to consider dangerous one 
of the possible features (for example, the green color). Every time 
the robot tries to approach a green object, it will be punished. Every 
time the robot detects an object, it switches the behaviour in order to 
approach the selected object. The Fan-shaped Body will work as a 
classifier increasing or decrease the weights relative to each feature of 
the detected objects. In this way the robot learn to avoid dangerous 
objects and to recognize the dangerous features.

The robot behaviour in presence of a defective Fan-shaped Body has 
been also investigated making a comparison with the biological data 
coming from the fly experiments.

8068A-10, Session 2

Drosophila-inspired visual orientation model 
on the Eye-Ris platform: experiments on a 
roving robot
L. Patané, P. Arena, S. De Fiore, Univ. degli Studi di Catania 
(Italy); R. Strauss, Johannes Gutenberg Univ. Mainz (Germany)

Behavioral experiments on flying flies had shown that Drosophila 
prefers front-to-back motion over back-to-front. Parallax motion of the 
images of stationary objects is produced only during locomotion of the 
fly; close objects move with higher speed and larger amplitude over 
the retina than objects that are further away.

In this paper a bio-inspired model to control the orientation in a robot is 
implemented on the Eye-Ris CNN-based vision system equipped with 
a fisheye lens and tested using a roving platform. He roving platform is 
a simple differential drive robot equipped with the Eye-Ris 1.3 and with 
a series of sonar sensors for collision detection.

The panoramic view is divided into 78 azimuth areas and collected 
in four macro sectors. A series of elementary motion detector (EMD) 
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has been used to correlate the information coming from two adjacent 
visual areas. The weighted EMD outputs are then integrated in space 
and time for each compartment until a certain threshold is reached and 
an action is performed. The action, depending on the winning sector, 
could be attractive or repulsive accordingly to the fruit fly behaviour.

The implementation of the visual orientation algorithm on the Eye-Ris 
guarantees high performances in terms of processing time due to the 
parallel processing capability of the smart visual processor.

An experimental campaign was performed on a roving robot placed 
in a squared arena where objects of interest have been placed on the 
walls in different configurations. The experimental result has been 
chosen to perform a direct comparison with fly experiments.

Statistical data regarding the robot behaviour has been collected. 
Particular attention was devoted to specific parameters: distribution 
of the followed trajectories, dwelling time, gaze direction and others. 
Finally a discussion about the introduction of this control block inside a 
general insect brain architecture is also reported.

8068A-11, Session 2

Embedding visual routines in AnaFocus’ 
Eye-RIS Vision Systems for closing the 
perception to action loop in roving robots
A. J. Marrufo, D. J. Caballero, Anafocus (Spain)

The purpose of the current paper is to describe how different visual 
routines can be developed and embedded in the AnaFocus’ Eye-RIS 
Vision System On Chip (VSoC) in order to close the perception to 
action loop within the roving robots developed under the framework of 
SPARK II European project.

The Eye-RIS Vision System On Chip employs a bio-inspired 
architecture where image acquisition and processing are truly 
intermingled and the processing itself is carried out in two steps. 
At the first step, processing is fully parallel owing to the concourse 
of dedicated circuit structures which are integrated close to the 
sensors. At the second step, processing is realized on digitally-coded 
information data by means of digital processors. Both processing 
steps are integrated into a single chip in the latest Eye-RIS VSoC, 
achieving a powerful, fully-programmable, autonomous, reduced size 
and low-cost vision system, using AnaFocus’ proprietary Smart Image 
Sensor (SIS) technology.

All these capabilities make the Eye-RIS VSoC very suitable for the 
integration within small robots in general, and within the robots 
developed by the SPARK II project in particular. These systems provide 
with image-processing capabilities and speed comparable to high-end 
conventional vision systems without the need for high-density image 
memory and intensive digital processing.

On the other hand, SPARK II: SPATIAL TEMPORAL PATTERNS FOR 
ACTION-ORIENTED

PERCEPTION IN ROVING ROBOTS II: AN INSECT BRAIN 
COMPUTATIONAL MODEL is a European research project which 
aim is to develop, evaluate, optimize and generalize an insect brain 
inspired computational model. This is a completely new architecture 
for action-oriented perception, inspired by the basic principles of 
information processing in living systems and based on the concept of 
“self-organization”. It takes the advantage of the new insights offered 
by experimental neurobiology regarding the structure and function 
of relevant centers in the insect brain, devoted to action-oriented 
perception. The challenging idea within SPARK II is to introduce a new 
computational infrastructure mimicking an insect brain architecture. 
This architecture will be assessed, optimized and applied to different 
robotic structures, in order to prove its generality.

As far as perception is concerned, current perceptual schemes are 
often based on information derived from visual routines. Since real 
world images are quite complex to be processed for perceptual needs 
with traditional approaches, more computationally feasible algorithms 
are required to extract the desired features from the scene in real time, 
to efficiently proceed with the consequent action. In this paper the 
development of such algorithms and their implementation taking full 
advantage of the sensing-processing capabilities of the Eye-RIS VSoC 
are described.

8068A-12, Session 3

Mechanical properties of an artificial 
vascularized human skin
A. Passot, G. Cabodevila, FEMTO ST (France)

A new method for the neonatal blood sample screenings has been 
proposed and needs to be tested. Medical deontology requires the 
use of an artificial vascularized skin similar to that of the baby’s heel. 
The most superficial bloodstream and the two main layers of the 
skin -epidermis and dermis- have to be represented. Studies and 
capillaroscopies of the baby’s heel give the thicknesses of the two 
layers and the characteristics of the most superficial bloodstream. Skin 
layers are isotropic and viscoelastic however different mechanical test 
on the skin gave a Young’s Modulus useful to choose the polymers 
of the artificial layers. This epidermis layer is based on a stronger less 
adhesive silicon rubber Elastosil. The dermis is a deeper layer it is 
composed of a mixture based on a very soft sticky silicon rubber Silgel 
and Polydimethylsiloxane. Indentation tests performed on different 
mixtures gave that Silgel with 5% PDMS has an elastic modulus of 
48 kPa which is similar to that of the dermis. The artificial skin is an 
assembly of several layers including a layer of Polydimethylsiloxane 
structured by a mold representing the capillary network but also 
adapted to manufacturing processes in clean room. This layer is 
located in the middle of the dermis so artificial skin is an assembly 
of two parts. Each layer is deposited by spin coating on the mold for 
the upper part of the skin and also on a silicon wafer for the lower 
part. They are combined with the other by adhesion. Then the lower 
part is activated with oxygen plasma in order to permit its adhesion 
with the upper part. Mechanical tests such as indentation or pulling 
are performed to verify the mechanical properties and blood sample 
tests to check the probability of intercepting a blood vessel during 
penetration.

8068A-14, Session 3

Porous silicon and diatoms micro-shells: an 
example of inverse biomimetic
L. De Stefano, I. Rea, E. De Tommasi, I. Rendina, Istituto per la 
Microelettronica e Microsistemi (Italy)

The porous silicon (PSi) is an ideal material as optical transducer 
due to its sponge-like morphology characterized by a very high 
specific surface area, which assures an efficient interaction with the 
biochemical species to detect. PSi is fabricated by electrochemical 
etching of doped crystalline silicon in an aqueous solution of 
hydrofluoridric acid which is a simple but not trivial process to realise 
sophisticated optical structures such as photonic crystals. On the 
other hand, the microshells of marine diatoms are made of amorphous 
silica and show symmetric patterns of micrometric and nanometric 
pores. Since they are photoluminescent under irradiation of blue light, 
these nanostructured silica shells can be an ideal platform for sensing 
applications in the chemical and biological field in a sort of inverse 
biomimetic approach.

8068A-15, Session 3

Laser microstructured 3D polymer scaffolds 
as biocompatible implants
M. Malinauskas, D. Baltriukiene, Vilnius Univ. (Lithuania); A. 
Kraniauskas, Vilnius Univ. Hospital (Lithuania); P. Danilevicius, 
E. Balciunas, K. Tikuisis, S. Rekstyte, A. Zukauskas, Vilnius 
Univ. (Lithuania); R. Sirmenis, Vilnius Univ. Hospital (Lithuania); 
V. Bukelskiene, R. Gadonas, Vilnius Univ. (Lithuania); V. 
Sirvydis, Vilnius Univ. Hospital (Lithuania); A. Piskarskas, Vilnius 
Univ. (Lithuania)

In this paper we present experimental results of femtosecond laser 3D 
micro- and nanostructurable photopolymers: determination of their 
structuring and biocompatibility in vitro as well as in vivo. A synergetic 
study on materials for rapid 3D scaffold fabrication having micrometer 
features and being centimeter in size, their biocompatibility in vitro, in 
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vivo and ex vivo was done. The systematic research was performed by 
interdisciplinary group of laser physicists, cell biologists and surgeons 
providing consistent information which is important for further progress 
in cell growth and tissue engineering experiments. The chosen 
materials where of four different classes: well known biocompatible 
hybrid ORMOCER (Ormocore b59, Micro Resist) widely used 
biodegradable di-acrylated poly(ethylene)glycol (PEG-DA-258, Sigma-
Aldrich), pure acrylate AKRE (SR368, Sartomer) and novel high quality 
laser structurable material ORMOSIL (SZ2080, FORTH). The polymers 
were photosensitized with 2% wt. of 2-benzyl-2-(dimethylamino)-4’-
morpholinobutyrophenone photoinitiator (except for Ormocore b59, 
which was used as received from the manufacturer having 1.8% wt. 
of the adequate photoinitiator). All of the materials were evaluated for 
laser multiphoton polymerization structuring, which is well established 
as a technique enabling rapid and flexible production of 3D micro- 
and nanostructures. All photopolymers could be 3D structured with 
< 1 µm resolution and up to cm in overall sizes, thus materializing 
the computer models of the scaffolds with required pore sizes and 
porosities. The typical dimensions of scaffolds were 5 x 5 x 0.5 mm3 
discs with ~25 µm pore sizes and ~40% porosity. In vitro studies of rat 
adult myogenic stem cell proliferation and viability tests show polymer 
films and microstructured templates to be as biocompatible as the 
control substrates of polystyrene or glass. Additionally, all of these 
materials have been found at least as biocompatible as surgical clip 
or suture judging by results of histological examination after 3 weeks 
of implantation in rat paravertebral back tissues surrounding polymer 
implants ex vivo. Obtained results are promising and supporting further 
works to be performed in this direction. This approach based on 3D 
scaffolds fabrication based on laser direct writing technique seems to 
offer good future prospects, especially if custom made implants are 
required. It is worth mentioning that the mechanical, biodegradability 
and cell adhesion properties of the 3D microporous scaffold can 
be modified by choosing the material or geometry/filling ratio of the 
structure (which can be easily done in a controlled manner using 
flexible multiphoton polymerization method). Currently, doping of the 
materials and functionalization of their surfaces is an ongoing research 
which we believe will expand their applicability.

8068A-16, Session 3

Porous scaffolds for cells cultivation
Y. A. Shved, Institute of Cytology (Russian Federation)

The success of implanted biomaterials that serve as tissue analog 
scaffolds is often limited by the ability of newly attached cells 
to dynamically repopulate the scaffold surface. These synthetic 
substrates are increasingly considered as tissue analog substrates 
for implantation due to their superior processibility, strength, and 
facility for controlled resorption. Poly (lactic acid) (PLA) is one of the 
biodegradable polymers, which has been approved to implant in the 
body. However, like other synthetic materials, there are no natural 
recognition sites of cells on the surface of PLA and the hydrophobicity 
and the low surface energy of the PLA affect the cell attachment and 
growth on the PLA.In recent years, many studies have focused on 
coating or grafting bioactive molecular on the polymeric surface in 
order to mediate the cell attachment and cell growth. Collagen coating 
is often utilized to modify the cell affinity of polymeric materials.Type I 
collagen is also known as a good adhesive substrate for many kinds of 
cells in culture including keratinocyte. Type I collagen forms fibrils that 
make up a threedimensional structure in vivo, and purified collagen 
molecules are reassembled into fibrils under physiological conditions. 
The fibroblast culture, growth rates and collagen synthesis differ in 
collagen fibrils and on nonfibrous collagen.

The objective of the present study is to enhance the cell affinity of 
poly (d,l-lactide) (PDLLA) by treatment with collagen fibrils in order to 
enhance its cell affinity

The effect of the improved surface treating method was characterized 
by means of scanning electron microscopy (SEM) and X-ray and 
chemistry methods. The cell affinity of the PDLLA before and after 
the surface modification was also evaluated and compared by skin 
fibroblasts and keratinicytes culture.

8068A-17, Session 3

Design and fabrication of substrates with 
microstructures for bio-applications through 
the optical disc process
K. Chiu, S. Chang, C. Huang, Y. Lan, H. Guan, Industrial 
Technology Research Institute (Taiwan)

Several methods have been used to fabricate substrates with 
microstructures for bio-applications such as direct processing, 
polydimethylsiloxane (PDMS) reproducing, Lithographie 
Galvanoformung Abformung (LIGA)-like molding, and related 
technologies. The direct processing provides an easy way to enable 
fast prototyping. However, a fine roughness and a small size on 
microstructures are difficult to achieve. PDMS reproducing is widely 
utilized having good quality in optics and bio-compatibility. Since 
PDMS is a soft material, the high aspect ratio and mass production 
are not easy to carry out. Regarding LIGA-like molding, it is employed 
to fabricate disposable substrates in order to avoid contamination 
when used repeatedly. The high aspect ratio and good roughness on 
microstructures are also doable through this approach, however it has 
high cost.

The optical disc process has been implemented successfully to 
replicate optical discs in the video industry. It supplies an efficient 
system for mass production with a low cost. Small sizes of tracks 
and pit marks on optical discs are also easily fabricated having a 
fine roughness. This process is similar to LIGA-like molding and 
has good quality in optics like PDMS reproducing. It starts from 
creating a metallic substrate first. The next step is coating a desired 
thickness of photoresist onto the metallic substrate. After baking, the 
photoresist is exposed through a mask, which has specific micro-
patterns for different purposes. Then, these specific micro-patterns 
can be transferred and formed on the photoresist after development. 
The further process is to electroform the metallic substrate to fill up 
the micro-patterns created on the photoresist. After removing the 
photoresist, a metallic mold possessing specific microstructures is thus 
obtained. This metallic mold is then applied to replicate disposable 
substrates through mold injection. The dimensions of microstructures 
are attainable between few micrometers to hundred micrometers.

Various metallic molds and polycarbonate substrates with different 
microstructures have been designed and fabricated. These 
microstructures include micro-chambers, micro-valves and micro-
fluidic channels to store and flow samples while in operation. A dummy 
flat substrate is also prepared to adhere together for preventing from 
the leakage of samples. Therefore, a disc-like micro-fluidic device is 
acquired. After experiments, the results show great performance in 
bonding and packaging by means of the optical disc process. Different 
procedures and functions of sample loading, separating and mixing on 
this disc-like micro-fluidic device are also accomplished step by step 
through controlling the rotation speed and direction appropriately.

The optical disc process has been investigated and demonstrated to 
enable fast prototyping in fabricating molds and replicating substrates 
with microstructures possessing micro-chambers, micro-valves and 
micro-fluidic channels. It provides a simple way for mass production. 
In addition, this method is also a cost-effective approach to make 
disposable substrates possible. Furthermore, a disc-like micro-fluidic 
device is created; the relevant procedures and functions of sample 
loading, separating and mixing are carried out too. Accordingly, the 
optical disc process is achievable and feasible in fabricating molds and 
substrates with microstructures for bio-applications. The related details 
will be discussed in this paper.

8068A-18, Session 4

SPARKRS4CS: a software/hardware 
framework for cognitive architectures
P. Arena, M. Cosentino, L. Patané, A. Vitanza, Univ. degli Studi 
di Catania (Italy)

Over the last years, the advances in intelligent agents and robotics 
have been incredible, and promising improvements in future scientific 
applications, such as the creation of cognitive agents that can make 
their own representations, that are able to adapt its behaviours 
improving its capabilities. The main target is to create agents that are 
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conscious of what they are doing, and can adapt robustly to modifying 
conditions and requirements deal with new and unexpected situations. 
Robot perception, world modelling, prediction, attention selection, 
control and learning, planning and acting are the main capabilities 
required in a cognitive architecture.

Besides the necessary functions for sensing, moving and acting, a 
cognitive robot will exhibit the specific capacities enabling it to focus 
its attention, to understand the spatial and dynamic structure of its 
environment and to interact with it, to exhibit a social behaviour and 
communicate with other agents at the appropriate level of abstraction 
according to context. According to these peculiarities the design of the 
cognitive architectures needs to identify structures and components 
in a flexible and adaptable way. The main idea proposed in this work 
is to develop a software architecture, which is composed of modules 
that interact with others blocks, already developed, and libraries, 
with common functionalities useful for robotic control algorithms, 
in order to identify an adaptive structure for rapid development of 
reusable components. Moreover, the intent is to create cognitive and 
bio-inspired architectures that are able to investigate their behaviour, 
using classical approach or proving neural structures based on spiking 
processing neural networks. In order to develop an useful and suitable 
architecture, the proposed framework is flexible, robust and presents a 
structure adapt to decouple simulations from control algorithms. 

In general robotics research involves a simulation part and 
typical simulations denote very simplified environments, often 2D 
environments, but, more complex generic and flexibility tools are 
required to overcome the needs of a reliable simulation environment; 
which has became a very critical factor with the increase of complexity 
in different algorithms. Thus, an ‘ad hoc’ robotic simulator has been 
provided for more complicated 3D scenarios. Dynamic Robotic 
Simulator aim is to create a tool for high performance 3D simulations of 
autonomous mobile robots, with the intent to create a simulation tool 
to allow the investigation and development of bio-inspired behaviors 
in robotic scenarios. For this reason, the tool is designed to recreate a 
complete replica of the real environment and situations in which robots 
can be found, in order to learn how achieve their goals. The simulator 
is developed in particular contexts where dynamism, performance and 
accuracy are necessary prerequisites.

8068A-19, Session 4

A hardware experimental platform for neural 
circuits in the auditory cortex
V. Rodellar-Biarge, P. Garcia-Dominguez, Y. Ruiz, P. Gomez-
Vilda, Univ. Politécnica de Madrid (Spain)

Speech processing in the human brain is a very complex process 
far from being fully understood although much progress has been 
done recently. It seems that speech sounds are dominated by certain 
enhanced bands of frequencies called formants in a broad sense, 
and that the assignment of meaning is derived both from dominant 
frequency combinations as well as from dynamic changes observed 
in these combinations in time. Therefore speech perception can 
be seen as a complex parsing problem of time-frequency features 
carried out by neural structures hidden in the Auditory Primary and 
Secondary areas over the Cortex. Neuromorphic Speech Processing 
is a new research orientation in bio-inspired systems approach to find 
solutions to automatic treatment of specific problems (recognition, 
synthesis, segmentation, diarization, etc) which find limitations when 
solved by using classical algorithms. In this paper a biological inspired 
architecture composed by different hierarchical layers of basic units 
that mimic the behaviour of Pauser, Characteristic Frequency (CF), 
Frequency Modulation (FM) and Columnar neurons is presented. The 
units modelled roughly correspond to the processing centres in the 
Olivar Nucleus and Inferior Culliculus. The systemic bottom-up of 
layered structures reproduce the dynamic feature detection of speech 
related to plausible neural circuits which work as interpretation centres 
located in the Auditory Cortex. The architecture considers a mono-
aural channel and can be easily extended to a binaural architecture. 
The basic unit model is based in Hebbian neuron-like units, from 
which simple neural circuits can be built. The work is oriented to 
establish good strategies to differentiate static (wovel-like) vs dynamic 
(consonant-like) formant dynamics to serve in speech labelling. The 
architecture has been tested for spotting vowels and consonants in a 
sentence by means of formant dynamic detection. The results obtained 
perfectly match with identification results by phonetic experts. The 

basic units and the complete architecture have been simulated by 
using the environment Matlab/Simulink® due to its capability and 
flexibility of modularizing a problem as subsystems by combining self-
defined blocks. A first prototype has been implemented on a FPGA 
from Altera®. The VHDL code has been automatically generated by 
the HDL coder tool from Simulink and synthesized by Quartus II®. 
Results from different simulation steps are presented and as well as 
implementation details. The structure proposed represents a platform 
to carry on experiments which may help in both understanding better 
how neural circuits may work in the brain as well as in how speech 
processing can benefit from this understanding.

8068A-20, Session 4

Internal representation as a protocognitive 
scheme for robots in dynamic environments
J. A. Villacorta-Atienza, V. A. Makarov, M. G. Velarde, Univ. 
Complutense de Madrid (Spain)

Animals for surviving have developed cognitive abilities allowing 
them an abstract representation of the environment. This Internal 
Representation (IR) could contain a huge amount of information 
concerning the evolution and interactions of the elements in their 
surroundings. The complexity of this information should be enough 
to ensure the maximum fidelity in the representation of those aspects 
of the environment critical for the agent, but not so high to prevent 
the management of the IR in terms of neural processes, i.e. storing, 
retrieving, etc. One of the most subtle points is the inclusion of 
temporal information, necessary in IRs of dynamic environments. 
This temporal information basically introduces the environmental 
information but in each moment, so the information required to 
generate the IR would eventually be increased dramatically. The 
inclusion of this temporal information in biological neural processes 
remains an open question.

In this work we propose a new IR based on the compaction of 
temporal information by: 1) predicting the evolution of the environment, 
2) considering all possible interactions between the agent and its 
environment, and 3) extracting from its time stream those events 
critical for the agent and projecting them univocally onto the space. 
This Compact Internal Representation (CIR) allows compacting 
the agent’s space-time into only space, so the CIR of a dynamic 
environment is constructed as a stable structure (with no temporal 
dimension) suitable to be the base for complex cognitive processes, as 
memory or learning, both in animals and robots.

Compact Internal Representation is especially appropriate to be 
implemented in robots interacting with real environments (roving 
robots, manipulators, etc.). In presence of a complex time-evolving 
situation, CIR is a global making decision process allowing infinite 
possible options or solutions to this situation from a single internal 
representation with minimum resources.

8068A-21, Session 4

FPGA implementation of a modified 
FitzHugh-Nagumo neuron-based causal 
neural network for compact internal 
representation of dynamic environments
L. Salas Paracuellos, L. Alba Soto, Anafocus (Spain); J. A. 
Villacorta-Atienza, Univ. Complutense de Madrid (Spain)

This paper describes the use of FPGAs to implement a Causal Neural 
Network based on a modified FitzHugh-Nagumo neuron to generate a 
Compact Internal Representation of dynamic environments for roving 
robots, developed under the framework of SPARK II European project, 
to avoid dynamic and static obstacles.

