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Project objectives 
In the frame of NANOS4 (web site http://www.nanos4.org) solid state Metal Oxide (MOX) sensors selective and 
stable have been prepared by considering top-down and self-assembled bottom-up approaches: 

1. Single crystal and stable nanobelts of In2O3, SnO2 and ZnO have deposited by vapor phase transport 
process via catalyzed epitaxial crystal growth over pre-seeded substrates (self-assembled bottom-up). 
Innovative methods for selective patterning and removal of NWs allowing direct integration into devices 
have been developed. The devices have been transferred over micromachined hotplates heater 
substrates based on silicon-on-insulator (SOI). Beside, to overcome the contacting difficulties, the 
feasibility of producing optical based sensors has been demonstrated. 

2. MOX thin films have been prepared patterned by optical and FIB nanolithography to produce devices as 
nanowires and nanodots (top-down).  

3. ZnO, SnO2, TiO2, In2O3 nanocrystals and nanopowders have been prepared as colloids and by hot 
injection techniques 

4. Other bottom up techniques have been explored as electron beam evaporation and hydrothermal and 
electrochemical synthesis 

Materials development has been supported by a wide range of morphological and physico-chemical 
characterisation techniques like HRTEM and Raman. Beside theoretical aspects of gas-surface interactions and 
electrical models has been developed. 
The newly developed technologies have been benchmarked towards more state-of-the art technologies and 
established commercial products. A few among state-of-the-art benchmarking materials have been optimized and 
kept inside the final arrays. 
Gas sensor arrays were embedded into tiny micro reactor systems and operated by micro-pumps in an active 
sampling mode. A portable micro reactor sensor array has been developed, which proves to be a promising 
device and is expected to qualify for commercial applications after further development.  
Photoactivation has been investigated with the aim of reducing sensor operation temperatures and improving 
selectivity by inducing adsorption/desorption of target gas species at well defined surface state energy. A field 
emission lamp based on micro machined silicon tip array covered by nano reticule carbon and different 
phosphorous materials has been designed and implemented.  
As for sensor performance degradation possible candidates for MOX-surface poisoning - which can be present in 
the operation ambient - were chosen to be investigated.  No appreciable degradation of sensor performances in a 
concentration range compatible with applications was detected. 
A sensor database has been established consisting of information about main response gases and gases with 
lower sensitivity of each characterized sensor (benchmarking and newly developed sensors). A graphical user 
interface provided by a chemometric technique - (PCA) principal component analysis –, based on the measured 
results in the database, proposals of sets of sensing layers and sensor operation conditions most suitable for the 
specific target application envisaged 
The industrial partners involved in the project have assembled during the first year a comprehensive Definition 
Requirement Document covering the different target applications and the specifications of the gas sensors. Nine 
applications have been defined: Fire Detection (AOA), Aircraft Early Fire Detection (EADS), Cabin Air Monitoring 
(EADS), Upper-air soundings of ozone (VAI), Industrial safety measurements of ozone (VAI), Oxygen 
measurements in semiconductor and gas production (VAI), Industrial safety measurements of carbon monoxide 
(VAI), Combustion (UB) and Environmental monitoring of bad odours and nuisance (SACMI).  
Sensors underwent mechanical and environmental stability tests with the aim to determine stability versus 
vibrations, acid environment, accidental falls and other possibilities that may occur in sensors system 
applications. Sensors endowed with a cap passed mechanical and environmental tests. 
A test protocol for functional testing and validation of devices has been prepared. Five prototypes of a 
multipurpose sensor system has been designed and built for in field tests, a completely autonomous instrument 
equipped with a measurement chamber (sensor chamber), a proper front end electronics, a pneumatic circuit 
(valves, pump, flowmeter) and a bundled software. Beside a multi-sensor detector system has been built 
especially for fire applications.  Field test campaigns have been carried out in chosen sites, for example the 
mockup of an Airbus A340 cargo bay, and best promising sensor arrays including N4 sensors were identified. 
Some applications, like Fire Detection, comprise a commercial sensor, i.e a straylight sensor. 
A list of the application segments covered by business opportunity survey has been prepared by the industrial 
partners enclosing an indication of the total market potential. Application segments inside and outside the 
consortium have been identified. A production business plan was prepared for three selected production 
processes: thin films by IPM, nanowires by INFM and nanopowders by IMM. The IPR support team carried out an 
inquiry into the scientific and patent literature in order to compare the technical results of the project with the state 
of the art of technology. Other dissemination measures put in action are: Internet through a web homepage 
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http://www.nanos4.org, presentation at scientific conferences, workshops, publications in magazines and 
specialised journals.  
Coordination has successfully ensured a timely delivery of results, components and subassemblies to assure a 
smooth workflow in and between the different WPs.  
 

Contractors involved 
Coordinator details 
Prof. Giorgio Sberveglieri 
SENSOR  Laboratory (http://sensor.ing.unibs.it) 
INFM -Dipartimento di Chimica e Fisica per l'Ingegneria e per i Materiali 
University of Brescia , Via Valotti, 9 , 25133 BRESCIA , Italy 
Tel + 39  030 - 3715771 ; Mobile + 39 335 - 395005  ;  Fax +39 030 - 2091271 
e-mail  sbervegl@sensor.ing.unibs.it 
 
 

No -
Type 

Name 
-Country 

Contact Person Main role and function Main added 
complementary skills, 
roles, and resources for 
the consortium 

1- RES INFM-I 
 

Prof. Giorgio Sberveglieri 
sbervegl@sensor.ing.unibs.it

Coordination. Selection and 
deposition of suitable materials and 
arrangements. Sensors electrical, 
optical and functional 
characterisation. Pattern 
Recognition. 

+ Semiconductor Surface 
Physics  
+Material Phys 
characterisation (AFM,SEM) 

2 -IND EADS -D Dr. Gerard Müller 
gerhard.mueller@eads.net 
 

Development of gas sensing 
microsystems;  supplier of  
microsystem components to 
consortium partners; Gas sensor 
characterisation; Rapid prototyping 
tool for gas sensor arrays; 
Preparation of GaN-based substrates 
for deposition of metaloxide films, 
structural and electronic 
characterization, preparation of 
substrate layers and metal oxide thin 
films for photoactivation. 

+  User/End User. 
+ Microsystems design and 
prototyping. 
+Exploration of novel device 
architectures based on III-
nitride materials; 

  WSI-D 
(EADS 
subcontr
actor) 

 Basic service for characterisation of 
photoactivation effects.  
 

+photoactivation with   III-
nitride light sources  

3- IND VAI-FI Dr. Veli-Pekka Viitanen 
Veli-
pekka.viitanen@vaisala.com 
 

Characterization of sensor 
performance. Sensor field test and 
manufacturer for industrial process 
monitoring devices 

+ User 
+ Environmental testing 
+ Market knowledge 

4 -SME LISA-I Dr. Sandro Birello  
praxi.consulting@virgilio.it 

Environmental and field 
characterisation of sensors 

+User 

5- IND SACMI-I Dr. Andrea Bresciani 
andrea_bresciani@sacmi.it 

Preparation of sensors. Development 
of readout electronics and signal 
processing. Odour nuisances 
requirements lab and field tests 

+Electronic Noses 
+User 
 

6- SME AOA -D Dr. Johannes Kreutle  
johannes.kreutle@aoa-
gauting.de 
 

Definition of requirements for smoke 
and fire sensors. Integration of 
sensors and sensor arrays. Smoke 
and fire tests. Evaluation of test 
results. 

+ Numerous testing facilities 
+ System Integrator 

  (AOA 
subcontr
actor) 

 Basic service for in field fire warning 
tests in coal plants 

 

mailto:sbervegl@sensor.ing.unibs.it�
mailto:sbervegl@sensor.ing.unibs.it�
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No -
Type 

Name 
-Country 

Contact Person Main role and function Main added 
complementary skills, 
roles, and resources for 
the consortium 

 NTS-D 
(AOA 
subcontr
actor) 

 Service facilities for in field test of fire 
sensors 

 

7- UNI UB -E Prof. J.R.Morante 
morante@el.ub.es 
 

Nanomaterials characterisation 
HRTEM, XRD and other physical-
chemical and functional 
characterisation. Patterning by 
Focused Ion Beam. Light source for 
photoactivated materials. Evaluation 
of test results. Reliability analysis 

+novel sensor architectures 
and modelling. 
+test and reliability 

 FAE 
S.A-E 
(UB 
subcontr
actor) 

 Basic service for packaging, 
assembly and integration of sensor 
arrays for harsh ambient, including 
Lab and field pollutants &post-
combustion test.  

 

8- RES IMM-
CNR -I 

Dr. Pietro Siciliano  
pietro.siciliano@ime.le.cnr.it 
 

Deposition of suitable materials and 
optical patterning. Sensor functional 
characterisation.  

+ Morphological and structural 
characterisation 
+ Pattern Recognition 

9 -RES FhG-IPM 
-D 

Dr. Jürgen Wöllenstein  
juergen.woellenstein@ipm.fh
g.de 

Development of suitable patterning 
techniques for nano materials. Novel 
bulk and micromachined low power 
substrates, Modelling and simulation 

+Preparing of gas sensitive 
layers. 
+Sensors functional 
Characterisation 

10- UNI INPG -F Dr.Thierry Pagnier 
thierry.pagnier@lepmi.inpg.fr 

Structural characterization of 
nanocrystalline material; 
Characterization of the sensing 
mechanism; Defects and stress 
mapping on films and devices. 
Raman spectrometers. Theoretical 
modelling 

+ESRF contacts 
+ Semiconductor Surface 
Physics  
 

 

mailto:thierry.pagnier@lepmi.inpg.fr�
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Work performed and results achieved 
Executive Summary 
The project was structured into ten WPs, of which WP1 User Requirements and Specifications dealt with the 
assessment of user requirements as well as of system and component design specifications. The applications 
developed are directly related to the companies’ core activities. The industrial partners involved in the project 
have assembled during the first year a comprehensive Definition Requirement Document covering the different 
applications and the specifications of the gas sensors. Nine applications have been defined: Fire Detection 
(AOA), Aircraft Early Fire Detection (EADS), Cabin Air Monitoring (EADS), Upper-air soundings of ozone (VAI), 
Industrial safety measurements of ozone (VAI), Oxygen measurements in semiconductor and gas production 
(VAI), Industrial safety measurements of carbon monoxide (VAI), Combustion (UB) and Environmental monitoring 
of bad odours and nuisance (SACMI). A test protocol for functional testing and validation of devices developed 
inside the project has been prepared. Afterwards WP1 activity has ended. At the end of M6 Deliverable D2 
Specification Report has been issued and Milestone M1.1 Assessment Requirement Specification Document 
delivered. The WP1 output served as an input to WP2 for selection of most promising materials, to WP3, WP6 
and WP8 as test protocols for functional characterisation and lab and field measurements. 
 
WP2 Sensing materials & substrates dealt mainly with preparation of innovative materials and substrates for 
gas sensing and WP3 Physico-Chemical and functional characterisation with their functional, physico-
chemical characterisation and sensor performance degradation. Functional characterisation of innovative 
materials developed has been carried out deeply in order to optimize sensor preparation and compare results with 
state of the art sensors. 
Activity has dealt with preparation of innovative gas sensing metal oxides capable of providing high sensitivity, 
structural stability and low sensor drift. As scheduled both bottom-up and top-down approaches have been 
studied. Table 1 reports each material, technique and involved partner for the bottom up approach 
 

SENSORS’ MATERIAL  TECHNIQUE TYPE PARTNER 

In2O3 nanowires Vapour Liquid Solid Bottom up INFM 

SnO2 nanowires Vapour Liquid Solid  Bottom up INFM 

ZnO nanowires Condensation/evaporat
ion 

Bottom up INFM 

WO3 nanostructured Innovative evaporation 
of  thin films 

Bottom up INFM 

SnO2 and ZnO nanocrystals colloids Bottom up IMM-CNR 

ZnO, SnO2, TiO2, In2O3 
nanopowders hot-injection techniques Bottom up IMM-CNR 

SnO2 (Sb) Electron beam 
evaporation 

Bottom up EADS 

SnO2 nanoparticles Nanotemplates Bottom up UB-EME 

TiO2 
Electrochemical  

synthesis 
Bottom up UB-EME 

SnO2 and TiO2 Hydrothermal synthesis Bottom up UB-EME 

Table 1 Innovative gas sensing metal oxides prepared during the project by bottom up approach 

 
As regard quasi monodimensional oxides, nanobelts of MOX have been deposited at INFM by Vapor Phase 
Process. INFM deposited meshes of nanobelts of tin, indium and zinc oxides over alumina substrates. Activity has 
been spent to solve the technological issue of metal contact deposition. As a matter of fact preparation at high 
temperature (>1000°C) requires post selected etching of NBs to open substrate regions for deposition of weldable 
metal pads. Mechanical removing was selected as first approach. An innovative selective lift-off technique has 
been implemented by INFM during the third year for effective integration of NWs into gas sensors, based on self 
catalytic and metal catalysed growth of nanowires. The selective removal of metal oxide nanobelts has been at 
the same time achieved at IMM following the silicon oxide sacrificial layer procedure.  Optimized procedures to 
establish two and four electrical contacts over single nanobelts have been implemented by FIB at UB to prepare 
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nanowire-based FETs where nanowire acts as a conducting channel that joins a source and drain electrode. The 
entire assembly rests on a thin oxide film which, itself, lies on top of a conducting (p-type Si) gate electrode (back 
gate configuration).  
INFM made extensive use of SEM-FEG for imaging and STEM for structural investigations during preparation of 
nanobelts. Detailed physico-chemical characterization was carried out at UB by TEM and HRTEM to determine 
properties of nanostructures taking into account their size, crystallographic characteristics and surface 
performances. TEM analysis on SnO2 nanobelts showed that the nanowire-like structures generally presented a 
monocrystalline nucleus, but, in many growth conditions, they were also covered, partially or even totally, by 
clusters presenting other crystallographic structure. Electron diffraction investigation was carried out at INFM in 
order to determine the crystalline arrangement of the nanowires and the growth direction.  
The electrical work function and conductive response of meshes of nanowires and belts of SnO2, ZnO and In2O3 
to target species CO, NO2 and O3 has been examined with results comparable with benchmarking materials, but 
increased stability. Nanotransistor electrical characterisation was carried out at UB in presence of gases and their 
responses are similar to the meshes of wire.  
To overcome the contacting difficulties, the feasibility of producing optical and work functions based sensors has 
been demonstrated. The visible photoluminescence (PL) of tin and zinc oxide nanobelts is quenched by nitrogen 
dioxide at ppm level in a fast (time scale order of seconds) and reversible way. The He-Cd laser was successfully 
replaced by a UV LED (AlGaN/GaN, Roithner) at 330nm wavelength. The development of contactless selective 
devices is foreseen, integrating the UV source developed in WP 4.  
Surface functionalized metal oxide colloids by decomposition of metalorganic precursors and nanometric metal 
oxide powders by hot-injection techniques have been grown at IMM-CNR. A systematic studied was carried out of 
the influence of the synthesis parameters on size of surface functionalized metal oxide colloids.  A new synthetic 
procedure has been developed at IMM-CNR for preparing pure oxide uncapped nanopowders in the nanometer 
size range, which can be further dispersed and processed. The synthesis is simple, low-cost and can be scaled 
up. IMM made extensive use of SEM-FEG during preparation of colloids and powders. The hot-injected powders 
developed at IMM-CNR based on SnO2 have given encouraging results. In the case of colloids, the functional 
tests consisted in PL measurements in controlled atmosphere.  
The hot-injected powders were also being used for trying to set-up new gas-sensing principles, based on Raman 
and FTIR measurements in controlled atmosphere at INPG and IPM, respectively. A new much more luminous 
spectrometer for Raman measurements that works satisfactorily has been built at INPG to characterize powders 
(IMM) and nanobelts (INFM). M3.1 Effectiveness of instruments for structural and morphological characterization 
of mesoscopic materials (Month6) has been fully attained at Month15. Raman spectroscopy has been used to 
characterize sensor materials from other partners : nanowires from INFM (In2O3, SnO2) and nanopowders from 
IMM-CNR (In2O3, SnO2, ZnO). Comparison of Raman spectra indicate that nanowires are under compressive 
stress. Powders from IMM-CNR have been characterized before and during post-synthesis heat-treatment by 
Raman spectroscopy, thermogravimetric analysis and differential scanning calorimetry. For the first time, the 
spectrum of a pre-anatase TiO2 has been obtained. This study has helped to choose the right thermal treatment 
to eliminate all organic residues and still keep nanocrystalline powders. The Raman spectrum of SnO2 
nanopowder has been obtained as a function of temperature and oxygen partial pressure, showing new bands. 
The interactions of NO2 (100-1000 ppm in dry air) with nanocrystalline powders from IMM-CNR have been 
followed by in situ Raman spectroscopy as a function of temperature. Ab initio computations suggested that these 
new bands could originate from oxidized surface, and not stoichiometric surface. The effect of water vapor is to 
inhibit Raman spectra changes, either in the case of NO2 adsorption (less NO2 is absorbed) or in the case of O 
adsorption (the new bands observed at high temperature do not appear). It is proposed that H2O stabilizes the 
low temperature adsorbed species (O2 or O).  
IPM analysed adsorption/desorption processes of gas molecules on MOX surfaces by means of emission 
spectroscopy: a flow cell for mounting at the external port of the FTIR spectrometer was developed and tests 
toward ammonia performed.  
New synthesis, growth and deposition techniques have been applied at UB-EME. Nano structured sensing 
materials as SnO2, WO3, and also TiO2 have been obtained using nanotemplates and electrochemical 
techniques.  
At EADS has been carried out electron beam evaporation (EBE) and electrical characterization of innovative 
SnO2 films layers and layer-systems with different Sb doping concentrations and catalyst with high temperature 
thermal annealing afterwards.  WO3 samples have been deposited at INFM by means of a modified thermal 
evaporation method. Synthesis process has been carried out at high temperatures (600°C) in order to promote 
the stabilization of WO3 phases that can’t crystallize at lower temperatures. Both EBE and WO3 thin films have 
shown an improvement to the state of the art materials. 
Different synthesis procedures have been developed at UB, based on the use of mesoporous materials as 
nanotemplates, hydrothermal reactors, electrochemical deposition based methods and a new vapor liquid solid 
process based on a chemical vapor deposition reactor. 



NANOS4 Publishable Final Activity Report Section 1-Project objectives and major achievements  

 9

Beside as scheduled MOX thin films  have been prepared by sputtering and sol-gel and patterned by optical,  or 
ion beam –FIB- nanolithography to produce devices such as nanowires capable of providing high sensitivity, 
structural stability and low sensor drift (top-down). Deposited materials and involved partners are summarized in 
Table 2. 
 

SENSORS’ MATERIAL  TECHNIQUE TYPE PARTNER 

Sputtered metal oxide thin 
films FIB Top down IPM   & UB   

Sol gel deposited metal 
oxides thin films Optical lithography Top down IMM-CNR 

Table 2 Innovative gas sensing metal oxides prepared during the project by top down approach 

 
At IMM effective patterning of metal oxide thin films (SnO2, WO3, In2O3) deposited onto bulk substrates has been 
obtained by optical lithography to nanostripes. The patterning has been limited to 0.7 μm width and contacts 
deposited by FIB. Nanopatterned structure were realized into a complete gas sensors device, in order to test the 
performances in terms of response and response times. As for FIB processing at UB of top down sputtered films 
at FhG-IPM have been produced with a  control of the etch deep of the focus ion beam. 
Preparation of state-of-the-art gas sensing materials for benchmarking purposes was also scheduled during first 
year.  As a matter of fact at the beginning of the project the industrial partner identified the main gaseous target 
species in order to arrange promptly arrays of state of the art gas sensing materials as benchmark for 
applications. At the end of M6 Deliverable D3 Prototype devices for benchmarking purposes was issued. After the 
assessment of the applications and the issuing of deliverable D2, the same benchmarking materials have been 
introduced in arrays to detect target and nuisance species for different applications (at M11). A few among 
benchmarking materials have been optimized during the second year and kept inside the final arrays. They are 
SnO2(Au) for CO and In2O3-Fe for ozone at INFM, SnO2 for NO2  and SnO2-Pd for O3 at IMM-CNR. EADS made 
benchmarking efforts on commercial gas sensors applying the target gas species defined in WP1. 
As for substrates, EADS during first year analyzed disadvantages of previous micromachined sensor arrays and 
created a new sensor design with improved performance. Afterwards EADS finalized the new sensor design with 
improved performance and completed another production run. INPG studied temperature of substrates, from the 
wavenumber of the Si Raman band. Homogeneous temperature was found. FhG-IPM made electro-thermal FEM 
simulation of temperature with the software package FEMLAB (see below). 
Two micromachined sensor designs (single gas sensor and array for two sensors) were produced. 
Micromachined substrates with alternative designs were also supplied to the partners of the consortium 
(depending on the deposition process of the sensitive layer / nanowire), on which quasi monodimensional oxide 
has been transferred by nanomanipulation and contacted by FIB at UB. Beside IMM and EADS overcame the 
initial difficulties related to insufficient robustness that prevented effective deposition of colloids and powders, by 
micro-dropping of ceramic suspensions of the nanocrystals onto silicon micromachined substrates. Therefore 
M2.1 Deposition and effective patterning of innovative gas sensing materials on bulk substrates was reached at 
Month12, M2.2 “Deposition and effective patterning of mesoscopic gas sensors on micromachined substrates for 
use in down-stream workpackages” was reached at month24 and M2.3 Final prototypes of mesoscopic gas 
sensor arrays ready for use in down-stream WPs (Month30) was attained. 
In order to determine structural and morphological properties and electronic band characterization, EADS 
characterized own thin film layers and layers provided by the partners of the consortium with different 
measurement techniques: AFM, SEM, PDS, XRD, TEM, HRTEM. 
All the synthesized materials have been characterized at UB with detail using a wide spectrum of different 
techniques from HRTEM to the FTIR or Raman through many other techniques like CL, PL, XPS, XPS, etc. 
M3.1 Effectiveness of instruments for structural and morphological characterization of mesoscopic materials was 
reached at Month 12. 
As for sensor performance degradation possible candidates for MOX-surface poisoning - which can be present in 
the operation ambient - were chosen to be investigated and “M3.2 Main poisoning interactions identified 
(Month18)” has been reached. These compounds and their measured effects on metal oxide are: 

• Chlorine containing compounds like Cl2, HCL, Phosgene COCl2, NaCl  characterised at IPM and AOA. 
COCl2 as expected completely destroys the sensor response; indeed chlorine compounds are not among 
applications target or interfering species. Beside Thermo-desorption characteristic of the sensitive layer 
after switch-on of the heater shows significant variance between good and poisoned sensors. DC and AC 
characteristics of the sensor do not allow identification of sensor poisoning. 

• Sulphur containing compounds H2S, SO2 characterised at IPM. No appreciable degradation of sensor 
performances in a concentration range compatible with applications. 
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• Silicon containing compounds (HMDS) characterised at IPM and AOA. No appreciable degradation of 
sensor performances in a concentration range compatible with applications. 

• Effects due to NO2 adsorption at the sensor surface characterised at EADS. NO2 adsorbs irreversibly 
over the metal oxides surface in a wide temperature range, but surface cleaning by photoactivation and 
introducing unsaturated hydrocarbons or ozone on the sensor surface is effective. 