Internal representations are abstract representations of the 
environments generated by many living beings to interact with the real 
world. Recently the Compact Internal Representation (CIR) has been 
proposed as a new biologically-inspired cognitive process allowing 
the creation of internal representation of dynamic environments. The 
inclusion of a temporal dimension could dramatically increase the 
information required to properly represent internally the environment. 
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Nonetheless the CIR minimizes this information compacting the 
spatiotemporal representation into a spatial (no time-depending) stable 
structure, by means of a reaction-diffusion system that models the 
possible interactions between agent and its environment, and extracts 
the critical events projecting them univocally onto spatial points.

Compact Internal Representation is especially suitable to be 
implemented in robots interacting with real environments (roving 
robots, manipulators, etc.) because it provides infinite global solutions 
(possible decisions to be made by the robot) by investing minimum 
resources. Moreover, as this is a process based on a physical system it 
is perfect to be implemented in a neural network simply by reproducing 
the numerical discretization scheme (cellular automata). One of the 
most versatile options for this goal is the use of FPGAs, but it forces 
to simplify the numeric approach to the generation of the CIR. The 
CIR reaction-diffusion system is based on a set of coupled partial 
differential equations solved by the Runge-Kutta method, but an 
accessible scheme of implementation by FPGAs requires a simplified 
numeric scheme, preferably based on algebraic relations. In this 
work FPGA implementation is developed by stating the initial partial 
differential equations and approaching them by algebraic equations by 
means of a proper combination of the ‘forward’ and ‘backward’ Euler 
algorithms.

In this paper the development of CIR hardware implementation and its 
performance are described.

8068A-22, Session 4

Synchronization phenomena in neural 
networks of hard oscillators
M. Bonnin, V. Lanza, F. Corinto, M. Gilli, Politecnico di Torino 
(Italy)

In this paper we investigate the dynamics of a network whose neurons 
are hard oscillators, namely they exhibit the coexistence of a stable 
equilibrium point and a stable limit cycle. We consider a constant 
external stimulus applied to each neuron, which influences the 
neuron’s own natural frequency. In absence of external stimuli, we 
show that the network can exhibit different oscillatory regimes. If the 
neurons have equal natural frequencies, both in-phase and anti-phase 
locked states are admissible. The stability of the former depends on 
the amplitude of the oscillations, while the latter are usually unstable. 
The neurons may oscillate all with the same amplitude, or with 
different amplitudes. Again, the stability depends on the amplitude 
value, but the coupling strength plays a prominent role when small 
amplitude oscillations are involved. If the neurons natural frequencies 
are different, the phase shifts depend on these differences. Two 
synchronous states, whose phases differ by π, are admissible.

When the coupling strength is increased above a critical threshold, the 
solutions that arise due to couplings effect disappear, leaving the state 
of identical synchronization as the sole possible solution. We have also 
outlined some of the bifurcation processes involved as the interactions 
strength is increased.

When external stimuli of different magnitudes are applied to a couple 
of otherwise identical neurons, they oscillate with different frequencies. 
We have shown that they are able to synchronize, provided their 
coupling is strong enough. Computing Lyapunov exponents 
numerically, we have determined the synchronization regions (Arnold 
tongues) determining the synchronization threshold of the coupling 
strength as a function of the stimuli intensity mismatch for both the 
stable and the unstable cycle.

Our results have been obtained without imposing any restriction 
concerning nonlinearity and coupling strengths. We have shown that 
networks of hard oscillators may show very rich dynamics, hopefully 
much richer than their soft oscillator counterparts. We believe that 
these results are instrumental to investigate the possible application of 
networks of hard oscillators as associative and/or dynamic memories.

8068A-23, Session 5

Spatio-temporal coupling of EEG signals in 
epilepsy
V. Senger, J. Müller, R. Tetzlaff, Technische Univ. Dresden 
(Germany)

Approximately 1% of the world’s population suffer from epileptic 
seizures throughout their lives that mostly come without sign or 
warning. Thus, epilepsy is the most common chronical disorder of the 
neurological system. In the past decades, the problem of detecting a 
pre-seizure state in epilepsy using EEG signals has been addressed 
in many contributions by various authors over the past two decades. 
Up to now, the goal of identifying an impending epileptic seizure with 
sufficient specificity and reliability has not yet been achieved. 

Cellular Nonlinear Networks (CNN) are characterized by local 
couplings of dynamical systems of comparably low complexity. 
Thus, they are well suited for an implementation as highly parallel 
analogue processors. Programmable sensor-processor realizations 
of CNN combine high computational power comparable to tera ops 
of digital processors with low power consumption. An algorithm for 
the automated prediction of epileptic seizures executable on such a 
device would be a “huge step” towards the vision of an implantable 
seizure warning device that could provide information to patients and 
time/event specific treatment directly in the brain. Recent contributions 
have shown that modeling of brain electrical activity by solutions of 
Reaction-Diffusion-CNN as well as the application of a CNN predictor 
taking into account values of neighboring electrodes may contribute to 
the realization of a seizure warning device.

In this paper, spatio-temporal filters are applied to multi channel 
EEG data in order to identify mutual couplings for different electrode 
contacts which lead to an enhanced prediction quality. Thereby, the 
influence of polynomial feedback will be analyzed. In this contribution, 
long term EEG recordings of different patients are considered. Results 
calculated for these recordings with inter ictal phases as well as 
phases with seizures will be discussed in detail.

8068A-24, Session 5

A new cellular nonlinear network emulation 
on FPGA for EEG signal processing in 
epilepsy
J. Müller, J. Müller, R. Tetzlaff, Technische Univ. Dresden 
(Germany)

The prediction of epileptic seizures is one of the most challenging 
tasks in neuroscience. Numerous methods of linear and nonlinear time 
series analysis have been investigated to forecast impending seizures 
by detecting pre-ictal states from EEG data. Although they do not yet 
provide sufficient specificity and sensitivity, different algorithms render 
promising results. 

As recent approaches showed, dynamical systems based on locally 
coupled cells constitute the core of various methods for EEG signal 
processing. Thus, algorithms based on Cellular Nonlinear Networks 
(CNN) provide the opportunity to develop low-power, implantable 
seizure prediction devices. However, currently available analog CNN 
implementations do not offer sufficient accuracy and flexibility. 

In this paper we propose a new architecture for the hardware 
emulation of discrete-time Cellular Nonlinear Networks (DT-CNN). This 
architecture features an inherent cellular structure of locally coupled 
processing units and locally stored state values, thus retaining the 
advantages of the CNN paradigm. Moreover, the state values are 
mapped to global memory and are therefore easily accessible for data 
exchange. The proposed design offers arbitrary processing accuracy 
to ensure the correct application of existing algorithms.

We implemented the CNN structure on an FPGA to combine the high 
computational power of VLSI circuits with an accuracy and flexibility 
that is superior to current analog realizations. Given an 18 bit precision 
of CNN states and weights and a 3×3 neighborhood, up to 128 cells 
can be mapped to a XILINX Virtex-5 XC5VFX70T FPGA. The network 
is currently utilized for EEG signal processing in order to accelerate 
algorithms for pattern detection and spatio-temporal prediction.

8068A-25, Session 5

An ultra low-power, low-voltage neural spike 
recording channel with feature extraction 
capabilities
A. Rodríguez-Pérez, Institute de Microelectrónics de Seville 
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(Spain); J. Ruiz-Amaya, M. Delgado-Restituto, Á. B. Rodríguez-
Vázquez, Instituto de Microelectrónica de Sevilla (Spain)

This work presents a power efficient neural spike recording channel for 
a wireless neural multichannel sensor. The presented interface senses 
and digitizes neural signals and performs, as an added value, a feature 
extraction of the detected spikes in order to reduce the amount of data 
sent through the wireless transmission channel.

The channel consists of a band-limited fully-differential Low-Noise 
Amplifier, a reconfigurable Analogue-to-Digital Converter (ADC) which 
embeds a Programmable Gain Amplifier (PGA), a Switched-Capacitor 
(SC) windows comparator and some digital circuitry for control and 
feature extraction purposes.

Three different operation modes can be programmed in the recording 
channel: calibration, signal tracking and feature extraction. During the 
first phase of the calibration operation, the band pass-filter is isolated 
and its bandwidth is adjusted to counteract the possible process 
variations. Afterwards, the gain of the PGA is adjusted to maximize 
the input voltage swing. For this later, the ADC operates at 22.5kS/s 
and 8-bits resolution. During the signal tracking mode, the signal 
captured by the neural electrode is conditioned by the LNA and 8-bits 
digitized by the ADC at 22.5kS/s. Under the feature extraction mode, 
the system detects the presence of spikes using an adaptive neural 
threshold detection algorithm and uses a Piece-Wise-Linear (PWL) 
approximation to reconstruct the spike. During this mode, the ADC 
sampling frequency is set at 22.5kS/s while any spike is detected, and 
is changed to 90kS/s during the spike characterization period.

The key element of the presented work is the ADC architecture. It is 
a binary search data converter with a SC-implementation. Due to its 
architecture, it can be programmed to work either as a PGA, S&H or 
ADC. In order to allow power saving, inactive blocks are powered off 
depending on the selected operation mode, ADC sampling frequency 
is reconfigured and bias current is dynamically adapted during 
the conversion. Due to the ADC low input capacitance, the power 
consumption of the input LNA can be decreased and the overall power 
consumption of the channel is low. 

The prototype was implemented using a CMOS 0.13um standard 
process, and it occupies 400um x 400um. Simulations from extracted 
layout show very promising results. The nominal voltage supply is 
1.2V. The LNA shows a mid-band gain of about 47.5dB for a nominal 
bandpass of 217Hz - 7.16kHz, the integrated input referred noise is 
2.84uVrms, with a Noise Efficiency Factor (NEF) of 1.62 and 1.92uW of 
power consumption. The ADC shows a SNDR of 50dB along the whole 
Nyquist band for the different configuration modes, which corresponds 
to an ENOB of almost 8-bits. The power consumption of the ADC 
sampling at 22.5kS/s is only 500nW, and 1.8uW when the 90kS/s 
mode is selected.

The power consumption of the complete channel for the signal tracking 
operations is 2.8uW, while it is increased to 3.0uW when the feature 
extraction operation is performed, one of the lowest reported.

8068A-26, Session 5

A flexible home monitoring platform for 
patients affected by chronic heart failure 
directly integrated with the remote hospital 
information system
T. Bacchillone, M. Donati, S. Saponara, L. Fanucci, Univ. di 
Pisa (Italy)

Among chronic disease, Chronic Heart Failure (CHF) is recently 
attracting the attention of physicians and administrators, as it 
represents one of the most frequent cause of hospitalization, especially 
for elderly citizens, with a consequent considerable impact on patient 
quality of life and healthcare costs. The current healthcare model is 
mostly in-hospital based and consists of periodic visits. This model 
does not allow to promptly detect exacerbations, resulting in a large 
number of re-hospitalization. Home monitoring of vital signs has an 
important role as a strategy to provide effective and cost efficient 
services for CHF patients, ensuring early diagnosis and treatments in 
case of necessity. This paper presents an integrated ICT solution to 
allow the management of CHF patients at home by remotely collecting 
and analyzing their vital signs, able to connect in-hospital care of acute 
syndrome with out-of-hospital follow-up. 

The whole system has a client/server architecture. The client side is 
located at patient’s home, it consists of a set of wireless biomedical 
sensors and an additional device, the home gateway, that provides 
computation and communication capabilities. The server side, installed 
at health service facilities, processes and stores data transmitted from 
the gateways.

The home system has a minimal impact with the user. Non invasive 
measures of ECG, SpO2, Blood Pressure, Chest Impedance, 
Respiration and Posture are performed by Bluetooth, wearable 
and battery powered sensors. The home gateway receives data 
from sensors, analyzes them and provides a permanent storage of 
pending data waiting for transmission. The transmission could be 
time-triggered or alarm-triggered. Redundant broadband access 
technologies, ADSL and GPRS/UMTS, ensures flexibility and fault 
tolerance. The HTTPS protocol ensures confidentiality, authentication 
and integrity of communications. The data collected are forwarded to 
the remote server system through an ANSI HL7-RIM Clinical Document 
Architecture to be further analyzed and flowed into the usual Hospital 
Information System (HIS), whereas the server response consists of an 
XML description of the actual follow-up operating protocol.

The operating protocol describes the behavior of the home gateway 
in terms of types and frequencies of measurements, transmission, 
selectable symptoms, comparison threshold, etc. It is tailored by 
physician at the beginning of the monitoring period and is remotely 
updatable in progress according to the patient conditions.

In order to achieve a fully compliance of requirements, taking into 
account flexibility, robustness and user-friendliness and at the same 
time reducing prototyping costs and project risks a multithread 
application software implements the gateway functional requirements 
on a programmable platform. 

The proposed system introduces a number of key factors that 
differentiate it from other telecare systems already available. 
Clinicians’ involvement in the system requirements definition drives 
the development toward a system suited to the specific purpose, 
particularly effective and practical. The use of International standards 
for data exchange improves the interoperability, thus favoring the 
integration / interaction of the system with any other standard HIS 
or biomedical sensors. With respect to other solutions it also offers 
remote operating protocol configurability and an easier sensors 
integration.

8068A-27, Session 5

Comparative study of heart sound 
localization algorithms
A. Moukadem, A. Dieterlen, Univ. de Haute Alsace (France); N. 
Hueber, Institut Franco-Allemand de Recherches de Saint-
Louis (France); C. Brandt, Civil Hospital of Strasbourg (France)

The purpose of this study is to compare five algorithms of heart sound 
localization, one of which is a method based on radial basis function 
networks (RBF) applied to a novel approach. Our objective is to find 
the best tool providing acceptable performance for clinical use. This 
study proposes a methodology for comparing several localization 
methods applied to a set of experimental data. The advantages and 
disadvantages of each method are evaluated according to a database 
of 50 subjects among whom are 25 healthy subjects selected from 
University Hospital of Strasbourg and from the MARS500 project and 
25 subjects with cardiac pathologies selected from the University 
Hospital of Strasbourg. This study is conducted under the control 
of an experienced cardiologist. The performance of each method is 
evaluated by calculating the area under a receiver operating curve 
(AUC) and its robustness is shown against different levels of additive 
white Gaussian noise.

Some methods show good results against high additive noise, like 
variance fractal dimension (VFD, AUC=0.75) and cardiac sound 
characteristic wave (CSCW, AUC=0.76), which can be explained by 
the type of transformation applied in each method; VFD is a nonlinear 
complexity-based method and CSCW is a frequency-based one. 
However, their AUCs are not high enough (AUC=0.83) for heart sound 
localization based on experimental data. The Shannon method shows 
good performance (AUC=0.88) when there is no heavy noise; however, 
it is not the case in the presence of a high-level noise (AUC=0.72); it is 
not surprising because the Shannon energy method is a morphology-
based transformation that operates on the energy of the signal and 
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decreases its performance in case of noise. The RBF network method 
shows the best localization, in the presence of low- and medium-level 
noises (AUC=0.94, AUC=0.89). However, the output of the network 
actually indicates a decrease in performance (AUC=0.68) in the case 
of a high-level noise. A major advantage of the RBF network, when 
compared to other neural network types, is its fast learning speed 
and the simplicity of its implementation. We note here the possibility 
of hardware implementation of the RBF network method (on a chip) 
and the prospect of real-time analysis which will be a very useful tool 
for autonomous analysis, simple for home use by the general public, 
for the purpose of auto diagnosis and warning in case of necessity. 
The RBF and CSCW methods seem to be the most promising ones. 
RBF can be used in the presence of low- or medium-level noise and 
the CSCW method is reliable in the presence of high-level noise. 
Currently, a campaign of measurements is underway. 10 cardiologists 
equipped with a prototype of electronic stethoscope in the Hospital of 
Strasbourg are in charge of collecting normal and pathological sounds 
in order to expand the database of phonocardiograms. In parallel, there 
are 2 prototypes of electronic stethoscopes in the MARS500 project 
that are dedicated to collecting sounds from 6 patients (astronauts). 
These subjects will be examined periodically over a period of 520 days, 
which will allow us to form a solid database and optimize promising 
methods to improve the localization of S1 and S2 sounds.

8068A-28, Session 5

Use of efficient algorithms in the 
parameterization and sorting of action 
potentials signals
J. N. da Silva Sarinho Filho, Escola Politécnica da Univ. de São 
Paulo (Brazil); M. Eisencraft, R. Suyama, Univ. Federal do ABC 
(Brazil); M. D. Miranda, Escola Politécnica da Univ. de São 
Paulo (Brazil); E. T. Fonoff, Univ. de São Paulo (Brazil)

The understanding of neuronal function under the action of a certain 
stimulus can be facilitated using techniques to distinguish the potential 
action from different neurons. Thus, from simultaneous recording 
of multiple neurons one can determine the firing patterns of each of 
them. Usually these techniques are implemented in three stages [1,2]. 
From raw electrical potentials recorded using an intracranial electrode, 
spikes are detected, then parameterized and finally sorted, attributing 
every single spike observed to a particular neuron.

Quiroga et al. proposed a sorting method based on wavelet 
coefficients and superparamagnetic clustering [1]. However, this is an 
off-line method and it is not able to efficiently classify spikes that recur 
at low frequencies. Schuman et al. [2] proposed a relatively simpler 
sorting method based on the noise level and that can be implemented 
on-line. Nevertheless, sorting is done directly based on the raw 
samples. It is worth to notice that the parametrization of each detected 
spike can reduce the number of samples that represents it and thus 
facilitate the sorting process.

We propose to modify the system presented in [2] using fast 
and numerically efficient algorithms in the parametrization step. 
These algorithms were introduced by [3,4] in the context of blind 
equalization of communication channels. They are based on the 
least squares method, with numerical stability and convergence 
proved theoretically and extensively observed. The main idea here 
is the use of intermediate variables provided by these algorithms to 
parameterize the detected spikes. The intermediate variables observed 
in the algorithm of [3] are the reflection coefficients. In the case of the 
algorithm of [4] the joint estimation coefficients are observed assuming 
that the higher order statistics are known. This procedure is applied to 
the data utilized by [2] considering the detection and sorting stages as 
in this paper.

Preliminary results show that efficient parametrization can significantly 
ease the sorting stage.

[1] Quiroga, R. Q., Nadasdy, Z., and Ben-Shaul, Y., “Unsupervised 
spike detection and sorting with wavelets and superparamagnetic 
clustering,” Neural Comput. 16(8), 1661-1687 (2004).

[2] Rutishauser, U., Schuman, E., and Mamelak, A., “Online detection 
and sorting of extracellularly recorded action potentials in human 
medial temporal lobe recordings, in vivo,” Journal of Neuroscience 
Methods 154, 204-224 (June 2006).

[3] Miranda, M. and Gerken, M., “A hybrid least squares QR-lattice 
algorithm using a priori errors,” Signal Processing, IEEE Transactions 
on 45, 2900 -2911 (Dec. 1997).

[4] Miranda, M., Gerken, M., and Da Silva, M., “Efficient implementation 
of error-feedback LSL algorithm,” Electronics Letters 35, 1308 -1309 
(Aug. 1999).

8068A-29, Session 6

Front-end electronics for impedimetric 
microfluidic devices
J. Ojarand, ELIKO (Estonia); A. T. Giannitsis, M. Min, R. Land, 
Tallinn Univ. of Technology (Estonia)

Impedance spectroscopy is a common approach in assessing 
passive electrical properties of biological matter. Impedimetric 
microfluidic devices facilitate measurements of biological solutions. 
They incorporate microfluidic channels and impedance sensors in 
conjunction with signal-conditioning electronics. Depending on the 
manufacturing technology, a microfluidic device can either be fully 
integrated as those produced by microfabrication technology, or 
partially integrated when soft-fabrication or machining is employed. 
For our device we have employed soft fabrication techniques. High 
sensitivity and measurement resolution are essentials when measuring 
passive electrical characteristics of cell or particle suspensions, 
especially in the case of small concentrations. Thus signal-to-noise 
ratio should be obtained as high as possible. The quality of such 
measurements is highly affected by stray capacitances, distortions 
and noises, that can be minimised by optimising the design of the 
electronics and the mechanical parts of the device. The quality 
of impedance measurements can also be improved by choosing 
appropriate excitation signals and suitable measuring methods, such 
as selecting between current or voltage source, and differential or 
single-ended techniques. Our device incorporates an impedance 
sensor, which consists of an array of two sequential pairs of parallel 
microelectrodes, embedded in a microfluidic channel or microcapillary. 
All electronics and fluidic components are placed inside a metal 
holder, which ensures electric and fluidic connections to peripherals. 
This configuration provides short electric connections and proper 
shielding. The method that we are using to evaluate the sample’s 
impedance is the differential measurement technique, which is 
capable of suppressing the common mode signals and interferences 
appearing in the signal-conditioning front-end circuit. Besides, it opens 
the possibility for compensating stray effects of the electrodes. For 
excitation we employ wideband signals, such as chirps, which allow 
fast measurements, essential in most biological experiments. A chirp 
signal can reduce energy consumption since most of its energy falls 
within the frequency bandwidth of interest. The impedance spectra 
cover the range of 10kHz - 10MHz. This is essential for accessing 
information relating to β-dispersion, which characterises the cell’s 
structural properties. Here we present two schemes: (a) an in-phase 
differential method, which employs two transimpedance amplifiers, 
and (b) an anti-phase method, which uses only one transimpedance 
amplifier. In this study we analyse and compare the sensitivity, signal-
to-noise-ratio, and operational bandwidths of these two methods 
against other commonly used related circuits.

8068A-30, Session 6

Handheld 2-channel impedimetric cell 
counting system with embedded real-time 
processing
A. Rottigni, M. Carminati, G. Ferrari, Politecnico di Milano 
(Italy); M. Vahey, J. Voldman, Massachusetts Institute of 
Technology (United States); M. Sampietro, Politecnico di 
Milano (Italy)

Lab-on-a-chip systems have attracted a growing attention for the 
possibility of parallelization and portability of biological assays in 
applications such as point-of-care diagnostics. To achieve this 
goal, microfluific devices as well as instruments required to operate 
them have to be miniaturized. Here we present a miniaturized, self-
contained, 2-channel instrument for impedance sensing, suitable for 
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label-free tracking and real-time detection of particles and cells flowing 
in microfluidic channels. This original circuit features a signal generator, 
based on a direct digital synthesizer, a transimpedance amplifier, an 
integrated square-wave lock-in coupled to a ΣΔ ADC converter, and 
a FPGA module to implement digital filtering, peak detection and 
PC communication. The entire instrument, fitting in a compact metal 
case (11cm x 8cm x 4cm), is USB-powered and does not require any 
external signal.

The detection circuit is tailored to measure the resistive perturbation 
(0.1-1%) induced by cells (5-15µm diameter) passing over planar 
electrodes, designed to maximize sensitivity and bandwidth, in 
particular in a 40µm wide and 20µm high microfluidic channel.

The signal generation block is capable of generating sinusoids from 
1Hz to 10MHz, with amplitude from 1mVpp to 2Vpp. The low-noise 
transimpedance amplifier has a gain of 47kΩ, with -3dB bandwidth of 
10MHz. It is followed by custom-designed CMOS chip that performs 
square waveform lock-in (synchronized with the signal generator) and 
second-order ΣΔ analog to digital conversion with 10MHz clock, that 
can reach a resolution of 20 bit with a sampling frequency of 1kHz or 
lower. The single bit output of the ADC is fed to a FPGA that provides 
3rd order digital filtering with a user-selectable bandwidth (1Hz-1kHz), 
in order to perform both fast and accurate measurements, providing 
adequate filtering of the quantization noise. A resolution of 23Ω (9 
times smaller than minimum expected signal) is reached with a time 
resolution of 50µs and an applied voltage as low as 200mV.

Automatic peak detection is implemented in the FPGA. A high-pass 
filter with selectable bandwidth from 0.1Hz to 5kHz, removes low-
frequency drift in channel resistance, then simultaneous peak detection 
in the two independent channels is obtained by comparing the input 
signals with thresholds. All the detection parameters can be tuned to 
adapt to a variety of channel/electrode geometries and cell lines. The 
USB connection allows transferring to a laptop PC the raw resistance-
time tracking signal and the peaks data (initial time, duration and peak 
amplitude) for both channels. Custom software enables data storage 
and visualization.

System functionality has been tested with an electronic resistance 
modulator to simulate 1% impedance variation produced by cells. 
A count rate of 2000 events per second, with a SNR >10, has been 
achieved. Validation experiments have been carried out counting 5µm 
diameter yeast cells. Statistical analysis of events is in agreement 
with the expected amplitude and time distributions. 2-channel yeast 
counting has been performed with concomitant dielectrophoretic cell 
separation, showing that this novel and ultra compact sensing system, 
thanks to the selectivity of the lock-in detector, is compatible with 
other AC electrical fields applied to the device.

8068A-31, Session 6

Combined impedance and dielectrophoresis 
portable device for point-of-care analysis
B. del Moral Zamora, J. Colomer-Farrarons, M. Mir-Llorente, A. 
Homs-Corbera, P. L. Miribel-Català, J. Samitier Martí, Univ. de 
Barcelona (Spain)

In the 90s efforts arise in the scientific world to automate and integrate 
one or several laboratory applications in tinny devices by using 
microfluidic principles and fabrication technologies used mainly in 
the microelectronics field. It showed to be a valid method to obtain 
better reactions efficiency, shorter analysis times, and lower reagents 
consumption over existing analytical techniques. Traditionally, these 
fluidic microsystems able to realize laboratory essays are known as 
lab-on-a-chip (LOC) devices. The capability to transport cells, bacteria, 
or biomolecules in an aqueous medium has significant potential for 
these microdevices, also known as micro-total-analysis systems 
(uTAS) when their application is of analytical nature. In particular, 
the technique of dielectrophoresis (DEP) opened the possibility to 
manipulate, actuate or transport such biological particles being of 
great potential in medical diagnostics, environmental control or food 
processing. A non-uniform electric field is applied to induce a force 
that in function of the field gradient, the particle mass and dimensions, 
and the dielectric properties of the aqueous medium and the particle, 
produces an electrokinetic effect. The particle will move towards a 
field maximum (p-DEP) or minimum (n-DEP) depending on all these 
properties and the particular frequency of the applied field. The use 
of this technique, by applying a controlled AC signal, of appropriate 

amplitude and frequency, on a given microsystem is useful for cell 
sorting and manipulation. Furthermore, the combination of this 
technique with electrical impedance measurements, at a single or 
multiple frequencies, is of great importance to achieve novel reliable 
diagnostic devices. This is because the sorting and manipulating 
mechanism can be easily combined with a fully characterizing method 
able to discriminate cells. 

In the past many efforts have been done in order to study the 
application of these techniques to develop biomedical microchips 
but not until recently they have been started to be combined into fully 
operational LOC devices. However, a step further has to be taken 
in order to make them fully commercial and of social impact. An 
effort is being done in our group in order to develop also the external 
application specific electronics that can manage the microfluidic 
device autonomously and to directly give the results of a particular cell 
screening or sample enrichment method. 

The paper is focused in the electronics design of the DEP and the four-
electrode impedance measurement modules. These together with the 
lab-on-a-chip device define a full conception of an envisaged Point-of-
Care (POC) device.

These modules are initially built to be useful for two applications. 
Firstly, to sort normal and malignant white blood cells by 4 electrodes 
impedance measurements at particular frequencies. These cells 
can be all manipulated similarly at 1MHz, on either n-DEP or p-DEP 
mode by using the right aqueous buffer conductivity and permittivity. 
Manipulation by using n-DEP has the advantage to be less aggressive 
to the cells since they are subjected to lower fields. The complete 
device is intended to be very useful on early cancer diagnostics. 
Secondly, to separate viable from non-viable yeast cells by studying 
their impedance in an aqueous solution with a conductivity of circa 
30mS/m and using a frequency of 1MHz to manipulate them through 
positive DEP. Another module for DEP manipulation is currently being 
constructed at 4MHz frequency in order to use DEP directly to trap 
only viable yeasts at this buffer solution in another LOC device. It is 
important to notice that The yeast species Saccharomyces Cerevisiae 
has been used in baking and in fermenting alcoholic beverages, or 
other foods, for thousands of years. The selection of a particular 
strand with higher resistance and the increase of the concentration of 
viable yeasts is a critical step into making these food industries more 
competitive.

8068A-32, Session 6

CMOS integrated cell adhesion sensor for 
lab-on-a-chip applications
A. Mucha, Siemens AG (Germany) and Technische Univ. 
München (Germany); M. Schienle, Siemens AG (Germany); D. 
Schmitt-Landsiedel, Technische Univ. München (Germany)

Cellular assays have already found widespread application in 
pharmaceutical research, allowing high throughput screening of drug 
candidates and reducing the number of animal tests. In environmental 
analytics, cell-based sensors enable quick information about a broad 
spectrum of possible contaminations, making them highly useful 
when a quick and unspecific assessment of pollution is desired. A key 
parameter that conveys information about the state of the cell culture is 
its electrical impedance, representing the amount of cell adhesion and 
morphological changes. It is usually the first measurable parameter to 
change in response to a stimulus, and can also be used to enhance 
information from other sensors, e.g. for pO2, pH or bioluminescence, 
especially when a localized measurement of cell coverage is available.

Previously published cell impedance sensors used external electronics 
wired to passive chips, and thus incurred parasitic impedance, 
electromagnetic interference, and bulky measurement setups, negating 
key advantages of lab-on-a-chip systems. We present a novel sensor 
for cell adhesion and morphology designed for application in a multi-
parameter cell sensor chip based on CMOS technology. Primary goals 
in the development of the sensor were the ability to obtain a spatially 
resolved measurement of cell adhesion on the chip while keeping its 
interface to the external electronics as simple and robust as possible. 
This was achieved by integrating the sensor front-end electronics in 
close physical proximity to the sensing site. The result is a CMOS 
impedance-to-frequency converter with digital square wave output.

Its principle of operation consists of measuring the time needed 
to charge and discharge the interfacial capacitance of the sensing 
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electrode between two reference voltages, with one charge-discharge 
cycle corresponding to one period of the output signal. Cell adhesion is 
detected as a rise of the output frequency, which occurs when the high 
series resistance of a cell-covered electrode causes an ohmic voltage 
drop. The impedance-to-frequency converter circuits consist of a 
switchable constant current source, two comparators, and associated 
logic for addressing the electrode array and generating control signals. 
In designing the electrodes and circuit components, special attention 
had to be paid to keeping the current density and polarization voltage 
at the electrode low enough to avoid damaging the cells or triggering 
unwanted electrochemical reactions. To this end, FEM simulations 
were used to optimize the electrode layout, keeping the electrode 
current below 100 nA.

A test chip was fabricated in a standard 3.3 V 0.35 µm CMOS 
technology supplemented with a backend process for planar gold 
electrodes. Its array of 64 sensing microelectrodes is addressable 
by a digital interface. We present measurement results with cells that 
demonstrate the successful operation of the system and show good 
agreement with models of the electrode and cell impedances.

8068A-34, Session 6

Control performance improvement research 
of EWOD micro-fluidic actuating device 
using multi-physics simulation method
A. Han, H. Lee, Korea Institute of Industrial Technology (Korea, 
Republic of)

In EWOD study, it is important to control droplet movement and 
electrode size, gap of electrodes, dielectric layer thickness, gap 
between of top device and bottom device of EWOD device and 
hydrophobic surface are which component in EWOD. Currently, the 
direction of EWOD study is droplet movement using low voltage. 
Therefore, hydrophobic surface is a very big influence for droplet 
movement using low voltage. Most EWOD studies as chemical 
treatment method on surface have hydrophobic surface using 
Teflon spin coating and Vacuum plasma treatment. However, spin 
coating treatment with Teflon cannot treat selective area and vacuum 
plasma treatment need complex equipment and high cost. So far, 
droplet movement on EWOD has not been tried using hydrophobic 
surface treated atmospheric pressure plasma that can treat selective 
area, simple equipment and low cost. So this study aims at getting 
hydrophobic surface using atmospheric pressure plasma with 
HexsaMethlDiSiOxane(HMDSO) and voltage control for droplet 
movement on EWOD.
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8068B-35, Session 7

MicroNano integration of nanoscale objects 
for parallel biosensorics
W. Fritzsche, C. Leiterer, S. Berg, N. Jahr, G. Broenstrup, S. 
Christiansen, A. Csaki, Institut für Photonische Technologien 
e.V. (Germany)

Nanoscale sensors have the potential for ultrasensitive and highly 
parallel bioanalytical applications. Bottom up methods like gas-phase 
self assembly allow for the controlled and cost-efficient preparation 
of numerous functional units with nanometer dimensions. Their use in 
sensoric instruments, however, requires the defined integration into 
sensoric setups such as electrode arrays. 

We show here how to use alternating electrical fields (dielectrophoresis 
DEP) in order to address this micro nano integration problem. 
Nanoscale units such as metal nanoparticles or semiconductor 
nanowires are thereby polarized and moved into the direction of higher 
electrical field gradients. As result, these particles bridge an electrode 
gap and can so be used for electrical sensoric using the electrical 
resistance through this structure as value correlated to the presence 
of molecules at the sensor surface. In order to achieve high selectivity, 
capture molecules (such as complementary DNA or antibodies) are 
used. Parallelization can be realized using electrode arrays which 
should be preferably produced by cost-efficient methods in order to 
address also applications with the requirement of disposable sensor 
substrates.

8068B-36, Session 7

Plasmon resonances of hollow gold 
nanoparticles and their applications in 
imaging, sensing, biology and medicine
L. Raguin, C. Hafner, P. Leuchtmann, D. Bowler, ETH Zurich 
(Switzerland)

The current intense interest in gold nanoparticles is fundamentally due 
to their Plasmon Resonances (PR) that depend strongly on the shape 
and size of the nanoparticles. As the PR wavelength and resonantly 
enhanced absorption and scattering properties also depend on the 
dielectric medium in which gold nanoparticle is embedded, they are 
useful in testing for environmental contaminants. Among others, 
hollow nanoparticles are expected to have enhanced sensitivity due 
to the coupling of plasmonic fields on their external and internal 
surfaces. In this work the optical extinction, absorption and scattering 
characteristics as functions of optical wavelength are investigated 
for various hollow Au nanoparticles in different surrounding solvents, 
to determine their sensitivity factors as a shift of the PR wavelength 
in relation to the change in refractive index of their environment. The 
spectral Boundary Integral Equation (BIE) method and the Multiple 
Multipole Programme (MMP) are used for numerical simulations. Due 
to the smooth surfaces of nanoparticles those methods are well suited 
to provide the best possible convergence rate of numerical solution. 
The results lead us to conclude that, besides the dependence on the 
shape and size of the nanoparticles, the sensitivity strongly depends 
on their surface-to-volume ratio, and a reduction in the thickness of 
the hollow Au nanoparticle leads to an enhancement of the sensitivity, 
making them promising for the identification of particular molecules or 
chemicals. The present work is aimed at developing equations relating 
the value of the sensitivity factors to the size, shape, surface-to-volume 
ratio of the hollow Au nanoparticles, which can provide guidelines for a 
choice of their parameters to be used for new applications in biological 
sensing and imaging, medical diagnostics, drug development, photo-
thermal therapy of cancer and bacterial infection.

8068B-37, Session 7

Covalent enzyme immobilization onto 
carbon nanotubes using a membrane 
reactor
S. I. Voicu, A. C. Nechifor, O. Gales, G. Nechifor, Polytechnical 
Univ. of Bucharest (Romania)

Composite porous polysulfone-carbon nanotubes membranes were 
prepared by dispersing carbon nanotubes into a polysulfone solution 
followed by the membrane formation by phase inversion-immersion 
precipitation technique. The carbon nanotubes with amino groups 
on surface were functionalized with different enzymes (carbonic 
anhydrase, invertase, diastase) using cyanuric chloride as linker 
between enzyme and carbon nanotube. The composite membrane 
was used as a membrane reactor for a better dispersion of carbon 
nanotubes and access to reaction centers. The membrane also 
facilitates the transport of enzymes to active carbon nanotubes 
centers for functionalization (amino groups). The functionalized carbon 
nanotubes are isolated by dissolving the membranes after the end 
of reaction. Carbon nanotubes with covalent immobilized enzymes 
are used for biosensors fabrications. The obtained membranes were 
characterized by Scanning Electron Microscopy, Thermal analysis, 
FT-IR Spectroscopy, Nuclear Magnetic Resonance, and functionalized 
carbon nanotubes were characterized by FT-IR spectroscopy and NMR 
spectrometry and the selectivity and electrochemical characteristics 
were evaluated by Electrochemical Impedance Spectroscopy.

8068B-38, Session 7

Optical sensor for room temperature 
hydrogen and hydrocarbon detection using 
GaN/InGaN nanowires
S. Paul, A. Helwig, G. Mueller, EADS Innovation Works 
(Germany); P. Becker, Justus-Liebig-Univ. Giessen (Germany); 
F. Furtmayr, Technische Univ. München (Germany); J. Teubert, 
M. H. Eickhoff, Justus-Liebig-Univ. Giessen (Germany)

Group III-nitride nanowires (NWs) are well suited as transducer 
structures for chemical sensor applications due to their high surface-
to-volume ratio and their good chemical stability. In this contribution, 
we report on gas sensing experiments using GaN/InGaN nanowires 
(NWs) as opto-chemical transducers. The excellent temperature 
stability of the photoluminescence (PL) emission observed in these 
nanostructures allows for measurements far above room temperature. 
After the evaporation of a semitransparent (normally 5 nm) thick 
catalytic Pt-layer, the PL intensity was found to depend strongly 
on the hydrocarbon concentration in the surrounding atmosphere 
which renders these devices to excellent hydrogen and hydrocarbon 
detectors. GaN/InGaN NWs were grown on low-resistivity n-type 
Si(111) and sapphire substrates using plasma assisted molecular 
beam epitaxy. The NW structures consist of a 300 nm long GaN base 
part followed by an approximately 100 nm InGaN-section which 
gives the strongest contribution to the intense PL emission. The wire 
diameters vary in the range between 25 nm to 50 nm and their heights 
between 350 nm and 400 nm. The PL emission peak of the transducer 
structures could be adjusted in the range between 500 nm to 620 nm 
depending on the growth conditions.

An optical fibre based compact sensor system has been developed 
using such NW ensembles as gas-sensing elements. Excitation of the 
NW-PL was realized by means of commercially available UV power 
LEDs emitting at 365 nm. A photomultiplier tube was used for PL 
detection. The NW transducers show a well pronounced variation 
in luminescence intensity when exposed to small concentrations of 
various gases such as hydrogen, methane, and acetylene. Although 
usually elevated temperatures are necessary for dissociation of 
hydrocarbon species at the catalytic Pt surface, a significant response 
can already be observed at room temperature. However, time 
constants and gas response can be optimized by operating the sensor 
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system at elevated temperatures.

Thus, NW-based transducer structures demonstrate a promising 
approach to realize an all-optical concept for gas sensing devices 
which may be utilized e.g. for hydrogen detection in fuel-cell 
applications or leakage detection in aerospace applications. 
Considering potential explosion hazards, the built-in media separation 
of such optical sensors is a very attractive feature.

8068B-39, Session 7

Highly senistive and specific single 
nanowire-based sensors that detect gases 
and proteins
M. Yun, Univ. of Pittsburgh (United States)

We present the fabrication of single nanowire composed of different 
materials including Palladium (Pd), Polyaniline (PANI) and Polypyrrole 
(PPy) via electrochemical deposition. The individual nanowires have 
diameters within 100 nm and lengths from 3 to 7 µm. These single 
Pd, PPy and PANI nanowires are used as sensors to detect multiple 
chemical gases, including hydrogen (H2), methanol (CH3OH), and 
nitrogen dioxide (NO2) and used for biomarker detections. For 
chemical sensor, these single nanowires show excellent sensitivity 
under room temperature and the detection limits for the gases are 
as low as 94 ppm for H2, 1400 ppm for CH3OH, 182 ppm for CO 
and 625 ppb for NO2, respectively. For bio sensor application, 
the single nanowires have been used for the detection of cardiac 
vascular biomarkers including myoglobin, cTn-l, B-type natriuretic 
peptide (BNP), and CK-MB. In this report, we will present these 
detection results as the proof of concept for single nanowire biosensor 
incorporated with microfluidic devices.

8068B-40, Session 8

Reduced microwave attenuation in coplanar 
waveguides using deep level impurity doped 
Czochralski-silicon
K. de Groot, Univ. of Southampton (United Kingdom)

We show that deep level doping of Czochralski grown silicon wafers is 
capable of providing high-resistivity silicon-on-insulator (SOI) handle 
wafers suitable for radio frequency integrated circuits. Starting from 
n-type Cz-Si wafers having a nominal resistivity of 50 Ωcm, we use 
ion implantation and subsequent annealing to create typical U-shaped 
gold doping and resistivity profiles with resistivities over 10 kΩcm at 
room temperatures. Coplanar waveguides fabricated on implanted 
wafers show strongly reduced attenuation over the entire range of 1-40 
GHz, down to 0.6 dB/mm from 1.6 dB/mm for un-implanted wafers, 
providing clear evidence deep level doping is effective in improving 
performance of passive devices at GHz range frequencies.

At anneal temperatures above 800°C, diffusion of Au in Si is dominated 
by the kick-out mechanism 17 and leads to U-shaped Au profiles that 
can be calculated as well analytically12. This is clearly evident in the 
Au SIMS profiles taken both at the front and the backside of the wafer. 
The four point probe resistivity of the as-implanted (un-annealed) 
samples were identical to those before implantation. The post-anneal 
resistivities increased considerably andt he highest resistivity obtained 
was 18 kΩcm for an implantation dose of 4x1013 cm-2. Resistivity 
profiles of the samples measured by the SRP technique indicate 
that Au-doped Si has steeply varying symmetric U-shaped resistivity 
profiles as predicted. The U-shaped profile of the diffused Au allows to 
implant Au from the backside of SOI wafers to increase the resistivity 
directly under the buried oxide and the active layer. 

The S-parameters of the coplanar waveguides were measured using 
both an un-implanted Si starting wafer as well as the deep level 
impurity-doped wafers with resistivity up to 15 kΩcm. The frequency 
dependence of the measured attenuation has two components: 
conductor losses, which scale inversely with the skin depth of the 
metal track and so with the inverse of the square root of the frequency, 
and substrate losses, which are substrate resistivity dependent. The 
latter effect is clearly dominant and result in an attenuation of the 
CPWs fabricated on standard Cz-Si wafers which is much higher 
than that of CPWs fabricated on deep level impurity-doped wafers, 

especially at low frequencies. However, even at frequencies above 10 
GHz, the Au deep level doping reduces the attenuation from about 1.6 
dB/mm to 0.6 dB/mm, a decrease of more than 60%. The alumina-
substrate CPW shows an even lower attenuation of about 0.2 dB/
mm because of lower interface losses at the Au/Al2O3 interface as 
compared to the Al/Si interface.

8068B-41, Session 8

Polymer-based slot waveguides
M. Hiltunen, J. Tuominen, J. Hiltunen, P. Karioja, VTT (Finland)

We discuss the applicability of the UV-curable polymers for slot 
waveguide structures. The concept of the structure is based on a 
ridge waveguide scheme combined with vertical low refractive index 
slot or multiple slots of widths varying from sub-100nm up to 300 
nm. The slot waveguides are optimized using film mode matching 
method (FiMM) for multiple different low index filling materials, 
such as water and silica. The dimensions of the slot waveguide are 
optimized in order to ensure its manufacturability, optical power 
confinement and enhancement. In the case of multiple slots, we study 
the influence of the slot widths and relative distances between those 
to the confinement of optical power in the middle slot. Comparison 
between the vertical and slanted sidewalls is performed. The higher 
index coating on the top of the structured waveguide is also tested to 
compressing the optical field more into the slot region.

8068B-42, Session 8

Thickness control of a thin film after 
drying through thermal and evaporative 
management in drying process of a 
polymer solution coated on a flat substrate: 
application of the dynamical model of the 
drying process
H. Kagami, Nagoya College (Japan); H. Kubota, Kumamoto 
Univ. (Japan)

We have proposed and modified a model of drying process of polymer 
solution coated on a flat substrate for flat polymer film fabrication 
supposing resist coating process in semiconductor engineering 
process. And we have clarified dependence of distribution of polymer 
molecules on a flat substrate on a various parameters based on 
analysis of many numerical simulations of the model.