 
WP4 Photoactivation for novel sensor architectures dealt with investigating the effect of photoactivation on 
the electronic surface characteristics, on surface adsorption and on gas sensitivity. EADS analyzed consortium 
layers in the bandgap range by photothermal deflection spectroscopy measurements. EADS and INFM 
investigated the effect of UV light on NO2 photodetection and photodesorption verifying that desorption is effective 
at room temperature, making possible to develop a room temperature sensor in particular for WO3 based devices. 
UV photoactivation is effective with quasi monodimensional nanostructures and colloids as well.  
IPM performed measurements in order to investigate the influences of visible and UV-light on gas sensing 
mechanisms of thin film MOX sensors. As radiation sources LEDs emitting at different wavelengths were used. 
The photoelectric effect on the base line resistance in air is the main phenomenon observed during the 
investigations. The highest photoadsorption effect as well as the highest sensitivity to NO2 has been observed for 
WO3.  
EADS carried out gas response measurements with a Ga2O3 sensitive layer towards different target gases. 
Depending on the band gap of the metal oxide two different excitation wavelengths were used (345 / 255nm). 
M4.1 “Detailed understanding of photoactivation effects and design for sensors with enhanced performance 
(Month18)” has been reached. 
Beside UB-EME has designed a field emission lamp based on micro machined silicon tip array  covered by nano 
reticule carbon and different phosphorous materials;  INFM nanobelts and IMM nanopowders were incorporated. 
M4.2 “Integration of the photoactivation source (Month30)” has been reached. 
 
The target of WP5 Modelling and simulation was the theoretical modelling of mesoscopic gas sensors. The 
coordination of suitable simulation environment and interfaces of the involved partners for coupled simulation of 
the sensor was performed. INPG realized the code selection for ab initio computations and determined the 
calculation conditions (approximation kind, energy cut-off, pseudopotentials to use) of SnO2 and WO3 bulk. DFT, a 
method for the structure calculation and ab initio molecular dynamics simulations of molecules and solids, was 
used by UB and INPG to study SnO2 and WO3 surfaces in terms of adsorption of gaseous species and role of 
surface oxygen vacancies.  
The bond energy of atomic oxygen and CO adsorbed on SnO2 slab surface have been calculated at LEPMI. The 
forbidden bandgap has been calculated as a function of slab thickness and shows a strong dependence, 
especially for very thin slabs. The bandgap also depends on stress imposed to the surface. All these data indicate 
that ab initio results must still be taken with care. 
The main activity at UB was devoted to simulation of data mainly concerning molecules, NO2 and SO2, absorption 
and generation of vacancies at the surface or near the surface. Consequence of it on the CL and PL has 
extensively analyzed and discussed. 
Electrical resistance of nanostructure metal oxide in dependence of the oxygen coverage was determined by 
FhG-IPM. By solving electrical field over the domain, the free charge-carrier concentration was calculated.  
FhG-IPM developed a command file to create rapidly geometrical models of micro hotplate substrates provided by 
EADS. These models are used for electro-thermal FEM simulation with the software package FEMLAB. 3D 
models were implemented and discretisation tackled. The simulation part consisted of a static and transient 
electro-thermal simulation. In order to a check the simulation results, the device were electrical characterised. 
M5.1 “Complete model ready able to explain and predict sensor performances” was reached at Month30. 
 
Front-end electronics and pattern recognition enclosed in the system are the topics covered by WP6 Sensor 
arrays, front-end electronics & statistical pattern recognition. The development of a proper front-end 
electronics has been achieved at SACMI and AOA. The front-end electronics represent the connection between 
the raw signals from the sensor elements and the final data available for the elaboration on personal computers. 
Milestone “M6.1 Electronics prototype with control software” reached at month15. 
EADS established a sensor database consisting of information about main response gases and gases with lower 
sensitivity of each characterized sensor (commercial and partner sensors). EADS also started to create a 
graphical user interface that provided, based on the measured results in the database, by a chemometric 
technique - (PCA) principal component analysis – proposals of sets of sensing layers and sensor operation 
conditions most suitable for the specific target application envisaged. With the help of the rapid prototyping tool 
(chemometric software) and the sensor database, EADS identified the best working sensor setup for the given 
applications and tested the proposed sensor arrays in lab tests concerning its capabilities of distinguishing 
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different target and nuisance gases and their concentrations. AOA in the frame of the application ‘Early Fire 
Detection in Mobile Applications’ implemented  the Principal component analysis (PCA), as investigated by EADS 
on the microcontroller of the sensor platform. 
At INFM and IMM-CNR were developed software and standard chemometric techniques to be applied to the 
sensor array signals. 
For each application identified the consortium defined a suitable test gas protocol to validate sensor array in 
laboratories. The materials to be introduced in the sensor array have been selected on the basis of the 
preliminary screening. The list of candidate materials were open and updated following the development of 
innovative materials. M6.2 Complete sensor arrays capable of field testing was reached at Month24 and 
M6.3 “Sensor array with analogue and digital electronics” was reached at Month30 
 
In WP7 Sensor System Integration a multi purpose sensor system has been developed at SACMI. Five of the 
multi purpose sensor systems, a completely autonomous instrument equipped with a measurement chamber 
(sensor chamber), the electronic board developed in WP6, a pneumatic circuit (valves, pump, flowmeter) and a 
bundled software constituted by a chamber and a front-end electronics sensor chambers coupled to the front-end 
electronics, have been prepared and delivered to partners involved in characterization and used in WP8 Lab and 
Field Tests. Employing the same instrumentation to perform the characterization of arrays guaranteed more 
uniformity and reproducibility of acquired data. M7.2”Prototype of sensor systems suitable for lab and field tests” 
was therefore reached 
A multi-sensor fire detector system has been defined at AOA. The core of the sensor system was an array of 
three gas sensors, operated in a thermocycle. Output figure was the likelihood of fire, which was converted into a 
percentage value and combined with the reading of a photoelectric sensor to avoid potential false alarms  
EADS assembled advanced micro reactor systems and characterized their performance reaching in the first year 
M7.1 “Feasibility of micro reactor concept demonstrated”. Micromachined catalyst heaters were produced and 
sensing layers collected from the partners of the consortium. Micro reactors with heatable catalysts and micro 
reactor sensor systems have been intensively studied. Optimum operation conditions have been identified (air 
flow, gas exchange rates, and signal treatment). IMM and INFM devices were integrated into the micro-chamber. 
A portable micro reactor sensor array has been developed. This portable system proves to be a promising device 
and is expected to qualify for commercial applications after further development. 
 
LISA defined in WP8 Lab and Field Tests a group of mechanical and environmental tests according to device’s 
applications that were be accomplished following the requirements of EU legislation and recommendations.  
Afterwards LISA carried out mechanical and environmental stability tests on sensors developed in WP2 and 
systems produced in WP6, with the aim to characterize sensors behaviour an stability versus vibrations, acid 
environment, accidental falls and other possibilities that may occur in sensors system applications. Sensors 
endowed with a cap passed mechanical and environmental tests. M8.1 Mesoscopic sensors  mechanical and 
environmental stable was reached 
As for Fire lab and field tests, in close collaboration with AOA, EADS selected the best array as suggested by the 
rapid prototyping tool and performed field tests at a DLR fire testing facility in Trauen in northern Germany. In the 
field test campaign, a series of Fire and Non-Fire situation was performed in order to study the sensor response. 
Test fires have been performed with respect to international standards (EN54-7, UL268) which are used for 
testing Fire detectors. As the tests have been performed in a mockup of an Airbus A340 cargo bay, the test fires 
had to be scaled according to volume of the test facility. The separation of NF and TF scenarios becomes very 
clear by using a three component PCA with two MOX gas sensors and the straylight sensor. 
As for Air monitoring in aircraft and vehicles lab and field tests, EADS selected the best array as suggested by the 
rapid prototyping tool and performed, in close collaboration with another European project, ICE – Ideal Cabin 
Environment - field tests at the FTF (flight test facility) of the Fhg - IPB (Fraunhoferinstitut für Bauphysik) in 
Holzkirchen in southern Germany. During this test campaign (December 06 – February 07) 26 long distance flight 
simulations with about 40 participants attending each flight were performed under real environment conditions. 
Very promising results were obtained with a sensor arrays comprising two N4 sensor and a commercial one. 
IPM and VAI performed lab measurements for detection of CO in Industrial process control lab and field tests. 
The array discriminated CO and H2. 
INFM, LISA and VAI performed lab measurements for detecting ozone in Environmental and safety applications 
lab and field tests. WHT and SnO2 NW sensors were the most suited to detect ozone within the concentration 
range (70-560ppb).  LISA acquired a test site in a food-beverage packaging company, the Tetrapak Carton 
Ambient Italiana S.p.A. This Company develops and produces packaging (i.e. tetrabrik) for food & beverage 
applications.  
As for Nuisance odours lab and field tests, LISA performed a chemical characterization of the biogas with gas 
chromatography (GC-MS) in order to identify the substances in gas mixture that could generate a sensor’s 
response. N4 sensor array response sampled by SACMI was correlated to LISA biogas analysis. SACMI built a 
dynamic olfactometer in order to correlate the response of the human nose with the response of the sensors. 
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LISA carried out in-field tests in different landfills. Each landfill has installed a gas collection system using 
perforated vertical (wells) and horizontal pipes to collect the generated biogas. N4 sensor array and olfactory 
panels gave comparable results. 
IMM performed lab measurements for Combustion process control lab and field  tests. LISA in collaboration with 
Immergas company and UB (subcontracting activity to FAE)  carried out field detection of exhaust gases from 
domestic boilers. N4 sensors were able to track CO and humidity during combustion and fail tests. 
M8.2 Mesoscopic sensor system performing for target applications was  reached 

 
As for Dissemination activities - WP 9 Exploitation and dissemination- a list of the application segments 
covered by business opportunity survey has been prepared by the industrial partners enclosing an indication of 
the total market potential. Application segments inside and outside the consortium have been identified.  
A production business plan was prepared for three selected production processes: thin films by IPM, nanowires 
by INFM and nanopowders by IMM.  
M9.1 Business opportunities for downstream commercial applications identified (Month 36) 
The IPR support team carried out an inquiry into the scientific and patent literature in order to compare the 
technical results of the project with the state of the art of technology. Other dissemination measures put in action 
are: Internet through a web homepage http://www.nanos4.org, presentation at scientific conferences, workshops, 
publications in magazines and specialised journals.  
 
WP 10  Coordination dealt with the coordination of the project as a whole. Coordination has succesfully ensured 
a timely delivery of results, components and subassemblies to assure a smooth workflow in and between the 
different WPs. M10.1 Kick-off meeting (Month1), M10.2 Follow-up meeting for assessment and evaluation of the 
development of the project (Month12, 18, 24) and M10.3 Project conclusion with no major contingency actions 
open (Month39) were fully reached 

WP1 User Requirements and Specifications 

WP1 Objectives  
Industrial partners will cooperate in assembling a comprehensive Definition Requirement Document describing 
the required sensor and sensor system functionalities needed in their individual target specifications. Individual 
partners will concentrate on their particular field of application. However, care will be taken to emphasize “slim 
technology” solutions to generate optimum value for minimum cost.  The work share between partners will be as 
follows:    

1. AOA: Early fire detection in mobile systems 
2. EADS: Aircraft early fire detection; aircraft cabin air monitoring  
3. UB: Pollutant emissions by domestic or industrial combustion, cogeneration plants 
4. VAI: Industrial process gas monitoring, refrigerant plants  
5. SACMI: Environmental monitoring of bad odours and nuisance 

Afterwards requirements for specs will be issued according to the Definition Requirement Document 
 

Del 
No 

Deliverable name WP 
no. 

Lead 
participan
t  

Delivery 
date 
 

D2 Report on Specifications  1 AOA M6 

 

Milestones and expected result  
M1.1 Assessment Requirement Specification Document issued (Month6) 

WP1 User Requirements and Specifications 
The industrial partners involved in the project have assembled a comprehensive Definition Requirement 
Document covering the different applications and the specifications of the gas sensors. Nine applications have 
been defined: Fire Detection (AOA), Aircraft Early Fire Detection (EADS), Cabin Air Monitoring (EADS), Upper-air 
soundings of ozone (VAI), Industrial safety measurements of ozone (VAI), Oxygen measurements in 
semiconductor and gas production (VAI), Industrial safety measurements of carbon monoxide (VAI), Combustion 
(UB) and Environmental monitoring of bad odours and nuisance (SACMI). The application refrigerant plants (main 
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target species: NH3) was cancelled since VAI was out of the business and replaced by Environmental and safety 
applications lab and field tests, including O3 and CO sensor testing in monitoring. For each application, save the 
Oxygen measurements in semiconductor and gas production that was classified as second priority, the 
consortium defined a suitable test gas protocol to validate sensor array in laboratories. 
At the end of M6 Deliverable D2 Specification Report has been issued and Milestone M1.1 Assessment 
Requirement Specification Document delivered. 

WP2&3 Sensing materials & substrates / Physico-chemical and functional 
characterization 

WP2 Objectives  
1. Preparation of innovative gas sensing metal oxides based on quantum-confined mesoscopic structures 

such as quantum wires capable of providing high sensitivity, structural stability and low sensor drift. The 
mesoscopic structure will be obtained by CVD and Vapour Phase Evaporation (VPE) or by patterned 
deposition techniques through optical, ion and electronic nanolithography. 

2. Preparation of state-of-the-art gas sensing materials by sputtering and sol-gel for benchmarking 
purposes. This task will involve the preparation of more traditional thin films based on nano-crystalline 
binary and mixed oxide compounds such as SnO2, In2O3, Fe2O3, MoO3/TiO2, MoO3/WO3, 
CrxTiyO3+z. 

3. Preparation of bulk substrates with nano-patterned and seeded surfaces capable of promoting growth of 
nanowires of metal oxide by CVD and VPE. Preparation of GaN and AlGaN substrates with controlled 
electronic properties for deposition of metal oxide gas sensitive layers. 

4. Preparation of micromachined silicon and/or silicon carbide substrates for the deposition of low-power 
consumption gas sensor arrays 

 

Del 
No 

Deliverable name WP 
no. 

Lead 
participan
t  

Delivery 
date 
 

D3 Prototype devices for 
benchmarking purposes 

2 INFM M6 

D13 Deposition, growth and 
patterning of innovative gas 
sensing materials on micro- 
and nano-engineered 
substrates       

2 INFM M18 

D22 Final report on new 
substrates and sensor arrays 

2 EADS M30 

D23 Prototype devices of sensor 
arrays based on innovative 
gas sensing materials and 
techniques 

2 EADS M30 

 

Milestones and expected result  
M2.1 Deposition and effective patterning of innovative gas sensing materials on bulk substrates (Month12) 
M2.2 Deposition and effective patterning of mesoscopic gas sensors on micromachined substrates for use in 
down-stream workpackages (Month18)  
M2.3 Final prototypes of mesoscopic gas sensor arrays ready for use in down-stream WPs (Month30) 

 

WP3 Objectives  
1. Structural, morphological, chemical composition and electronic band probing of mesoscopic materials. 
2. Functional characterisation of innovative gas sensing materials using test gas rigs.  
3. Study and assessment of reversible and irreversible poisoning interactions of gas sensitive materials. 
4. Feedback to WP2 for optimization of materials. 
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Del 
No 

Deliverable name WP 
no. 

Lead 
participan
t  

Delivery 
date 
 

D6 Assessment of sensor 
poisoning interactions 

3 IPM M18 

D7 Functional characterisation 
of mesoscopic gas sensing 
materials   

3 INFM M18 

D8 Physico-Chemical 
characterisation of 
mesoscopic gas sensing 
materials   

3 UB M18 

 

Milestones and expected result  
M3.1 Effectiveness of instruments for structural and morphological characterization of mesoscopic materials 
(Month6) 
M3.2 Main poisoning interactions identified (Month18) 

 

WP2&3 Preparation and characterisation of innovative gas sensing metal oxides 
 

SENSORS’ 
MATERIAL 

TYPE TECHNIQUE PARTNER 

In2O3 
nanowires 

Bottom 
up 

Vapour Solid/ Vapour 
Liquid Solid INFM 

SnO2 
nanowires 

Bottom 
up 

Vapour Solid / Vapour 
Liquid Solid INFM 

ZnO 
nanowires 

Bottom 
up 

Vapour Solid / Vapour 
Liquid Solid INFM 

WO3 
Bottom 

up 
Innovative evaporation of  

thin films INFM 

ZnO 
nanorods 

Bottom 
up 

Evaporation of Metal 
Oxide Powders IMM-CNR 

SnO2 and 
ZnO 

nanocrystals 

Bottom 
up colloids IMM-CNR 

ZnO, SnO2, 
TiO2, In2O3 

nanopowders 

Bottom 
up hot-injection techniques IMM-CNR 

SnO2 (Sb) Bottom 
up 

Electron beam 
evaporation EADS 

SnO2 
nanoparticles 

Bottom 
up Nanotemplates UB-EME 

TiO2 
Bottom 

up 
Electrochemical  

synthesis UB-EME 

SnO2 and 
TiO2 

Bottom 
up Hydrothermal synthesis UB-EME 

SnO2 and 
TiO2 

Bottom 
up Macroporous template  IPM 
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Sputtered 
metal oxide 

thin films 

Top 
down Ion litography 

IPM 
(deposition) 

& UB 
(patterning) 

Sol gel 
deposited 

metal oxides 
thin films 

Top 
down Optical lithography IMM-CNR 

Table 3: Innovative gas sensing metal oxides prepared by the partners  

In2O3, SnO2, ZnO nanowires 
Quasi monodimensional oxides, nanowires and nanobelts of MOX have been deposited at INFM by Vapor Phase 
Process. We have deposited meshes of nanowires/nanobelts of tin, indium and zinc oxides over alumina 
substrates. The deposition techniques used are very simple and cheap, the surface to volume ratio is very high, 
the nanowires and nanobelts are single crystal and basically stable, the faces exposed to the gaseous 
environment are always the same and the size is likely to produce a complete depletion of carriers inside the belt. 
Activity has been spent to solve the technological issue of metal contact deposition, as reported in the following 
paragraph. As a matter of fact preparation at high temperature (>1000°C) requires post selected etching of 
nanostructures to open substrate regions for deposition of metal pads.  
Since the direct growth on EADS substrates was damaging the contacts, the nanowires of indium and tin oxide 
were manipulated and transferred from the original alumina substrate to the micromachined substrates provided 
by EADS. 

 

 
Figure 1 Experimental apparatus for the synthesis of metal oxide nanowires via vapour phase process. 

 
The experimental apparatus for vapour phase process has been designed and set-up (Figure 1). It is composed 
of a tubular furnace with 1600°C as maximum heating temperature, alumina tube, low vacuum pumping system, 
gas injection system with precise flow control. The apparatus is computer-controlled and an application has been 
developed to make the deposition process fully automated. The deposition process was optimized to obtain 
nanowires and not 3D structures. Best operation conditions are critically dependent upon the material to be grown 
in form on nanowires.  
An innovative methodology for the deposition of zinc oxide has been implemented. The deposition is carried out in 
a vacuum stainless steel chamber with a heating system that can reach 900°C, zinc powder is heated at 550°C in 
vacuum with a flux of Ar and O2 at a pressure of 200mbar. The alumina substrates are kept at 550°C. The 
morphology of the nanowires is strongly dependent on the oxygen partial pressure. 
An innovative selective lift-off technique has been implemented at INFM during the third year for effective 
integration of NWs into gas sensors. 
A sketch of the production process is depicted Figure 2. 
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Figure 2 Layout of sensor preparation based on VLS nanowires growth on alumina substrates patterned 
with SiO2 sacrificial layer. 

 
The preparation of metal oxide nanowires gas sensor over bare alumina ceramic substrates 2x2x0.25mm in size 
can be rationalised in the following steps: 
 

1. Patterned deposition of sacrificial SiO2 thin layer on the substrate 
2. Patterned deposition of catalyst 
3. Nanowire growth on substrate region patterned with catalyst 
4. Removal of sacrificial SiO2 layer 
5. Sputtering deposition of adhesion layer, platinum heating meander and platinum contacts 
6. Bonding of gold wires between the Pt contacts on the substrate and the pins of the 

microelectronic case (TO-5 or TO-39) 
7. Aging of devices 

 
Scanning electron image of the entire process is reported in Figure 3. Selective removal of SiO2 layer is clearly 
visible, that allows a clean surface for Pt contacts and heater deposition. Nanowires are not damaged by HF acid, 
in terms of their shape, size and density. 
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Figure 3 SEM pictures of the sensor after nanowire growth before (top left) and after (top right) removal of 
SiO2 sacrificial layer. Bottom: particular of the sensing region exhibiting the sensing wires unattached by 
HF and the clean region ready for deposition of Pt contacts. 

One further technique for removal of metal oxide nanobelts has been developed at IMM. It consists on the 
patterning of metal oxide nanobelts deposited by INFM. Some alumina substrates with tin oxide nanobelts grown 
on top have been processed to verify the possibility to implement the etching process already defined for other 
thin film devices. The SEM pictures (Figure 4) demonstrate the feasibility of the process; it is clear that the 
sensitive film area covered by platinum electrical contacts deposited onto nanobelts, are protected from etching 
process; in any case nanobelts not protected from metal deposition are selectively etched.  
 

  

Figure 4: Tin oxide nanobelts grown onto alumina substrates (left) and the substrate after 
etching process (right). 

The synthesis processes for obtaining the different metal oxides 1D nanostructures have been assessed from the 
morphologic and structural analysis of the fabricated nanostructures carried out at UB. In this frame, technical 
procedure to manipulate the 1D nanostructures has been implemented at UB. In this scenario, HRTEM has 
allowed to analyze single nanostructures determining their morphology but also their structure. Transmission 
Electron Diffraction, TED, together with the High Resolution Transmission Electron Microscopy have been used 
as basic tool to determine crystallographic phase, growing lattice direction, lateral lattice faces and presence of 
defects. Likewise, complementary tools have been applied as EELS, z-contrast and convergent beam methods 
have also been used as useful combined with field emission scanning microscopy equipped with cathode 
luminescence or other alternative microscopy’s as that based on  near optical field. The main advantages of these 
characterizations methods against other standard techniques that have also been applied as XRD, Raman, XPS, 
PL, are based on the availability to analyze individual nano structures like nanowires, nanobelts, nanocrystals or 
3D networks of nanocrystals.  
For SnO2 nanowires has been probed that in some case there exist another phase, orthorhombic, than the 
standard cassaterite, which is related to the high stress at nanoscale during the growth as well as limitation effect 
of the oxygen diffusion during the growth process.  In2O3, ZnO, TiO2 or WO3 have also been analyzed with detail. 
Aside of this above pointed out features, the crystal are like almost perfect monocrystal with a well defined 
faceting which corroborate an excellent stability of these nanostructures. 
 

 

Figure 5 HRTEM and related TED on two very thin ZnO nanowire (thickness of the wires ~ 30-40 nm). 
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The NW structures determined by other techniques were confirmed by Raman spectroscopy at INPG. It has been 
impossible to measure the Raman spectrum of adsorbed species on NW, probably because of a low amount of 
adsorbed gases due to the hollow nature of the NW films and their high crystallinity. 
The meshes of nanowires were characterized at INFM with the volt amperometric technique towards different 
gases such as carbon monoxide, nitrogen dioxide or alcohols at different operating temperatures. The response 
spectra depend on the material and on the nanowires dimensions. There is an enhancement of the response 
decreasing the nanowires diameter as showed in Figure 6 and Figure 7.  
Furthermore addition functional tests were performed with Kelvin probe that gives information about the contact 
potential difference (CPD) variation as a function of the surrounding atmosphere. For example as far as NO2 is 
concerned, the CPD signal variation increases with the operating temperature and it does not depend on relative 
humidity. There is a measurable signal also at room temperatures, proving that there is an interaction with the 
pollutants even at room temperature.  
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Figure 6: Response of zinc oxide nanowire 
with averaging dimensions of 15nm to square 
concentration pulses of acetone. 

Figure 7: Response of zinc oxide nanowire with 
averaging dimensions of 50nm to square 
concentration pulses of acetone. 

  

Figure 8: CPD signal variation as a function of 
the introduction of nitrogen dioxide for tin 
oxide nanowires 

Figure 9: Area under visible peak of ZnO nanowires 
as a function of NO2 concentration in dry air. 