Because above discussion was focused upon general mechanism 
of drying process of a polymer solution coated on a flat substrate, 
universal essence of it was clarified. Then we tried to apply the above 
general dynamical model to concrete detailed subjects. Concretely 
we applied the model to thickness control of a thin film after drying 
through thermal management. In this trial, we cooled or heated specific 
points of polymer solution coated on the flat substrate at pinpoint 
cooling or heating as the need arose. As a result, minute control 
of vaporization or diffusion could be realized so as to control the 
thickness profile after drying.

In this study, we add evaporative management for minuter thickness 
control of a thin film after drying. This evaporative management is not 
due to thermal management but due to other one as management of 
vapor pressure.

Now it may be difficult that the minuter control like this is realized 
experimentally. But it is very important that we offer theoretically a 
method of the minuter control of the thickness profile after drying 
because it may be realized in the future.

In this presentation, we introduce an outline of the trial with the model 
of drying process of polymer solution coated on a flat substrate and 
some results of numerical simulations of the trial.

Conference 8068B: Nanotechnology



Return to Contents60 SPIE Microtechnologies · www.spie.org/mtprogramme

8068B-43, Session 8

Ultra-thin semiconductor membrane 
nanotechnology based on surface charge 
lithography
I. M. Tiginyanu, Academy of Sciences of Moldova (Moldova); 
V. Popa, Technical Univ. of Moldova (Moldova); M. A. Stevens-
Kalceff, The Univ. of New South Wales (Australia)

We present a novel nanotechnological approach for the fabrication 
of ultra-thin semiconductor membranes with the thickness down to 1 
nm. The results are based on the exploration of gallium nitride which 
is a wide-band-gap semiconductor compound (Eg = 3.4 eV) used 
or promising for use in high-temperature/high-power electronics, 
light emitting devices, spintronics, photonics. Note that GaN is a 
biocompatible material and, in the form of nanostructures, exhibits high 
radiation hardness [1]. The ultra-thin membrane nanotechnology under 
consideration is based on the concept of surface charge lithography 
(SCL) proposed by us in 2005 [2]. SCL is a maskless approach 
based on direct writing on the surface of semiconductor of negative 
charge which shields the material against photoelectrochemical (PEC) 
etching. The use of 30-keV focused ion beam for the purpose of 
negative charge direct writing allowed one to fabricate in a controlled 
fashion GaN nanowalls and nanowires [3] for sensor applications, 
while treatment of the surface of GaN with 0.4-keV Ar ions with 
subsequent photoelectrochemical etching in KOH solution resulted 
in the fabrication of membranes as thin as to assure transparency 
to UV-light and keV-energy electrons [4]. Note that the formation of 
nanometer-thick suspended membrane to which the dislocations prove 
to be genetically attached provides conditions for the revelation of the 
spatial nanoarchitecture of dislocation networks using conventional 
scanning electron microscopy [4]. In this work, we present new 
results on further development of SCL for the purpose of fabricating 
suspended or free-standing GaN ultra-thin membranes for NEMS 
applications. Electrical and cathodoluminescence characteristics 
of the membranes are explored as a function of the technological 
conditions of ion treatment and subsequent PEC etching. We show 
that successful fabrication of nanometer-thin GaN membranes opens 
unique opportunities for electronic and photonic device applications. 
In particular, two dimensional GaN-based nanostructures are predicted 
to be ferromagnetic with defect-induced half-metallic configuration [5] 
which is of peculiar importance for spintronics applications.
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8068B-44, Session 9

Synthesis of patterned freestanding Nickel 
nanowires by using ion track-etched 
polyimide
T. Walewyns, G. Scheen, E. Tooten, L. A. Francis, Univ. 
Catholique de Louvain (Belgium)

Metallic or semiconductor nanowires are used in a lot of research fields 
including spintronics [1], nanoelectronics [2], chemical sensors [3] and 
field emission [4] or ionization sensing [5] applications. Synthesis of 
these nanostructures is made whether by chemical vapor deposition 

techniques [6], mainly for semiconductors nanowires, whether by 
electrodeposition within nanoporous templates such as anodic 
aluminum oxide (AAO) [7] or ion-track etched polymer membranes [8], 
including polycarbonate or polyimide. Unlike AAO templates which 
are limited to densities around 109 cm-2, ion track-etching process 
allows obtaining cylindrical pores of ten to several hundreds of nm in 
diameter, with densities from 105 to 1010 cm-2. Currently, nanoporous 
polycarbonate is successfully used as templates for nanowires 
synthesis on Si substrate [9] but is not suitable with microfabrication 
techniques such as chemical etching. Another support material has to 
be investigated.

In this study, we focus on the synthesis of patterned metallic nanowires 
by electrodeposition within nanoporous polyimide membranes 
integrated on 3 inch Si bulk wafers. Polyimide has been chosen 
because of its known use as sacrificial material in structures such as 
RF-MEMS filters, a high planarization factor and CMOS compatibility 
[10]. Furthermore, its resistance to most non-oxidizing acids and bases 
at room temperature is of primary importance for a use within standard 
microfabrication process. Moreover, depending on its formulation, 
polyimide can be spin-coated with thicknesses as low as 100 nm and 
as high as several tens of µm.

The structure consists of a patterned gold layer evaporated on an 
oxidized silicon substrate. The wafer periphery is fully covered by the 
gold layer to ensure homogeneous electric contact with the anode of 
the electroplating controller, whereas the pattern inside the periphery 
defines the nanowires growth place. Following, a 3 µm thickness layer 
of a non-photosensitive PI2545 polyimide from HD Microsystems� is 
spin-coated. The wafer is then irradiated by Xe22+ heavy ions at 420 
MeV to obtain a mean density of 1.25 107 cm-2, and the pores are 
etched in a NaClO solution. To electroplate Nickel nanowires into the 
porous template, a specific NiSO4/H3BO3 solution is used. For this, 
the wafer is placed in an electrodeposition cell with one side in the 
electrolyte covered by a spiral platine cathode. A potential of -1.1 V 
versus an Ag/AgCl-reference electrode is applied to start the process. 
Due to ion diffusion depending on pores size, the current evolution 
as function of time is monitored to visualize nanowires growth and 
overflow. To ensure that the nanowires do not collapse, the aspect 
ratio (length/radius) has to be limited to a maximum of 200. Finally, 
polyimide is removed by reactive ion etching in an oxygen plasma to 
reveal stand-alone nanowires.

We successfully synthesized freestanding 2 µm length nanowires 
with diameters of 20 and 60 nm on a templated 100 nm thickness 
gold layer. Such nanofabrication techniques are very promising 
for the integration of metallic nanowires into more complex micro-
electromechanical structures which is still limited by current synthesis 
methods. It should allow the achievement of a novel miniaturized 
ionization system by patterning the top of the polyimide layer.
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8068B-45, Session 9

ZnO core spike particles and nano-networks 
and their wide range of applications
S. Wille, Y. K. Mishra, S. Kaps, X. Jin, R. Adelung, Christian-
Albrechts-Univ. zu Kiel (Germany)

Increased friction due to fouling leads to an essential increase of fuel 
consumption in the shipping traffic. Current anti-fouling coatings 
either show an insufficient effect or the effect is bound to certain local 
conditions. In our approach a compound paint containing ZnO core 
spike particles is used to create a surface with anti-fouling behavior. 
The core spike particles are synthesized by a high throughput method. 
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Using PDMS as a matrix material the core spike particles achieve not 
only a high mechanical reinforcement but also influence other material 
properties in a very interesting way, making such a composite very 
interesting for a wide range of applications.

In a very similar synthesis route a nanoscopic ZnO-network is 
produced. As a ceramic this network can withstand high temperatures 
like 1300 K. In addition this material is quite elastic. To find a material 
with these two properties is a really difficult task, as polymers tend 
to decompose already at lower temperatures and metals melt. 
Especially under ambient conditions, often oxygen creates a problem 
for metals at these temperatures. If this material is at the same time 
a semiconductor, it has a high potential as a multifunctional material. 
Ceramic or classical semiconductors like III-V or II-VI type are high 
temperature stable, but typically brittle. This is different on the 
nanoscale. Even semiconductor wires like silicon with a very small 
diameter do not easily built up enough stress that leads to a failure 
while being bent, because in a first order approximation the maximum 
stress of a fiber scales with its diameter. In this presentation, details of 
the fabrication as well as application will be introduced and discussed.

8068B-46, Session 9

Controlled Si nanowire arrays by self-
assembled templates and catalytic 
etching for broadband and omnidirectional 
antireflection
H. Wang, K. Tsai, K. Lai, Y. Lin, Y. Wang, J. He, National Taiwan 
Univ. (Taiwan)

Si nanowire arrays (NWAs) are still studied intensively use 
in nanoelectronic,photonic,and photovoltaic devices due to 
the abundance material of Si and the widespread use of its 
semiconducting properties. As an antireflection (AR) coating, it can 
increase the amount of light that enters into devices, then to increase 
the share of absorbed light, and to improve the efficiency of devices. 
The morphology, density, crystallographic orientation and position 
of nanowires (NWs) greatly influence its AR effect.Therefore, it is 
important to control precise size, length, density, crystallographic 
orientation and position of Si NWs.

Since the refractive index of Si rapidly varies at wavelength below 
500nm, resulting in especially high Fresnel reflection. For overcoming 
this problem, longer NWs have been used to obtain broadband 
antireflection performance, but long NWs dramatically increases 
parasitic resistances and disturbs carrier collection decreasing the 
device efficiency. Consequently, it is a key challenge to fabricate a 
thinner controlled NWAs to facilitate charge-carrier transport, but still 
has great ability to suppress broadband reflection. Much research 
claimed that the reflectivity can be effective suppressed by increasing 
the aspect ratio d/Λ. To produce short but high-aspect ratio Si NWAs, 
the Si NWAs with small periodicity (Λ) is required.

Ordered arrays of silicon nanowires have attracted great attentions 
because their unique properties and many potential applications in 
renewable energy technologies. However, it remains a challenge to 
fabricate such an ordered array with large scale and periodicity less 
than 100 nm (diameters less than 60 nm). Here, we demonstrate a 
method for the fabrication of large scale ordered silicon nanorwires 
arrays using metal-assisted chemical etching. The porous anodic 
alumina membrane with self-organized ordering is employed as the 
mask for the high-throughput patterning formation of hexagonal-close-
packed hole array on the silicon substrate. While depositing silver 
on the patterned silicon substrate, a thin layer of silver with ordered 
nanoporous geometry is formed and used as the catalyst for the metal-
assisted chemical etching. After carrying out the etching process in a 
mixture of H2O2 and HF solutions, ordered arrays of silicon nanowires 
with 100 nm in periodicity (50 nm in diameter) can be cost-effectively 
fabricated. This process yields large-area high-uniformity vertical 
aligned silicon nanowire arrays. The resulting nanostructures might 
have great potential applications in photovoltaics.

8068B-47, Session 9

Catalytic free Indium nano-rods synthesis 
by oblique angle deposition (OAD) technique
A. Mondal, P. Chinnamuthu, R. Kumar, V. S. Bhadouria, 
National Institute of Technology Agartala (India)

Metal nano-rods and nano-wires with different shapes and sizes exhibit 
novel properties of interest for applications in optoelectronic devices 
[1, 2]. The available reports on 1D nano structure growth are restricted 
by template growth technique [3, 4]. Au is the most commonly used 
material for particle-assisted 1D nano-structure growth. For 1D 
nano-structure growth the oblique angle deposition technique is cost 
effective and suitable for large area growth. Here we have synthesized 
the Indium 1D nano-structure by extreme atomic shadow, using 
e-beam evaporator.

99.999% pure Indium metal has been deposited on Si substrate inside 
the e-beam evaporator chamber at a base pressure of 10-6 mbar. 
Silicon (100) substrates were held on the one end bent aluminum 
sheet, for the different oblique angle deposition. 700 mm distance 
was kept between substrate holder and metal source with 40  - 85  
orientation to deposit the Indium nanostructures. The deposition 
thicknesses were varied from 200 nm to 500 nm for three different 
deposition rates 0.5 A /s, 2 A /s and 5 A /s. The cross sectional view 
of the FE-SEM images shows length of the whisker within 300 nm - 1 
µm and thickness 75 - 150 nm at 2 A /s deposition rate. At 5 A /s 
deposition rate the whiskers are 3 - 4.5 µm long with thickness range 
of 100 - 300 nm. The deposition thickness and rates are normalized 
by normal direction deposition at ambient condition. The XRD analysis 
of the deposited nano-particles shows the scattering from the 101, 
002, 112, 200 and 103 crystal planes (JCPDS Card 05-0642) of the 
tetragonal phase of Indium. At 0.5 A /s deposition rate the nano-rods 
start to form at 70  OAD. The top view FE-SEM images for 200 nm 
deposition shows the reduction of nano rods diameter from 500 - 300 
nm (40 OAD) to 100 - 50 nm (85 OAD) with the increase of aspect ratio 
from 12 - 1.3 to 16 - 4. At higher deposition rate, the surface diffusion 
is so large that the role of atomic shadow will be minimized, is the 
driving force for Indium whiskers formation on Si substrate. The energy 
dispersive X - ray shows the presence of pure Indium metal on the 
Si. The Raman scattering on as grown samples shows the enhanced 
scattering from the Indium metal nano- structures. The intensity of 
scattering has been increased with the increase of angle of inclination 
of the substrate. The broad Raman spectrum represents the non 
crystalline nature of Indium metal nano- structure. 
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8068B-48, Poster Session

Cleaning of templates for nanoparticle 
collection using PDMS
S. Merzsch, H. S. Wasisto, A. Waag, I. Kirsch, E. Uhde, 
T. Salthammer, E. Peiner, Technische Univ. Braunschweig 
(Germany)

Advantageous properties of nanoparticles are well known and applied 
in many fields of industry. Besides benefit there still are doubts about 
the biological impact of those particles. Especially the importance for 
monitoring of air quality at workplaces increases. Nanoscale particles 
are very attractive to surfaces. The high level surface to volume ratio 
leads to a dominance of surface forces regarding to volume forces. 
This advantage for collection guides a disadvantage for removal 
practice. Conventional cleaning methods like ultrasonic bath and 
rinsing with acetone and isopropanol, use of hydrofluoric acid or 
peroxymonosulfuric acid have shown insufficient success or no change 
at all.
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The possibility of particle removal by use of pulsed laser for latex, 
alumina, silicon, gold, and carbon has already been shown [1, 2]. 
Another approach is Plasma Assisted Cleaning by Electrostatics 
(PACE) with efficiencies greater than 90% for polystyrene latex (PSL) 
particles [3]. Those methods were used to avoid particles in EUV-mask 
production and imprint processes. However, expensive equipment is 
needed with these approaches.

In this study, cleaning of surfaces by PDMS, a well known material 
in the field of soft lithography, was investigated showing an almost 
100% efficiency for carbon particles in the range of 6 to 523 nm 
in diameter. PDMS was used since it is easy to separate from the 
surface after curing. Pillar areas with aspect ratios of up to 10 for 
particle collection were tested with this method. The particle polluted 
surface was immersed with liquid PDMS. A subsequent vacuum 
treatment was done to fill the cavities completely. As a consequence, 
all particles were covered by the PDMS. The polymer was hardened 
by temperature curing. During the separation procedure, the adhesive 
force to the pillar sample was too less to stick any more. Consequently 
the pillar sample was clean after separation. This cost and effort 
efficient method is a convincing step towards cycle use of collection 
samples. Results for cleaning with different carbon particle sizes on 
pillar samples of various geometries up to 2 inch wafers will be shown.
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8068B-49, Poster Session

Electron beam lithography for 
nanofabrication of metal induced Bragg 
reflectors
R. Capasso, Univ. degli Studi di Napoli Federico II (Italy); L. L. 
Petti, P. Mormile, Consiglio Nazionale delle Ricerche (Italy); M. 
De Laurentis, A. Irace, G. Breglio, Univ. degli Studi di Napoli 
Federico II (Italy)

Semiconductor devices that make extensive use of Bragg’s 
gratings are commonly used today for different applications, from 
distributed Bragg reflector lasers to optoelectronic amplitude and 
phase modulators to realize passive or electrically tunable filters and 
components for telecommunication and optical metrology.

Electrically Induced Bragg Reflectors can been very attractive to 
realize programmable waveguides networks. Their practical realization 
is nevertheless intrinsically connected to the capability to make a 
peculiar comb-structure electrode on the top of the waveguides with 
typical period of 200-250nm (corresponding to the Bragg length) and a 
tolerance of few nanometers. 

There are several different techniques that are useful for defining 
grating-based devices: deep UV photolithography, holography, and 
electron-beam lithography. The same techniques can be useful 
to make the comb-structure electrode. The choice between these 
techniques is based on the accuracy that we need for the realization 
of the grating. Electron Beam Lithography (EBL) permits a very 
accurate control of the parameters of the structure to be realized with 
no limitation in the pattern design and geometry, allowing to realize 
1D periodic gratings; it allows a very accurate control of the dielectric 
distribution of the exposed area able to produce feasible, high 
efficiency periodic and photonic band-gap structures. Recent papers 
have shown that this technique can be considered the most suitable 
approach for defining the grating: errors smaller than 0.1% of the 
period length i.e., a few nanometers have been reported.1 

In this paper we demonstrate the possibility to fabricate large areas 
1D periodic gold comb-structure electrodes with nanometer resolution 
by using a high resolution electron beam lithography (EBL) process 
and a post-processing techniques based on lift-off. These electrodes 

can be employed as Induced Bragg Reflectors in a multilayer 
structure for a not permanent periodically modulation of the effective 
refractive index of the guiding structure. The desired structures are 
obtained with nanometric resolution by means of the EB, digging 
furrows of rectangular section in a polymetilmethacrylate (PMMA) or 
in α-chloromethacrylate and α-methylstyrene (ZEP) layer spin-coated 
on silicon, then evaporating a metal layer (Au) on the top and then by 
lift-off of metal.

The resulting 1D gratings are made of metal lines 100nm wide 
with a period of 200nm and, 120nm wide with a period of 250nm, 
respectively. Large area structures (up to 1mm x 6µm) have been 
realized with nanometre resolution and they have been characterized 
by scanning electron microscopy (SEM).

These structures will be used in a future work of ours to realize 40 
GHz switching speed modulator by inducing a Bragg Reflector with 
a reverse biased vertical InP/InGaAsP p-i-n diode according to the 
predictions of the grating reflectivity spectra and of the transient 
response.2 
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8068B-50, Poster Session

Optical characteristics of surface plasmon 
resonance based on Au photonic crystal 
structures
S. H. Kim, D. G. Kim, H. C. Ki, T. U. Kim, J. W. Lim, H. J. Kim, 
Korea Photonics Technology Institute (Korea, Republic of); G. 
Oh, Chung-Ang Univ. (Korea, Republic of); B. Lee, Chonnam 
National Univ. (Korea, Republic of)

Surface plasmon resonance (SPR) sensors are causing concern in 
optical biosensor because of many advantages, such as real time 
detection, non-labeling, and high sensitivity. Though commercialized 
SPR sensors are readily available, there are increases in development 
of other types of biosensors which are comparable to or better than the 
conventional SPR sensors in terms of sensitivity. Then, the application 
with a nano-structure was developed to enhance the sensitivity of the 
conventional SPR sensors.

In this study, we investigate the properties of the photonic crystal 
coupled surface plasmon resonance sensors using gold nano-
structure to enhance the sensitivity of an SPR surface. The proposed 
configuration with the photonic crystal structure is Au(Photonic 
Crystal)/Au/Ag/Cr/Glass. The 20 nm silver film and the 20 nm gold film 
are coated on the glass substrate. Then, the dot-like gold photonic 
crystal structures with a period pitch are patterned on the Au/Ag/Cr/
Glass substrate. The Au photonic crystal structure has a period of 300 
nm. The reflectance and the optical-mode propagations as a function 
of incident angle are calculated using the finite-difference time-domain 
method. The parameters used here are the wavelength of 632.8 nm 
and refractive index of 1.0 in the sensing area. The complex permittivity 
of the gold film and silver film are εm= -11.76 + i1.26 and εm= -18.29 + 
i0.48, respectively. Under this resonance condition, the incident light is 
highly absorbed and loses a fair amount of its energy, which results in 
a dip in the intensity profile of the reflected light. 

Therefore, resonance angles are shifted by changes of refractive index 
of sensing area. In the fabrication, the Ag and Au films were pre-coated 
on the 0.5 mm-thick glass substrate using e-beam evaporator. Then, 
the Au photonic crystal structures were fabricated by using laser 
interference lithography and lift-off process. The thickness and pitch of 
the Au photonic crystal structures were 10 and 300 nm, respectively. 
The measured resonance angle of Au photonic crystal structures was 
around 43.75 degrees. The proposed photonic crystal SPR schemes 
can significantly enhance the sensitivity of the bio/chemical system. 
More detailed results will be presented.
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8068B-51, Poster Session

Optical spin injection and spin detection in 
novel InAs quantum dot structures
J. Beyer, I. Buyanova, Linköping Univ. (Sweden); S. 
Suraprapapich, C. W. Tu, Univ. of California, San Diego (United 
States); W. M. Chen, Linköping Univ. (Sweden)

Efficient spin injection (initialization), spin manipulation and 
entanglement, and reliable spin detection (readout) in semiconductor 
nanostructures are among the key issues that will largely determine the 
success of these nanostructures for future applications in spintronics 
and spin-based quantum information technology. Quantum dots (QDs) 
are regarded as promising candidates for spin memory, qubit, spin 
detector, etc., due to strongly suppressed electron spin relaxation. 
There are currently intense research efforts in preparing carriers in QDs 
in a desired spin state with high fidelity and in reliably readout of stored 
spin information by electrical or optical methods. Here, we will present 
our recent results from studies of optical spin injection and detection in 
novel InAs QD structures of lateral double QD and QD rings as well as 
single QDs by means of optical orientation.

By tuning the photon energy of polarized excitation light near the 
bandgap energies of the InGaAs wetting layer (WL) and GaAs barrier, 
we were able to selectively create and orient electron spins in the WL 
and GaAs and subsequently inject them into the QDs. By monitoring 
the resulting luminescence polarization degree of the QD trions as 
a measure of injected electron spin polarization, rather efficient spin 
injection and spin detection can be obtained in these structures. 
We found a distinct decrease in spin injection efficiency for exciton 
spin injection as compared with free electron spin injection. This 
demonstrates that correlated carriers suffer additional spin loss as 
compared to free carriers, due to Coulomb exchange interaction. 
Our findings suggest that electrical spin-injection devices, in which 
the carriers are injected separately, may be advantageous for spin 
conserving carrier injection in future spin functional devices. We also 
demonstrate record-high spin detection efficiency (95%) and, for the 
first time, the potential of QDs as nearly perfect spin detectors.

8068B-52, Poster Session

Controlled self-formation of nanofibers and 
nanomembranes induced by femtosecond 
laser direct writing in photopolymers
M. Malinauskas, Vilnius Univ. (Lithuania); A. Ovsianikov, 
Laser Zentrum Hannover e.V. (Germany); G. Bickauskaite, 
Vilnius Univ. (Lithuania); S. Xiao, B. Chichkov, Laser Zentrum 
Hannover e.V. (Germany); R. Gadonas, Vilnius Univ. (Lithuania)

Tightly focused femtosecond laser beam can initiate multiphoton 
absorption and result an ultralocalized (within the femtoliter volume) 
chemical reaction/crosslinking in the liquid or gel state photopolymer. 
Translating the sample or changing the position of the focus beam 
enables pin-point photo-patterning of true three-dimensional 
microstructures with sub-diffraction spatial resolution. However, a 
further increase of resolution is still demanded for this direct laser 
writing technique to have spatial dimensions less than < 100 nm in 
order to enter the realm of nanotechnology. As the laser multiphoton 
polymerization technique approaches to the reproducibly achievable 
feature dimensions of tens of nanometers consisting of tens of initial 
monomer molecules, the effect of non-local polymerization arises, 
which is usually treated as a side effect. This greatly depends on 
specific laser excitation conditions, material properties, development, 
as well as dimensions and geometry of the structure itself. Non-
local growth of the polymer chains away from the exposed areas 
leads to loss of resolution and structure definition. This is commonly 
interpreted as an underdevelopment artifact, since it prevents from 
achieving ultra fine features separated with a thin gap in between. 
If there are rigid supports of densely polymerized regions nearby, 
non-locally growing polymer chain gets entangled one end in one 
support and the other end in the other. This way a suspended self-
formed nanofiber or nanomembrane can originate. On the other 
hand, control of non-local polymerization opens a way for achieving 
higher resolution, which is not reachable using direct laser writing 
approach. In our experimental work, we present results of self-formed 

nanofibers and nanomembranes in acrylate based photosensitive 
material AKRE (tris(2-hydroxy ethyl) isocyanurate triacrylate) with < 100 
nm diameter or thickness, respectively. Other widely used materials, 
such as Ormocomp (Micro Resist), PEG-DA-258 (Sigma-Aldrich) and 
SCR-500 (Japan Synthetic Rubber Company) were also tested for 
the comparison. Our study shows, that initial size of the pre-polymer 
molecule (proportional to material viscosity), as well as the geometry 
structure and development condition are the dominant factors for 
controlling the non-local polymerization initiated self-formation of 
nanofeatures. Preliminary model including laser intensity, concentration 
of radicals, collapse force, and distance between supports as variables 
having threshold effect on final self-polymerized structure’s geometry 
is proposed to explain non-local self-polymerization. Fabrication 
parameters and development conditions for reproducible self-
polymerized structures as well as development conditions are given. A 
way to control the self-formation by tuning self-polymerization initiation 
conditions is presented.
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8069-01, Session 1

Plasmonic wires and devices for VLSI 
photonic integrated circuit application
E. Lee, Inha Univ. (Korea, Republic of)

We report on the comprehensive review and overview of our study 
on the design and integration of nano-scale plasmonic wires and 
devices for VLSI photonic integrated circuit applications. We first 
analyze the electric field distributions and propagation characteristics 
of the plasmonic waves in terms of polarizations. We then design and 
integrate coupled structures of plasmonic nano-wires examine the 
optical mismatch problem between two plasmonic wires for “very 
large scale integrated” VLSI nano-photonic circuit applications. The 
plasmonic nano-wires are also integrated with other micro/nano-scale 
dielectric wires and devices, such as silicon wires and devices. We 
use polymer or silicon wires for dielectric wires and the silver or gold 
metallic layers for plasmonic wave generation. In the polarization 
mismatching analysis, we use the Berini’s notations: SS, SA, AS, and 
AA, where S represents symmetric and A represents antisymmetric 
field distribution. We investigate three kinds of plasmonic coupled 
structures: Strip wires, slot wires, and stripe wires. Strip wires are 
constituted with two identical plasmonic wires. Slot wires consist of 
two plasmonic wires separated by a dielectric material of a narrow 
gap. Stripe wires consist of a thin plasmonic wire and a semi-infinite 
metal plate. We then calculate the coupled eigen-modes of even and 
odd eigen-modes directly to analyze the coupling between two nano-
waveguides. We also use surface plasmonic waves formed on a flat 
metal surface like silver or gold for micro/nano-photonic circuits and 
networks. Using the results of the above mismatch characteristics, 
we have been able to design plasmonic devices such as directional 
couplers, multimode interference devices, wavelength splitters, power 
splitters, micro-ring switches, and modulators, which we use as 
building blocks to form VLSI photonics. We will present some of the 
recent examples of our progresses along with the global and historical 
perspectives of micro/nano-photonics and VLSI photonics.

8069-02, Session 1

SU8 photoresist nanowires and nanotubes 
for full organic integrated photonics chip
N. Huby, B. Bêche, D. Duval, D. Pluchon, Institut de Physique 
de Rennes (France); J. Duvail, Institut des Matériaux Jean 
Rouxel (France)

Advances in photonic technologies rely on the miniaturization of optical 
devices. The fabrication of isolated one-dimensional nanostructures is 
still a challenge for optical nano-connections or highly sensitive optical 
sensors. 

This work deals with the realization and characterization of an 
integrated optics chip based on guiding SU8 (epoxy based negative 
photoresist) micro- and nanostructures. This chip has been performed 
by combining classical UV lithography for microstructures design 
(rib waveguides, reservoir disk...) and the template method for the 
fabrication of SU8 nanowires and nanotubes. A wetting strategy has 
been developed consisting in the impregnation of a porous alumina 
membrane (AAO) with the SU8 organic compound. The morphology 
of the resulting nano-objects has been characterized by scanning 
electron microscopy (SEM). Statistical imaging treatments show off 
nanostructures of about 250 nm mean diameter and 60 microns 
length. Both hollow and filled structures are achieved depending on 
the viscosity of the resist, the less viscous polymer leading to tubular 
nanostructures. The dispersion of the nanotubes and their integration 
as building-blocks are a key-step to study their waveguiding 
properties. After removal of the AAO template in a NaOH bath, the 
nanotubes are dispersed in solution by using ultra-sonication and then 
drop-casted onto the SU8-processed micrometric chips. This process 
appears to be quite relevant since isolated objects are obtained 

without affecting too much their length (the length after treatment is 
about 40 microns). Optical characterizations have been performed on a 
microinjection bench at visible light (638 nm). The evanescent coupling 
between SU8 micro- and nanostructures as well as the propagation 
in single SU8 nanotubes is presented for the first time. Moreover the 
optical coupling between a microdisk and a rib waveguide has been 
performed through a connection of nanotubes. The good mechanical 
and optical properties demonstrate the potential of SU8 nanotubes as 
building blocks full organic photonic devices.

8069-03, Session 1

Demonstration of ITU channel interleaver in 
SOI with large cross-section single-mode 
waveguides
G. R. Bhatt, B. K. Das, Indian Institute of Technology Madras 
(India)

The growing need of higher data rates over fiber optic communication 
link has attracted much interest towards DWDM systems. To meet 
this requirement, the ITU channel spacing has been repeatedly 
redefined in the orders of 200-, 100-, 50-, 25-GHz and so on. As 
the channel spacing reduces, there will be an intense requirement 
of interleaver/de-interleaver devices to improve the performances 
at both transmitter and receiver ends. In this paper, we are going 
to demonstrate the design, fabrication and characterizations of an 
integrated optical interleaver with large cross section single-mode 
rib waveguide structures in SOI platform - first of its kind to our 
knowledge. The device structure is actually an unbalanced MZI having 
identical directional couplers at each ends. Thus the structure has 
two input ports as well as two output ports and can be operated as 
a bidirectional device. The difference in lengths between two arms of 
the MZI (~ 435 µm) has been chosen such that the incoming DWDM 
ITU channels (at one of the input ports) with 100 GHz channel spacing 
can be alternatively separated at two output ports. The device length 
comes out to be ~ 3 cm. The input/output ports of the interleaver 
are designed to be 250 µm apart so that they can be fiber pigtailed 
with standard telecommunication fibers. The interleaver chip has 
been fabricated using commercially available optical grade SOI wafer 
(device layer = 5 µm). The device structure was photolithographically 
defined by Cr-mask first and subsequently a controlled RIE process. 
As expected, the characterization results showed that the device could 
separate 100 GHz ITU channels alternatively into two output ports. The 
channel extinction was estimated to be ~ 8 dB at either of the output 
ports. This could be improved further by tuning the design parameters.

8069-04, Session 1

Novel optical interconnect devices and 
coupling methods applying self-written 
waveguide technology
K. Nakama, O. Mikami, Tokai Univ. (Japan)

Today optical interconnection has attracted special attention because 
of its high potential for high data transmission rates, low crosstalk 
between adjacent lines, low signal reflection, and high-density 
mounting, so on. 

The success of optical interconnection for practical use strongly 
depends on the development of sophisticated packaging and coupling 
technologies achieving both high coupling efficiency and easy 
alignment

We have developed several new optical interconnect devices and 
coupling methods simplifying board to board optical interconnect. All 
these are based on the self-written waveguide (SWW) technology with 
light-curable resin. The SWW technology enables fabrication of an 
optical channel waveguide growing from the end face of the optical 
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fiber by irradiating UV or blue laser, just like as an icicle, which has 
very high coupling efficiency between the fabricated waveguide core 
and the fiber. We have found that the shape of the waveguide along its 
length, such as straight and taper, can be controlled by the irradiation 
condition. 

This fiber-SWW technology has been developed to a new technology 
of the mask-transfer method. This method enables fabrication of 
arrayed M x N optical channels at one shot of UV light. Very precise 
patterns, as an example, optical rod with diameters of 50 m to 500 
m, can be easily fabricated. The length of the fabricated patterns can 
be controlled by a spacer placed between the photomask and the 
substrate.

Using these technologies, several new optical interface devices have 
been demonstrated. These are a 180-deg optical path conversion 
device, an optical pin with 45-deg mirror, a 90-deg optical path 
conversion device with a small curvature radius of bending, and a chip 
VCSEL with an optical output rod. Furthermore, new coupling methods 
of “plug-in” alignment and “optical socket” based on SWW will be 
introduced.

8069-05, Session 2

Polarized optical injection in long-
wavelength vertical-cavity surface emitting 
lasers
A. Hurtado, K. Schires, N. Khan, R. Al-Seyab, I. D. Henning, M. 
J. Adams, Univ. of Essex (United Kingdom)

In this work, we report a comprehensive study of the effects of 
polarized optical injection in long-wavelength Vertical-Cavity Surface 
Emitting Lasers (VCSELs) emitting at the very important telecom 
wavelength of 1550nm. Due to their specific spectral properties, 
VCSELs are particularly interesting devices as they can emit light 
into two linear and orthogonal polarizations corresponding to the 
two orthogonal polarizations of the fundamental transverse mode. 
In particular, the measured optical spectra for the 1550nm-VCSELs 
used in this work, showed two orthogonally-polarized modes, a 
lasing and a subsidiary attenuated mode shifted approximately 0.5 
nm to longer wavelengths. We refer throughout this work as “parallel” 
and “orthogonal” polarization respectively to the polarizations of 
the lasing and subsidiary mode. Hence, as a consequence of these 
particular spectral characteristics of VCSELs, several effects including 
polarization switching and bistability, injection locking and a rich variety 
of nonlinear dynamics can be induced in VCSELs when subject to 
the external injection of an optical signal polarized either with parallel, 
orthogonal or with an arbitrary polarization. 

We firstly analyze experimentally the characteristics of the optical 
power and wavelength polarization switching and bistability appearing 
in 1550nm-VCSELs under orthogonally as well as arbitrary polarized 
optical injection. Also, the influence of important system parameters, 
such as the initial wavelength detuning, the applied bias current and 
the optical input power is analyzed systematically. This has led in fact 
to the observation of different shapes (namely anticlockwise, X-Shape 
and clockwise) of polarization switching and bistability in both the 
optical power and wavelength domain. In addition, we have also 
extended the analysis of the injection locking properties of 1550nm-
VCSELs under parallel, orthogonal and arbitrary polarized optical 
injection. Different shapes for the injection locking bandwidth for 
both polarization modes of the 1550nm-VCSEL have been measured 
depending on the case of polarized optical injection configured. The 
dependence of the injection locking bandwidth as well as the range of 
appearance of polarization switching on the applied bias current has 
also been analyzed experimentally and will be presented in this work. 
Finally, we have also studied the rich variety of nonlinear dynamics 
appearing outside the injection locking bandwidth when the 1550nm-
VCSEL is subject to parallel and to orthogonal optical injection. We 
have identified regions of periodic dynamics, such as limit cycle and 
period doubling as well as regions of chaotic dynamics for both cases 
of polarized optical injection analyzed. This diversity of nonlinear 
effects observed in VCSELs operating at 1550nm offers exciting 
prospects for the practical use of these devices in optical switching/
routing applications in optical networks.

8069-06, Session 2

Development of a high-speed wideband 
wavelength tunable photonic light source 
for real time wind turbine array sensing 
applications
P. Mitchell, A. P. Janssen, B. Partov Poor, Oclaro, Inc. (United 
Kingdom)

The global demand for low emission, eco-friendly, renewable energy 
sources continues to increase, resulting in the realisation of complex 
arrays of power generating systems based on harnessing the kinetic 
energy from natural sources such as wind and sea. To enable 
maximum efficiency of these power generating systems, it is necessary 
to integrate complex real-time sensing systems to monitor the 
magnitude and direction of the kinetic energy to be harnessed. Wind 
farms incorporating a large array of wind turbines show significant 
potential for continued development and proliferation. To maximise 
the energy conversion, potential power output and reduced turbine 
fatiugue and damage, complex sensing systems are required to detect 
in real time the external environment, for example wind speed and 
direction, enabling control systems to adjust turbine direction and 
optimise the blade pitch.

This paper reports the development of an 1.5µm tunable laser source 
selected and evaluated for photonic based environment sensing 
systems such as wind farm applications. Lidar (Light Detection 
And Ranging) offers a method of remote wind speed measurement. 
The technique was first demonstrated in the 1970s and has been 
used in a number of research applications. Widespread deployment 
of the technique has so far been limited by the expense and 
complexity of lidar systems. However, the recent development of lidar 
systems based on optical fiber and photonic components from the 
telecommunications industry promises large improvements in cost, 
compactness, and reliability so that it becomes viable to consider the 
deployment of such systems on large wind turbines for the advance 
detection of fluctuations of wind speed. A monolithically integrated 
multi-section Digital Supermode Distributed Bragg Reflector (DS-
DBR) laser module, originally designed as a tunable continuous wave 
source for telecommunications applications, has been modified and 
re-evaluated as a photonic source, for use in high performance wind 
farm sensing applications, based on the technique of coherent laser 
radar (CLR), and coherent doppler lidar (CDL). A tunable wavelength 
optical laser source should fulfil specific technical criteria to fulfil the 
applications requirements; (i) speed of wavelength selection including 
settling time, (ii) absolute accuracy of emitted wavelength, (iii) spectral 
purity and coherence, and (iv) stability and reliability over operational 
life time. Each section of the DS-DBR laser is energised by current 
injection, and requires a specific multi-step laser section energising 
sequence to realise fast wavelength selection to suit the application. 
Custom electronics and firmware were developed to realise an 
improvement in wavelength switching speed by a factor of 10 relative 
to equivalent commercially available telecoms (DBR) sources, and 
satisfying the target application requirements identified. An overview of 
the sensing architecture is presented, a detailed description of the fast 
tuning process described, including the custom hardware and firmware 
developed, and specifically the laser multi-step energising sequence. 
The practical results of the laser module are then presented with a 
detailed consideration of the target application sensing performance 
and over life performance stability.

8069-07, Session 2

UV diamond power switches
P. Calvani, M. Girolami, G. Riccioti, G. Conte, Univ. degli Studi 
di Roma Tre (Italy)

Recently the optoelectronic industry is focused on development and 
optimization of devices based on wide band gap semiconductors 
which promise high breakdown field and large saturation velocity 
values, as well as small dark current and selective response in the 
active spectral region. On the other hand, owing to the potentiality of 
enabling high performance devices operating in the microwave region, 
CVD (Chemical Vapour Deposition) diamond is currently receiving 
much interest for the fabrication of metal semiconductor field effect 
transistors (MESFETs). In an environment where external RF signals 
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can easily interact with power electronics, electromagnetic interference 
(EMI) is a critical issue. US Air Force recent report has shown that 
palpable reductions in volume, weight and cost are supposable 
through the application of the new photonics technologies for vehicle 
power-management systems by elimination of EM shielding around 
copper wiring that could be replaced by lightweight optical fibers. In 
this respect, next-generation photonic power-electronic systems based 
on optically triggered devices (OTDs) provide key advantages over 
conventional electrically triggered device (ETD) based switching power 
electronics. Because of its wide bandgap (5.5 eV) and high saturation 
velocity (107 cm/s), diamond, with its visible blind spectral response, 
is an ideal candidate for deep ultraviolet applications where selectivity 
and high speed operation are critical requirements. H-terminated CVD 
diamond based optical transistors have been fabricated on 1.0 cm2 
commercially available CVD diamond and devices operation as high 
speed UV power switches has been demonstrated. Planar devices 
structures and layouts, based on the 2DHG surface channel induced 
by Hydrogen termination of CVD diamond, have been optimized to 
increase and exploit UV photo generated charges. Devices have been 
wire bonded into a chip and faced firstly in front of a SPEX 1680B 
monochromator (200 nm <λ<800 nm) and then in front to the exit of 
a 193 nm Neweks PSX100 ArF laser (FWHM=3.5 ns, 4.5 mJ/pulse). 
Observed trends for monochromator light operation, suggested such 
devices to be suitable for operation as light sensitive transistors. 
Signal amplification for photo generated charges contributing to the 
2DHG channel has been demonstrated as well as UV light operation 
as a gate electrode with subsequently threshold voltage shift: channel 
could be modulated only by UV light intensity. The dynamic response 
to UV laser pulse demonstrated the suitability of tested devices as 
fast switches triggered by UV light pulses in the ns time regime. 
Experimental data have pointed out a drain to source current IDS 
maximum peak response of 40 mA whit VGS=-3.5 V and VDS=-10.0 
V and a dark current of less than 10-9 A in absence of pulses. The 
peak FWHM is 5.6 ns, larger than the laser pulse due to the channel 
capacitance increase under irradiation; nevertheless the fast switching 
operation has been demonstrated through the increasing and 
subsequent saturation of pulsed current peak IDS when VGS is costant 
and VDS raises from 0.0 V up to 10.0 V. This is the first Power Switch 
fabricated operating in the UV range.

8069-08, Session 2

Effect of solar radiation on photovoltaic 
characteristics of Si-P3HT core-shell 
nanowire solar cells
S. Tsai, H. Chang, C. Lin, H. Wang, J. He, National Taiwan Univ. 
(Taiwan)

We report an inorganic-organic solar cells fabricated by regioregular 
poly(3-hexylthiophene) (rr-P3HT) on the n-type silicon (n-Si) nanowire 
arrays (NWAs). P3HT tends to order at n-Si NWAs under simulated 
sunlight, leading to a remarkable enhancement of power conversion 
efficiency (η) from 0.96% to 2.31% under AM 1.5G illumination for 90 
minutes. The efficiency enhancement under simulated sunlight results 
from the increase in open-circuit voltage, short-circuit current density 
and fill factor due to the improved crystallinity of rr-P3HT further 
characterized by absorption, external quantum efficiency, and Raman 
measurements.

8069-09, Session 2

Thermal behavior of waveguide gratings
M. R. Saleem, Univ. of Eastern Finland (Finland); M. B. Khan, Z. 
M. Khan, National Univ. of Sciences and Technology (Pakistan); 
P. A. Stenberg, Univ. of Eastern Finland (Finland); T. Alasaarela, 
S. K. Honkanen, Aalto Univ. School of Science and Technology 
(Finland); B. Bai, Tsinghua Univ. (China); J. Turunen, P. Vahimaa, 
Univ. of Eastern Finland (Finland)

We investigated the design of binary grating structures, e.g. resonance 
waveguide filters (RWFs), with subwavelength feature sizes, taking 
the temperature dependence of different material parameters into 
account. Our final goal is to demonstrate devices with athermal 

operation. We design the binary grating structures to be made in 
polymer substrates, such as polycarbonate (PC), due to their potential 
for low cost mass fabrication. However, polymer substrates typically 
have a high thermal expansion coefficient (TEC) compared to inorganic 
optical materials, which enhances the thermal sensitivity of the grating 
structures. As a result, significant resonance wavelength shift may 
occur as temperature changes. The binary grating structures are 
proposed to be coated with some high index metallic oxide optical 
material such as amorphous TiO2 at a temperature less than the 
glass transition temperature of the polymer substrate. The thin film of 
TiO2 is deposited by atomic layer deposition (ALD) to give a precise 
and uniform area coating. A rigorous analysis is required for the 
exact solutions of Maxwell’s equations and boundary conditions to 
compute the diffraction efficiencies in all diffraction orders. We used 
the Fourier Model Method (FMM) for the design of the grating profiles. 
The structures are designed for the visible wavelength region and 
a shift to longer wavelengths in resonance reflectance is observed 
with increasing temperature. This shift is explained as the increase in 
periodicity of the binary structure due to the high TEC. We design the 
gratings such that this shift in wavelength is at least partially balanced 
by the refractive index decrease with increasing temperature. TiO2 has 
a negative thermo-optic coefficient, which means that its refractive 
index decreases with increase in temperature; as a result, it causes 
a shift in the central resonance reflectance wavelength to shorter 
wavelengths. The grating structures are designed by considering the 
parameters such as structure periodicity, fill factor, incident angle of 
light, refractive indices of coating and substrate materials, coating 
thickness, structure ridge height, structure aspect ratio etc. and 
encountering both the effects of thermal expansion and thermo-optic 
coefficient on the resonance wavelength shift. The fabrication of RWF 
structures is proposed by e-beam lithography, creating a master 
stamp and copying the structures into a polymer substrate by some 
replication techniques, followed by an ALD deposition of TiO2, to 
facilitate cost effective bulk production of (athermal) grating device 
components.