The photoluminescence (PL) spectra of SnO2 and ZnO nanobelts are quenched by nitrogen dioxide at ppm level 
in a fast (time scale order of seconds) and reversible way. No peak shift was observed.  
The quenching of ZnO nanowires is observable from RT to 220°C, being maximum at room temperature. For 
SnO2 the maximum quenching is observed at 120°C. The best material for development of an optical gas sensor 
is therefore ZnO, since it works at room temperature. The effect of other interfering gases like humidity, ethanol, 
CO and ozone is small but present, except for CO that gives no signal. 
To realize a portable optical gas sensor based on this phenomenon we have used a UV LED (330 nm) as light 
source instead than He-Cd laser, and we are selecting a suitable photodiode to detect light. Figure 9 shows the 
results of NO2 dection at low NO2 concentration using UV led. Concentrations as low as 100ppb of NO2 were 
detected.   
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Different features in catalysis, chemical gas sensing and even in microelectronics are related with the surface 
electronic structure of metal oxide materials. Its control becomes fundamental and essential for the development 
of new functionalized materials and devices. The main reason for the lack of data or for the shortage of complete 
models on the surface mechanisms taking place in the metal oxides is the high difficulty to have ideal or nearly 
ideal single crystal surfaces in a reproducible way.  
 

 
Figure 10: Schematic of multiple-nanostructures-based gas sensor. 

Nanomaterials represent the natural bridge between single molecules and macroscopic bulk materials. Their finite 
size and limited number of electronic states arises a lot of restrictions for the transport mechanisms. Then, their 
electrical behavior is expected to present novel electrical and optical properties which can be used to fabricate 
nanodevices with improved capabilities.  
This is the case of small nanowires, which have well defined crystallographic directions as crystal surfaces as well 
as they are near a perfect monocrystal. No grain boundaries exist. Therefore, the electrical transduction effects 
induced by the adsorbed gas molecules onto the surface can straightforward be revealed by the electrical 
magnitudes of these single nanocrystals. In these framework, the majority of the experimental works concern gas 
sensor based on multiple nanostructures (see Figure 10). In these ones, a large number of these nanostructures 
are contacted and their electrical parameters estimated. This scenario is not straightforward to study the sensing 
mechanisms onto a single metal oxide nanocrystal.  
So, to study gas sensing mechanism onto one individual nanocrystal is a challenge. For this reason, a lithography 
process based on FIB technique has been developed during the NANOS4 project (Figure 11). Two- and four 
probe electrical measurements have been reported as powerful procedures for determining the features 
associated to the contact resistances. Likewise, to eliminate any influence of the contact values, AC impedance 
spectroscopy techniques have been reported how a powerful technique to measure the real electrical variables 
associated to the single nanocrystal.  
Ones of the main aims of the gas sensor researchers are: (i) to know and understand what happen by considering 
an individual almost perfect nanowire, instead a multiple association of nanoparticles or nanowires with many 
boundaries problems determining the electrical behavior and (ii) to have clear answer to the question about 
whether the nanostructure size can determine the final sensing behavior. However, to advance on it, it is needed 
to solve the problems concerning the electrical access on the nanostructures in a reliable way.  
 

 
Figure 11: Single metal oxide nanowire contacted using FIB. 

We have developed the application of the AC procedure performed on nanocontacts to study directly CO and 
humidity effects on a single metal oxide, like SnO2, nanocrystal. Gas sensor nanodevices have been fabricated 
following a bottom up process based on the use of an individual nanowire, SnO2 or ZnO, contacted with Pt stripe 
deposited with the focussed ion beam, FIB, machine. Gas test have been carried out using an experimental AC 
impedance measurement set-up where the nanosensors have been introduced in an adapted test chamber. 
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Likewise, the measured electrical parameters associated to the nanowire impedance have been obtained (Figure 
13:). They have been analyzed against nitrogen, pure synthetic air and CO and humidity diluted in synthetic air or 
nitrogen. High response has been found with measurement instability lower than 4% and CO concentrations as 
low as 5 ppm has been detected. So far we know it is the lower CO concentration level never detected using a 
single nanowire or, in other words, using a bottom up nanosensor based on an individual nanowire. Dependence 
on the nanowire radius and sensor response has been determined. 

 

Figure 12: Interaction mechanisms of N2 and O2 molecules with MOX nanowires. 

  

Figure 13: Influence of N2 on the AC impedance of single NW. 

  

Figure 14: Response of one single nanowire as a 
function of lateral nanowire dimension. 

Figure 15: Comparison of variation resistance due 
to gas-nanowire interaction among various kinds 
of sensors. Neat dependence on nanowires lateral 
dimension can be argued from experimental 
results. 

Finally, this procedure has been implemented on the developed hot plate by EADS (see Figure 16). 
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Figure 16: integration of single nanowire on EADS hot plate. 

WO3 innovative evaporation of thin films 
WO3 layers have been prepared at INFM by an innovative thermal evaporation method, based on direct 
evaporation of metallic tungsten wire in reactive atmosphere. Synthesis parameters effects on material 
microstructure and sensing capability have been studied by means of SEM, AFM, TEM and functional 
characterization towards different gases. Different samples have been prepared according to optimal synthesis 
parameters and have been tested within the lab and field test scheduled in the project. 
At low working temperature (100-200°C) these samples are highly sensitive to NO2 (the electrical resistance 
changes of one order of magnitude once the material is exposed to 20 ppb on NO2) with reduced cross sensitivity 
to reducing gases. At high temperature (450°C) the material revealed suited for ozone detection, both from 
sensitivity and stability point of view. 

Uncapped nanopowders by hot-injection techniques 
In parallel to nanowire preparation, an innovative methodology of synthesis of nanopowders has been set up at 
IMM. The aim of the activity was the preparation by innovative procedures of metal oxide nanopowders without 
any surface functionalization. The achieved procedure is new, and consists in the injection of a metal oxide sol in 
a hot (160°C) mixture of a coordinating solvent and an amine. Four systems have been investigated: ZnO, SnO2, 
TiO2, In2O3. During the project, the following noteworthy results have been achieved: 
a. The synthesis has been shown to be extremely general, and has been extended to a broad variety of other 

systems: Ga2O3, Fe2O3, NiO, Pd-SnO2, CeO2, metal ferrites and many more; 
b. The synthetic mechanism has been thoroughly investigated in cooperation with the other project partners 

through their characterization facilities. In this way, size-controlled and soluble, processable nanocrystals could 
be prepared; 

c. Thermal elimination of synthesis residuals does not result in excessive grain growth, so pure nanocrystals 
could be obtained at the end of the process; 

d. The final nanocrystals could be successfully processed by micro-dropping techniques onto micromachined 
substrates at UB facilities, providing sensors suitable for in-field tests. 

Some representative results of HRTEM investigations are shown in Figure 17.  
 

SnO2         TiO2          
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ZnO           In2O3         

Figure 17 : HRTEM images of the indicated powders, after heat-treatment at 500°C. 

The heat-treatment process of nanopowders (SnO2, TiO2, In2O3, ZnO, ZrO2, CdSe) prepared by IMM has been 
followed by in situ Raman spectroscopy at INPG. The organics degradation, coke oxidation and grain growth 
were studied as a function of oxide nature and grain size. Organics decompose between 200 and 250°C, 
producing coke at the oxide surface. The coke decomposition temperature is materials dependent, near 250°C for 
In2O3, 400°C for SnO2, and 800°C and more for ZnO. The particle size effect if of second order, biggest particles 
showing a higher coke consumption temperature. 
The adsortion of NO2 onto nanocrystalline powders of SnO2 and TiO2 has been followed in situ as a function of 
temperature in dry air. Various nitrite and nitrate species have been observed (Figure 18), their relative 
concentration being temperature dependent. A comparison of these results with electrical measurement by the 
other partners let us suggest that bidentate nitrite is mainly involved in the sensor response. 

 
Figure 18: Raman spectrum of SnO2 in contact with dry air /1000 ppm NO2 at 25°C 

The same experiments were carried out in wet (40% RH) air. The major effect of H2O is to reduce the amount of 
adsorbed NO2 and NO3 species. At 150°C, only the bidentate nitrite band could be clearly observed. This band 
disappeared at 300°C, in accordance with sensor response data which show a pronounced decrease of the 
response near 300°C in wet air. 
The transmission of nanopowders synthesised at IMM-CNR has been measured. For this the powders were 
pelleted in potassium bromide and dried at 80°C to minimise the adsorbed water. The pellets have been analysed 
with a Fourier-Transform-Infrared-spectrometer in the spectral range of 7000 to 200cm-1 and with a resolution of 
4cm-1. As reference the intensity of air (without pellet) and of pure potassium bromide have been used. 
Pellets with SnO2, In2O3, ZnO and TiO2 have been analysed and showed strong scattering that only made 
possible a qualitative evaluation of the powders. Specific absorption bands have been observed for SnO2 at 
3480cm-1, 2425cm-1, 1264cm-1 and 968cm-1, for ZnO at 2340cm-1, 2216cm-1, 1522cm-1, 1327cm-1, 1034cm-1 and 
984cm-1 and for TiO2 at 2340cm-1. As contaminations in the reference spectra absorption by water and the bands 
of hydrocarbons have been observed. The metal oxides showed characteristic transmission curves. 
While preliminary functional characterization of the first devices, prepared by simple drop-coating of the 
nanocrystals, displayed very interesting sensing properties, a full characterization was undertaken at IMM in 
collaboration with other partners and taking advantage of specific sensing-test facilities, like ozone-generators. 
The following points are noteworthy: 
a. The prepared nanocrystals display huge responses, ranging over several orders of magnitudes, to oxidizing 

gases (O3, NO2) even at room temperature, with very good response and recovery characteristics. In particular, 
In2O3 nanocrystals have been shown to be extremely responsive to ozone.  

b. Responses of a few orders of magnitudes have been obtained towards reducing gases at higher operating 
temperatures. As a whole, the prepared nanocrystals are very selective to the whole group of oxidizing or 
reducing gases, by a proper choice of the operating temperature.  
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c. The sensing mechanisms have been studied in cooperation with other partners, by combining basic electrical 
characterizations, cathodoluminescence and related Density Functional Theory (DFT) simulations, Raman 
spectroscopy and thermal analyses, evidencing clearly the importance of the surface concentration of oxygen 
vacancies in determining the sensing properties. 

Functionalized oxide colloids 
The objective of the work carried out at IMM was the setting-up of a new gas-sensing principle based on the 
change of the photoluminescence (PL) properties of surface-functionalized oxide colloids as a function of the 
gaseous environment. The attention was focused on the synthesis of a size series of surface capped ZnO and 
SnO2 colloids. A new synthetic route has been developed at IMM, and a systematic study was carried out on the 
influence of the synthesis parameters on the colloid size. The aims of the activity have been fulfilled by obtaining 
size controlled and luminescent nanocrystals. Figure 19 and Figure 20 show examples of HRTEM 
characterizations of selected nanocrystals, while shows the optical absorption and PL spectra measured on 
colloidal suspension in hexane. Both ZnO and SnO2 colloids display an intense blue emission. 

  

  

   

Figure 19: Surface functionalized SnO2 
nanocrystals: HRTEM image (A), SAED (B), 
HRTEM micrograph of a single SnO2 nanocrystal 
(C) and related FFT image (D). The mean size of 
the nanocrystals is about 3.5 nm. 

Figure 20: Surface functionalized ZnO 
nanocrystals: HRTEM image (A), SAED (B), 
HRTEM micrograph of a single ZnO nanocrystal 
(C) and related FFT image (D). 
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Figure 21: Optical absorption and PL curves measured on ZnO (A) and SnO2 (B) colloids. 
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SnO2(Sb) Electron beam evaporation 
EADS investigated material properties of electron beam evaporated thin film layers. The main focus was on 
single-crystal nano grains of SnO2. Dopants (Sb) and different catalysts were added during the production 
process to enhance the thermal stability, the sensitivity or the gas selectivity of the different layers. The different 
layer systems were tested with regard to two different applications: assignment as a metalization for MEMS, use 
as a gas sensitive material.  
Investigating the MEMS metallization application, the best production process of Sb doped SnO2 was identified 
(evaporation parameters, annealing temperature steps, patterning process). With the following electrical 
characterization the material proved to be an interesting metallization for high temperature MEMS applications. 
The thermal stability is sufficiently high up to temperatures around 1200°C. A lifetime estimation of about 10 years 
is calculated for operation temperatures of 950°C. 
Investigating the use as an innovative gas sensitive material the focus was on the morphology of the layer 
systems after annealing at different temperatures and their resulting gas sensitive behavior. In order to reduce 
sensor drift, caused by oxygen vacancies, thin film SnO2 layers were annealed at different oxidation 
temperatures. This high temperature annealing lead on the one hand to a reduction of the oxygen vacancy 
density and thereby to a more stable sensor baseline but on the other hand it also caused a decrease in sensor 
sensitivity and a dramatic reduction of the baseline conductivity of the sensing layer. In order to assure 
conductivity after high temperature oxidation, substitutional doping of SnO2 thin films was investigated.  
In order to learn more about the morphology of the electron beam evaporated SnO2 layers EADS produced 
different layer systems of Sn:Sb alloys and catalysts. During these new investigations the main focus was on the 
impact of different substrates and annealing temperatures on the film morphology. A parameter of special interest 
was the surface roughness of the substrates. Annealing of the layers at successively higher temperatures up to 
1100°C the average grain size of the SnO2 is systematically increased. Smoother surfaces also tend to increase 
the grain size.  
In order to determine structural and morphological properties and electronic band characterization, EADS 
characterized the above mentioned thin film layers and layers provided by the partners of the consortium with 
different measurement techniques: AFM, SEM, PDS, XPS, XRD, TEM, HRTEM. 
EADS investigated the thermal time constants of sensitive layers towards the different target gases and 
performed further functional characterization of innovative material provided by the partners of the NANOS4 
consortium: I vs. V measurements at different temperatures and response vs. temperature behaviour at different 
gas concentrations. 

Top down sputtered materials 
FhG-IPM investigated in collaboration with the UB a top down sputtering approach for gas sensors with nano-
sized gas sensitive metal oxide areas. Two Pt-electrodes are separated by a 5 µm gap and are connected via the 
deposited SnO2 – stripe. To analyze the structure of the deposited tin dioxide, samples for transmission electron 
microscopy (TEM) were prepared under the same conditions the SnO2 – stripes were produced. The SnO2 used 
in the experiments consists of crystallites with a size of 5 to 20 nm and its surface is very smooth. This makes a 
thin film layer fundamentally different from typical thick film layers where crystallite size is in the range of 50 nm 
and roughness is in the order of magnitude of 50 nm.  
Sensors in the Nanos4 project have been produced with the focus ion beam. Figure 22 shows a SEM picture of a 
nanostripe (100 nm width, 60 nm thick, 5 µm long) after the reduction of his size with the FIB. EDX analysis 
shows the presence of Ga-residues beside the nanostripe due to the FIB etching, this influences most likely the 
gas reaction of the SnO2-nanostripe. 
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Figure 22: SEM-pictures of a SnO2 - nanostripe 
after FIB – processing. The Gallium beam cut 200 
nm deep into the wafer thus removing the SnO2 – 
layer and also parts of the SiO2-surface. 

Figure 23: Comparison of the sensor response of a 
nano and a micro stripe to 5 ppm NO2 in synthetic 
air and a relative humidity of 50 % at room 
temperature. The results vary only slightly. 

The sensors were characterized electrically and their response during exposure to several test gases including 
O2, CO, NO2 and H2O was measured. The stripe used for the measurements is 60 nm thick, 5 µm long and 500 
nm wide. The size reduced versions of the same sensor layout with equal material characteristics were measured 
under exactly the same conditions. Nevertheless the results differ dramatically. Due to extraordinary effects 
caused most likely by the poisoning with gallium during the production process the results are not comparable. 
From a simple comparison between the conductivity of a micro – and a nano – stripe one would conclude a 
reduced conductivity by a factor of ten. Anyway, the conductivity of the nano – sized stripe is higher which can be 
explained by additional charge carriers induced by the gallium. A second effect of the contamination is the 
different behaviour with respect to the temperature. Figure 23 shows a comparison of conductivity of the mirco – 
and nano – stripe at different temperatures in synthetic air (80 % N2; 20% O2) with relative humidity of 50 %.  

Metal oxide nanostrips by optical lithography 
The aim of the activity at IMM was the patterning of metal oxide thin films on silicon substrate by optical 
lithography in order to obtain strips having a width ranging from 100 to 500 nm. The first step is the deposition of 
metal oxide thin films as TiO2, SnO2, In2O3, and WO3, followed by film masking with resist and subsequent etching 
procedure. Different wet etching procedures of different sensing material were implemented and another 
approach, based on silicon oxide sacrificial layer patterning by dry or wet etching, was also developed. Currently, 
strips of 0.7 microns can be obtained easily starting from 1 μm resist mask structures coupled with wet etching 
procedures. For obtaining even thinner strips, reactive ion etching procedures were also successfully applied, and 
nanostrips as thin as 100 nm were obtained in the case of TiO2. Representative examples of the results of such 
processes are shown in Figure 24 and in Figure 25. The TiO2 strips have been contacted with W wires in a 
preliminary route by means of FIB techniques. Since it is necessary to start from a film deposited on a bulk 
substrate, no patterning was foreseen for these structures onto the EADS substrates.  
 

  

Figure 24: FE-SEM image of SnO2 (left) and TiO2 (right) nanostrips obtained 
by optical lithography and wet and dry etching, respectively. 

 

  

Figure 25: FE-SEM image of In2O3 nanostrips obtained by optical lithography and wet etching 
procedures (left) and of TiO2 nanostrips obtained by optical lithography and dry etching procedures 
(right). The TiO2 strips are 90 nm wide and a tungsten contact deposited by FIB is also shown. 

 
The research activity related to metal oxide nanostrips realized by optical lithography was then addressed to 
integration of realized nanopatterned structure into a complete gas sensors device, in order to test the 
performances in terms of response and response times. To this aim a specific fabrication process onto silicon 
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substrate has been developed and complete gas sensors fabricated. The functional characterization results 
reported in the following section are related to such final devices. 
The enhanced response of nanostructured gas sensors has been assessed by means of controlled environment 
gas sensing test of two different devices; the first one which presents a solid thin film structure and the second 
one with identical film but patterned as nanowire array. The experimental results towards EtOH vapours are 
reported in Figure 26. 
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Figure 26: Gas sensing test and response comparison between solid and nanopatterned sensitive area 
devices 

WP2&3 Preparation of state-of-the-art gas sensing materials for benchmarking purposes 
At the beginning of the project the industrial partners identified the main gaseous target species in order to 
arrange promptly arrays of state of the art gas sensing materials as benchmark for applications. Benchmarking 
materials have been prepared according to Table 4 and introduced in arrays to detect target and nuisance 
species for different applications. 
 

Partner Benchmarking materials 

INFM WO3+MoO3, WO3, SnO2+Au, SnO2+Mo, SnO2+Ag, In2O3+Fe2O3 by sputtering 

IMM-CNR SnO2, SnO2+Pd, In2O3, WO3, In2O3-SnO2 by sol gel 

FhG-IPM   Cr2-xTixO3+z(CTO), WO3,  SnO2,  SnO2 +Pt by sputtering 

Table 4: Benchmarking gas sensing metal oxides prepared by the partners  

 
A few among benchmarking materials have been optimized during the second year and were kept inside the final 
arrays. They are SnO2(Au) for CO and In2O3+Fe2O3 for ozone at INFM, SnO2 for NO2  and SnO2-Pd for O3 at 
IMM-CNR.  

WP2&3 Preparation of substrates for gas sensor arrays 
EADS analyzed disadvantages of previous microheater arrays and produced new SOI based microheaters with 
an improved performance. 
The problems of the previous design were not due to process technology but rather evolved by the interaction of 
the sensitive layers with the sensor substrate.  
The new NANOS4 micromachined sensor substrates were designed to cope with these problems and to improve 
the sensor quality by including further features. 
Figure 27a) shows the new NANOS4 single sensor substrate design. The NANOS4 single sensor design comes 
in two variations, with straight and narrow cantilevers Figure 27b). 
Features of this new design: 
 

• Heater and IDCs are separated vertically 
• IDCs consist of SnO2:Sb  
• Bulk heater Si:B  
• Ambient temperature sensor  
• Hotplate temperature sensor 
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• Field effect induced sensitivity measurements possible 
 

a)  

 

b)  

Figure 27: a) NANOS4 single sensor design; b) close-up view onto the two 
different crossing sections with IDCs 

Figure 28a) shows the new NANOS4 sensor array substrate design. As the single sensor also the NANOS4 
sensor array comes in two variations, with straight and narrow cantilevers (Figure 28b). 
The new sensor array design shows the same features as the NANOS4 single sensor substrate above.  
 

  
a) b) 

Figure 28: NANOS4 sensor array design; b) close-up view onto the three different cantilevers with IDCs 
(green) and fast temperature sensor (blue). 

Additionally, the two sensing hotplate cantilevers are separated horizontally by a fast low-thermal-mass cantilever 
temperature sensor. This separation in distance helps prevent chemical crosstalk between the sensitive layers. 
The cantilever in the middle of the chip serves as a fast temperature sensor. Due to its low mass (5µm thickness) 
temperature changes in the surrounding atmosphere will be detected immediately.   
For the purpose of sensitive layer deposition and for a direct growth of nano-wires by locally selective epitaxy, 
EADS sent bulk and micromachined substrates of the new design to the NANOS4 partners. 
Due to difficulties arising with the pin drop deposition method of placing sensitive material or nano wires onto the 
small hotplate dimensions, EADS produced microheaters with larger geometries. In order to keep the deposited 
droplet on the hotplate until complete solvent evaporation, sensor substrates with a thin buried oxide layer 
membrane (300nm) were produced. As a second alternative EADS fabricated micromachined substrates with a 
closed membrane of 6µm top silicon. This kind of sensor is shown in Figure 29a. The UB preferred for its 
investigations a kind of wider sensor hotplate structure with more than two interdigital electrodes. This kind of 
micromachined sensor substrate is displayed in Figure 29b and was manufactured as a third alternative by EADS 
and distributed to the partners of the consortium. 
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a)  b) 

Figure 29: a) Micro machined single gas sensor with a closed 6µm top silicon membrane; b) picture of an 
EADS micro machined single gas sensor (@ approx. 1000°C); 

The Si substrate temperature of micomachined silicon substrates has been followed by following the wavenumber 
shift of the Si Raman band at 521 cm-1 at INPG. After a calibration step, we have been able to measure the local 
temperature at various points of four kinds of sensor substrates. Temperatures were homogeneous in the sensing 
element region. For one kind of substrate (SS, single sensor), a hot spot was found close to a neck of the 
substrate, thus implying a possible thermomechanical weakness (Figure 30). In all cases, thermal variations of Si 
Raman band are much higher than those expected from induced stresses. Mechanical stresses have therefore 
not to be taken into account, but cannot be characterized by this method. 

 
Figure 30: Temperatures (in °C) at various positions of an SOI-SS sensor. 

The substrate model describes the electro-thermal behavior of the sensor chip. This is important because the 
electrochemical behavior of the metal oxide itself is a strongly temperature dependent property and the 
information of power consumption as well as heating times is necessary to develop suited driving circuits.  
IPM developed a template in a form of a command-file, which reads the mask files and build up a geometry 
model, defines the material properties. The simulations were done with the software packages MATLAB 
(mathematic tool) and FEMLAB (finite element simulation tool) because of a common interface. The simulations 
were performed on two hotplate designs of EADS. 
Different coupling methods of the sensor elements were investigated. A combination with a 3D bulk material and 
2D sensor elements coupled with “Extrusion Coupling Variables” was implemented. Two example devices – 
microhotplate for nanowires – of the same type but with different mask structures were simulated. The simulated 
values are confident with the performed measurements. 

WP2&3 Study and assessment of reversible and irreversible poisoning interactions of gas 
sensitive materials 
For applications of gas sensors with demand for high reliability intensive and comprehensive monitoring of all 
sensor devices is mandatory to ensure proper function of devices. Effects of poisoning by substances from the 
environment are well-known for semiconductor gas sensors. These may cause insensitivity of the sensor. The 
only chance, to understand such a poisoning is to test the sensor with a real gas. Therefore, possible candidates 
for MOX-surface poisoning - which can be present in the operation ambient - were chosen to be investigated. 
These compounds and their effects on metal oxide are: 

• Chlorine containing compounds like Cl2, HCL, Phosgene COCl2, NaCl characterised at IPM and AOA. 
COCl2 as expected completely destroys the sensor response; indeed chlorine compounds are not among 
applications target or interfering species. Beside Thermo-desorption characteristic of the sensitive layer 
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after switch-on of the heater shows significant variance between good and poisoned sensors. DC and AC 
characteristics of the sensor do not allow identification of sensor poisoning. 

• Sulphur containing compounds H2S, SO2 characterised at IPM. No appreciable degradation of sensor 
performances in a concentration range compatible with applications. 

• Silicon containing compounds (HMDS) characterised at IPM and AOA. No appreciable degradation of 
sensor performances in a concentration range compatible with applications. 

• Effects due to NO2 adsorption at the sensor surface characterised at EADS. NO2 adsorbs irreversibly 
over the metal oxides surface in a wide temperature range, but surface cleaning by photoactivation and 
introducing unsaturated hydrocarbons or ozone on the sensor surface is effective. 

“M3.2 Main poisoning interactions identified (Month18)” has been reached.  
Furthermore long time measurements have been carried out over a six-months period. Such tests have been 
performed with a sensor array composed of sensors synthesized by RGTO method (a “classical” technique 
chosen as reference) and by innovative methods developed within WP2. Carbon monoxide has been chosen as 
target gas because of its low poisoning effect. The goal of these tests is to check for thermal stability, avoiding 
poisoning sources of instability. The high working temperature induces in “classical” sensors grain-coarsening 
phenomena, which are recognized as one of the major factors limiting their long time stability. Single-crystalline 
nanowire structures should avoid (or at least reduce) such a phenomena as consequence of their peculiar 
structure. It is worth to note that for long-time stability tests, several years are necessary to get reliable 
conclusions and it is thus difficult to address reliable statements after a so short period (six months). However we 
retain significative to observe the following, concerning SnO2 RGTO and nanowires (NW) based sensors:  

1. both sensors exhibit a baseline drift along time but such a drift is less marked for the nanowires based 
sensor. Fitting drift by an exponential law the nanowire constant time is 142 days while the RGTO 
constant time is 84 days. 

2. SnO2 nanowires exhibited a more stable response respect to “classic” SnO2. As an example the mean 
response of SnO2 nanowires to 200 ppm of CO is 0.39±0.03 over the six mjonth period, while it is 0.7±0.3 
for SnO2 RGTO.  

WP4 Photoactivation for novel sensor architectures 

WP4 Objectives  
Photoactivation of gas sensing materials with above-band gap and sub-band gap light will be investigated with the 
aim of reducing sensor operation temperatures by improving adsorption/desorption kinetics of target gas species. 
Investigating of photoactivation of metal oxide layers will be performed along the following tasks: 

1. Characterization of optical subbandgap and interband absorption in metal oxide layers 
2. Investigating the effect of photoactivation on the electronic surface characteristics and on surface 

adsorption 
3. Characterization of the effect of photoactivation on the gas sensitivity and selectivity 
4. Integrated photoexcitation by a field emission device lamp and broad range emitting phosphorous layer 

 

Del 
No 

Deliverable name WP 
no. 

Lead 
participan
t  

Delivery 
date 
 

D14 Assessment of 
photoactivation in improving 
sensors performances 

4 INFM M18 

D19 Integrated light source for 
photoactivation   

4 UB M30 

 

Milestones and expected results  
M4.1 Detailed understanding of photoactivation effects and design for sensors with enhanced performance 
(Month18) 
M4.2 Integration of the photoactivation source (Month30) 
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WP4 Characterization of optical subbandgap and interband absorption in metal oxide layers 
EADS analyzed defect- and impurity-related electronic levels in the bandgap of metal oxide layers with different 
morphologies and after different temperature treatments by means of photo-thermal deflection spectroscopy 
(PDS) measurements. Additionally, other thin film layers coming from NANOS4 consortium partners were 
characterized.   
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Figure 31: PDS measurement of a SnO2 layer annealed at different temperatures. 

The PDS results show that annealing has a strong impact on the optical absorption at sub-bandgap (Eg~3.5eV) 
photon energies. Whereas there is a broad exponential tail in weakly annealed material, this tail sharpens, 
ultimately revealing a fully developed optical gap after annealing at temperatures above 1000°C. 

 
Figure 32: XPS measurements of SnO2 thin film layers annealed at different temperatures 

As optical absorption involves a convolution of the conduction and valence band densities of states, a 
complementary technique is required to assign the observed behaviour to a particular physical process. For this 
reason, XPS measurements were carried out to obtain a direct view onto the valence band density of states 
(Figure 32). It can be seen that annealing does not have any profound impact on the valence band density of 
states. Annealing-induced ordering processes, therefore need to involve mainly states close to the conduction 
band edge, i.e. a range of electronic energies where levels due to intrinsic defects such as oxygen vacancies and 
n-type dopants such as Sb abound. 

WP4 Effect of photoactivation on the electronic surface characteristics, on surface adsorption 
and on gas sensitivity 
Investigating the effect of photoactivation on surface adsorption and desorption EADS performed response time 
measurements of different sensors to NO2 gas under UV light irradiation at room temperature.  
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Figure 33: Relative response of a SnO2_Au sensor towards NO2 with and without light irradiation at room 
temperature  

Concerning the effect of photoactivation on the gas sensitivity and selectivity EADS accomplished gas response 
measurements with a Ga2O3 sensitive layer towards different target gases. Depending on the band gap of the 
metal oxide two different excitation wavelengths were used (345 / 255nm).  

  

a) b) 

Figure 34: a) Response of a Ga2O3 sensitive layer towards different reducing gases while being under UV 
light irradiation; b) response vs. temperature behaviour of Ga2O3 towards 5000ppm ethene with and 
without UV light irradiation; 

Figure 34a displays the main sensitivities of the Ga2O3 layer towards various gases while being irradiated with UV 
light. Figure 34b shows as an example the response – temperature characteristic of a Ga2O3 layer in both ways, 
i.e. with and without UV light irradiation.  
Summarizing the obtained results Figure 33 includes all major observations of the photoactivation measurements. 
The overall gas response is reduced by the UV light irradiation. Adsorption and desorption time constants 
decrease.  
An experimental set-up has been made at INFM for measurements in controlled atmosphere with the possibility to 
activate the semiconductor surface with UV light. The stainless steel chamber has been equipped with a quartz 
window that is transparent in the visible and UV regions. The use of UV light increases the response to nitrogen 
dioxide also at low temperatures and low concentrations (ppb range) for indium oxide microwires. With this UV 
activation it has been measured a response to NO2 also at room temperature for indium oxide micro-wires.  
Due to the good sensing capability observed in the WO3 samples synthesized by innovative thermal evaporation 
method at INFM, UV photo-activation tests have been undergone with such samples. Photo-activation enhances 
both response and recovery dynamics towards both CO and NO2. However, concerning NO2, response intensity 
is strongly decreased respect to response measured in dark conditions at the optimal working temperature 
(100°C). Concerning CO, UV activation improves or decreases sensor response depending on the material. 
Improvement has been observed for WO3 layers synthesized at low temperature (200°C) while increasing the 
substrate temperature during the synthesis process produces samples less performing under UV-activation. UV 
activation of WO3 layers synthesized by the innovative thermal evaporation method proposed in WP2, revealed 
useful for CO sensing. 
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Photoactivation on IMM nanocrystal sensors produce a variation of the conductance of many orders of 
magnitude, it facilitate the recovery of the baseline conductance even at low operating temperatures, and 
recovery times are reduced at operating temperatures lower than 200°C. 
UB has investigated three important features for understanding the processes taking place at these MOX’s, i) the 
persistence of the photoconductivity; ii) the lower enthalpy formation of oxygen vacancies at the smaller 
nanocrystals; and iii) the electrical response to the oxidizing gases. 
First-principles calculations of formation energies and associated electrical levels for intrinsic oxygen vacancy Vo 
in these three metal oxides have been carried out. It has also pointed out for some metal oxides that the enthalpy 
formation of an oxygen vacancy decreases as the crystal size diminishes. It agrees with the experimental feature 
in SnO2 that smaller grain sizes, less 20nm, are given higher conductivity due to the higher vacancies 
concentrations. Nevertheless, in spite of the certain similarities it is obvious that there are significant differences in 
the MOX’s due to the oxygen vacancies behaviour.  
All of these effects have experimentally studied and the collected data, even under different gas ambient, 
corroborate the developed model. 

 
 

Figure 35 Variation of electrical resistance on different materials (left: SnO2 nanowires; right: WO3) as a 
function of photoconductivity. 

Goal of the reported investigations at IPM is the reduction of operating temperatures and the related power 
consumptions of such devices by the influence of light (UV LEDs) on the gas adsorption / desorption process at 
metal oxide surfaces. The measured influences of photoadsorption and photocatalytic effects on the surface 
chemistry are small compared to the photoelectric effect. The highest photoadsorption effect as well as the 
highest sensitivity to NO2 has been observed for WO3. 

WP4 Integrated photoexcitation by a field emission device lamp and broad range emitting 
phosphorous layer 
In order to perform the experiments under UV excitation, it has been developed an integrated UV lamp based on 
field emission current that excite an adequate phosphorous (Figure 36). To apply the different materials under 
study to the lamp, a substrate has been developed that allow getting different bottom up sensors excited by the 
UV flux produced for the field emission lamp. 
 

 
Figure 36 UV lamp based on field emission current that excite phosphorous. 

SnO2 
nanowires 
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With these lamps it has been performed experimental studies and analysis of the developed nanomaterials 
(Figure 37). Basically, SnO2 and ZnO nanowires produced at INFM have been used together with 3D networks of 
nanocrystals of IMM. Due to the easy configuration these studies have been done under different atmospheres 
where mainly we have changed the composition of the oxidizing gases corroborating the developed theoretical 
model about the interaction of UV photons and molecules at the surface level of these nano structured metal 
oxides. 

 
Figure 37 Gas sensing measurement as a function of light irradiation. 

WP5 Modeling and simulation 

WP5 Objectives  
Development of a comprehensive simulation tool for nano-scale metal oxide sensors. Individual components of 
this tool kit will be developed by the individual partners and assembled in the last year of NANOS4 to a full model. 
The simulation kit will contain the following components: 

1. Structural calculation of material surface by ab initio computation. Structural calculation on clusters and 
low dimensionality solids  

2. Surface chemistry. Adsorption / desorption of several gases on crystal surfaces calculated in the previous 
step by ab initio molecular dynamics. 

3. Electrical properties of the nano crystal metal oxide layers. Role of dimensionality  
4. Influence of photo activation on the surface chemistry 
5. Electro-thermal modeling of the used substrates 
 

Del 
No 

Deliverable name WP 
no. 

Lead 
participan
t  

Delivery 
date 
 

D24 Report on the complete 
model of nano crystalline 
gas sensors 

5 Fhg-IPM M33 

 

Milestones and expected result  
Month33: Complete model ready able to explain and predict sensor performances 

WP5 Simulation tools and surface chemistry model 
Adsorption of NO2, poisoning produced by the presence SO2 and the role played by the existence of different 
oxygen vacancies in metal oxides surfaces, mainly SnO2 and ZnO have been studied by UB. First-principles 
methodology has been used based on density functional theory (DFT) implemented with the SIESTA code. 
Likewise, it has also been used the generalized gradient approximation (GGA) and norm-conserving Troullier–
Martins pseudopotentials. 
So, defects in SnO2 nanowires have been studied by cathodoluminescence, and the obtained spectra have been 
compared with those measured on SnO2 nanocrystals of different sizes. Dependence of the luminescence bands 
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on the thermal treatment temperatures and pre-treatment conditions have been determined pointing out their 
possible relation, with the oxygen vacancy concentration.  
Likewise, using the same ab initio study methodology and developed facilities in the supercomputer 
MareNostrum, the adsorption processes on NOx compounds on (1 1 0) SnO2 surface has been performed with 
the aim of providing theoretical hints for the development of improved NOx gas sensors. From first principles 
calculations (DFT–GGA approximation), the most relevant NO and NO2 adsorption processes have been 
analyzed by means of the estimation of their adsorption energies. The interference of the SO2 poisoning agent on 
the studied processes has been theoretical simulated and the adsorption site blocking consequences on sensing 
response predicted inorder to be avoided or controlled. 
The calculations have been extended to the photoluminescence found in the nanowires of ZnO.We have proved 
that the valence band of stoichiometric surfaces does not present significant differences from the bulk valence 
band, neither does it introduce intra gap levels. Furthermore, only surface oxygen vacancies in the outermost 
layer of the material give rise to acceptor levels 0.5 eV above VBM. Finally, it has also been shown that the 
energy differences involved in recombinations from bulk defect donor levels to surface oxygen vacancy acceptor 
levels are compatible with the observed visible luminescence. A surface origin of ZnO visible luminescence is 
therefore theoretically conceivable, but still further work is needed related to the predominant effect found in nano 
structured materials presenting lower formation enthalpies. 
SnO2 and WO3 slabs have been modelled by an ab initio DFT (density functional theory) method at INPG. The 
slab properties have been calculated as a function of slab thickness and number of atoms allowed to relax. The 
forbidden band gap is dependent on these variables. Atomic oxygen and CO adsorption energies on 
stoichiometric surfaces have been calculated. O adsorption energy (-2 eV) is lower than that of CO (-3.2 eV) onto 
SnO2. The NO2 adsorption energy could not be calculated, because of the tendency of NO2 to form dimers (NO2)2 
at low temperature. A calculation of the surface Raman modes associated to either soichiometric surface or 
oxidized (with atomic O adsorbed) surface has been made, and the new Raman modes observed at high 
(>300°C) temperature and low (<0.2 atm) oxygen partial pressure seem to be more easily explained by an 
oxidized surface, which means that atomic oxygen desorbs at higher temperatures. 

WP5 Electrical resistance model 
The goal of the electrical resistance Model at IPM was the determination of the electrical resistance of 
nanostructure metal oxide in dependence of the oxygen coverage. The Poisson equation had been solved in the 
domain of the nanostructured metal oxide with the oxygen surface coverage as boundary condition. Example 
calculations were performed for quadratic and circle shaped nanowire by means of three different cross section 
sizes – edge lengths. IPM developed a FEMLAB model which can be easily adapted for different materials and 
shapes. 

WP6&7 Sensor arrays, front-end electronics & statistical pattern recognition / Sensor 
System Integration 

WP6 Objectives 
1. Setting up micromachined low-power-consumption gas sensor arrays containing sets of nano-scaled and 

mesoscopic sensing layers developed under Task 2.1.  
2. For benchmarking purposes: setting up micromachined low-power-consumption gas sensor arrays 

containing sets of state-of-the-art thin-film metal oxides developed under Task 2.2.  
3. For benchmarking purposes: setting up gas sensor arrays consisting of commercial thick-film gas 

sensors.  
4. Developing front-end electronics and control software for operating the gas sensor arrays defined under 

1-3. 
5. Developing software and applying standard chemometric techniques to the sensor array signals (principle 

component analysis, cluster analysis, artificial neural networks).  
6. Implementing chemometric signal evaluation software into low-cost micro-controllers; making use of non-

gas sensor signals for enhanced reliability and self test purposes. 
 

Del 
No 

Deliverable name WP 
no. 

Lead 
participan
t  

Delivery 
date 
 

D5 Electronics prototype 6 SACMI M15 
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Del 
No 

Deliverable name WP 
no. 

Lead 
participan
t  

Delivery 
date 
 

D18 Sensor data base and 
chemometric signal 
evaluation software 

6 INFM M24 

D20 Sensor array with front end 
electronics and 
microcontroller  

6 SACMI M30 

 

Milestones and expected result  
 M6.1 Electronics prototype with control software  (Month12) 
 M6.2 Complete sensor arrays capable of field testing (Month24) 
 M6.3 Sensor array with analogue and digital electronics (Month30) 

WP7 Objectives 
1. Integration of gas sensor arrays into micro reactor systems with the aim of providing drift compensation 

and self test functionalities 
2. Integration of the gas sensor arrays in a multi purpose sensor system suitable for in field tests  
3. Combination of gas sensor arrays and/or micro reactor systems with sensors and sensor systems 

capable of providing orthogonal pieces of information (such as smoke particles, temperature, IR radiation) 
with the aim of reducing false alarms. Self-test functionalities shall be implemented into this platform. 

 

Del 
No 

Deliverable name WP 
no. 

Lead 
participan
t  

Delivery 
date 
 

D9 Prototype of multi-sensor fire 
detector and multipurpose 
sensor system 

7 SACMI M18 

D21 Micro reactor system with 
drift compensation and self 
test features  

7 EADS M30 

 

Milestone and expected result  
  M7.1 Feasibility of micro reactor concept demonstrated (Month18) 
  M7.2 Prototype of sensor systems suitable for lab and field tests (Month30) 

 

WP6&7 Multi purpose sensor system  
The MPSS prototype is equipped with a sampling system consisting of a pump, a flowmeter, and an electrovalve 
that switch between reference air and sample. Everything is controlled by a proprietary software that controls the 
instruments, collect the data and allows a subsequent analysis with typical chemometric techniques. Moreover a 
special feature was implemented to allow a real time analysis with an immediate classification or quantification of 
the odour based upon the stored database. 
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Figure 38: prototype of the MPSS together with its own interface window. 

The electronic board used is the one developed under task 6.1 (D5). It represents the connection between the 
raw signals from the sensor elements and the final data available for the elaboration on personal computers. The 
whole system architecture could be summarized as follows: 
 

 
Figure 39: block diagram of the electronic board. 

On that basis, the front-end electronics for data acquisition and sensor control, mainly consists of suitable 
analogue to digital converters (ADC/DAC) and digital signal processor (DSP) in order to accomplish the following 
operations: 

1. driving the sensor heating elements 
semiconductor gas sensors need to be heated at a specific temperature (normally around 400 °C) in order to 
be enough conductive and sensitive to volatile molecules; this is accomplished by controlling the electrical 
power supplied to the platinum heating elements; due to their different features, each sensor heating should 
be controlled individually. 

2. measuring the electrical resistance of the sensing elements 
the measurement of the electrical resistance represents the response of semiconductor gas sensors; being 
the electrical resistance of the different sensor types distributed along a very wide range of values, the 
electronic system should allow the measurement of the electrical resistance into a scale  as wide as possible; 
moreover the precision and the accuracy of the measurement are quite important. 

3. pre-processing the signals 
the electronic circuitry should also manage the measurement data acquisition through proper protocols, in 
order to define the sequence of the signals, the rate of acquisition, the filtering of noise and spikes, the 
temporary storage of data. 

4. transferring the data to a personal computer. 
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final raw signal data have to be transferred to a personal computer, in order to enable each user to  perform 
the most adequate elaboration of the data; the most convenient solution is probably to export the data in txt 
format, that can be easily read by all the common software (excel, word, …). 

WP6&7 Multi-sensor fire detector 
The Multi-Sensor Fire Detector provides control and read-out for up to four gas sensors. Control of the sensor 
heaters and readout of the sensors is performed using a 16bit Microcontroller. The prototype of the Multi-Sensor 
Fire detector can control up to 4 semiconducting gas sensors. Communication is available via a CAN bus 
interface. 
The heaters of the sensors can be operated with closed-loop temperature control or pulse width modulation 
(PWM). The temperature (resp. duty cycle) can be operated at constant level or operated in a pulse cycle 
(periodic change of high/low temperature). 
Besides control for gas sensors, a photoelectric sensor for measuring aersosl density and a temperature sensor 
are implemented. 
The microcontroller performs the signal processing. The signal flow for an array of 3 gas sensors  is illustrated in 
Figure 40. 
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Figure 40: Signal Flow for the Multi-Criteria Fire Detector. Figure 41: Prototypes of Multi-Sensor Fire 
detectors installed in mock-up for  field test. 

 
For the gas sensor signals, the total of 6 signals is reduced to a single figure indicating the likelihood of a fire 
using the PCA method. In order to obtain improved immunity against nuisance scenarios, the Alarm signal is 
generated by and AND conjunction of gas and aerosol signals. 

WP6&7 Micro reactor system 
The advanced micro reactor system of EADS exhibits a flexible system architecture consisting of a multiple layer 
stack. After assembling advanced micro reactors EADS characterized their performance. Optimum operation 
conditions have been identified for the single sensors (air flow, gas exchange rates, and signal treatment). 
During the last year of the NANOS4 project the micro reactor was equipped with several gas sensors forming a 
sensor array tailored towards the specific applications. Figure 42a shows a top view onto an array of sensors of 
the partners of the consortium bonded into a LTCC substrate and Figure 42b an EADS micromachined single gas 
sensor with SnO2 nano grains of EADS. Assembled the two layers form a micro reactor sensor array of five 
different sensors of NANOS4 consortium partners. 
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a) b) 

Figure 42: Top view on two layers of a micro reactor (not assembled); a) four sensors array (SnO2 – Au 
INFM, In2O3 – Fe INFM, SnO2 IPM, SnO2 – Pt IPM) of the partners of the consortium bonded into a LTCC-
substrate; b) NANOS4 micromachined single sensor with SnO2 nano grains of EADS. 

Performing gas sensing measurements with the assembled micro reactors, the single sensors showed good 
results and fast recovery times when emptying the reaction chamber by combustion. Nevertheless the promising 
results, an optimization of the working temperatures of the single sensors were not completely possible due to a 
thermal crosstalk of the sensors inside the narrow reaction chamber.  
Due to this finding, EADS decided to switch back to the first layout of the advanced micro reactor system using a 
two layer stack containing a heatable catalyst layer in the upper and a single thin-film sensing layer in the lower 
compartment of the system. Working with this kind of micro reactor layout a thermal and chemical crosstalk of the 
sensors is prevented. As a disadvantage of this kind of operating mode, sensor arrays need to be formed through 
a parallel operation of several single micro reactor sensors. 
Fulfilling this parallel operating task EADS designed a portable demonstrator for field test measurements (Figure 
43). The demonstrator is connected via an USB port to a laptop or a personal computer. It consists of two 
analogue/digital signal processing cards with a total of four operation possibilities for individual single sensor 
micro reactors. 
 

  

Figure 43: System layout of the portable micro reactor sensor array. 

 

a) b)
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Figure 44: a) Top view onto the electronic board of the micro reactor sensor array demonstrator; b) side 
view of the two layer stack of the demonstrator, top: electronic board designed by EADS, bottom: USB 
signal processing card. 

Figure 44a shows a top view onto the electric board of the micro reactor sensor array designed by EADS. The 
blue circle indicates the free space for a second micro reactor device. The electronic board provides catalyst 
heating power, sensor heating power, operating power for the micro pump, and reading electronics for the sensor 
resistance for two individual sensor systems. All functions can be controlled by a personal computer via USB 
connection.  
An innovative system was designed by INFM, capable to tailor the gas sensing properties of a sensor. Two 
sensing element, equipped with the heater, one in front of the other: one acting as a sensing material (WO3), the 
other acting as a catalyser (MoO3). MoO3 when operated at temperatures higher than 320°C converts NO2 in NO 
and WO3 is sensitive to NO2 but not to NO. This double sensor can be insensitive to NO2. The same principle has 
been exploited using different catalyst such as platinum or alumina. Furthermore molybdenum oxide and tungsten 
oxide sensors were prepared on single side alumina substrates for the integration into the microreactor system. 
In order to integrate IMM devices into the EADS designed micro-chamber, a different device design was 
implemented, where both the heater and the electrodes were deposited, at different levels, onto the same 
substrate side. For accomplishing this aim, it was necessary to etch the sensing layer in order to contact the 
heater deposited below. This task was successfully carried out by dry chemical etching based on fluorine 
chemistry, which made the process suitable for TiO2 device processing. Devices with suitable power consumption 
could not be prepared since this aim required changing the sensing materials and the related etching chemistry, 
which was not readily available. 