As an example of concrete simulation results, a resonance waveguide 
grating RWG is designed for room temperature operation at a peak 
wavelength of 633 nm with a full width half maximum FWHM of 3 nm 
(TM mode reflectance), the peak wavelength shifts 0.3 nm / 50C when 
only the TEC is taken into account. However, taking into account also 
the thermo-optic coefficients of PC and TiO2, the peak position shift of 
the TM mode reflectance is reduced to 0.1 nm /5 0C, illustrating partial 
athermalization. It was also observed that thermo-optic coefficient 
contributed more significantly at higher temperatures than TEC effect. 
The wavelengths shift was almost linear with respect to temperature for 
both the effects and showed slopes of 0.0787 and 0.0396 for thermo 
optic and TEC effects respectively.

8069-40, Poster Session

Study of time-varying velocity measurement 
using self-mixing laser diode by polynomial 
phase parameter estimation method
Z. Zhang, Y. Gao, Chinese Academy of Engineering Physics 
(China)

Laser Diode (LD) Self-Mixing (SM) interferometry is an emerging 
precision photoelectric measuring technology. When a small fraction 
of the light emitted by LD is backscattered or reflected by an external 
target and re-enter into the laser active cavity, the laser’s output power 
and frequency are modulated. Because LD output signal’s property is 
similar to the property of conventional two-beam interferometers, so 
it is called “Self-Mixing”. The self-mixing interference measurement 
system has the merits of simple architecture, naturally self-aligned 
optical characteristics, compact size and low cost. So, it can 
replace conventional interferometers in many situations for physical 
measurements, such as displacement, distance, velocity, and vibration.

In 1970s and 1980s, LDSM had been already used to measure 
velocity. But all LDSM velocimeter documents we retrieved are aim 
at low-speed and invariable velocity motion target, variable velocity 
measurement is not covered. In many practical applications, the 
movement of objects is uniform, and therefore needs to solve the 
problems of variable velocity measurement by self-mixing interference. 
So, this paper puts forward a method based on polynomial phase 
parameter estimation to analyze laser self-mixing variable velocity 
measurement.
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Laser’s optical output power and frequency are modulated when the 
optical beam is back-scattered into the active cavity of the laser by 
the moving target. The relationship between laser output power’s 
frequency fluctuation and Doppler frequency are obtained. By 
signal processing, the Doppler frequency can be acquired, and the 
target’s velocity can be calculated. Based on these properties, an 
interferometry velocity sensor can be designed. When target move in 
time-varying velocity mode, it is difficult to extract the target’s velocity. 
A signal processing method of polynomial phase parameter estimation 
method is presented at first. Then, based on the principle of self-mixing 
laser diode velocity measurement, the laser diode output’s polynomial 
phase expressions is deduced when the self-mixing laser diode is 
used to measure time-varying velocity .Namely, a model is proposed 
for the simulation of time-varying velocity measurement. At last, the 
signal processing based on polynomial phase is used to obtain target’s 
velocity and acceleration, and the simulation results are presented. The 
simulation results show that even when the signal-to-noise ratio (SNR) 
is -21dB, the comparative error of target’s velocity and acceleration 
parameter is 1.56% and 0.03% respectively. The simulation results 
prove the validity of the algorithm even in the situation of low SNR.

8069-41, Poster Session

Fabrication and evaluation of 
photorefractive waveguide in LiNbO3:Fe
N. Tarjányi, D. Kacik, Univ. of Žilina (Slovakia)

There are many techniques for producing of various types of 
waveguiding structures known up to date. The waveguiding is based 
on difference in the refractive index between the waveguiding region 
and the part of the medium surrounding the region. In every case, 
the choice of the technique of the waveguiding structure fabrication 
depends on the application and on the technology available. Utilization 
of the photorefractive effect for creation of the waveguiding region 
may offer rather cheap, easy, “green” (chemicals-free) and flexible 
way to fabricate the waveguiding-based devices for integrated optics 
in proper media. We present results of a waveguide fabrication in 
LiNbO3:Fe crystal by means of a single Ar+ ion laser beam with special 
spatial distribution of intensity. The process of the waveguide creation 
is, in real time, monitored by means of Mach-Zehnder interferometer. 
According to interpretation of the resulting interferogram this allows 
to control the time of the exposure needed for reaching the desired 
difference between the refractive indices of the waveguiding and 
surrounding regions. The waveguiding properties of the structure are 
theoretically analyzed and practically demonstrated.

8069-42, Poster Session

Optical characteristics of triangular 
microresonator with long evanescent field 
on the total internal reflection mirror
D. Kim, S. H. Kim, H. C. Ki, W. Jang, D. Lee, H. J. Kim, T. U. 
Kim, H. Kim, Korea Photonics Technology Institute (Korea, 
Republic of); G. Oh, Y. Choi, Chung-Ang Univ. (Korea, Republic 
of)

Ring resonators are very attractive components due to their promise 
of compact size and manifold functionality. Due to very high Q-factor 
resonances and steep slopes, photonic microring resonators have 
gained increasing interest for photonic integrated circuit (PIC) 
applications and biological sensing areas. To form a microring cavity, 
the optical waveguide has to make a complete loop onto itself. This 
is typically achieved by deep etching so that a ring of a small radius 
can be fabricated without excessive radiation loss. Even though deep 
etching provides strong lateral confinement, it is very important to 
get a low roughness of the sidewall to decreases the propagation 
loss. Very compact cavities can be achieved by combining the total 
internal reflection (TIR) mirrors with regular waveguides. Triangular 
resonators with TIR mirrors, also known as ring resonators, can 
provide an attractive solution for such functions. Then, one of the TIR 
mirrors can be used for the effective optical coupling and the sensing 
region because of the Goos-Hänchen (GH) effect in the TIR mirror 
having a sharp incident angle. The TIR mirror having a sharp incident 
angle increases the evanescent field due to the GH shift. Because 

of this, long evanescent fields can be employed to increase the 
optical coupling efficient of PIC system and to measure the quantities 
happening in biological events of the biosensor system. Here, we 
propose and fabricate a novel triangular ring resonator incorporating 
a TIR mirror with a long evanescent field to achieve compactness and 
a high sensitivity. The mirror offset as a function of the incident angle 
is calculated for both the transverse electric (TE) and the transverse 
magnetic (TM) polarizations by using the finite-difference time-domain 
method. The critical angle for the TIR mirror with an air interface is 
about 17.7°. The mirror offset is increased up to 0.8 µm for the TE 
polarization and 2.0 µm for the TM polarization to the incident angle of 
18°. For the TE polarized light, the extinction ratio of 16 dB is achieved 
by changing the refractive index of 1x10E-5 in the outer region of the 
TIR mirror block. Then, the extinction ratio of 28 dB and the resonance 
shift of 160 pm are observed, respectively, by changing the refractive 
index of 1x10E-5 for the TM polarization. The measured extinction ratio 
of triangular ring resonator was about 6 dB near 1550 nm, in where the 
incidence angle of the TIR mirror inside the resonator was 18°. More 
detailed results will be presented.

8069-43, Poster Session

Measurement of various noises affecting the 
optical setup placed on the bread board
M. Zabetian, M. B. Shafii, M. H. Saidi, M. S. Saidi, Sharif Univ. 
of Technology (Iran, Islamic Republic of)

Accuracy and reliability of precise experiments are very sensitive 
to environmental noises. This work considers identification and 
measurement of various noises affecting the optical set up placed 
on the bread board. As a first step, a vibration analysis is done to 
determine the magnitude of environmental noises. The vibration 
spectrum determines the critical frequencies of noises and maximum 
induced velocities. To monitor the noise amplitudes during the 
experiments a set of tests is designed and conducted with the specific 
consideration of optical detection. Each experiment can detect a 
specific source of disturbances. 

In this study, a new approach is used to measure the noise amplitude 
using particulate flow. The idea is the same as used in particle image 
velocimetry. Special tracer particles are introduced to the fluid and 
their displacement field is measured via imaging instruments. In micro-
scale experiments, in order to capture the noises in a specific area, the 
respective plane is illuminated by a laser source and in macro-scale 
experiments, surface and volume illumination are used separately. 
The deviation of flow field from the predetermined field is analyzed 
using image processing techniques and the magnitudes of noises 
are calculated. The proposed technique can be used to determine 
the magnitude of errors in fluid dynamics experiments. The main 
advantages of the technique compared with vibration analysis are the 
non-contact nature and quantitative noise measurement for whole 
domain.

8069-44, Poster Session

Design and fabrication of a Fourier 
transform spectrometer by means of 
thermally-actuated tunable grating and 
its potential for fabrication of a micro-
spectrometer in waveguide structure
M. Riahi, Shahid Beheshti Univ. (Iran, Islamic Republic of)

In this article, the design and fabrication of a Fourier transform 
spectrometer, based on a thermally-actuated tunable grating, is 
presented. First a theory of the phenomena is discussed and the 
parameters which are effective in resolution of such a spectrometer 
are discussed. In experimental part, a binary grating is made on the 
glass surface by means of microlithography technique. Grooves of a 
binary grating are filled with nitrobenzene, the refractive index of which 
highly depends on temperature. Through the application of heat, the 
temperature of the nitrobenzene is changed, which in turn changes 
the optical path differences between different portions of light which 
pass through the lands and the grooves of the grating. The change 
in optical path length in turn changes the efficiency of the grating. To 
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measure the spectrum of a light beam, the light under inspection is 
first passed through the grating and the intensity of the zero order of 
diffraction is recorded as a function of temperature. The intensity of 
zero order of diffraction to temperature is a periodic second power 
sinusoidal function. We need several periods of such function to get 
the better resolution. Next, the Fourier transform of the measured data 
is calculated and plotted. After experimental results, the potential of 
such method for fabrication of a micro-spectrometer in the waveguide 
structure is discussed. In this part, two different platforms for a micro-
spectrometer in the waveguide structure are proposed. Different 
kind of materials with high dependency of the refractive index to 
temperature, to obtain the better resolution for IR Fourier spectroscopy 
is also proposed.

8069-45, Poster Session

Tuning of microsphere optical resonances 
by liquid crystal
H. Yilmaz, Koç Univ. (Turkey); M. S. Tamer, O. Gürlü, Istanbul 
Teknik Üniv. (Turkey); A. Serpengüzel, Koç Univ. (Turkey)

Nematic liquid crystals are used to tune the optical resonances of a 
glass microsphere placed on a single mode glass optical fiber coupler. 
The glass microsphere has a refractive index of 1.9 and a diameter 
of 103 µm. The optical resonances red (blue) shift 0.24 nm by placing 
(removing) nematic liquid crystal on the microsphere surface. An overall 
decrease on the quality factor of the microsphere optical resonances 
is observed. This decrease might be attributable to the leftover liquid 
crystal on the surface of the microsphere.

8069-46, Poster Session

High refractive index microlens fabrication 
using laser direct writing in titanium film
Y. Wang, The National Ctr. for Nanoscience and Technology of 
China (China)

In the past decades, more and more methods for fabricating microlens 
have been proposed with the rapid development of photonics. In 
order to improve the optical properties, modifying the shape of the 
microlens and increasing the refractive index of material are the 
two main approaches. As a common approach to increase optimal 
optical properties of the microlens, modifying the shape of microlens 
can be easily realized. However, the materials used in the microlens 
fabrications base on conventional methods such as photolithography, 
photothermal patterning, gray-tone mask technology and sol-gel 
reaction are usually SiO2 and polymeric materials with relatively low 
refractive index (<1.6), which limits their applications in optics. In 
this paper, we present a new technique to fabricate microlens with 
high refractive index material (TiO2) via laser direct oxidating titanium 
film in atmospheric environment. Micro-Raman and Transmission 
Electronic Microscope analyses confirm that the obtained microlenses 
are composed of rutile TiO2, a famous material with a high refractive 
index of 2.4, which is much higher than SiO2 and polymeric materials. 
The surface morphology and the focusing properties of the microlens 
are measured by atomic force microscope and optical microscope, 
respectively. Single and large-array TiO2 lenses with different sizes 
can be obtained by controlling the laser writing conditions and 
the thickness of titanium film. Besides providing a new way to get 
microlens with high refractive index material, this novel method also 
reveals large potential in practical applications due to its advantages of 
simple, low cost and whole-dry process.

8069-10, Session 3

Widely tunable, single-mode, high-power 
quantum cascade lasers
M. Razeghi, Y. Bai, B. Gokden, N. Bandyopadhyay, S. Slivken, 
Northwestern Univ. (United States)

With the state-of-art quantum cascade laser (QCL) gain media and 
a simple surface grating distributed feedback approach, we are able 

to demonstrate multi-watt single mode output in room temperature 
continuous wave operation. Single mode operation is achieved across 
a wide range of currents and temperatures. Wavelength tunability is 
explored with current, temperature, and laser arrays. A widely tunable, 
single mode, high power QCL will have a deep impact on sensing 
applications.

8069-11, Session 3

Dependence of the plasmon sensitivity 
on nanoparticle shape and material 
composition
L. Raguin, C. Hafner, P. Leuchtmann, ETH Zurich (Switzerland)

Effect of geometrical parameters for various metal nanoparticles on 
tunability of their plasmon resonance (PR) wavelength was already 
investigated by various research groups. Their sensitivity, obtained as 
a shift of PR wavelength related to the change in refractive index of 
their environment, was also calculated for particles with simple shapes 
such as nanospheres, nanorods, nanocubes, nanoframes. However 
the sensitivity of nanoparticles with strongly anisotropic shapes have 
not been carefully examined experimentally and theoretically mostly 
due to the difficulties to synthesize a nanoparticle with complex shape 
as well as numerical instabilities that may appear in calculations 
of the wavelength dependent light scattering properties with most 
commonly used Finite Difference and Finite Element Methods. In 
this work we report a systematic investigation of plasmon sensitivity 
of nanoparticles with strongly anisotropic shapes calculating the 
light scattering, with the spectral Boundary Integral Equation (BIE) 
method in conjunction with Multiple Multipole Programme (MMP). The 
findings and the models resulting from investigations hold promise for 
designing nanoparticles with unique morphology-dependent optical 
properties for highly improved nanosensing and imaging.

8069-12, Session 3

Dynamic response of CVD monocrystalline 
diamond to low-energy x-ray beam
G. Conte, P. Allegrini, S. Spadaro, Univ. degli Studi di Roma Tre 
(Italy); D. M. Trucchi, Istituto dei Sistemi Complessi (Italy)

Frequency and intensity modulated Copper and Molybdenum x-ray 
sources were used to study the dynamic response of single crystal 
dosimeters suitable for Intensity Modulated Radio Therapy (IMRT) 
technique. Such cancer treatment technique requires fast switching 
response during the Off-to-On transient; on the other hand, the On-
to-Off transient also needs to be very fast in order to properly evaluate 
the dose imparted to the target volume. To contribute in this field we 
have fabricated Schottky diodes based on single crystal diamond and 
aluminum-silver electric contacts. Aluminum produces a Schottky 
barrier when deposited on hydrogenated diamond surfaces whereas 
silver remains ohmic; our aim was to fabricate low-noise detectors 
operating in photovoltaic mode with a linear and fast response to the 
beam intensity variations.

Devices were characterized in the dark by monitoring the I(V,T) curves 
to evaluate the Schottky barrier characteristics down to 200K, where 
a transition is observed due to the cooling of the interface electron 
transfer layer. Moreover, C(V,w,T) measurements were also performed 
to analyze the modulation and bulk regions. Diodes with more than 
5 order of magnitude were observed with barrier height around 
0.8±0.1eV and reverse saturation currents around 10-12A at -100V and 
at room temperature. X-ray modulated experiments were performed by 
using an iron modified optical chopper in the 0.5-700 Hz range. Low-
pass response were found in this frequency range, also changing the 
applied voltage up to 100V. Leakage currents in the dark were around 
few pA whereas the signal dependence on the beam intensity, changed 
both by decreasing the tube current or by using calibrated aluminum 
filters, was found to be linear and in the uA range.

Aim of this paper is to introduce observed trends and discuss the 
suitability of Schottky diodes based on single crystal diamond as 
affordable linear dosimeters for x-ray sources monitoring currently 
used in cancer treatments.
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8069-13, Session 3

Quantum state transfer among 
crystallographic groups of N-V centers in 
diamond
O. E. Mustecaplioglu, Koç Univ. (Turkey)

Recent demonstrations of spin ensembles, in particular N-V centers in 
diamonds, coupled to superconducting resonators promise efficient 
implementation of quantum memories. Further progress of hybrid 
systems would make them ideal candidates for compact and complete 
quantum information devices. 

To reveal the full quantum optical potential of N-V centers, we first 
develop a general quantum optical model taking into account all the 
four distinct crystallographic classes for them. 

N-V centers coupled to superconducting coplanar waveguide 
resonators are investigated for quantum state transfer among their 
four distinct crystallographic groups. We find that by adjusting a bias 
magnetic field orientation, state transfer among the crystallographic 
groups can be achieved with perfect fidelity. Rabi oscillations among 
the basis of such crystallographic classes is found. This allows for 
possible use of the crystallographic classes as spin ensemble qubits 
within a single diamond. Alternatively, we also discuss state transfer 
protocols between spatially distinct diamonds with N-V centers 
including all crystallographic classes. We argue that such a diamond 
network coupled with microwave cavity photons acting in between 
can be used as a quantum random walk system. In addition we 
discuss both local and distant entanglement of such crystallographic 
classes. Finally we also argue how to use various measurements of 
fidelities can be exploited to determine population distribution among 
the crystallographic classes. Besides, we review some of our earlier 
work on optical coupling of these systems. In combination with the 
present results we argue how to use them for ground-to-air optical 
communications. 

Our methodology is based upon employing a statistical mutation 
transformation of the usual spin Hamiltonian for the case of a large 
ensemble of N-V centers. Dominant Zeeman interaction with the 
external bias magnetic field and the microwave cavity field is then 
mutated from a spin model to a fully bosonic model, similar to coupled 
cavities. Due to the presence of distinct crystallographic groups 
however the effective model resembles coupled multimode cavities. 
Using standar quantum optical methods after that, we determine the 
dark states of the effective cavity model. Such dark states allows for 
well-known state transfer protocols. The coupling between various 
crystallographic classes is mediated by the microwave cavity photon 
so that the system in fact consists of atom-molecules or strictly 
speaking N-V center polaritons. Starting from certain initial conditions 
and choosing certain target states we calculate the time evolution of 
the system and eventually calculate the fidelities. Our model can be 
treated analytically and we find simple intuitive expressions which is 
further analyzed to extract additional information to determine initial 
population distribution among the crystallographic classes from post 
fidelity measurements.

8069-14, Session 4

Silicon-based monolithic whispering-gallery 
mode resonators with integrated bus-
coupled waveguides
M. Ghulinyan, Fondazione Bruno Kessler (Italy); R. Guider, 
Univ. degli Studi di Trento (Italy); G. Pucker, Fondazione Bruno 
Kessler (Italy); L. Pavesi, Univ. degli Studi di Trento (Italy)

One of the most important requirements on planar Whispering-gallery 
mode (WGM) resonators is the high refractive index contrast between 
the cavity and the surrounding media. For this reason, a quasi-
freestanding cavity embedded in an air environment is the preferred 
solution. Most of current cutting-edge experiments with this kind of 
optically passive and freestanding resonators regularly use tapered 
fibers to probe the system. This technique, however, faces unstable 
experimental conditions and limits the meaningful measurement 
duration to only few minutes. The lack of a freestanding WGM cavity 
system monolithically interfaced to an input/output coupling waveguide 

reduces dramatically the chances for immediate applications of these 
devices.

We report on the realization and optical characterization of a 
CMOS-compatible and silicon-based microdisk/waveguide coupled 
system, fully integrated on a silicon chip. Wafer-scale integration of 
monolithic optical devices has been achieved using standard silicon 
microfabrication technology. The realized devices use a vertical 
coupling scheme between a microresonator and a rib waveguide. We 
demonstrate how the overall high optical quality of the system benefits 
from a perfect glass planarization procedure of the waveguide. Such 
obtained smooth surface results in highly planar geometry of top 
resonators with measured quality factors of 25,000 at the first telecom 
window for 50 um diameter devices from very first samples. We show 
how the changes in the resonator/waveguide separation gap influence 
the coupling constant, k and, further, confirm that an ideal coupling 
situation manifests through over a 400nm gap variation around the 
critical coupling gap of 840 nm. Importantly, by selectively etching of 
the gap material under the WGM resonators results in free-standing 
devices (Q~50,000) coupled through an air gap to the bus waveguide. 
These technological solutions give important hints for future 
developments in silicon-based lightwave circuits. In particular, the 
developed technology opens door for the realization of all-integrated 
complex resonator systems for sensing, optomechanical and 
metrological applications, with the potential to substitute the nowadays 
intensive use of complicated fiber-taper coupling schemes.

8069-15, Session 4

Super-directive beam from metamaterials 
using Fourier optics
V. Mocella, G. Coppola, P. Dardano, I. Rendina, G. Di Caprio, 
Istituto per la Microelettronica e Microsistemi (Italy); S. Cabrini, 
Lawrence Berkeley National Lab. (United States)

In this paper we analyze the very special properties of an 
heterostructures com-posed by complementary media. Theory and 
experimental results obtained at near infrared light wavelength ( =1.55  
m) are presented. 

Without any lateral structure , the light propagates in the metamaterial 
with no apparent diffraction, preserving a lateral well defined spatial 
profile of few microns with an excellent vertical confinement also in 
air over a macroscopic length of few millimetres. In add in such an 
electromagnetic environment, that has a zero or quasi-zero average 
refractive index, other very interesting phenomena are expected 
and in particular a divergent beam, or an internal point source, is 
transformed in an ex-tremely directive beam, because the entire 
medium will radiate coherently in phase. Accurate experimental 
measurements demonstrate that the diffracted beam along diffraction 
order of the grating formed by air and anti-air metamaterial has an 
angular dispersion as small as of Δθ = 0.06°, whereas the input beam 
has an high divergence due to the focused beam . For the first time 
both surprisingly results are re-ported contemporarily for near infrared 
wavelength regime.