WP6&7 Rapid Prototyping Tool 
MOX gas sensors are able to detect concentrations as small as 1ppm or less of a wide variety of gases. The use 
of such sensors is non-trivial through the fact that they often exhibit significant levels of cross sensitivity to gases, 
which might interfere with the target gas in a specific application scenario.  
EADS established a software tool, which attempts to deal with this selectivity problem of MOX sensors. It is a 
graphical user interface (GUI) that guides the user while choosing the best sensors for his/her specific application. 
In the first step the user enters a single gas. The detection of this gas is the main objective of the planned sensor 
array. Then several disturbing gases may be entered. For every gas the expected concentration maximum must 
also be given. The tool now looks up a database of commercial MOX sensors and suggests a sensor array to be 
built up from hardware sensor elements that can potentially discriminate the gases and gas mixtures expected in 
the user-defined application scenario. It does this by scanning the sensors in the database and finding up to three 
sensors for each gas with good sensitivity towards the target gas and the least possible cross-sensitivity towards 
the other scenario gases. The user must now choose an array composition from the suggestions give by the rapid 
prototyping tool. 
In the second step the user can optimise the proposed array with the help of an easily understandable 
visualization. The array design tool uses the sensor database to calculate the array response to increasing 
concentrations of each individual gas that is present in the user-defined application scenario. The tool then 
performs a PCA (principal component analysis) on simulated sensor array data and thus provides a visual 
feedback on the quality of the sensor array performance. In short, the visualization tool extracts the essential 
pieces of information contained in a high-dimensional signal pattern and maps this content on a 2d decision 
plane.  
Looking at this plane the user is then encouraged to change the array parameters such as the operation 
temperature of the individual elements or the sensors themselves to see their impact on the array output. Running 
through an iterative procedure of trial and error, the user can optimise the array performance without resort to the 
underlying physics and chemistry of the sensor elements or to the details of the statistical data analysis. The 
purpose of this tool is not a sensor modelling but rather to give the builder of an array an entry point (rapid 
prototyping).  
With the functional characterization and the benchmarking of commercial thick film gas sensors in WP 3.2 EADS 
established the sensor database. This database contains information with regard to those gases with the highest 
response, to lower-response gases and the optimum operation temperatures each characterized sensor.  
With the help of this rapid prototyping tool and the sensor database, EADS identified the best working sensor 
setup for the given specific applications and tested the proposed sensor arrays in lab tests concerning their 
capabilities of distinguishing different target and nuisance gases and their concentrations. 
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Figure 45: Principal component analysis of a lab measurement with a sensor array proposed by the rapid 
prototyping tool; 

During these lab tests, existing commercial thick film sensors were step by step replaced by thin film MOX 
sensors produced by the partners of the NANOS4 consortium. Figure 45 shows a PCA plot of a sensor array of 
only NANOS4 partner sensors. This sensor array was designed to distinguish hydrogen, CO and NO2 gas. 

WP6&7 Chemometrics 
At INFM were developed software and standard chemometric techniques to be applied to the sensor array 
signals. The data analysis cycle can be divided in subparts, which are normally iterated: 

1. Signal preprocessing (e.g. filtering, preliminary feature extraction) 

2. Explorative data analysis (e.g. calculation of summary statistics and visualization with plots, e.g. PCA 
score and loading plots) 

3. Data preprocessing (e.g. feature selection) 

4. Supervised learning. 

Explorative data analysis (EDA) is particularly important for making sense of small datasets, when supervised 
method cannot be truly assessed because estimation confidence intervals are too wide. We designed a flexible 
EDA toolbox, written in the Matlab programming language. The toolbox draws, in succession, the following plots: 

1. Single sensors response plots (in time) 

2. Single feature scatter plots 

3. Single feature box plots 

4. Feature correlation matrix plots 

5. PCA score and loading plots 

The first 4 type of plots are univariate, while PCA is the classical multivariate feature reduction technique. What is 
pivotal in any data analysis software toolbox is data manipulation flexibility. This is even more important for data 
exploration, where data are often mined by trial and error for (potentially unknown) variation sources. We provided 
the toolbox with capabilities for easy data reshaping and labelling. To this end, after importing the text data files, 
we create a specialised data object (a Matlab structure array). The data object contains the data matrix, the data 
covariates (i.e. the class indexes, for the different partitions characterizing the data) and the labels relative to all 
classes and to all features.Data reshaping permits to eliminate/select blocks of measurements and/or sensors 
with ease, in order to concentrate on interesting data subsets during EDA. Moreover different labellings can be 
shown in the plots. The toolbox has been used to analyze the preliminary measurements of ozone inside mixtures 
for the two applications 'O3 / Upper-air soundings' and 'O3 / Industrial safety'. Results are summarized in Task 6.3 
and commented more at length in deliverable 18 report. 

Starting from collected data, at IMM-CNR the capability of the sensor array to correctly classify different 
substances deriving from the combustion process were examined. Chemometric techniques such as Principal 
Component Analysis (PCA), Hieratical Clustering Analysis (HCA) and K-nearest-neighbour classification (kNN) 
analysis will be performed on data sets. More in detail, the data analysis consisted of the following steps: 

 Feature extraction technique. Discrete Transform Analysis will be applied to extract useful features from 
sensor responses. Each sample corresponds to an approximation coefficient vector in multidimensional 
space, obtained by means of the multilevel wavelet decomposition of the signals. 
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 Normalization.  

 Principal Component Analysis. PCA seeks to generate a lower-dimensional orthogonal subspace that 
maximally describes the variance contained in the data.  

 Hierarchical Clustering Analysis. HCA groups the data in significant clusters for their similarities or 
dissimilarities. 

 K-nearest-neighbour (kNN) classification. The basic idea of the K nearest neighbour (kNN) classification 
algorithm is to use already categorized examples from a training set in order to assign a category to a new 
object. The first step is to choose the K nearest neighbours (i.e. the K most similar objects according to some 
similarity metric) from the trainings set. In a second step the categorial information of the nearest neighbours 
is combined, in the simplest case, by determining the majority class. 

WP8 Lab and Field Tests 

WP8 Objectives 
1. Setting up of test rigs for evaluating gas sensor arrays in the main targeted applications: fire detection, 

indoor air quality monitoring, combustion process control, refrigerant plants, odour nuisances monitoring 
2. Acquisition of test sites and start of field tests 
3. Test of the mechanical and environmental stability of the sensors 
4. Performing tests on micromachined low-power consumption gas sensor arrays containing innovative gas 

sensing layers developed under task 2.1, task 2.2 and commercial sensors 
 

Del 
No 

Deliverable name WP 
no. 

Lead 
participan
t  

Delivery 
date 
 

D10 Lab test results with existing 
commercial sensors 

8 EADS M18 

D11 Mechanical and 
environmental stability of 
mesoscopic sensors 

8 SAL M24 

D26 Lab and field test results with 
mesoscopic sensors 

8 SAL M39 

 

Milestones and expected result  
 M8.1 Mesoscopic sensors  mechanical and environmental stable (Month33) 
 M8.2 Mesoscopic sensor system  performing for target applications (Month33) 

 

WP8 Mechanical and environmental test of assembly 
Mechanical and environmental stability of the sensors developed in WP2 and of the systems produced in WP6 
were examined at LISA, in order to better characterize sensors behaviour and stability versus vibrations, acid 
environment, accidental falls and other possibilities that might occur in sensors system applications. 
The procedures for performing tests were accomplished following international standard references. 
The corrosion test, in accordance with European Norme EN 54 Annex P, aims to determine the performance 
characteristics and to check the integrity of the equipment when exposed to acid and high humidity conditions. 
Sensors exposed directly to such an aggressive environment become covered by salts (Figure 46, a). Salt 
coverage introduces new electrical path so that the device electrical resistance decrease and prevent gases to 
reach the metal oxide surface thus making the device almost insensitive. However, it has been observed that a 
standard protection cap, provided by an upper grid, strongly reduces the salt deposition over the sensor surface 
(Figure 46, b and c) so that devices maintain their sensing capability.  
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a) b)  c)  

Figure 46: sensor without protection grid (a), protection grid after corrosion test (b), 
heated sensor protected with the same cap after corrosion test (c). 

The aim of the vibration test, in accordance to International Standard IEC 60068-2-6 is to determine the ability of 
specimen’s component to withstand specified severities of sinusoidal vibration, to determine any mechanical 
weakness or degradation in the specified performance of specimens. Severity grades are specified by the 
combinations of frequency range, vibration amplitude and duration of endurance.  
The TO 39 based sensor revealed quite robust. Most of samples passed the test without any structural damage. 
A few of them showed that the critical point of this layout was, as expected, the bonding wires that connect the 
sensing layers to the TO39 structure.  
LISA tested also some micro machined gas sensor array chips from EADS, in which there are no wires. Critical 
points revealed sensor tips and connections. However it should be noted that this happened for very severe tests. 
The aim of the free fall test, according with International Standard IEC 60068-2-32, was to determine a minimum 
degree of robustness of the sensor. Selection of a severity includes features of height of fall and number of falls 
for a frequency of 10 falls per minute.  
Devices exhibited a certain grade of robustness in single falls (simulation of transport falls and shocks). More 
critical revealed repeated falls (simulation of sensors use in remote devices in no fixed positions or in portable 
devices), probably because of repeated stress on components. In these tests the device could resist only at small 
heights. Results are summarized in Table 5 and Table 6.  
The sensors critical point could be the welded part that links bonding wire and substrate. In real conditions, 
sensors will be packed with their casing, and this will protect them from accidental shocks.  
 

Number of 
falls 

Severity of 
test 

Results      

2 25 mm fall Passed      

2 50 mm fall Passed  Number of 
falls 

Frequency 
of falls 

Severity of 
test 

Results 

2 100 mm fall Passed  50 10 falls/min  25 mm fall Heater circuit 
ok 

2 250 mm fall Passed  50 10 falls/min  50 mm fall Circuit broken 

2 500 mm fall Passed  100 10 falls/min 500 mm fall Circuit broken 

Table 5: Repeated free fall test results.  Table 6: Handling free fall test results. 

WP8 Aircraft Early Fire Detection 
With the help of the rapid prototyping tool and the assessed sensor database EADS identified the sensors and 
their optimum working temperatures produced by the partners of the NANOS4 consortium that suit the specific 
application Fire detection in aeronautic applications best. Working conditions and the possibility to distinguish 
between different target gases and their concentrations were tested in several lab measurements. 
In close collaboration with AOA, EADS performed field tests at a DLR fire testing facility in Trauen in Northern 
Germany.  During the fire test campaign in October 2006 over 32 fire and non-fire scenarios were actually lit in an 
airplane cargo bay replica.  
In this field test campaign, a series of fire and non-fire situations were performed in order to study the sensor 
response. Test fires were carried out as prescribed by international standards (EN54-7, UL268) applicable to 
testing fire detectors. As the tests were performed in a mockup of an Airbus A340 cargo bay, the test fires had to 
be scaled according to the volume of the test facility. The objective of the field test campaign was to find the 
sensors best suitable for fire detection and to obtain input data for optimizing the signal processing. 
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Performing the different fire and non-fire tests all running sensors showed very good responses to reactive gases 
and their smoke particles. The obtained sensor signals were then used for a principal component analysis. In 
order to arrive at a good distinction between fire and non-fire situations the sensor operation conditions were 
varied to obtain optimum PCA plots. At the beginning all the sensor information gathered was used for generating 
the PCA plots. Figure 47a shows that in this case a clear distinction between fire and non-fire situations is 
possible.  

a) b) 

Figure 47: PCA of fire and non-fire sensor signals; a) using 8 MOX sensors, straylight and photo acoustic 
device; b) using only two optimally chosen MOX sensors. 

In order to meet low-power requirements, the number of sensors used for the PCA evaluation was decreased in a 
step-by-step manner. Figure 47b shows the result of a PCA basing on two MOX gas sensors coming from the 
NANOS4 consortium. This latter result shows that test-fire (TF) and non-fire (NF) scenarios can be clearly 
distinguished using two optimally chosen MOX gas sensors. 
The separation of NF and TF scenarios becomes very clear by using a three component PCA with two MOX gas 
sensors and the straylight sensor. All three plots of the different principal components show good results. As an 
example Figure 48a shows the plot of principal component 1 vs. principal component 3 using two MOX gas 
sensors and the straylight detector. This kind of PCA shows a good distinction not only for NF and TF scenarios, 
but also the fire starting points and zero gas scenarios are separated well.   

a) b) 

Figure 48: a) PCA of fire and non-fire signals using two MOX sensors and the straylight detector; b) using 
the same sensors and an additional logical OR-filter before PCA evaluation; 

These promising results can further be improved, by adding a logical element into the signal evaluation process. 
Using a logical OR-filter, that only activates the evaluation of the sensor signals of the gas sensors when a certain 
threshold of either the straylight or the photo-acoustic system is found (SL Λ PA – threshold), before PCA 
transformation almost all NF scenarios can be removed. The results of adding a logical OR-filter into signal 
evaluation process are displayed in Figure 48b. In this way of operation also the power consumption of the whole 



NANOS4 Publishable Final Activity Report Section 1-Project objectives and major achievements  

  44

sensor system can be reduced dramatically, since the MOX sensors are only switched on when the threshold of 
the OR-filter is exceeded.  

WP8 Cabin Air Monitoring 
With the help of the rapid prototyping tool and the assessed sensor database EADS identified the sensors and 
their optimum working temperatures that suit the specific application Air monitoring in aircraft and vehicle best. 
Working conditions and the possibility to distinguish between different target gases and their concentrations were 
tested in several lab measurements. The chosen sensors were integrated into the multi-purpose sensor system 
provided by SACMI. Additional to the MOX sensor response also the temperature and relative humidity could be 
assessed. 
In close collaboration with the European project, ICE – Ideal Cabin Environment - EADS performed field tests at 
the FTF (flight test facility) of the Fhg - IPB (Fraunhoferinstitut für Bauphysik) in Holzkirchen in Southern 
Germany. During this test campaign (December 06 – February 07) 26 long distance flight simulations with about 
40 participants during each flight were performed under real environment conditions.  
Within the Flight Test Facility (FTF) it is possible to simulate a realistic flight environment in a 1:1 fuselage. Thus 
the impacts on the human being can be examined. It consists of a large low pressure vessel containing an original 
front segment of a fuselage (Figure 49a). The sensitivities of flight passengers can thus be examined in a realistic 
environment. On ground up to 80 persons can rate typical flight conditions in an economic, safe and ecologic way. 
During the field test campaign 26 long distance flight simulations with about 40 participants attending each flight 
were performed.  

a) b) 

Figure 49: a) Fuselage inside the low pressure vessel and view into the A310 cabin; b) planned flight 
conditions for the different long distance flights; 

Figure 49b shows the planned flight conditions for the different long distance flights during the field test campaign. 
Pressure, humidity, temperature and noise during the single flights were changed according to this plan.  
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a) b)

Figure 50: Measurement results of the different sensor systems of flight from 16.01.2007; a) FID and 
ozone measurement, temperature and humidity and CO2 concentration during the flight; b) FID and ozone 
measurement and MOX sensor signals. 

Summarizing the results obtained at the measuring campaign in Holzkirchen, Germany, the following statements 
can be made: 

• In general it is possible to perform the specific application “Air monitoring in aircraft and vehicle” with 
MOX sensors. 

• Very promising results were obtained with a sensor array of two thin film sensors and one thick film 
sensor. 

• Using only thin film sensors an array of four sensors is needed. 
Possibilities for improvement: 

• Development of a thin film sensor with a higher sensitivity to small concentrations of CO. 
• Reducing the sensor noise by getting independent of sensor baseline influencing factors (changes in RH, 

temperature, cabin pressure, air flow or arising reactive gases from the passengers in the cabin). Taking 
a closer look at this last point of improvement it gets obvious that operating the gas sensors inside a 
advanced micro reactor system the main problems would disappear. The noise of the sensor baseline 
would decrease to a minimum and the lowest detectable concentration would decrease. In this mode of 
operation it could be possible to detect an air pollution event as soon as the maximum allowable 
concentration is exceeded. 

WP8 Industrial safety measurements of carbon monoxide 
Two different sensor types were tested in Vaisala CO-test facility: Tin oxide sensor with Au-doping, fabricated by 
INFM, and Tin oxide sensor with Pt-doping, fabricated by IPM. 
Of these two alternatives the IPM SnO2+Pt -sensor was clearly closer to fulfilling the specifications: it displayed 
monotonous response with high sensitivity especially at low concentrations. Some improvements concerning 
response time and hysteresis are needed before field testing readiness is achieved. 
IPM performed lab measurements for the application CO industrial process control and investigates the 
combination of the sensors (Au-doped SnO2 sensor and a ZnO nanowire sensor from INFM, a SnO2 sensor and a 
SnO2 sensors with Pt-catalyst from IPM) in order to discriminate CO and H2 for the target application. The 
measurements have been performed by using a chamber provided by the NANOS 4 partner SACMI according to 
a measurement protocol prepared by the partner Vaisala. The measured response provided different patterns for 
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each of the used sensors and then classical PCA analyses have been performed using the software from SACMI. 
It can be clearly seen that is possible to discriminate CO and H2. 

WP8 Upper-air soundings of ozone 
Different materials developed by NANOS4 consortium have been tested. They are listed in Table 7 together with 
their target gases. Measurements have been carried out by INFM and Vaisala. An interfering gas concerned in 
upper air sounding application but not listed in Table 7 is oxygen, whose concentration decreases with altitude. All 
metal oxides are sensitive to oxygen concentration, so there is no a specific material for oxygen. However, lab-
tests performed with oxygen concentrations ranging from 5 to 21% revealed it weakly perturb sensor capability to 
track ozone concentrations, leaving other factors such as stability or interfering effects coming from humidity or 
CO more important to select the proper sensor array for such an application (Figure 51).  
INFM Tin oxide, Au-doped, State-of-the-Art sensor as well as INFM Indium Oxide nanowire sensor were found 
stable and fast enough to be subjected to further testing: their cross-sensitivity to humidity and CO concentrations 
encountered during an atmospheric sounding - and also present in some industrial applications - was measured. 
Both sensor types had their advantages: the Innovative Indium oxide nanowire sensor displayed a low immediate 
response to interfering moisture, whereas Au-doped Tin oxide sensor displayed a low delayed effect of moisture. 
 

TARGET 
GASES 

SENSORS 
(PROVIDED BY) 

SENSOR TYPE  

RH, CO,C2H4 SnO2-Au (INFM) Thin film  
C2H4 SnO2-Pd   Hcs (IPM) Thick film  
O3 In2O3 nw,  (INFM) Innovative Nanowire  
O3 Mixed In-Fe oxides Thin film  
O3 WO3 (INFM) Innovative 

Nanocrystal 
 

RH, 
CO,C2H4,O3 

SnO2 nw, (INFM) Innovative Nanowire  

Table 7: Sensors tested for the application, fabricated 
by of the partners of the NANOS4 consortium. 

  Figure 51: calibration curve of SnO2-Au 
and InFe (mixed In-Fe oxides) toward 
ozone at different oxygen concentration 
(5% and 20%) 

WP8 Industrial safety measurements of ozone 
The same array used to track ozone concentration in upper air sounding application has been used to track ozone 
in Industrial safety application. In this application, interfering gases (CO, ethylene and humidity) reach 
concentrations higher than the ones typical of upper air sounding application while oxygen concentration can be 
considered constant. Humidity and ethylene (C2H4) produces strong interfering effects. Other gases, such as CO, 
ethanol and ammonia does not induce such critical effects. Humidity can be easily measured by a dedicated 
cheap sensor, the latter can’t be measured by a cheap sensor (an expensive analyzer is needed) . Explorative 
Data analysis has been used by INFM to evaluate interfering gases effects. Effects of ethylene are reported in a 
Principal Component analysis (PCA) plot in Figure 52 a). Colour identifies ozone concentrations while symbols 
identifies ethylene concentrations. Ozone clusters overlap if ethylene concentration higher than 10 ppm is used. 
Measurements have been carried out over a one-year period to test sensor long time stability. In PCA plot 
reported in Figure 52 b) colour is used to identify ozone concentration while symbol indicates the measurement 
date. Despite it is evident a sensor drift, it can be observed that different ozone concentration (different colour) do 
not overlap.  
As a qualitative summary, we can state that data variability depends, in descending importance, on: 

o humidity level 
o sensor drift 
o ozone concentration 
o ethylene concentration (if less than 10 ppm) 
o CO concentration 

 



NANOS4 Publishable Final Activity Report Section 1-Project objectives and major achievements  

  47

SnO2 NW and innovative WO3 revealed the most suited sensors to detect ozone while SnAu revealed the most 
suited one to account for interfering gases. 
According to Vaisala measurement and suggestion, the pattern recognition approach can be integrated with use 
of microreactor system developed by EADS in order to further reduce interfering effects. 
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Figure 52: Principal component analysis (PCA) plot of measurement towards ozone and ethylene 
mixtures at constant humidity (RH=20%@20°C) in a short period (1 week), a). Principal component 
analysis (PCA) plot of measurement towards ozone at constant humidity (RH=20%@20°C) within the 
period Dec. 2005 - Nov. 2006, b). 

Further lab and field tests have been carried out by LISA. Such an activity has been focused on tracking ozone 
concentrations in packaging companies’ work places. For this purpose, LISA acquired a test site in a food-
beverage packaging company, the Tetrapak Carton Ambient Italiana S.p.A. This Company develops and 
produces packaging (i.e. tetrabrik) for food & beverage applications.  
Ozone measurement has been accomplished with different processes adopted in packaging industries, such as 
for example surface treatments (corona treatment) or printing process. In each process several chemical are used 
(or developed) that could interfere with ozone measurements. So far, a specific test rig have been settled up by 
LISA for evaluating ozone sensing capability using both synthetic air and indoor air as carrier gas. The importance 
in using both kind of air is to better link measurements performed in lab tests by university partners, carried out 
with synthetic air, and field tests, carried out with indoor air reach of pollutants, such as solvents or other 
chemicals adopted or developed in the same activity or nearby activities. For example, in printing activities ozone 
is used to treat surfaces but also other chemicals are adopted that could interfere in ozone sensing. High 
correlation has been observed between all lab tests carried out by different partners with synthetic air, while field 
test are highly correlated with lab tests carried out with indoor air as gas carrier. The use of indoor air reduces 
sensor response, probably due to presence of small amounts of solvents and hydrocarbons that reacts with 
ozone on metal oxide surfaces, which act as catalyst layers. This effect is weaker at high ozone concentrations (< 
500ppb) as reported in Figure 53.  
 

0,5

0,7

0,9

1,1

1,3

1,5

1,7

1,9

2,1

2,3

0 10 20 30 40 50 60 70 80 90 100 110 120 130

min

R/
R0

Sn2Onw‐SnO35_2_2 ‐ 34 synth

Sn2Onw‐SnO35_2_2 ‐ 34 lab

 

O3 O3

O3≅295ppb



NANOS4 Publishable Final Activity Report Section 1-Project objectives and major achievements  

  48

Figure 53: Sensors SnO35_2_2 tested in synthetic air (base resistance 72,9 kOhm @ 450 mW, RH% <0,1) 
and in laboratory air (resistance 63,3 kOhm @ 450 mW, RH=35%). 

WP8 Environmental monitoring of bad odours and nuisance  
Bad odours, coming from landfills and wastewater treatment plants, are a major source of complaints from 
population living nearby the plant; odorous emissions are related to both the treatment of fresh refuse (aerobic 
fermentation) and gaseous emissions from the anaerobic fermentation of the waste. In this situation the odour 
level near the plant is quantified in odorimetric unit per cubic meter (OU/m3) by means of a measurements 
protocol defined by European legislation (EN 13725). The protocol is based on an olfactometer that allows 
controlled dilution of odour sources collected at landfill. Odorimetric units are defined according to number of 
dilution necessary to null odour according to human panel members evaluation.  
The purpose of this task was to use the prototype developed under task 7.2 and compare its odour-sensing 
capability with evaluation performed by human panel members. An homemade olfactometer has been realized by 
SACMI in order to calibrate the sensing prototype developed within the project with human panel assessment 
according to EN 13725. 
By comparing the result given by the human panel and the result given by the instrument we can build a 
mathematical model to predict the odour concentration of an unknown sample only by measuring it with an array 
of selected sensors that have the same sensitivity of human panel members. 
After the landfill biogas chemical analysis performed by LISA, key gases composing such biogases and their 
concentrations have been determined. SACMI tested sensors towards these key gases in order to better 
understand the sensitivity towards this chemical group. Most suited sensors for such an application have been 
selected by these lab tests. The selected sensors are listed in Table 8 together with target gases they are most 
sensitive to. 
 

TARGET GASES SENSORS (PROVIDED BY) SENSOR TYPE 
C2H5SH SnO2-Au (INFM) Thin film 
HCs SnO2-Pd   HCs (CNR-IMM) Innovative Nanocrystal 
NH3 CTO,  (IPM) Thick film 
Ethanol ZnO nw, (INFM) Innovative Nanowire 
CO In2O3 nw,  (INFM) Innovative Nannowire 
NH3 SnO2 nw, (INFM) Innovative Nanowire 

Table 8: Sensors tested for the application, fabricated by of the partners of the NANOS4 consortium 

The electronic nose based on such a senor array revealed quite suitable to reproduce the human panels’ 
response to odours. The comparison reported in Table 9 indicates the two responses are very similar, especially 
for intense odours. The response of SnO2 Au sensor measured during field tests performed at different distances 
from odour source is reported in Figure 54 a). Oscillations observed in sensor response are due to the instability 
of odour intensity. Wind and other atmospheric agents made odour intensity unstable. Te sensor revealed useful 
also track quick odour intensity variations. The response of the sensor array has been evaluated by means of 
Principal Component Analysis (Figure 54 b). It is evident the capability of the electronic nose to distinguish 
different odour intensities (different distances from odour source). Within the electronic nose, most perfoming 
sensors revealed SnO2 Au and ZnO nw (Table 8). 
 

sample Human panel (OU/m3) Sensor array (OU/m3)  Difference (OU/m3) 

1 720 400 -320 

2 5800 5650 -150 

3 6100 6050 -50 

 

Table 9: comparison between human panel and sensor array. Sample n°1 is air collected near the 
leachate collection system (leachate is the liquid produced when water percolates through any permeable 
material); sample n°2 is pure biogas and sample n°3 is air collected near the fresh garbage front. 
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Figure 54: tin oxide Au-doped sensors response towards different landfill areas (a); PCA plot of the 
measures taken near the collector plant of a landfill (b). 

WP8 Combustion process control 
The first evaluation of sensors suitable for combustion application has been performed by IMM. Lab tests towards 
target gases generated by certified bottles have been performed with different materials developed by NANOS4 
partners. Pattern Recognition Software developed and implemented within WP6 has been used to identify the 
most suited materials to track target gases of such an application. Results are summarized in Table 10: 
 

TARGET GAS SENSING MATERIAL (PROVIDED BY) SENSOR TYPE 

CO 
CO 

NOX 
CO 
CO 
CO 

O2 (0-21%) 

WO3-MO3  (INFM) 
SnO2-Pd (CNR- IMM) 

In2O3 (CNR-IMM) 
SnO2 (INFM) 
In2O3 (INFM) 

In2O3 (CNR-IMM) 
commercial lambda sensor 

thin films 
thin films 

nanocrystals 
nanowire 
nanowire 

nanocrystals 
commercial lambda sensor 

Table 10: Composition of the final array for combustion in-field tests 

As for Industrial safety measurements of ozone, LISA has carried out preliminary lab tests with CO concentrations 
similar to the ones expected in field tests by using both synthetic and indoor air as carrier gas. Results confirm 
that pollutants present in the background air reduce sensors’ response respect to the response measured with 
synthetic air. 
More specific lab and field tests have been carried out in Spain by UB, subcontracting activity to FAE company, 
and in Italy by LISA in collaboration with Immergas company, one of the most important boiler manufacturers in 
Italy. 
Such an activity has been focused on detection of exhaust gases from domestic boilers.  
Different sensors based on nano materials developed in the frame of the NANOS4 project have been checked, 
using Table 10 as starting reference. Experimental field test set-up has been designed, engineered, developed 
and implemented, positioning sensors directly inside exhaust gases stack or inside a sensors chamber connected 
to it.  
The effect of interfering gases and effect of humidity, temperature and atmospheric pressure were assessed for 
the different proposed sensors or the proposed multi  gas sensor adapted to evaluate usual gases involved in the 
combustion process and that can be useful for combustion controlling as oxygen, carbon monoxide and nitrogen 
oxides.  Other characteristics as packaging and sensor reliability were also considered. Gas analyzers based on 
optical detection methods have been used in parallel with metal oxide sensors to track the concentrations of each 
gas. 
Suitability of different substrates has been tested. Both the classical alumina substrate and the silicon 
micromachined ones developed by EADS have been used. UB developed adequate packaging to adapt easily the 
sensor to the domestic gas boiler. According to the previous experience and expertise from FAE, an hexagonal 
metallic package was used (Figure 55, a). This package contains a hat prepared as a physical filter able to resist 
the gas flux inside the flue duct of the boiler and to allow the gas diffusion inside of the microchamber defined by 
the package it self. Test boilers were prepared to be ready to accept these kinds of sensor packaging. The 
package is essential for the present as well as future applications, especially for using sensors implemented with 
nanowires as sensing material. Furthermore, the developed package allowed positioning the sampling points 
inside the boilers in different places, where different gas composition, temperatures and water condensation 
situations occurs.  
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Different protocols have been tested. As an example we report a measurements in which the boilers working 
conditions are changed from a standby state up to a predefined final percentage of its maximum power in one or 
several steps returning to the initial standby state. As an example, the response of a SnO2 nanowire based 
sensor is reported in Figure 55 b) together with gas concentrations measured by means of gas analyzers.  
From the obtained results one can conclude that, despite metal oxide gas sensors are not selective, this first 
prototype of CO gas sensor based on nanowires is presenting characteristics good enough to be used as CO 
alarm in boilers. Increases above 400 ppm of CO, which is the allowed threshold, are suddenly detected by the 
variation of its resistance independently of the effects of the other “crosstalk” effect originated for the interfering 
gases like oxygen or nitrogen oxides. Preliminary measurements carried out by UB (subcontracted to FAE) with 
Pd-catalized tin oxide sensors reveal that the catalyst rout can be a suitable solution to enhance selectivity of 
such promising sensor toward CO. 
Repeated measurements proved the stability of nanowires response in such an application.  

a)  b) 

SnO2 nanowires

 

Figure 55: Packaging of gas sensor prepared for boilers, a). Behavior of the CO gas sensor based on 
SnO2 nanowires, b). 

Further protocols have been tested by LISA in cooperation with Immergas focusing on monitoring the gas 
composition at boilers exhausts. For this purpose, the selected sensor array has been lodged in the chamber 
developed by SACMI, with heated line connected to boiler exhaust. Various type of tests have been performed, 
according to Immergas experience, laboratory simulations and quality controls. 
As representative examples, the tin oxide nanowire sensor responses to boiler power steps and to fault valve 
tests are reported in Figure 56 a) and in Figure 56 b) respectively.  
Results revealed that sensor response is almost due to CO and, in a second step to RH. The fuel adopted 
(methane or GPL) does not influence sensor response.  
Good performances have been observed for different sensors, in particular for tin oxide nanowires indium oxide 
nanowires and gold catalyzed tin oxide thin films. The availability of different sensors together with their non 
selectivity an be used to monitor the emission of different gases, such as, for example, CO and humidity or the 
boiler status by means of pattern recognition techniques. Such a system will be useful to develop a new 
generation of boilers able to automatically set their parameters in order to work in optimal combustion conditions 
and to track the emission of poisoning gases developed during the combustion process.  
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Figure 56: Tin oxide nanowire sensor response to boiler power status (a) to fault valve test (b). 
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WP9 Exploitation and Dissemination 

WP9 Objectives 
1. Diffusion of the achieved results within the European Community in accordance with the European 

Research Area model. 
2. Market assessment 
3. Scientific exploitation and dissemination. 

 

Del 
No 

Deliverable name WP 
no. 

Lead 
participan
t  

Delivery 
date 
 

D1 Implementation of a web 
page for the project 

9 INFM M3 

D15 Business opportunities for 
downstream commercial 
applications                             

9 VAI M18 

D16 Market opportunities for 
commercial user markets 
outside consortium 

9 VAI M18 

D25 Dissemination and 
exploitation activities  

9 VAI M39 

D28 Business Plan for selected 
processes 

9 VAI M39 

  

Milestones and expected result  
 M9.1 Business opportunities for downstream commercial applications identified (Month 36) 
 

 
The web page of the project is http://www.nanos4.org. 
Exhaustive dissemination of the results achieved by Nanos4 during the Project has been reported in detail in the 
Final Plan for using and disseminating the knowledge, to whom we refer for complete information. 
Determination of Business plans for selected process is detailed in D28 and market assessment were performed 
and detailed in Deliverable D25 
 

http://www.nanos4.org/�
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Dissemination: Publishable results of the Final plan for using and 
disseminating the knowledge 
General terms of use and dissemination of knowledge arising from the NANOS4 project 
As a general rule, the policy of the NANOS4 consortium is to widely share knowledge produced, with as few 
limitations as possible in terms of access to results.  
The plan for use and dissemination of knowledge arising from the project NANOS4 is briefly outlined in section 
6.7 of the technical annex to the contract. The plan has been managed by the exploitation committee, made up of 
five members appointed among the technology transfer officers of partners. The exploitation committee had a 
mixed composition both academic and industrial in order to take into account all partners’ requirements.  
During the whole project the NANOS4 Exploitation Plan has not been intended as a static document but as a 
document translating the scope of the workpackage number 9. It was aimed at enstablishing the roadmaps, action 
plans to protect, giving value and exploiting the intellectual property deriving from the project. 
As the activities of NANOS4 cover a broad research spectrum, from basic to applied research, different kinds of 
project results has been achieved. In order to assure the maximum use of project results, clear goals and plans 
have been made and executed. 
 

NANOS4 knowledge management map principles 
 

 
Event 

 
Responsible for this task (visible) results 

Generation of knowledge All Patents, scientific articles 

Exchange of Knowledge Project Manager, WP 
leaders, all 
 

Good interpersonal contacts 
Web based communication 
Structure 

Protection of knowledge All, Exploitation Committee Patent Applications 

Dissemination All, Exploitation Committee 
 

public project descriptions, 
Articles, Workshops, presentation 
at major conferences 

Exploitation All, Exploitation Committee Exploitation plans, licence 
agreements, spin off companies 

Exploitation Plan: general role of the Exploitation Committee. 
The exploitation Committee was made up of the following IPR and Technology Transfer experts: Thomas Becker 
(EADS), Antonio Bettini (SACMI), Lorenzo De Michieli (INFM), Veli-Pekka Viitanen (VAI), Juan Ramon Morante 
(UB). 
The activities of the exploitation committee included: 

 to make proposals on communication strategies for the dissemination of results; 
 to assure the protection of IPR and promote its exploitation via licence and patents; 
 to promote applications in all relevant different sectors to achieve the largest potential impact of the 

project on the market; 
 to maintain an updated list of IPR generated by the consortium in the frame of the NANOS4 project; 
 to support partners in the start up of spin-off companies. 

 
 

Dissemination and exploitation of results (carried out or foreseen during the first year of 
project activity) 
 
The whole activity of dissemination and exploitation of results carried out by NANOS4 partners within the project 
at the date of December 2006 is summarised in the following tables. 
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Exploitable knowledge and its Use 
The following table describes the actions which NANOS4 partners have undertaken with the aim of exploiting the 
research results of the project. 
 

# Exploitable 
Knowledge 

Exploitable 
product or 
measure 

Sector of application 
Timetable 

for 
commercia

l use 

Patents or 
other IPR 
protection 

 
Owner & 

Other 
Partners 
involved 

 

1 Performance 
estimates for metal 
oxide gas sensors 

 Pre-marketing of 
Industrial and 
scientific 
instrumentation 

2008  All 

2 Electronic control 
method 

Gas Sensor 
Control System 

Instruments for gas 
monitoring 

2008 Under 
evaluation 

SACMI 

3 Sensor Database Rapid prototyping 
tool 

all MOX – gas 
sensing applications 

2009  EADS – 
all 
partners 

4 Dynamic gas 
response of MOX - 
sensors 

Innovative sensor 
systems 

all MOX – gas 
sensing applications 

2008  EADS 

5 Behaviour of locked 
in reactive gases 

Micro reactor 
system – 
innovative sensor 
system with self 
test features 

all MOX – gas 
sensing applications 

2008  EADS, 
INFM  

6 Semiconductor thin 
film gas sensor with 
increased selectivity 

Innovative sensor Electronic nose 2009 Patent n. 
TO2004A0
00883 

INFM 

7 Market assessment Market volume 
and needs for 
sensor 
technology for 
ozone, CO, bad 
odours, 
smouldering fire 
emissions 

Environment 
monitoring, 
industrial safety and 
process control, 
fire/smoke 
detection, analyzers 
for bad odour and 
nuisance 

2007  VAI, 
AOA, 
EADS, 
SACMI, 
UB 

8 New technology for 
the production of 
oxide powders 

Innovative 
material 

All MOX-gas 
sensing applications 

2008  IMM-UB 

9 Method for the 
deposition of quasi 
uni-dimensional 
nanostructures by 
PVD in a vacuum 
chamber 

Innovative 
industrial process 
for innovative 
sensors 

Gas sensing, 
electronic nose 

2008  INFM 

10 Nanocontacs and 
electrical assessment 
of nanowires 

Bottom up 
nanosensors 

Sensors devices, 
nanodevices, 
hotplates with 
nanowires 

2010 Published 
results 

UB 

11 Nanotemplates Obtention of 3-D 
networks of 
nanocrystals of 
MOX’s 

Chemical sensors 
based on MOX’s 

2010 Published 
results 

UB 
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12 Improved procedures 
for the synthesis of 
nanowires and 
nanocrystals: CVD 
reactor (VLS 
process), 
Hydrothermal reactor 
and electrochemical 
based methods. 

Obtention of 
nanocrystals and 
nanowires of 
metal oxides 
based materials 

Chemical sensors 
based on MOX’s. 
Photocatalyis. 
Micromehanized 
hotplate with 
nanowires, 

2010 Published 
results 

UB 

13 Nano colloidal 
nanoparticles of 
MOX’s 

Controllable 
nanocrystals of 
MOX’s materials 

Chemical sensors 
based on MOX’s . 
Micromechanized 
hotplates with MOX 
NC’s  
Catalysis 

2010 Published 
results 

UB/IMM
(Lecce) 

14 Interaction of the UV 
photons with  metal 
oxides materials 

Optical excited 
gas nano sensors

Chemical sensors 
based on MOX’s. 
Photocatalysis. 
Electrodes for liquid 
cleaning systems 
and/or water 
splitting. Sensing 
Lamps. 

2010 Published 
results. 
Patent 
under 
evaluation. 

UB 

15 Absorption sites and 
related energies, 
Persistent 
Photoconductivity 
and intrinsic defect 
models in  “nano” 
sensing metal oxide 
materials 

Models and 
procedures for 
metal oxide 
properties design 

Sensing materials 
engineering. 

 Published 
results 

UB 

16 Use of sensing 
nanomaterials with 
modulated surface 
characteristics 

Gas sensors 
based on nano 
arrays in hot 
plates  

CO and NOx 
discrimination 
sensing systems in 
boiler ambient 

2011 Published 
results. 

UB 

17 Doped metal oxides, 
e.g. antimony doped 
SnO2, as contact 
material for gas 
sensitive sensor 
layers 

Gas sensors 
contacts 

Industrial, civil 2007 Patent 
submitted 

EADS 

 
2. The Gas sensor control system (SACMI) 
The front-end electronic developed in the framework of NANOS4 project consists of an electronic board  specially 
designed to control and measure up to 8 Metal Oxide Semiconductor sensor elements. It controls 8 sensing 
layers at the same time in a range 500Ω÷1GΩ with 0.5% accuracy.  The sensing layer supply (range 0V÷2.5V)  is 
the same for all channels and it’s adjustable. 
The electronic system can supply 8 independent heating layers with 1500 mW maximum power. 
It can execute readings every second and it can transfer the data to PC with a serial cable (Protocol RS-232 or 
RS-422) at 19200÷57600 bps transfer rate. 
The developed front-end electronic system is commercially interesting as it represents a good solution for building 
up a multi-sensors detector suitable for industrial use. 

3. The sensor database (EADS) 
The sensor database is a collection of all important information of commercial thick film sensors and thin film 
MOX sensors developed during the NANOS4 project. It contains information about main response gases and 
gases with lower sensitivity of each characterized sensor as well as optimum working temperatures for each gas, 
heater characteristic and working conditions.  
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The rapid prototyping tool is a graphical user interface that will provide, based on the measured results in the 
database, by a chemometric technique - (PCA) principal component analysis – proposals of sets of sensing layers 
and sensor operation conditions most suitable for the specific target application envisaged  
This rapid prototyping tool will combine known information about commercial sensors with innovative sensors 
developed during the NANOS4 project. For specific MOX applications sensor array solutions will be found easily 
and new sensor systems will spread quickly. 

4. Dynamic gas response of MOX – sensors (EADS) 
Investigations on dynamic gas response of MOX thin film layers showed, that the sensitive layer is capable to 
react to changes in the gas surrounding in microseconds and not as reported in previous measurements in 
seconds.  
After further investigations on micromachined substrates, it might be possible to combine the short thermal time 
constants of the substrates with the fast response time of the MOX thin film layers into one innovative and gas 
selective sensor system. 

5. Micro reactor system (EADS, INFM) 
Upon gas detection MOX gas sensors tend to consume unstable and combustible gases transforming them into 
much less detectable follow-on-species. Operating MOX gas sensor arrays in small confined spaces (micro 
reactors) in different sampling modes allows obtaining information not accessible to gas sensor arrays operated in 
a continuous free-diffusion mode.  
After further investigations we might be able to identify molecules by monitoring their combustion kinetics and by 
operating the arrays repeatedly between contaminated and clean air conditions thus allowing for drift 
compensation. At the end we could reach an innovative, gas selective sensor system with self-test features. 

7. The market assessment (VAI, AOA, EADS, SACMI, UB) 
Market potential, competition and application survey and analysis has been performed for the following segments: 
Ozone transmitter for environmental applications 
- Total market size estimate: 3...4 M€/a 
Industrial safety and process control measurements of Ozone 
- Total market size estimate 7.5...9.2 M€/a 
Carbon monoxide in ambient air 
- Total market size estimate 2.7 M€/a 
Industrial safety and process control measurements of CO 
- Total market size estimate 7...14 M€/a 
Environmental monitoring of bad odours 
- Total market size estimate 30...120 M€/a 
Fire detection in aircraft and mobile applications 
- Total market size < 5M€ 
CO measurements for combustion process control 
- Total market size >25 M€ 
 
Evaluation of markets for the sensors and technology outside the consortium also shows an interesting, multi-
million €  annual potential, but the core market is clearly in the consortium's internal applications. 
The market analysis allows the consortium to develop commercially optimized products and speeds up the market 
penetration by introducing the technology to potential users as well as  by obtaining user feedback in a very early 
phase of the project. Market survey also supports the planning of the suitable production facilities for the sensors 
developed in NANOS 4. 

 
8. Nanopowders Production (IMM/UB) 
The production of extremely active oxide nanocrystals in a small size regime is still a challenge and only for a few 
systems it has been investigated in detail (e.g. SnO2, Fe2O3). Thus a synthetic methodology has been achieved 
that consists in injecting metal oxide sols in coordinating environments at moderate temperatures. Various oxides 
have been prepared and the methodology appears as general and flexible. The prepared nanocrystals are size 
limited, thermally stabilized and their size can be controlled by tuning the processing parameters. The 
nanocrystals are dispersible and processable by drop-coating. Scaling-up of the production process and 
engineered deposition seem possible. 
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10. Nanocontacs and electrical assessment of nanowires 
Results and advancements from WP2 and WP3 have mainly used to disseminate different scientific and 
technological papers that have already been or will be published in specialized journals. 
Likewise these data have been used to develop models, theories and justifications available for explaining the 
obtained data with these nanostructured materials. Nowadays, reliable electrical contacts at the nanoscale are 
still a challenge. Therefore, activities will continue focused on the exploitation of the developed capacity to study 
and analyze electrically individual nanocrystals or bottom up gas nanosensors. 
Some new papers and conference contribution are already been foreseen. 
The acquired knowledge allows us to present a procedure to perform real bottom up built sensors and /or applied 
it for getting hotplate bassed nanosensors. Individual/ single nanowires can be studied using our developed 
procedure. 
 
11. Nanotemplates (UB) 
Procedure to use mesoporous material for obtaining different kind of perfectly ordered nanocrystal or 
nanostructures in different 3-D configuration has been implemented. Porous channels and size can be controlled 
and their consequences on the final gas sensing characteristics known improving the final performances of the 
fabricated sensors 
 
12. Improved procedures for the synthesis of nanowires and nanocrystals (UB) 
New procedures that facilitate the control of the sensing material properties have been implemented based in 
different type of reactors. ZnO from CVD based on a VLS process. TiO2 nanostructures, from a hydrothermal 
reactor, as well as electrochemical procedures. It is outstanding to be used combined with micromechanized 
hotplates. 
 
13. Nano colloidal nanoparticles of MOX’s (UB/IMM) 
Low temperature procedures using colloidal synthesis processes of metal oxides has been developed and applied 
using micromechanised hot plates 
 
14. Interaction of the UV photons with  metal oxides materials (UB) 
The developed devices, based on field emission lamps with UV emitting phosphorous,  which involve optical 
excitation for gas sensing using nanostructured material could open very exciting expectative for commercial 
products mainly focused on the detection of oxidizing gases. A possible patent is under preparation. 
 
15. Absorption sites and related energies (UB) 
From simulation activities, there are new features under exploitation and analysis for your knowledge 
dissemination as well as for its potential technological exploitation. Aside of the absorption site analysis related to 
the poising mechanisms, there is the existence of the persistence of the induced photoconductivity in these used 
metal oxides nanomaterials.  UV illumination has enough energy to induce vacancies and defects in these 
materials. Important knowledge has been to prove that small size enhances these defect formations. Theoretical 
simulations have reported that their enthalpy formation decreases with. So, new panorama has been open in this 
scenario. More are proceeding with more analysis focused on this topic and we estimate that as conductivity and 
surface conditions can be fitted according to these UV excitation parameters new sensing devices will be 
proposed. In the next, join papers among several members of the consortium on this topic will be done. Likewise, 
several invited conferences related with it will be given.  
Many of it, it is related with the developed capability of simulation of the nanostructured material together with the 
absorption and desorption processes  WP5. 
 
16. Use of sensing nanomaterials with modulated surface characteristics (UB) 
UB is  foreseen to continue the development of sensors for boilers based on nanostructured  materials, nanowires 
and nanorystals, on hotplates for low cost and  high mass volume production. The device engineering including 
the selection of the nanomaterials performances is up to now based, mainly, on the acquired and developed 
nanos4 knowledge. 
 

Dissemination of knowledge 
The whole activity of dissemination  of research  results carried out by NANOS4 partners  is summarised in the 
follow table 
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Publications Invited 
Lectures

Talks & 
posters at 

conferences

Patent 
Applications

Industrial 
Meetings

Organised 
Conferences 

& 
Workshops

81 21 133 2 12 3 
 
 
The following table describes the NANOS4 partners activities addressed to the dissemination of their research 
results. 
 

# 
Planned / 

actual 
Dates 

 
Type 

 

 
Type of 

audience 

Countries 
addressed 

Size 
of 

audie
nce 

Partner 
involved

1 10/02/2004 Invited lecture at 8th Italian Conference on Sensors 
and Microsystems, Ferrara.  