Fourier Optics combined with Holographic set-up give a step forward 
in optical analy-sis of such a special metamaterial proving that a 
divergent input source is trans-formed into a strongly collimated beam 
in-plane, vertically well confined and an ex-tremely directive beam in 
far field is produced out-of-plane, coupled with diffraction order of the 
grating of alternating complementary media.

8069-16, Session 4

Diffractively structured bandgap materials 
based on resonance domain surface relief 
structures
M. A. Golub, Tel Aviv Univ. (Israel)

Design of bandgap materials and photonics crystal devices commonly 
relies on analytical equations of effective index theory where a 
subwavelength surface relief structure is being reduced to a kind of 
uniform medium. We report about building a generalized “effective 
grating” theory [1] which enables to use advantages of effective index 
also in a case of diffracting periodic surface relief structures with 
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period slightly larger than the wavelength and 3D angles of incidence. 
Evaluation of physical dependences between design parameters and 
performance criteria is now achievable before detailed numerical 
calculations. We propose to build diffractively structured bandgap 
materials and provide their design considerations based on the 
effective grating theory.

To speak in more details, usual assumption that nanostructures are 
subwavelength substantially limits their impact on light propagation. 
Slight enlarging of the period of surface relief structures to a level larger 
but comparable to the light wavelength brings us to the resonance 
domain, where diffraction phenomena already occurs. A typical 
advantage of the resonance domain compared to the scalar diffraction 
is that higher diffraction orders are evanescent and single diffraction 
order inherits most of the incident power, with diffraction efficiency 
reaching 100% without any antireflection coating. Design of resonance 
domain light diffracting structures, optimization of their parameters 
and understanding of physical phenomena was previously slowed 
down by a numerical manner of calculations typical for the rigorous 
light diffraction. We reduced a resonance domain surface relief grating, 
in a general case of 3D diffraction, to an effective medium with an 
embedded “effective” volume diffraction grating, closely related to 
the original surface relief diffraction grating. Such a way, Kogelnik’s 
equations and Bragg effects were naturally extended to surface relief 
gratings and generalized TE and TM polarization modes in the 3D 
diffraction [2] were constructed. We defined a “diffraction directions” 
plane constituted by an incident beam propagation vector and a 
slanted grating vector and comprising also direction vectors of all 
diffraction orders. Aiming to provide a physical insight to diffraction, 
we derived coupled wave equations exploiting different Cartesian 
coordinate systems for polarization components and for spatial 
position. In particular, polarization components are related to the 
diffraction directions plane whereas spatial position is related to the 
slanted grating vector. 

To conclude, the effective grating theory provides a tool for designing 
diffractively structured bandgap materials based on resonance domain 
surface relief structures. Now rigorous diffraction effects at periodic 
surface relief structures with a period slightly larger than wavelength 
and arbitrary angles of incidence may be evaluated in an analytical 
form with almost the same simplicity as customary in the effective 
index approach.

[1] M.A. Golub, A.A. Friesem and L. Eisen, Opt. Commun. 235, 261-
267 (2004). 

[2] N. Passilly, K. Ventola, P. Karvinen, P. Laakkonen, J. Turunen, and J. 
Tervo, Appl. Opt. 46, 4258-4265 (2007).

8069-17, Session 4

Hybrid colloidal crystals for photonic 
application
A. Chiappini, Consiglio Nazionale Delle Ricerche (Italy); C. 
Armellini, A. Carpentiero, M. Ferrari, Univ. degli Studi di Trento 
(Italy); G. C. Righini, Istituto di Fisica Applicata Nello Carrara 
(Italy)

During the past few years, colloidal crystals have been studied 
extensively due to their potential applications as photonic crystals 
(PCs). In particular several attention was devoted to the formation of 
PCs derived from self assembled colloids because of their relative 
easiness of preparation and the low cost associated with their 
manufacture. In fact, it is known that monodisperse colloidal spheres 
of silica or polystyrene (PS) self-organize spontaneously into crystal 
structures at optical wavelength scales with long range periodicity and 
possess an optical pseudo PBG in the visible and NIR spectra range. 
Furthermore, colloidal crystals can be used as template for 3D replicas, 
known as inverse opals, infiltrating the template with different materials 
(dielectrics, metals and semiconductors) and subsequently removing 
the colloidal spheres by either chemical or thermal process, producing 
structures that present high surface area.

Recently, we have demonstrated that starting from these structures 
it is possible to obtain composite films that can be used for optical 
sensing exploiting the properties of changing the structural color under 
an external stimulus [1] and used as substrates for surface-enhanced 
Raman scattering (SERS) [2]. 

Moreover, as reported in this communication, colloidal crystals can be 

used in order to create heterostructures composed of multistack layers 
of colloidal photonic crystals. These systems can find application 
in manufacturing integrated photonic crystal chips, such as multi-
frequency optical Bragg filters and broadband reflective mirrors.

Here we report on the fabrication protocol developed to obtain hybrid 
high-quality three -dimensional photonic crystal heterostructures 
based on silica and polystyrene nanoparticles; moreover structural and 
optical characterization of the systems will be discussed.

[1] D. Zonta, A. Chiappini, A. Chiasera, M. Ferrari, M. Pozzi, L. Battistia, 
M. Benedetti, “Photonic crystals for monitoring fatigue phenomena in 
steel structures” 7292 SPIE (2009) pp.215-1-215-10.

[2] A. Chiappini, S. Guddala, C. Armellini, S. Berneschi, I. Cacciari, 
C. Duverger-Arfuso, M. Ferrari, G.C. Righini, “Fabrication and 
Characterization of colloidal crystals infiltrated with metallic 
nanoparticles”, Proceedings of SPIE 7725 (2010) pp. 77250W-1/8.

8069-18, Session 5

Coupled active microresonator slow-
light structures: characterization and 
applications
Y. Dumeige, S. Trebaol, P. Féron, Ecole Nationale Supérieure 
des Sciences Appliquées et de Technologie (France)

Microresonator structures are artificial strongly dispersive structures 
which can have several assets for slow-light applications. We will 
discuss in particular the advantage to use active microresonators in 
order to obtain low loss or reconfigurable delay lines. The first part 
of the paper will be devoted to high-Q resonator or microresonator 
approaches whereas the second part will address theoretically the 
issue of delay-bandwidth product limitation.

Due to their intrinsic strong dispersion, high-quality (Q) factor 
resonators can be used to introduce a large group delay on the 
propagation of light. As it is the case for atomic systems the dispersion 
properties of these artificial media are dependent on their absorption 
or optical gain. Moreover by coupling several resonators it is also 
possible to tailor their transmission or high dispersion orders. For 
these two reasons, active coupled high-Q resonators may be of 
interest for optical dispersion control or delay lines integration. In 
the aim of practical applications, the first step consists in defining 
an experimental protocol allowing a high-Q resonator complete 
description to be obtained. The cavity ring down spectroscopy 
method can be adapted to obtain the essential parameters such as 
the absorption (or gain) and the dispersion of the resonators. The 
method has been validated using a model system made of erbium 
doped optical fiber resonators and applied to high-Q whispering gallery 
mode resonators. We will show that this method allows the coupling 
regime to be revealed and to take into account the modal coupling 
coming from enhanced Rayleigh backscattering inside high finesse 
microresonators.

Active system could also be used to circumvent the delay-bandwidth 
limitation due to the resonant feature of optical microcavities. We will 
show theoretically that the modulation of the gain or optical losses 
of active coupled resonators can be used to adiabatically tune their 
dispersive properties. In that case, optical pulses as short as 10ps 
could be stored for one nanosecond without distortion. This approach 
could be implemented using III-V semiconductor microring or 
microdisk resonators.

8069-19, Session 5

Development and optical characterization 
of vertical tapers in SION waveguides using 
gray-scale lithography
B. Han, Fondazione Bruno Kessler (Italy); R. Guider, E. 
Rigo, S. Larcheri, Univ. degli Studi di Trento (Italy); G. Nunzi 
Conti, Istituto di Fisica Applicata Nello Carrara (Italy); M. R. 
Vanacharla, A. Chiasera, Univ. degli Studi di Trento (Italy); M. 
Ferrari, Istituto di Fotonica e Nanotecnologie (Italy); L. Pavesi, 
Univ. degli Studi di Trento (Italy); G. Pucker, Fondazione Bruno 
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Kessler (Italy); G. C. Righini, Istituto di Fisica Applicata Nello 
Carrara (Italy); M. Ghulinyan, Fondazione Bruno Kessler (Italy)

Evanescent near-field excitation of functional optical devices is 
commonly realized through a coupling to tapered waveguides. In 
particular cases, the waveguide and the functional device can be on 
different levels on a chip, and thus require a vertical tapering of the 
guiding components. For this purposes continuous tone grayscale 
lithography (GL) is often used, which allows for the realization of 
smoothly varying vertical profiles. Such a variation from a thick to a thin 
guiding device insures a low loss (quasi-adiabatic) transition of a highly 
confined guided mode to an evanescent one.

We will report on the realization and optical characterization of 
vertically tapered optical waveguides based on high (n=1.8 at 
633nm) and low-index (1.64) silicon oxinitrides (SION) for integrated 
protein-sensing devices on a Si chip. We use a combined gray scale 
lithography and dry plasma etching techniques in order to realize up to 
350  m-long vertical tapering between the originally 1  m-thick and the 
140 nm-thick evanescent part of low loss (~1 dB/cm at 488nm) SION 
waveguides. This adiabatic tapering has been achieved using two-
dimensional binary optical masks, designed such to locally modulate 
the intensity of ultraviolet light during the photoresist exposure. In 
particular, we used two different pixel patterns, composed by slits or 
square dots, and four pitch widths to define the gray tone pattern. 
The pitch width along with the slit (dot) repeating period determines 
the gray tone extension, Prior to the dry etching procedure, which 
transfers the taper profile from the developed photoresist to the 
SiON waveguide, we performed process flow simulations using the 
different etching rates of constituent materials (resist, SION, SiO2) in 
our various Reactive Ion Etchers. This simulation provides the best 
solution which allows maintaining the final taper length as close as 
possible to the original one (on the mask). As a result of a series of 
combined simulation/processing optimization, perfectly tapered low-
loss waveguides with surface roughness smaller than 10nm have been 
realized.

8069-20, Session 5

Electro-optical modulation with a silica 
microsphere in a liquid crystal
H. Yilmaz, A. Serpengüzel, Koç Univ. (Turkey)

Electro-optical modulation is performed with a silica microsphere 
placed on an optical fiber coupler using nematic liquid crystals in 
the near infrared telecommunication bands. An ac electric potential 
modulates the refractive index of the nematic liquid crystal. The 
relative refractive index change between the liquid crystal and 
glass is monitored by measuring the intensity of the 90° elastic light 
scattering from the microsphere. This geometry might lead to novel 
optoelectronic device applications for silica microspheres placed in 
liquid crystals on optical fiber.

8069-21, Session 5

Design and simulation of Y-branch power 
splitter using S-bend on SOI platform and 
study the variation of transmitted power 
with branch angle
P. Nagaraju, K. Banu, G. Srinivas Reddy, C. P. Vardhani, 
Osmania Univ. (India); G. Ramadevudu, Vasavi College 
of Engineering (India); C. P. Rao, Ctr. for Engineering and 
Technology (India)

Single-mode Y-Branch using simple S-bend rib waveguide structure is 
designed on a silicon-on-insulator (SOI) platform. For a typical straight 
rib waveguide, the single-mode condition at 1.55µm is verified. A low-
loss waveguide structure has been simulated using finite difference 
beam propagation.

8069-22, Session 5

Plasmon induced force calculation
F. Pelik, O. E. Mustecaplioglu, A. Sennaroglu, Koç Univ. 
(Turkey)

Surface plasmons are waves that may exist at the interface of two 
media with dielectric constants of opposite signs and these waves 
propagate along the interface. By changing the structure of the 
surface, the properties of surface plasmons and their interaction with 
light can be enhanced. Surface plasmons give the advantage that the 
optical circuit elements can be manufactured in nano-size, very small 
compared to the wavelength of light and designed to work at very 
small wavelengths. This can lead many applications in science such as 
data storage, and bio photonics.

There are two main categories of optical forces; scattering forces and 
the graident forces which is also known as dipole forces. Scattering 
forces are due to momentum transfer from the radiating field to the 
dielectric medium. Gradient forces are related to strong variations in 
the electromagnetic field. Shortly, optical forces are due to varying 
electromagnetic field in the focus of a high power laser beam and are 
widely used to manipulate microparticles such as bacteria, and living 
cells. This electric field gradient polarizes the particle and it causes the 
sides of the dipole to have different forces.

In this work first, we are going to discuss the source of the optical 
gradient force and then analyze surface plasmon induced forces 
numerically in some geometries. For example, we will examine forces 
in the strip waveguides case and discuss the results for different cases. 
Finally, we will discuss some possible applications.

8069-23, Session 6

Down-converter layers based on rare earth 
doped fluoride glass and silica-hafnia glass 
ceramic to improve Si-based solar cell 
efficiency
G. Alombert-Goget, A. Chiasera, M. Ferrari, S. Varas, Istituto 
di Fotonica e Nanotecnologie (Italy); G. C. Righini, Istituto di 
Fisica Applicata Nello Carrara (Italy); B. Dieudonné, B. Boulard, 
Univ. du Maine (France)

The solar cells efficiency may be improved by better exploitation of 
the solar spectrum, making use of the down-conversion mechanism, 
where one high energy photon is cut into two low energy photons 
[1]. The choice of the matrix is a crucial point to obtain an efficient 
down-conversion process with rare-earth ions. When energy transfer 
between rare earth ions is used to activate this process, high emission 
and absorption cross sections as well as low cutoff phonon energy are 
mandatory. Recently, some studies have demonstrated that fluoride 
glass and transparent glass ceramics may be valid systems to support 
an effective quantum cutting process [2]. As a fluoride material, the 
relatively low phonon energy, around 600cm-1, of the ZLAG (67ZrF4 
27LaF3 1AlF3 5GaF3 in mol%) glass makes it highly suitable for 
applications involving energy transfers. In the case of silica-hafnia 
system the glass ceramic is constituted by nanocrystals of HfO2, 
containing the rare earth ion, imbedded in the silica-hafnia host. An 
important consequence of this structural arrangement is that the 
rare-earth ions undergo a low cut off vibrational energy (700 cm-1). A 
low phonon energy host lattice reduces non-radiative transition rates 
leading to increasing of the luminescent quantum yield and of the 
energy transfer efficiency. For these reasons the fluoride glass ZLAG 
and the silica-hafnia glass ceramic seem suitable matrices to produce 
rare-earth activated films for down-conversion process.

In this study, attention is focused on the assessment of the energy 
transfer efficiency between the Pr3+ and Yb3+ ions in bulk fluoride 
glasses ZLAG and the Tb3+ and Yb3+ ions in sol-gel derived SiO2-
HfO2 glass ceramic planar waveguides.

[1] C. Strumpel et al, “Modifying the solar spectrum to enhance silicon 
solar cell efficiency: An overview of available materials”, Solar Energy 
Material & Solar Cells 91 (2007) 238-249.

[2] S. Ye, B. Zhu, J. Luo, J. Chen, G. Lakshminarayana, J. Qiu, 
“Enhanced cooperative quantum cutting in Tm3+-Yb3+ codoped glass 
ceramics containing LaF3 nanocrystals,” Optics Letters 16, (2008) 
8989-8994.
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8069-24, Session 6

SiGe alloy in Si photonics
S. Kita, The Univ. of Tokyo (Japan)

Si photonics attracts much attention for electronics and photonics 
convergence on the Si CMOS platform. Ge is one of the most 
important materials in Si photonics, since it provides various active 
device functions such as photodetector, modulator, and recently laser. 
There are however a number of material challenges for electronic-
photonic convergence. Lack of the surface chemical stability of Ge 
generates a severe drawback to meet Si CMOS process compatibility 
and to prevent the devices degradation. It is well known that Ge 
oxides are water-solvable and cannot passivate Ge surfaces. This 
leads device degradation: the pin diode characteristics change in 
two months even in clean room ambient. Thus, a thin Si cap layer 
has been most frequently grown on the Ge surfaces to prevent such 
degradation. However, given Ge processing in the CMOS backend, or 
at least annealed at low temperatures such as 600˚C, the Si cap results 
in high contact resistances; 900˚C annealing is used to fully activate 
implants in Si. To demonstrate a unique solution for surface protection 
and yet high implant activation, the present paper has proposed a SiGe 
alloy cap layer on Ge instead of the conventional Si cap layer. 

 Annealing temperature after implantation on SiGe alloy depends 
on melting point of each composition. It is estimated that a higher 
activation obtained at temperature lower than 600˚C when the 
alloy composition x of Si1-xGex is 0.5 or higher. SiGe of such alloy 
compositions showed highly stable against conventional cleaning 
procedures including pironha dipping compared with Ge. On the other 
hand, the SiGe layer of such compositions is transparent in C-band 
and L-band and has a higher refractive index than Si, allowing even 
sharper bends. Therefore, the SiGe alloy can be used as a waveguide 
and mux/demux as well. The SiGe alloy is therefore an excellent 
material in Si photonics not only to enhance Ge devices chemically and 
electronically but also to provide a unique photonic platform. We will 
present these advantages of SiGe more in detail.

8069-25, Session 6

Characterisation of thin LPCVD silicon-rich 
oxide films
D. Ristic, Istituto di Fotonica e Nanotecnologie (Italy); M. 
Ivanda, M. Marciuš, Institut Ruder Boškovic (Croatia); V. 
Holý, Charles Univ. in Prague (Czech Republic); Z. Siketic, 
I. Bogdanovic-Rakovic, M. Jaksic, Institut Ruder Boškovic 
(Croatia); O. Gamulin, Univ. of Zagreb (Croatia); K. Furic, M. 
Ristic, S. Music, M. Buljan, Institut Ruder Boškovic (Croatia); 
M. Ferrari, A. Chiasera, M. Mazzola, Istituto di Fotonica e 
Nanotecnologie (Italy); G. C. Righini, Istituto di Fisica Applicata 
Nello Carrara (Italy)

Silicon-rich oxide (SiOx) is a material which has many uses in the field 
of optoelectronics, in particular for the production of silicon based 
light-emitting device. Of the known techniques for the production of 
SiOx films, the LPCVD (Low Pressure Chemical Vapour Deposition) 
method is known to produce very good quality SiOx films with very 
low surface roughness. In this paper thin silicon rich oxide films were 
deposited using the LPCVD method. Silan diluted in argon and oxygen 
were used as the reactant gasses, and the deposition temperature was 
kept constant at 570 oC. The films were deposited on silicon (111) and 
on fused silica substrates. Films with the different values of the oxygen 
content were deposited by varying the ratio of the flows of oxygen 
and silan in the horizontal tube reactor. The films were characterized 
in terms on the surface quality (by X-ray specular reflectivity and 
scanning electron microscopy) and in terms of the oxygen content x 
(by time of flight elastic recoil detection analysis). The films were found 
to have a very smooth, homogeneous surface and the oxygen content 
was found to vary from x=0 to x=2 in dependence on the deposition 
parameters. The refractive indices of the films were measured both in 
the visible (405 nm) and in the infrared (1319 nm and 1542 nm), were 
compared to the values which the Bruggeman’s effective medium 
theory predicts for such thin films, and were found to be in good 
agreement with them. The position of the Si-O stretching peak in the 
infrared absorption spectra was used to draw some conclusion about 

the distribution of the silicon and oxygen atoms inside the amorphous 
SiOx matrix. The atoms were found to be inhomogeneously distributed 
inside the amorphous matrix, with the average number of oxygen 
atoms in the vicinity of a given silicon atoms being lower than x.

8069-26, Session 6

Alternating current excitation of silicon-
nanocluster-sensitized erbium
O. Anopchenko, A. Marconi, N. Prtljaga, N. Daldosso, Univ. 
degli Studi di Trento (Italy); O. Jambois, J. M. Ramirez, D. 
Navarro-Urrios, B. Garrido, Univ. de Barcelona (Spain); 
J. Colonna, F. Milesi, J. Fedeli, Commissariat à l’Énergie 
Atomique (France); L. Pavesi, Univ. degli Studi di Trento (Italy)

The silicon nanocluster-sensitized erbium nanocomposite (Si-NC:Er) 
is a leading material in the research on optical gain materials for 
integrated photonics. Both direct and pulsed electrical excitation 
schemes could be exploited to achieve net optical gain and lasing 
in this material. Understanding of excitation and de-excitation 
mechanisms of the erbium ions under alternating current injection is 
thus a prerequisite for development of the Si-NC:Er gain material. 

We fabricated single and multilayer Si-NC:Er light emitting devices 
(LEDs) using low-pressure CVD with optimized fabrication parameters. 
Direct and alternating electrical current excitation schemes were 
used to study charge carrier transport, light emission and excitation 
mechanism of Er-ions. Time-resolved electroluminescence 
measurements were carried out in both visible and infrared range 
to evaluate energy transfer between Si-NCs and Er-ions. We found 
that erbium ions are excited by impact of electrons injected via 
Fowler-Nordheim tunneling in the single layer Si-NC:Er LEDs with the 
maximum light power efficiency of 0.01% at 1.5 micron. At high driving 
frequency of square waveform excitation, both emission from Si-NCs 
with a peak wavelength of 800 nm ca. and emission from Er-ions at 
1.5 micron are observed at significantly lower driving voltages than in 
direct current. These and other results obtained from the single layer 
LEDs as well as results on the multilayer LEDs will be discussed at the 
conference. 

This work was supported by EC through the project ICT-FP7-224312 
HELIOS and by Italy-Spain integrated actions.

8069-27, Session 6

Impact of the layer composition on the Er3+ 
PL dynamics in silicon-rich silicon oxide
S. Cueff, C. Labbé, J. Doualan, R. Rizk, ENSICAEN (France)

Erbium-doped silicon-rich silicon oxide (SRSO:Er) material is of 
particular interest for CMOS compatible photonics. The relatively 
strong and broad-band absorption of silicon nanoclusters (Si-
nc) increases the effective absorption of Er3+ ions by 3-4 orders 
of magnitude when acting as excitation relay to Er3+ ions. The 
mechanism of the energy transfer between Si-nc and Er ions is still 
under debate, even though several research groups have analyzed 
the dynamics of this process which governs the functionality of this 
active material in all related applications. Some features have been 
reported and analyzed in the PL dynamics dealing with both excitation 
and decay processes. The existence of a fast excitation (<100 ns) 
towards the first excited state was found in Ref 1 to decay almost 
instantaneously with a first fast component (~100 ns) followed by a 
slow one (~2 ms) [1]. For the excitation mechanism, Ref. 2 reported 
the existence of both fast (tens of ns) and slow (~20 µs) rise time. In 
this study, we show that the characteristics of the Er PL dynamics, in 
terms of both rise and decay processes, are governed by the amount 
of Si in SRSO:Er layer. The amount of Si excess is essential for various 
applications and, in particular, for the electrically-driven devices. We 
show that both PL dynamics behavior corresponding to [1] and [2] 
can be observed by a simple change of the Si-excess content. The 
different excitation and decay mechanisms will be discussed together 
with their impact on the functionality of the target devices.