Research Europe 200 UB 

2 11/02/2004 Invited lecture at 8th Italian Conference on Sensors 
and Microsystems, Ferrara 

Research Europe   INFM 

3 15/02/2004 Invited lecture at the Nanoscience and 
Nanotechnology Workshop. Campines  (Brazil) 

Research South 
America 

250 UB 

4 25/02/2004 Conference Talk at 2nd National Conference on 
Nanoscience and Nanotechnology: The Molecular 
Approach Area, CNR Bologna  

Research Europe   INFM 

5 01/03/2004 Project web-site General 
public 

Int.   INFM / all 

6 10/03/2004 Conference Talk at Nanospain meeting. San Sebastian 
(Spain) 

Research Europe 150 UB 

7 14/04/2004 Conference Talk at Spring meeting MRS, San 
Francisco (USA); 

Research Int. 250 UB 

8 28/06/2004 Meeting Industry Int. 2 Vaisala 

9 30/06/2004 Meeting Industry Int. 4 Vaisala 

10 02/07/2004 Meeting Industry  Finland 2 Vaisala 

11 03/07/2004 Meeting Industry  Finland 3 Vaisala 

12 11/07/2004 Conference Talk at 10th International Meeting on 
Chemical Sensors, Tsukuba (Japan) 

Research Int. 400 UB 

13 11/07/2004 Conference Talk at 10th International Meeting on 
Chemical Sensors, Tsukuba (Japan) 

Research Int. 400 UB 

14 11/07/2004 Conference Talk at 10th International Meeting on 
Chemical Sensors, Tsukuba (Japan) 

Research Int.   INFM 

15 03/08/2004 Meeting Industry Finland 2 Vaisala 
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16 09/08/2004 Conference Talk at 14th International Conference on 
Crystal Growth, GRENOBLE - France 

Research Int.   INFM 

17 11/08/2004 Meeting Research 
Industry 

Finland 2 Vaisala 

18 12/08/2004 Meeting Research 
Industry 

Int. 2 Vaisala 

19 14/08/2004 Meeting Research 
Industry 

Finland 2 Vaisala 

20 06/09/2004 Conference Talk at Fall Meeting of the European 
Materials Research Society 2004, Warsaw. 

Research Int. 150 UB 

21 06/09/2004 Conference Talk at Fall Meeting of the European 
Materials Research Society 2004, Warsaw. 

Research Int 150 UB 

22 06/09/2004 Invited lecture at Fall Meeting of the European 
Materials Research Society 2004, Warsaw. 

Research Int.   INFM 

23 13/09/2004 Conference Talk at Eurosensors XVIII Research, 
Industry 

Europe 500 UB 

24 13/09/2004 Conference Talk at Eurosensors XVIII Research, 
Industry 

Europe   INFM 

25 13/09/2004 Poster at International Workshop on Semiconductor 
Gas Sensors - SGS'2004, Ustron, Poland. 

Research 
and 
Industry  

Europe 70 Fh-IPM 

26 16/09/2004 Conference Talk at Trend in Nanotechnology, TNT’04 , 
Segovia, (Spain) 

Research  Int. 300 UB 

27 16/09/2004 Conference Talk at International Workshop on 
Semiconductor Gas Sensors - SGS'2004, Ustron, 
Poland 

Research 
and 
Industry 

Europe   INFM 

28 16/09/2004 Conference Talk at Nanophase Materials, CNR -
ROMA, Italy 

Research Int.   INFM 

29 19/09/2004 Invited lecture at International Workshop on 
Semiconductor Gas Sensors - SGS'2004, Ustron, 
Poland 

Research  Europe 70 UB 

30 20/09/2004 Conference Talk at SIF 2004 XC Congresso Nazionale 
Società Italiana di Fisica, Brescia, Italy 

Research Europe   INFM 

31 September
, 2004 

Conference Talk: Quasi-one-dimensional 
nanostructures of semiconductor oxides for gas 
sensing. E-MRS Fall Meeting 2004, Symposium A 
Warsaw,  

Research Int. 500 INFM 

32 September 
2004 

Conference Talk at TNT 2004  Research Int.   UB 

33 25/10/2004 Invited lecture at IEEE SENSORS 2004, Wien-A  Research Int.   INFM 

34 29/10/2004 Conference Talk at International Gas Research 
Conference, IGRC’04, Vancouver (Canada) 

Industry Int 500 UB 

35 October, 
2004 

Conference Talk: Metal oxide nanocrystals for gas 
sensing, IEEE SENSORS 2004, Wien 

Research Int. 500 INFM 

36 03/11/2004 Conference Talk: at International Gas Research 
Conference, IGRC’04, Vancouver (Canada) 

Industry Int 500 UB 

37 19/11/2004 Invited lecture at the bilateral Spain-French Workshop 
on Micro and Nanotechnologies. Biarritz. (France) 

Research,I
ndustry 

Europe 150 UB 
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38 01/12/2004 Invited lecture at the Think Tank on Nanoscience 
&Nanotechnology. El Escorial (Spain) 

Research, 
Industry 

Europe 100 UB 

39 02/12/2004 Poster at Conference(MRS Fall Meeting, Boston) Research  Int. 500 IMM/UB 

40 06/12/2004 Conference Talk at Sensor Science & Technology, 
ISAMAP2K4 Kharagpur, India 

Research Int.   INFM 

41 15/12/2004 Conference Talk on Innovation in monitoring bad 
odours and nuisance 

Industry  I 70 SACMI 

42 17/12/2004 Patent n. TO2004A000883 Industry, 
Research 

    INFM 

43 2004 Invited lecture: „Materials and Material Issues Relating 
to High-Performance Gas-sensing Technologies” 

Research Int.   EADS 

44 28/12/2004 Publication: Adsorption effects of NO2 at ppm level on 
visible photoluminescence response of SnO2 
nanobelts, APL 

Industry, 
Research 

Int.   INFM/IM
EM 

45 02/02/2005 Conference Talk: to Electronic Device Conference, 
CDE’05 Tarragona (Spain) 

Research Europe 200 UB 

46 February 
2005 

Conference Talk: GAS  SENSITIVE LIGHT EMISSION 
PROPERTIES OF TIN OXIDE NANOBELTS 
Proceedings of 9th Italian Conference on Sensors and 
Microsystems, Firenze 

Research I 150 INFM 

47 February 
2005 

Conference Talk: NANOSTRUCTURED TUNGSTEN 
OXIDE DEPOSITED BY THERMAL EVAPORATION 
FOR GAS SENSING APPLICATIONS, Proceedings of 
9th Italian Conference on Sensors and Microsystems, 
Firenze 

Research Int. 150 INFM 

48 15/03/2005 Conference Talk at Microscopy of Semiconductor 
Materials MSM XIV,Oxford (U.K) 

Research Int 250 UB 

49 17-18/3/05 Workshop: 1st International Workshop on Smart Gas 
Sensors, Freiburg (Germany) 

Research, 
Industry 

Int. 70 Fh-IPM 

50 31/03/2005 Invited lecture at the 2005  MRS Spring Meeting, San 
Francisco, CA; 

Research  Int. 100 IMM 

51 March 
2005 

Conference Talk: Quasi One-Dimensional Oxidic 
Structures for Gas Sensing Applications. 1st 
International Workshop on Smart Gas Sensors, 
Freiburg (Germany) 

Research Int. 150 INFM 

52 March 
2005 

Conference Talk: Quasi mono-dimensional metal oxide 
semiconductors as the new generation of gas sensors. 
2nd International Workshop on Nano & Bio-Electronics 
Packaging, Atlanta, Georgia, USA 

Research Int. 150 INFM 

53  April 05 Conference Talk: Understanding E-Nose data by 
feature ranking. 11th International Symposium on 
Olfaction & Electronic Nose, Barcelona, 2005 

Research Int. 150 INFM 

54  April 05 Conference Talk: Benchmarking Feature Selection for 
E-Noses. 11th International Symposium on Olfaction & 
Electronic Nose, Barcelona, 2005 

Research Int. 150 INFM 

55  April 05 Conference Talk at the Spring meeting MRS. San 
Francisco (USA) 

Research Int 250 UB 

56  April 05 Conference Talk at EUSPEN’05, Marseille, (France) Research Int 300 UB 
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57  9/5/05 Poster at Conference for Microtechnologies for the New 
Millennium 2005 (MEMS) in Sevilla, Spain 

Research 
and 
Industry 

Int 150 Fh-IPM 

58 10/05/2005 SENSOR-Test 2005, 12. International Trade Fair for 
Sensorics, Measuring and Testing Technologies with 
accompanying Conferences, Nürnberg Germany  

Industry  Int. 10000 Fh-IPM 

59 2005 Publication: Synthesis of SnO2 and ZnO Colloidal 
Nanocrystals from the Decomposition of Tin(II) 2-
Ethylhexanoate and Zinc(II) 2-Ethylhexanoate. 

Research Int.   IMM/UB 

60 2005 Publication: Raman surface vibration modes in 
nanocrystalline SnO 2 : correlation with gas sensor 
performances. 

Research Int.   UB 

61 2005 Publication: Solution síntesis of thin-films in the SnO2-
In2O3 system: a case study of themixing of sol-gel and 
metal-organic solution processes. 

Research Int.   IMM/UB 

62 2005 Publication: Gas-sensing properties of catalytically 
modified WO 3 with Copper and Vanadium for NH 3 
detection. 

Research Int.   UB 

63 2005 Publication: Experimental and theoretical studies of 
indium oxide gas sensors fabricated by spray pyrolysis.

Research Int.   UB 

64 2005 Publication: Multisensor chip for gas concentration 
monitoring in a flowing gas mixture. 

Research Int.   UB 

65 2005 Publication: DRIFTS analysis of the CO 2 detection 
mechanisms using LaOCl sensing material. 

Research Int.   UB 

66 2005 Publication:Tin oxide nanobelts electrical and sensing 
properties. 

Research Int.   INFM 

67 2005 Publication: Photo-Induced Unpinning of Fermi Level 
in WO3 Sensors 

Research Int.   INFM 

68 2005 Publication:  Growth of tin oxide nanocrystals Research Int.   INFM 

69 2005 Publication: iron doped indium oxide by modified rgto 
deposition for ozone sensing  

Research Int.   INFM 

70 2005 Publication: Adsorption effects of NO2 at ppm level on 
visible photoluminescence response of SnO2 
nanobelts. 

Research Int.   INFM 

71 2005 Publication: Investigation of dopant profiles in 
nanosized materials by scanning transmission electron 
microscopy 

Research Int.   INFM 

72 2005 Publication: Effects of various metal additives on the 
gas sensing performances of TiO 2 nanocrystals 
obtained from hydrothermal treatments. 

Research Int.   UB 

73 2005 Publication: Nanostructured metal oxides synthesized 
by hard template method for gas sensing applications. 

Research Int.   UB 

74 2005 Publication: Nanocomposites SnO2/Fe2O3: Wet 
chemical synthesis and nanostructure characterization. 

Research Int.   UB 

75 2005 Publication: Characterisation and stabilisation of 
Pt/TaSi x /SiO 2 /SiC gas sensors. 

Research Int.   UB 

76 2005 Publication: Characterisation of LaOCl sensing 
materials using CO 2 -TPD, XRD, TEM and XPS. 

Research Int.   UB 

77 2005 Publication: Transition metals (Co, Cu) as additives on 
hydrothermally treated TiO 2 for gas sensing. 

Research Int.   UB 
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78 2005 Publication: High-temperature low-power performing 
micromachined suspended micro-hotplate for gas 
sensing applications. 

Research Int.   UB 

79 2005 Publication: Micromachined twin gas sensor for CO 
and O 2 quantification based on catalytically modified 
nano-SnO2. 

Research Int.   UB 

80 2005 Publication: Electrochemical deposition of Cu and 
Ni/Cu multilayers in Si microsystem technologies. 

Research Int.   UB 

81 2005 Publication: Mechanical characterization of thermal 
flow sensors membranes.  

Research Int.   UB 

82 2005 Publication: Performances of La-TiO 2 nanoparticles 
as gas sensing material  

Research Int.   UB 

83 2005 Publication: Gas sensing properties of films of (CdO)x-
(ZnO)81-x) mixed oxide. 

Research Int.   UB 

84 2005 Conference Talk at CDE 2005 (Conferencia de 
Dispositivos Electrónicos 2005). 

Research 
Industries 

Int.   UB 

85 2005 Conference Talk at 2nd Nanospain Workshop Research  National   INFM/UB

86 2005 Conference Talk at 2nd Nanospain Workshop  Research National   UB 

87 2005 Conference Talk at Microscopy of Semiconductor 
Materials MSM XIV,Oxford (U.K) 

 Research Int.   UB 

88 2005 Conference Talk at Microtechnologies for the New 
Millennium. 

 Research Int.   UB 

89 2005 Conference Talk at SME XXII  Research Int.   UB 

90 2005 Conference Talk at SME XXII  Research Int.   UB 

91 2005 Conference Talk at E-MRS Spring Meeting.  Research Int.   INFM/UB

92 2005 Conference Talk at MMD Meeting  Research Int.   IMM/UB 

93 2005 Conference Talk at IEEE sensors 2005  Research Int.   INFM/UB

94 2005 Conference Talk at Eurosensors XIX  Research Int.   UB 

95 2005 Conference Talk at Eurosensors XIX  Research Int.   IMM/UB 

96 2005 Conference Talk at EMRS 2005  Research Int.   UB 
97 2005 Conference Talk at Eurosensors XIX  Research Int.   UB 
98 2005 Conference Talk at DAVOS Microscopy Conference 

2005 
 Research Int.   UB 

99 2005 Conference Talk at 11th International Symposium on 
Olfaction & Electronic Nose 

 Research Int.   INFM 

100 2005 Conference Talk: “SiC as a High-Performance Material 
for Microheaters” 

Research Int.   EADS 

101 2005 Conference Talk: “High-Temperature MEMS Heater 
Platforms: Long-term performance of metal and 
semiconductor heater materials“ 

Research Int.   EADS 
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102 2005 Conference Talk: “Longterm-stable Thermal IR 
Emitters with SNO2:SB Metallisation”; Proceedings 
Eurosensors 2005, Barcelona, Spain   

Research Int.   EADS 

103 2005 Publication: „A rate equation approach to the gas 
sensitivity of thin-film SnO2” 

Research Int.   EADS 

104 2005 Conference Talk: “Design, development and 
operational concept of an advanced MEMS IR source 
for miniaturized gas sensor applications”; Proc. IEEE 
Sensor Conference, Anahein,Ca., Nov. 2005 

Research Int.   EADS 

105 2005 Conference Talk at 11th International Symposium on 
Olfaction & Electronic Nose 

 Research Int.   INFM 

106 February 
2005 

Conference Talk at CDE 2005 (Conferencia de 
Dispositivos Electrónicos 2005). 

 Research Int.   UB 

107 February 
2005 

Conference Talk at nanospain 2005  Research Int.   UB 

108 March 
2005 

Conference Talk at MRS 2005  Research Int.   UB 

109 Apil 2005 Conference Talk at MSM XIV  Research Int.   UB 

110 Apil 2005 Conference Talk at East Asia Conference on Chemical 
Sensors 

 Research Int.   UB 

111 May 2005 Conference Talk at MRS 2005  Research Int.   INFM 

112 May 2005 Conference Talk at EUSPEN 2005  Research Int.   UB 

113 Apil 2005 Conference Talk at Nano FIB 2005  Research Int.   UB 

114 May 05 Conference Talk at Spring meeting of the E-MRS. 
Strasbourg. (France) 

Research Int 250 UB 

115 May 05 Meeting Waste water treatment in pulp&paper industry Industry Int. 1 VAI 

116 May  05 Meeting  Ozonation in public  swimming pools Industry Finland 1 VAI 

117 May 05 Meeting CO monitoring in PEM fuel cells and diesel 
engines 

Industry Int. 2 VAI 

118 May  05 Meeting CO monitoring in car decks and machine 
rooms 

Transporta
tion 

Europe 2 VAI 

119 June 2005 Conference Talk: Quasi mono-dimensional metal oxide 
semiconductors for gas sensing, MMD meeting, 
Genova 

Research I 400 INFM 

120 28/06/2005 Conference Talk: MRS – Spring Meeting Research Int.   EADS 
121 28/06/2005 Conference Talk: MRS – Spring Meeting Research Int.   EADS 
122 june 2005 Conference Talk at SME XXII  Research Int.   UB 
123  August 

2005 
Conference Talk at TNT 2005  Research Int.   UB 

124 August 
2005 

Conference Talk at optics and Photonics  Research Int.   INFM 

125 August 
2005 

Poster: 2005 International Sol-Gel Workshop, Los 
Angeles (CA) 

Research Int. 500 IMM/UB, 
INFM 
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126 August 
2005 

Conference Talk: cw and time-resolved 
photoluminscence properties of tin oxide nanobelts in 
gaseous environmen spie 2005, San Diego CA 

Research Int. 400 INFM 

127 13/09/2005 Conference Talk at Eurosensors 2005, Barcelona, 
Spain 

Research Int.   IMM/UB, 
INFM 

128 September
, 2005 

Conference Talk: structural and gas sensing 
characterization of tungsten oxide deposited by thermal 
evaporation, EUROSENSORS XIX, Barcelona, Spain 

Research Int. 300 INFM 

129 September
, 2005 

Conference Talk: indium oxide quasi-monodimensional 
low temperature gas sensor, EUROSENSORS XIX, 
Barcelona, Spain 

Research Int. 300 INFM 

130 Sept. 05 Conference Talk: Array Design Tool for METAL OXIDE 
Gas Sensors, EUROSENSORS XIX, Barcelona, Spain 

Research / 
Industry 

Int. 300 EADS 

131 September 
2005 

Conference Talk at EUROSENSORS 2005  Research 
Industry 

Int.   UB 

132 September 
2005 

Conference Talk at  3rd SOXESS Workshop  Research 
Industry 

Int.   INFM 

133 September 
2005 

Conference Talk at EUROSENSORS XIX  Research 
Industry 

Int.   INFM 

134 September 
2005 

Conference Talk at EUROSENSORS 2005  Research 
industry 

Int.   INFM 

135 September 
2005 

Conference Talk at EUROSENSORS 2006  Research 
Industry 

Int.   UB 

136 October, 
2005 

Conference Talk at  3rd SOXESS Workshop  Research 
Industry 

National   INFM 

137 October, 
2005 

Conference Talk: Metal oxide nanocrystals: a new 
generation reliable gas sensors. at the 4th IEEE 
International Conference on Sensors, Irvine, California 

Research Int. 600 INFM 

138 November 
2005 

Conference: Young scientists day of the CMC2  Research France 70 INPG 

139 November 
2005 

Conference Talk at 6th East Asia Conference on 
Chemical Sensors 

 Research Int.   INFM 

140 November 
2005 

Conference Talk at 6th East Asia Conference on 
Chemical Sensors 

 Research Int.   INFM 

141 01/12/2005 Publication: proceeding of MRS Fall Meeting Research  Int.   IMM/UB 
142 2005 Conference Talk at IEEE 2005 Sensors.  Research 

Industry 
Int.   UB 

143 2005 Conference Talk at EMRS 2006  Research Int.   UB 
144 2006 Conference Talk at EMRS 2006  Research Int.   UB 
145 Apil 2006 Conference Talk at MRS 2006  Research Int.   UB 
146 2006 Conference Talk at Nanospain 2006  Research Int.   UB 
147  during 

2005 
Publication: Tin oxide nanobelts electrical and sensing 
properties, submitted to Sensors and Actuators B (to be 
published) 

Research Int.   INFM 

148  during 
2005 

Publication: study of the WO3 system (to be submitted 
to materials chemistry journal) 

Research  Int.   IMM/UB 

149  during 
2005 

Publication: study of the SnO2 system (to be submitted 
to materials chemistry journal)  

Research  Int.   IMM/UB/ 

150  during Publication: Classification of electronic nose data with Research Int.   INFM 
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2005 Support Vector Machines. Sensors and Actuators B, 
107 (2005), 730-737 

151  during 
2005 

Publication: Metal oxide nanocrystals for gas sensing 
in press on Sensors & Actuators B 

Research Int.   INFM 

152 during 
2005 

Publication In situ Raman spectroscopy study of NO2 
adsorption on a nanocrystalline tin(IV) oxide 

Research Int.   IMM CNR 
INPG 

153 during 
2005 

Publication: "Conduction model of SnO2 thin films 
based on conductance and Hall Effect measurements", 
submitted for publication in Journal of Applied Physics 

Research Int.   Fh-IPM 

154   Publication: "Towards nano sized gas sensors", 
Abstract submitted to EMRS-spring meeting, Nice 2006

Research Int.   Fh-IPM 

155  during 
2005 

Publication:NANOSTRUCTURED WO3 DEPOSITED 
BY MODIFIED THERMAL EVAPORATION FOR GAS 
SENSING APPLICATIONS, Thin Solid Films (in press) 

Research Int.   INFM 

156 2005-6 Publication:” Thin Films in the SnO2-In2O3 System: 
Solution Synthesis, Characterization and Formation of 
Different Phases on the Nano-Scale”, submitted 

      IMM/UB 

157 May 2006 Conference Talk: Oxide Nanocrystals from a Low-
Temperature, Self-Limiting Sol-Gel Transition in a 
Coordinating Environment: Synthesis, Processing of 
Gas-Sensing Devices and Application to Organic 
Compounds, E-MRS Spring Meeting, Nice, France 

Research Int. 100 IMM/UB 

158 July 2006 Chemical Synthesis of In2O3 Nanocrystals and Their 
Application in Ozone-Sensing Devices 

Research Int.   IMM, 
CNR-
INFM, 
UB, INPG

159 28/5 2 /6 
2006 

Poster at Conference(E-MRS Spring meeting, Nice, 
France) 

Research Int. 300 INPG-
EADS 

160 28/5 2 /6 
2006 

Conference Talk at Conference(E-MRS Spring 
meeting, Nice, France) 

Research Int. 300 INPG 

161 28/5 2 /6 
2006 

Conference Talk at Conference(E-MRS Spring 
meeting, Nice, France) 

Research Int. 300 INPG-
IMM-
INFM 

162 June 2006 Conference Talk: Nanocrystalline Metal Oxides From 
The Injection Of Metal Oxide Sols In Coordinating 
Solutions: Synthesis, Characterization, Thermal 
Stabilization, Device Processing And Gas-Sensing 
Properties, Oral presentation at the V Workshop Italiano 
Sol-Gel, Milano, Italy 

Research Nat. 70 IMM, 
CNR-
INFM, 
UB, INPG

163 July 2006 Conference Talk: Chemical Synthesis of In2O3 
Nanocrystals and Their Application in Ozone-Sensing 
Devices, Oral presentation at the XI IMCS, Brescia 

Research Int. 100 IMM, 
CNR-
INFM, 
UB, INPG

164 16-
19/07/2006 

Poster at conference 5IMCS 11, Brescia, Italy Research Int. 500 INPG-
IMM 

165 10/11/2006 Conference Talk at 10th ECOMONDO International 
Fair and Seminars, Rimini (Italy) 

Industry Europe 100 SACMI 

166 2006 Publication:” Inorganic Sols as Precursors to the Low 
Temperature Synthesis of Nanocrystalline Oxides”, 
submitted 

Research Int.   IMM 

167 2006 Publication: Proceedings of Eurosensors 2005, 
submitted to Sensors and Actuators B 

Research Int.   IMM/UB, 
INFM 

168 2006 Publication, “Nanostructured In2O3–SnO2 sol–gel thin Research  Int.   IMM 
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film as material for NO2 detection”, in press in Sensors 
and Actuators B 

169 2006 Publication: study of the WO3 system (to be submitted 
to materials chemistry journal) 

Research  Int.   IMM/UB 

170 2006 Publication: Proceedings of Eurosensors 2005 Research Int.   IMM/UB, 
INFM 

171 2006 Publication: “Gas response times of nano-scale SnO2 
gas sensors as determined by the moving gas outlet 
technique”. Sensors and Actuators B, Special Issue 
2006; 

Research Int.   EADS 

172 2006 Publication: “SnO2:Sb – A new material for high-
temperature MEMS heater applications – performance 
and limitations”; Sensors and Actuators B, Special Issue 
2006; 

Research Int.   EADS 

173 2006 Poster: “Temperature characterization of silicon 
substrates for gas sensors by Raman spectroscopy”; 
Proc. EMRS 2006, 29 May - 2July 2006 Nizza 

Research Int.   EADS 

174 2006 Poster: “Analysis of the baseline drift phenomenon in 
nano-crystalline SnO2 gas sensing layers”; Proc. IMCS 
2006 16-19 July 2006 Brescia 

Research Int.   EADS 

175 2006 Conference Talk: “Catalytic enhancement of SnO2 gas 
sensors as seen by the moving gas outlet method”; 
Proc. IMCS 2006 16-19 July 2006 Brescia 

Research Int.   EADS 

176 2006 Invited lecture: „Multi-criteria Fire Detectors for 
Aeronautic Applications“; Global Symposium on 
Innovative Solutions for the Advancement of the 
Transport Industry/Transfac’06, San Sebastian, Spain, 
October 4-6, 2006. 