[1] Izeddin, Phys. Rev. Lett. 97, 207401 (2006).

[2] Savchyn, Appl. Phys. Lett. 93, 233120 (2008).
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8069-28, Session 6

PECVD deposition and characterization of 
silicon oxynitride for optical applications
A. B. M. Alamin Dow, K. Leong, A. B. Gougam, H. Alizadeh, N. 
P. Kherani, Univ. of Toronto (Canada)

Silicon oxynitride (SiON) films have been found to possess extremely 
useful properties for optical applications. In optoelectronics, a major 
advantage of this material is the ability to tune the refractive index 
from 1.45 to 2.00, allowing designers the flexiblility to custom tailor 
and optimize the refractive index value in the targeted optical device. 
In addition, its minimum allowable bending radius is much lower 
compared to other silica materials. This opens up the possibility 
of miniaturizing integrated photonic systems. Moreover, silicon 
oxynitride prepared using Plasma Enhanced Chemical Vapor 
Deposition (PECVD) can be deposited at high growth rates while 
exhibiting good homogeneity with wide refractive index tuning range 
making it a well-suited core layer for planar waveguide technologies 
and microphotonic devices. Furthermore, because of its chemical 
inertness combined with its low permeability (relative to silicon nitride) 
and its superior dielectric properties, SiON can be easily integrated 
with silicon technology. Researchers have investigated the bonding 
structure and optical properties of silicon oxynitride films deposited 
using PECVD, illustrating the many advantages of PECVD over LPCVD 
which include much lower deposition temperatures which is important 
especially for deposition on low melting point metallized layers, and 
higher growth rates promoted by plasma dissociation of the precursor 
species. While these studies have been relatively extensive, the 
bonding configurations of non-stoichiometric silicon oxynitride remains 
uncertain. A thorough understanding of these properties vis-à-vis 
optimal deposition processes for this material is deemed essential. 

In this research work, we undertake a series of PECVD depositions 
of SiON film and investigate its properties using various techniques. 
Spectroscopic ellipsometry is used to obtain the refractive index of 
the films, and X-ray photoelectron spectroscopy (XPS) and Fourier 
transform infrared (FTIR) spectroscopy are used to probe the structural 
properties of the films. Structural analysis in relation to process 
parameters and their influence on film properties are presented and 
discussed.

8069-29, Session 7

Femtosecond laser polymerization of hybrid 
and integrated microoptical elements and 
their characterization
M. Malinauskas, A. Zukauskas, R. Gadonas, Vilnius Univ. 
(Lithuania)

The tightly focused (NA = 1.4) femtosecond laser (280 fs, 515 nm, 
200 kHz or 80 fs, 800 nm, 80 MHz) pulses induced multiphoton 
polymerization of a zirconium-silicon based sol-gel photopolymer 
(SZ2080, FORTH, Heraklion, Crete, Greece) was employed for the 
fabrication of a series of microoptical elements with single and 
combined optical functions: convex and Fresnel lenses, various 
gratings, on a glass slide and on the tip of an optical fiber. The 
microlenses were produced as polymer caps of varying radii from 15 
to 150 µm. The matching of refractive indices between the polymer 
(n = 1.504) and glass substrate (n = 1.52) was exploited for the 
creation of composite glass slide-resist/fiber core-resist structures. 
These components functioned as single optical elements, providing 
focusing, collimating, dispersing and imaging functions. The focusing 
of the microlenses varied from 30 to 300 µm and corresponded to 
the calculated values with deviations of only a few percent. The 
collimating properties could be used to control the divergence of the 
light going out of the fiber core. Bifunctional elements combining lens 
and grating could work as spectral/spatial filters or beam shapers 
at micro scale. Being near perfect form the microlenses showed 
quality imaging of light propagating through the metal mask. The 
surface roughness of the lenses was below 30 nm, which is sufficient 
for optical applications in VIS and NIR range. All the samples were 
investigated using optical and scanning electron microscopies 
as well as optical and atomic force profilometries. The problem 
of not-perfect shape of the microlenses could be solved by pre-
compensating the initial CAD model, thus making the final structure 

to be of the needed form. In addition, production of closely packed 
arrays of microoptical elements was demonstrated. To increase the 
efficiency of the 3D laser polymerization, the material was mixed 
with optimal amount of photosensitizer (0.5 - 2 wt.% thioxanthen-
9-one, 2-benzyl-2-(dimethylamino)-4’-morpholinobutyrophe-none 
or 4,4’-bis(dimethylamino)benzophenone (Sigma-Aldrich GmbH)) 
and microlenses were formed by scanning only the outer shell, the 
polymerization of the interior was realized exposing the sample to UV 
light while it is still in the rinsing bath. This manufacturing strategy 
speeds up the process up to 300 times for the case of our lenses. 
Furthermore, with the implementation of nanoimprint technique the 
microoptical components were replicated successfully via commonly 
used PDMS (polydimethylsiloxane) stamp preserving their initial quality. 
This enables one to produce microoptics out of the materials with 
desired properties which are not suitable for high quality direct laser 
structuring, but are well known in optics field, such as ORMOCERs or 
acrylates.

8069-30, Session 7

UV-imprinting of single-mode polymeric 
waveguides
J. Hiltunen, VTT Technical Research Ctr. of Finland (Finland); 
M. Wang, J. Puustinen, J. Lappalainen, Univ. of Oulu (Finland); 
S. J. Pearce, M. D. Charlton, Univ. of Southampton (United 
Kingdom); P. Karioja, VTT Technical Research Ctr. of Finland 
(Finland)

Polymers have become important materials class in fabricating discrete 
optical components and integrated optical devices because of their 
good optical properties, most importantly high transmittance, versatile 
processability at low temperatures and also their potential for low-cost 
production. A critical requirement in the fabrication of polymer-based 
waveguides has been selecting a suitable technique for patterning 
the ridge bounding the optical mode. Conventional UV lithography 
has been widely applied to make polymer waveguides. By applying 
UV exposure through a mask on UV-curable resins, waveguides 
are formed after developing. The resolution obtained with this 
lithographic technique is limited by the effect of diffraction, scattering 
and interference in the resist and from the substrate. Recently, 
nanoimprinting or nanoimprint lithography (NIL) has obtained a plenty 
of scientific and technological interest. Compared with conventional 
lithographic techniques, UV-imprinting is simple to perform, requires 
less-complicated, low-cost equipment and can provide high-resolution 
nano-scale features with high throughput. 

In this paper, we discuss a fabrication of polymeric single-mode 
waveguides with different types by UV-imprinting. For example, a rib 
waveguide type consists of a strip waveguide superimposed onto a 
slab waveguide made of the same material. When patterning a rib 
waveguide by imprinting technique, a residual layer that is the slab 
waveguide is formed on the imprinted areas. Too thick a residual layer 
causes a loss of propagation mode due to power leakage to the slab 
guide, which might require an additional etching step. Besides the 
manufacture of polymeric waveguide structures, we investigate the 
possibility to produce composite waveguide devices by depositing 
inorganic thin films with high-refractive index on UV-imprinted 
polymeric structures with low-refractive index to manipulate the 
waveguide operation.

8069-31, Session 7

Assembly of a photonic wavelength-division 
multiplexing device using laser-based 
soldering
T. Burkhardt, M. Hornaff, A. Kamm, Fraunhofer-Institut für 
Angewandte Optik und Feinmechanik (Germany); M. Rütz, T. 
Possner, Grintech GmbH (Germany); E. Beckert, R. Eberhardt, 
A. Tünnermann, Fraunhofer-Institut für Angewandte Optik und 
Feinmechanik (Germany)

Miniaturization of photonic devices is required by various applications 
such as data storage and proc-essing, optical communications, 
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and metrology. This request can be met by new optical designs, 
miniaturized components, and advanced packaging technologies. 
Design, assembly, and characteriza-tion of a miniaturized photonic 
wavelength-division multiplexing (WDM) device for fiber-optic com-
munications are presented. The device features the use of gradient 
index lenses (GRIN-lens) and the utilization of an adhesive free, 
laser-based joining technology, Solderjet Bumping. Compared to 
tradi-tional optical lenses based on refraction caused by surface 
profiles GRIN-lenses provide beam shaping by means of a gradually 
changing refractive index. This allows for a simplified cylindrical shape 
without complex shaped surfaces of the lens and the minimization of 
the lenses diameter. Additionally GRIN-lenses are able to minimize 
spherical aberrations, thus eliminating the need for compound lenses 
and reducing the number of necessary components. The cylindrical 
shape with a beneficial length to di-ameter ratio simplifies both 
handling and joining. It also grants passive alignment and provides 
a me-chanical stop. Solderjet Bumping offers flux-free soldering in a 
localized inert nitrogen atmosphere with minimized input of thermal 
energy, thus allowing for the joining of fragile materials such as glass 
or brittle ceramics. The jetting of liquid solder droplets provides a 
very good thermal contact of the solder alloy with the components 
to be joined, thus allowing for a good solder spreading and creation 
of the solder joint. The proposed system design consists of a system 
platform made of borofloat BF33 with a footprint of approx. 30x20 
mm². Mechanical stops also made of borofloat glass, fiber-ferrules 
with a length of approx. 10 mm, and GRIN-lenses with length of 4.05 
mm are attached to the base-plate by solder joints. The solder process 
uses tin-silver-copper (Sn3Ag0.5Cu) solder spheres with a diameter of 
200, 400, and 760 µm.

8069-32, Session 7

3D laser-induced single pulse 
microfabrication of silver nanoparticles in 
Vycor glass
E. A. Chutko, Institute on Laser and Information Technologies 
(Russian Federation); V. Gerasimova, Lomonosov Moscow 
State Univ. (Russian Federation); V. O. Kompanets, S. V. 
Chekalin, Institute of Spectroscopy (Russian Federation); N. 
Minaev, V. N. Bagratashvili, Institute on Laser and Information 
Technologies (Russian Federation)

In this report we present new approach to microfabrication of three-
dimensional areas doped with silver nanoparticles in silica glass using 
femtosecond laser.

To obtain 3D areas containing silver nanoparticles the silicate glass 
doped with silver oxide, is usually irradiated with Ti:Saphire laser and 
next heated to 600ºC. This approach requires multiple laser pulses 
irradiation with laser dose up to 7000 uJ per one spot. Consequently 
the size of the area with laser-formed nanoparticles greatly exceeds the 
size of laser beam waist.

In our approach, which allows local Ag nanoparticles fabrication 
per one laser spot, porous Vycor glass (Corning) with 4 nm pore 
diameter were doped with Ag precursors (AgFOD, ALDRICH) using the 
technique of supercritical impregnation in carbon dioxide. Impregnated 
Vycor glass samples were next irradiated with Ti:Saphire laser (tp=50 
fs, E=2 uJ). Laser beam was focused in the glass bulk with aspheric 
lens (NA=0.47) causing the decomposition of AgFOD and stimulating 
assembling of Ag atoms into nanoparticles. Ag nanoparticles were 
observed by measurements of plasmon resonance in absorption 
spectrum at l=420 nm. It was found, that Ag nanoparticles are formed 
effectively in Vycor glass matrix under single laser pulse. Further 
laser irradiation causes Ag nanoparticles degradation. Diameter of 
laser modified area (with “newborn” Ag nanoparticles) in Vycor glass 
matrix is about 2.5 um and is comparable with the laser beam waist 
diameter, which is equal to 2 um in our experiments. Absorption of 
laser-fabricated Ag nanoparticles at l=420 nm is about 160 cm-1, 
which is approximately an order of magnitude higher than obtained by 
traditional approach.

8069-33, Session 7

Process optimization to design Ti-indiffused 
Lithium Niobate channel waveguides for 
Machzehnder interferometer switch
G. Singh, S. Gupta, S. Bothra, V. Janyani, R. P. Yadav, Malaviya 
National Institute of Technology (India)

A diffusion process controlled modelling of Ti: LiNbO3 channel 
waveguide (of µm dimension) for MZI switching element has been 
presented. The effect of various indiffusion process parameters 
e.g. dopant strip thickness, lateral diffusion length, vertical diffusion 
length on the insertion loss has been taken care of to reduce switch 
losses. Transition losses in the curved waveguides of the structure 
are also minimized by selecting low less bend structures to increase 
overall performance of the switch. The computed results for switch 
performance are in good agreement with the published data.

8069-34, Session 7

The effect of laser fluence in gold-silicon 
nanoparticles aggregate produced by 
femtosecond laser radiation under ambient 
conditions
A. S. N. Mahmood, Ryerson Univ. (Canada)

The potential applications of metals and metallic nanoparticle 
nowadays are rapidly increased to a point where their usage exceeds 
the attention of other scientific fields. Several promising applications 
in mechanical, electronic, magnetic, and optical have witnessed 
of interest in understanding the fundamental of the mechanisms 
leading to nanoparticle generation. In this article, we study the basic 
mechanisms of the early stages of the ablation plume leading to 
generate gold-silicon nanofibrous structure using femtosecond laser 
pulses in air at atmospheric pressure. Different numbers of laser 
cycling were used to synthesis the nanofibrous structure with various 
dwell times. Improvement of optical properties was studied within 
visible wavelength. Electron microscopy (SEM), energy-dispersive 
x-ray (EDX) and transmission electron microscopy (TEM), analyses 
revealed that the nanofibrous structure form by the agglomeration 
of nanoparticles and their aggregates depend on the threshold-like 
pulse frequency, the kinetic energy of the rapid expansion of vapor 
produced by laser ablation and the different time solidification of the 
silicon and the gold to start nucleation. Moreover, the cycling time 
plays a significant role in the constituent (gold-silicon) nanostructure. 
Measured reflectance’s through Spectroradiometer show that their 
couplings of incident electromagnetic irradiations are improved 
greatly over the broad band wavelength range. Lower reflectance 
intensity obtained with high cycle number due to bulk quantity of gold 
nanoparticle agglomerate by fusion, and form interweaving fibrous 
structures that show certain degree of assembly. Moreover, when 
nanoparticles are sufficiently close together, interactions between 
neighbouring particles arise. So simply, when the long dwell time has 
created an intensive quantity of unique and homogenous distribution 
of nanofibrous structure, the dipole created by the electric field of 
light induces a surface polarization charge, which effectively acts 
as a restoring force for the free electrons. The cross-sections for 
absorption and scattering of incident radiation was mathematically new 
observation has a major potential aspects can be utilize in the third 
generation of solar cell applications (dye-sensitized solar-cell).

8069-35, Session 8

Gas-phase diagnostic by time-resolved 
rotational coherent anti-Stokes Raman 
spectroscopy
T. Seeger, Univ. Siegen (Germany); A. Leipertz, Friedrich-
Alexander-Univ. Erlangen-Nürnberg (Germany)

Dual-broadband pure rotational CARS (RCARS)is nowadays a well-
developed gas phase measurement technique. In dual-broadband 
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RCARS, S-branch rotational Raman transitions are excited resonantly 
by the difference of two pump lasers beams provided typically by a 
single broadband dye laser. A narrowband probe laser is scattered 
from the excited Raman coherence, and a Raman shifted signal is 
emitted as a coherent beam. Temperature is encoded in the relative 
intensities of the rotational lines in the spectra. For high pressure 
applications and in sooting flames it is preferable in comparison to 
vibrational CARS (VCARS). Nevertheless there are challenges for 
technical applications due to stray light interference, soot emission 
or droplets. Beside this for diffusion flames also a strong, unknown 
and varying non-resonant background signal is contributing to the 
CARS signal. An overview of possible applications of time-resolved 
pure rotational coherent anti-Stokes Raman spectroscopy for different 
applications is demonstrated and its potential of for gas thermometry is 
investigated. The field of application covers studies on flame research 
especially sooting flames as well as its use in technical combustion 
systems e.g., for the determination of the gas-phase temperature in 
the vaporizing spray of a GDI injector. A new advantageous approach 
by using picosecond (ps) laser sources as a diagnostic tool is also 
demonstrated. By time-delaying the ps probe laser beam problems 
due to stray light interference, soot emission or droplets can be 
reduced tremendously of even eliminated.

8069-36, Session 8

A speckle-based CMOS sensor array for 
arbitrary surface movement detection
C. Wang, S. Tanner, P. Farine, Ecole Polytechnique Fédérale de 
Lausanne (Switzerland)

If a laser source illuminates a rough surface, an interferometry pattern 
called speckle is formed in the image plane. These speckles show 
a spatial frequency distribution which depend mainly on the optical 
properties of the system, such as wavelength of the laser, numerical 
aperture and optical distance. If the rough surface is displaced with 
respect to the image plane, in an ideal case the observed random 
speckles move over the image plane without changing their shape. The 
tracking of their movement can therefore be used to detect the surface 
movement. This approach has the advantage to work on virtually any 
surface presenting sufficient roughness. The speckle movement can 
be detected by means of a photonic sensor which is direction sensitive 
only to one spatial frequency corresponding to the speckle statistics. 
This motion detection principle was developed previously by Urban 
Schnell [1].

This paper presents the design and implementation of a CMOS sensor 
array suited for the detection of speckle movements. The array is made 
of eight direction sensitive sensors, working in pairs, so as to sense the 
four directions of 0°, 45°, 90° and 135°. Each sensor includes a pair of 
comb-shaped photodiodes with a pitch of 2.8 µm that form a spatial 
filter sensitive only to speckles having the corresponding movement 
direction and spatial frequency. The two comb filters are interlaced 
with a shift of 90° so as to give two signals in quadrature from which 
the movement direction can be extracted. The photodiodes are read 
out with an 80 dB amplification chain with offset compensation and 
fixed pattern noise (FPN) correction. The sensor array is used with an 
array of eight corresponding micro-lenses (diameter of around 300 µm) 
placed between the sensor and the laser-illuminated surface.

The eight sensors are read out at a rate of 64 kHz, and operated in 
a time-interleaved way, so that only one readout path is active at 
the same time, thus saving power. Integrated into a 180 nm CMOS 
process, the circuit active area occupies 1.9 mm2 and consumes 290 
µW at full speed. The direction and frequency of the eight quadrature 
signals are resolved externally by zero-crossing detection circuitry, 
allowing a maximal tracking speed of the surface of 0.25 m/s in normal 
mode, and a tracking accuracy of about 5 µm. A system-level speed 
estimator was developed, allowing to double the tracking speed while 
maintaining good accuracy. The developed tracking device was tested 
successfully. It performs good tracking on a large variety of surfaces.

[1] Urban Schnell. Applied statistical optics: White-light interferometry 
and detection of moving speckles. 1997.

8069-37, Session 8

Polarization gratings allow for real-
time and artifact-free circular dichroism 
measurements
P. Pagliusi, C. Provenzano, A. Mazzulla, G. Cipparrone, Univ. 
della Calabria (Italy)

Circular dichroism (CD) spectroscopy [1] is a special technique 
that provides unique information on chiral molecular structures by 
measuring their differential absorption with respect to the left and 
right circular polarization states of light. As is well known, chirality is 
important in biology, chemistry, and material science because it occurs 
in biomolecules (amino acids, sugars, DNA, and RNA) but also in 
synthetic chemicals and drugs.

Here we discuss an original and simple diffractive spectrographic 
method for CD measurements, which enables real-time acquisition 
and suppress the artifacts of the conventional CD spectrometers, 
introduced by anisotropic samples and nonideal optical elements 
[2,3]. The method exploits a single liquid crystal based cycloidal 
optical axis grating, recorded via polarization holography, whose first 
orders of diffraction have amplitudes that are proportional to the right 
and left circular polarization components of the light impinging on it 
[4]. We present the results of the CD measurements obtained with 
a demonstrator prototype of the spectrograph, in which the grating 
was a replica of the polarization hologram either in low molar mass 
liquid crystal or in a reactive mesogen. We demonstrate that, using 
unpolarized white light and the intrinsic spectral selectivity of the 
grating, the true CD spectrum is evaluated in parallel in the spectral 
range of interest from the intensities of the two diffraction orders.

References
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Principles and Applications, eds. Wiley (2000)
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8069-38, Session 8

Elastic light scattering from a glass 
microsphere on a glass optical fiber and 
coated by nematic liquid crystal
U. S. Gokay, H. Yilmaz, A. Serpengüzel, Koç Univ. (Turkey)

90° elastic light scattering from high refractive index glass 
microspheres have been performed in the near-infrared 
telecommunication bands. The high refractive index glass 
microspheres were placed on a single mode optical fiber coupler and 
immersed in nematic liquid crystal. The refractive index of the nematic 
liquid crystal can be modulated in order to control the morphology 
dependent resonances of the glass microsphere for possible 
optoelectronics device applications.

8069-39, Session 8

Application of an optical element to 
increase the power density of laser beam
M. Zabetian, M. H. Saidi, M. S. Saidi, M. B. Shafii, Sharif Univ. 
of Technology (Iran, Islamic Republic of)

Beam expanders are used extensively to decrease the diversity of 
laser beams. This leads to reduction in power density but gives a more 
parallel beam in the far field. The present work uses the laser beam 
to illuminate a flow field in order to excite the suspending medium. To 
achieve a considerable migration velocity due to radiation pressure 
effect, usually micro-lenses are placed to make a spot at the specified 
position. The main drawback of this method is its limited exciting area. 
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In this study, an optical element is designed to operate as an inverted 
beam expander. This device can adjust the beam diameter from the 
nominal output of laser head to the one-fifth. Using this device, the 
power density of mentioned laser source can be increased by the 
second power with respect to the beam diameter. This method is 
useful in small beam propagation usually used in optical manipulation 
of microscopic objects. In order to assess the beam quality, a series of 
experiments were designed and implemented. The results show that 
the device can be used successfully to increase the power density of 
the laser beam and it could be an alternative for higher power laser 
sources in optical micro-manipulation.
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