Research Int.   EADS 

177 2006 Invited lecture: „Gas Sensors and Gas Sensing 
Systems for Aeronautic Safety and Security“; 4th AIST 
International Workshop on Chemical Sensors at 
Nagoya, Japan, Nov. 30 - Dec. 1, 2006. 

Research Int.   EADS 

178 2006 Publication:Chemical Synthesis of In2O3 Nanocrystals 
and Their Application in Highly Performing Ozone-
Sensing Devices, submitted Solution Synthesis of Thin 
Films in the SnO2-In2O3 System: A Case Study of the 
Mixing of Sol-Gel and Metal-Organic Solution 
Processes, Chem. Mater., 2005, 18, 840-846. 

Research Int.   IMM, UB,

179 2006 Publication:Oxide nanopowders from the low-
temperature processing of metal oxide sols and their 
application as gas-sensing materials, Sens. Actuators 
B, 2006, 118, 105-109. 

Research Int.   IMM, 
CNR-
INFM, UB

180 2006 Invited lecture at the Nano and the Environment 
Workshop, Bruxelles, Belgium 

 Research 
Industry 

Int. 40 INFM 

181 2006 Invited lecture Metal oxide single crystal nanowires: a 
new generation of gas sensors at SGS Conference, 
Ustron, Poland 

 Research Int. 40 INFM 

182 2006 Conference Talk Growth of In2O3 nanowires and 
application as high-sensitivity gas sensors at SGS 
Conference, Ustron, Poland 

 Research Int. 40 INFM 

183 2006 Invited lecture at the plenary session Evaluation of 
sensor data 8th European Conference on Optical 
Chemical and Biosensors Europt(r)ode VIII, Tuebingen, 
April 2006 

Research Int. 100 INFM 
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184 2006 Invited lecture “Nanowires of semiconducting metal-
oxides and their gas-sensing properties” at IS-TCO 
Conference Crete, Greece 

 Research Int. 200 INFM 

185 2006 Invited lecture Electrical characterization of single ZnO 
and SnO2 nanowires at IS-TCO Conference Crete, 
Greece  

Research Int. 200   

186 2006 Conference Talk High temperature lift off: a new tool 
for design of effective nanowires-based gas sensors at 
IS-TCO Conference Crete, Greece 

 Research Int. 200 INFM 

187 2006 Conference Talk Nanowires of semiconducting metal-
oxides and their gas-sensing properties at IS-TCO 
Conference Crete, Greece 

 Research Int. 200 INFM 

188 2006 Conference Talk Enhanced chemical sensing with 
oxide nanocrystals synthesized by a low-temperature 
solution processing at IS-TCO Conference Crete, 
Greece 

 Research Int. 200 IMM-
INFM-UB

189 2006 Conference Talk Sublimation-assisted ionic diffusion in 
nanostructured titania-based oxides at Electroceramics, 
Toledo, Spain 

 Research Int. 200 INFM 

190 2006 Conference Talk Gas-Sensing and Structural 
Properties of Gold-Titania Layers Investigated by 
Electron Holography at Electroceramics, Toledo, Spain 

 Research Int. 200 INFM 

191 2006 Conference Talk Metal oxide nanowires for optical gas 
sensing at SPIE – Photonics West, January 2006, San 
Josè , California 

 Research Int. 400 INFM 

192 2006 Conference Talk High temperature phases of 
nanostructured tungsten oxide for gas sensing 
applications MRS Spring Meeting, San Francisco (USA)

Research Int. 400 INFM 

193 2006 Poster Effect of humidity and interfering gases in low-
power MOX carbon monoxide wireless sensors at 20th 
Eurosensors Conference, Goteborg (Sweden), 
September 2006 

 Research Int. 300 INFM 

194 2006 Poster Cluster Analysis of Electronic Nose data at the 
11th International Meeting on Chemical Sensors (IMCS 
11th), Brescia (Italy) 

 Research Int. 400 INFM 

195 2006 International Meeting on Biomarkers Selection. 
Genova 

Research Int. 50 INFM 

196 2006 International Meeting on Biomarkers Selection. 
Genova 

Research Int. 50 INFM 

197 2007 Poster at the MRS Spring Meeting, S. Francisco, USA  Research Int. 400 INFM 
198 2006 Conference Talk Catalytic growth of In2O3 nanowires

at the National Conference on Sensors and 
Microsystems, Lecce, February 2006  

 Research Nat. 200 INFM 

199 2006 Conference Talk Towards an optical gas sensor based 
on metal oxide nanowires at the National Conference 
on Sensors and Microsystems, Lecce , February 2006 

 Research 
Industry 

Nat. 200 INFM 

200 2006 Poster Effects of oxygen vacancies on the gas 
detection and physical properties of SnO2 nanowires; at 
the National Conference on Sensors and Microsystems, 
Lecce , February 2006 

 Research 
Industry 

Nat. 200 INFM 

201 2006 Poster Zinc oxide nanocrystals based gas sensors at 
the National Conference on Sensors and Microsystems, 
Lecce , February 2006 

 Research 
Industry 

Nat. 200 INFM 
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202 2006 Poster Recombination dynamics in metal-oxide 
nanobelts: study and application in all optical gas 
sensor devices at the National Conference on Sensors 
and Microsystems, Lecce , February 2006 

 Research 
Industry 

Nat. 200 INFM 

203 2006 Publication: Ultrasensitive and highly selective gas 
sensors using three- dimensional tungsten oxide 
nanowire networks APPLIED PHYSICS LETTERS 88 
(2006) 203101. 

Research Int.   INFM 

204 2006 Publication: Iron-doped indium oxide by modified 
RGTO deposition for ozone sensing SENSORS AND 
ACTUATORS B-CHEMICAL 118 (2006) 221 

Research Int.   INFM 

205 2006 Publication: Indium oxide quasi-monodimensional low 
temperature gas sensor, SENSORS AND ACTUATORS 
B-CHEMICAL, 118 (2006) 204 

Research Int.   INFM 

206 2006 Publication: Nanocrystalline metal oxides from the 
injection of metal oxide sols in coordinating solutions: 
Synthesis, characterization, thermal stabilization, device 
processing, and gas-sensing properties, ADVANCED 
FUNCTIONAL MATERIALS, 16 (2006) 1488 

Research Int.   IMM-UB-
INFM-
INPG- 

207 2006 Publication: Metal oxide nano-crystals for gas sensing, 
ANALYTICA CHIMICA ACTA, 568 (2006) 28 

Research Int.   INFM 

208 2006 Publication: Oxide nanobelts as conductometric gas 
sensors, MATERIALS AND MANUFACTURING 
PROCESSES, 21 (2006) 229 

Research Int.   INFM 

209 2006 Publication: Synthesis and Characterization of 
Semiconducting Nanowires for Gas Sensing, 
SENSORS AND ACTUATORS B-CHEMICAL, 121 
(2007) 208 

 Research Int.   INFM 

210 May 29 – 
June 2, 

2006 

Conference Talk: Defect study in metal oxide 
nanowires by structural analysis and 
cathodoluminescence eMRS 2006 Spring Meeting 

Academia World >250 UB/IFNM

211 September 
3 – 9, 2006 

Conference Talk: “Ab initio study of NOx compounds 
absorption on SnO2 surface”,  MSSC 2006 

Academia Europe >300 UB 

212 Sept 2006 Conference Talk: Electrical characterizaton of single 
metal oxide nanowires. 1ST Transparent conductive 
oxides, 

Academia World >800 UB/INFM

213 Sept. 2006 Conference Talk: “Focused Ion Beam (FIB): a 
prototyping tool for micro and nanofabrication” Micro-
and Nano- Engineering Conference (MNE 2006) 

Academia 
Industry 

 Europe >400 UB 

214 October 
2006 

Conference Talk: “Electrical and Gas Sensor 
Characterization of Individual Tin Oxide Nanowires 
contacted with Focused Ion Beam Techniques” 
Materials Science and Technology 2006 

 Academia 
Industry 

World >800 UB 

215 2006 Publication: Ab initio study of NOx compounds 
adsorption on SnO2 surface Sens. Actuators B: Chem. 
(2006), doi:10.1016/j.snb.2006.10.040 

      UB 

216 2006 Publication: Defect study of SnO2 nanostructures by 
cathodoluminescence analysis: Application to 
nanowires Sens. Actuators B: Chem. (2006), 
doi:10.1016/j.snb.2006.10.014 

      UB 

217 2006 Publication: Electrical Contacts and Gas Sensing 
Analysis of Individual Metal Oxide Nanowires and 3-D 
Nanocrystal Networks IEEJ Trans. SM, Vol. 126, No.10, 
537, 2006 

      UB 
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218 2006 Invited lecture " The Challenges of Upper Air Ozone 
Measurement", 2nd International Workshop on "Smart 
Gas Sensors - Technology and Application" 

Research 
/Industry 

Europe 50 VAI 

219 2006 Publication: “Fabrication and electrical characterization 
of circuits based on individual tin oxide nanowires”. 
Nanotechnology 17, No 22, 5577-5583 

      UB 

220 2007 Publication: “High response and stability in CO and 
humidity measures using a single SnO2 nanowire” 
Sensors and Actuators B, 121 (2007), 3-17 

      UB 

221 2007 Publication: “Dual Beam focused ion beam (FIB): A 
prototyping tool for micro and nanofabrication” 
Microelectronic Engineering (in press) 

      UB 

222 2007 Publication: “Growth of CdSe Nanocrystals by a 
Catalytic Redox Activation of Ostwald Ripening: A Case 
Study of the Concept of Travelling Solubility 
Perturbation” Chemistry of materials, (submitted) 

      UB/IMM 
Lecce 

223 2007 Publication: First-Principles Study of NOx and SO2 
Adsorption onto SnO2„110…Journal of The 
Electrochemical Society, 154 _8_ H675-H680 _2007 

      UB 

224 2007 Publication: Ab initio insights into the visible 
luminescent properties of ZnO Thin Solid Films (2007), 
doi:10.1016/j.tsf.2007.04.013 

      UB/INFM

225 2007 Publication: “Electrical Circuits Based on Individual Tin 
Oxide Nanowires for High Efficiency Carbon Monoxide 
Sensors” Advanced Functional Materials (submitted) 

      UB 

226 2007 Publication: “Characterization of the Electrical 
Properties of Individual Tin-Oxide Nanowires Contacted 
to Platinum Nanoelectrodes” Submitted 

      UB 

227 February 
2007 

Poster: Ozone Sensing Properties Of Chemically 
Synthesized Indium Oxide Nanocrystals, poster 
presented at AISEM conference, Napoli, Italy 

Research Int. 200 IMM, 
CNR-
INFM, 
UB, INPG

228 apr-07 Conference Talk: Enhanced chemical sensing with 
oxide nanocrystals synthesized by a low-temperature 
solution processing, MRS Spring Meeting, San 
Francisco, USA 

Research Int. 100 IMM, 
CNR-
INFM, UB

229 January 
2007,  

Conference Talk: “One Dimensional Oxide 
Nanostructures: Growth, Applications and Devices” 31st 
International Cocoa Beach Conference Cocoa 
Beach(USA) 

Academia USA >500 UB 

230 March 
2007 

Conference Talk “Bottom-up Gas Nanosensors Based 
on Individual Tin-Oxide Nanowires” Nanospain 2007 

Academia 
Industry 

Spain >300 UB 

231 May 2007 Conference Talk: “High Efficiency Carbon Monoxide 
and Humidity Sensors Based on Individual Tin Oxide 
Nanowires” EMRS Spring Meeting 2007 

Academia Europe >2000 UB 

232 May 2007 Conference Talk: Insertion of Doping Elements in 
Oxide Nanocrystals for Enhanced Gas-Sensors: 
Development of a General Synthetic Approach, 
Structural Characterization, Gas-sensing properties  

Academia Europe >2000 UB/IMM 
Lecce 

233 May 2007 Conference Talk: One-Dimensional Oxide 
Nanostructures: Growth, Applications and Devices” 
EMRS Spring Meeting 2007 

Academia Europe >2000 UB 

234  9-13 abril ) Conference Talk: Low-Temperature Solution 
Processing of Oxide Nanocrystals and Their Application 

Academia USA >2500 UB/IMM 
Lecce 
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in the Processing of Improved Chemical Sensors MRS 
Spring Meeting 

235 May 2007 Conference Talk: “Gas Sensing Nanodevices based on 
Individual Tin-Oxide Nanowires: fabrication strategies 
using electron- and ion-beam-technologies and gas 
sensing characteristics” EIPBN’07 

Academia World >800 UB 

236 June 2007 Conference Talk: “High Efficiency Gas Nanosensors 
Based on Individual Tin Oxide Nanowires Contacted 
with FIB Nanolithography Techniques” ChinaNano 2007

Academia 
Industry 

World >1500 UB 

237  May 28 – 
June 1, 

2007 

Conference Talk: “Cathodoluminescence analysis of 
thermal and mechanical treatment effects on SnO2
nanoparticles surface” eMRS 2007 Spring Meeting 

Academia Europe >2000 UB 

238 2007 Publication: Synthesis and characterization of 
mesoporous chromium catalysed tungsten oxide for gas 
sensing applications Advanced Functional Materials ( In 
Press) 

      UB 

239 2007 Publication: A novel mesoporous In2O3 material for 
CO2 sensing. Advanced Functional Materials (In Press)

      UB 

240  15 June 
2007 

Conference Talk: Chemical-electrical transduction 
studies from electrical measurements on single metal 
oxides nanowires. Gospel Worshop 

Academia World >100 UB 

241 1-6 Des 
2007 

Conference Talk: Illumination effects on the gas 
sensing properties of metal oxides nanowires and 3-D 
nanocrystal networks: Engineering the chemical 
electrical transduction mechanism EACCS2007 

Academia 
Industry 

World >600 UB 

242 28 – June 
1, 2007 

Conference Talk: Challenges in the application of 
mesoporous materials and zeolites for chemical 
sensors Spring meeting E-MRS 

Academia Europe >2000 UB 

243 Abril 2007 Conference Talk: Analysis of time constants 
associated to the chemical-electrical transduction 
processes using bottom up gas nanosensors based on 
single metal oxide nanowires MRS spring meeting 2007

Academia World >2500 UB 

244 May 2007 Conference Talk: “Doping of oxide nanocrystals for 
improved gas-sensors: Development of a general 
synthetic approach, structural characterization, gas-
sensing properties” at the E-MRS Spring Meeting, 
Strasbourg, France 

Research Int. 100 IMM, 
CNR-
INFM, UB

245 September 
2007 

Invited lecture: Metal Oxide Nanocrystals by Sol-Gel 
Transition in a Coordinating Environment: General 
Principles, Formation Mechanism and Applications, E-
MRS Fall Meeting, Warsaw, Poland 

Research Int. 200 IMM 

246 September 
2007 

Conference Talk: Oxide Nanocrystals from a Low 
Temperature Processing in Coordinating Environment: 
General Principles, Formation Mechanism and Gas-
Sensing Applications, presentation at the XIV 
International Sol-Gel conference, Montpellier, France 

Research Int. 400 IMM, 
CNR-
INFM, UB

247 2007 Publication: Synthesis of nanocrystalline ZnO at low 
temperatures using inorganic sols as precursors, Mat. 
Lett., 2007, 61, 3100-3102. 

Research Int.   IMM 
INFM 

248 2007 Publication: Oxide Nanocrystals from a Low-
Temperature, Self-Limiting Sol-Gel Transition in a 
Coordinating Environment: Nanocrystal Synthesis, 
Processing of Gas-Sensing Devices and Application to 
Organic Compounds, Sens. Actuators B, in press 

Research Int.   IMM, 
CNR-
INFM, 
UB, INPG

249 2007 Publication: Chemical Synthesis of In2O3 Research Int.   IMM, 
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Nanocrystals and Their Application in Ozone-Sensing 
Devices, Sens. Actuators B, submitted 

CNR-
INFM, 
UB, INPG

250 2007 Publication: SnO2 thin films from metalorganic 
precursors: synthesis, characterization, microelectronic 
processing and gas-sensing properties, Sens. Actuators 
B, in press 

Research Research   IMM, UB, 
EADS 

251 2007 Publication: Nanopowders and nanostructured oxides : 
phase transitions and surface reactivity 

Research Int.   INPG 

252 31/1-2/2 
2007 

Conference Talk at conference (DMM 2007, Grenoble, 
France) 

Research Int. 150 INPG-
IMM 

253 13/03/2007 Invited lecture at 2nd International Workshop on Smart 
Gas Sensors, Freiburg (Germany) 

Research/ 
Industry 

Europe 100 SACMI 

254 08/03/2007 Poster “Nano and micro stripe based metal oxide thin 
film gas sensor” (Smart Gas Sensor Workshop, 
Freiburg) 

Industry Int. 80 IPM 

255 02/05/2007 Conference Talk “Nano and micro stripe based metal 
oxide thin film gas sensor” (MEMS Europe, Gran 
Canaria) Paper submitted to Spie Proceedings 

Research  Int. 200 IPM/UB 

256 02/05/2007 Conference Talk “On the influence of nano-sized 
palladium clusters at the surface of SnO2-thin films on 
the gas response” (MEMS Europe, Gran Canaria) 
Paper submitted to Spie Proceedings 

Research  Int. 200 IPM 

257 21/06/2007 Conference Talk: “Multi-criteria fire detection using 
new nano-structured semiconductor gas sensors“ 
Presentation at EUSAS Conference on Airborne Fire 
Protection, Bremen, Germany 

Research, 
Industry, 
Authorities 

Int. 80 AOA 

258 2007 Invited lecture Nanowires of semiconducting metal-oxides 
and their gas-sensing properties at the National
Conference on Sensors and Microsystems, Napoli , 
February 2007 

 Research 
Industry 

Nat. 200 INFM 

259 2007 Conference Talk Novel sensor of hydrogen based on 
Schottky diode with SnO2 nanowires at the National 
Conference on Sensors and Microsystems, Napoli , 
February 2007 

 Research 
Industry 

Nat. 200 INFM 

260 2007 Conference Talk Ozone detection for industrial safety
at the National Conference on Sensors and 
Microsystems, Napoli , February 2007  

 Research 
Industry 

Nat. 200 INFM 

261 2007 Conference Talk High temperature lift-off for 
integration of In2O3 nanowires as chemical sensors at 
the National Conference on Sensors and Microsystems, 
Napoli , February 2007 

 Research 
Industry 

Nat. 200 INFM 

262 2007 Conference Talk Advanced pattern recognition for the 
classification e-nose data at the National Conference on 
Sensors and Microsystems, Napoli , February 2007 

 Research 
Industry 

Nat. 200 INFM 

263 2007 Publication: Comparing the Performance of Different 
Features in Sensor Arrays, SENSORS AND 
ACTUATORS B-CHEMICAL 123 (2007) 437 

Research Int.   INFM 

264 2007 Publication: Gas-sensing and structural properties of 
gold-titania layers investigated by electron holography 
in press on J. EUROPEAN CERAMIC SOCIETY 

 Research Int.   INFM 

265 2007 Publication: In2O3 nanowires as stable gas sensors in 
press on THIN SOLID FILMS 

 Research Int.   INFM 

266 2007 Publication: Functional Nanowires of Tin Oxide in  Research Int.   INFM 



NANOS4 Publishable Final Activity Report Section 1-Project objectives and major achievements  

  71

press on APPL. PHYS. A 
267 2007 Publication: Controlled Growth and sensing properties 

of In2O3 Nanowires submitted to CRYSTAL GROWTH 
AND DESIGN 

 Research Int.   INFM 

268 2007 Publication: Preparation of radial and longitudinal 
nanosized heterostructures of In2O3 and SnO2
submitted to NANO LETTERS 

 Research Int.   INFM 

269 2007 Publication: Comparison of Fisher's linear discriminant 
to multilayer perceptron networks in the classification of 
vapors using sensor array data SENSORS AND 
ACTUATORS B: CHEMICAL in press 

Research Int.   INFM 

270 2007 Publication: Cluster validation for Electronic Nose data, 
SENSORS AND ACTUATORS B (accepted) 

 Research Int.   INFM 

271 2007 Patent: Doped metal oxides, e.g. antimony doped 
SnO2, as contact material for gas sensitive sensor 
layers 

 Industry Germany   EADS 

 
1 Nanosensors:is it a new challenge.  J.R.Morante. AISEM. Ferrara (Italy) 

2 G. Faglia, C. Baratto, E. Comini and G. Sberveglieri, “Subband gap light induced desorption of gaseous 
species from semiconductor surfaces: toward a selective gas sensor”. 

4 G. Sberveglieri, G. Faglia, E. Comini M.Zha, D.Calestani, G.C.Salviati, L.Zanotti “Gas sensing based on 
semiconducting nanobelts”. 

6 Focused Ion Beam application in nanosensorsand nanodevices. A.Vilà,A. Romano, J.R.Morante. I 
Nanospain Workshop. San Sebastian. (Spain). 

7 Electroless of Pd and Pt Catalytic additives in SnO2 nanopowders. R.Diaz, J.Arbiol,J.R.Morante. MRS 
spring meeting 2004. San Francisco (USA). 

12 Tin oxide gas sensors obtained using nanotemplates for synthesis and stabilization. A.Cabot, E.Russinyol, 
J.R.Morante. IMCS, Tsukuba (Japan). 

13 Mesoporous Active Filters Based Sensors for Boiler Control. J.Rodriguez, A.Cabot, A.Cirera, A. Cornet, 
J.R.Morante. IMCS, Tsukuba (Japan). 

14 G. Faglia, C. Baratto, E. Comini, G. Sberveglieri “Improvement of selectivity of semiconductor sensors by 
light induced desorption of surface states”. 

16 D.Calestani, M.Zha, G.Salviati, L.Lazzarini, L.Zanotti, E. Comini, G.Sberveglieri “Nucleation and growth of 
SnO2 nanowires”. 

20 SnO2 gas sensors obtained from nanotemplates. E.Russinyol, A. Cornet, J.R.Morante Fall Meeting E-
MRS Warsaw (Poland) 

21 3D Electronic microscopy applied to nanosclae material analtysis. J.Arbiol, J.R.Morante Fall Meeting E-
MRS Warsaw (Poland) 

22 G. Sberveglieri, G. Faglia, C. Baratto, E. Comini, M. Zha and A.Zappettini, “Quasione- dimensional 
nanostructures of semiconductor oxides for gas sensing”. 

23 Nano structured and nanopatterned metal oxides structures for gas sensors. E.Russinyol, F.Hernandez, 
A. Romano, F.Peiró, A. Cornet, J.R.Morante. Eurosensors XVIII. Rome (Italy) 

24 E. Comini, Faglia G., Zha M., Calestani D., Sberveglieri G. “Nano-crystalline SnO2: a new generation of 
gas sensors”. 

25 Wöllenstein, J. Hildenbrand, E. Moretton. Poster on “the influence of light on gas adsorption/desorption 
interactions at metal oxide surfaces”. 

26 Characterisation of Metal Strips deposited using a Focused Ion Beam (FIB) F.Hernández, J. Rodriguez, A. 
Romano-Rodriguez, A. Vilà, J.R.Morante. TNT’04 Segovia (Spain) 

27 E. Comini, G. Faglia G. Sberveglieri, “Nano-belts, rods and wires of oxide semiconductors as third 
generation of gas sensors”. 

28 D. Calestani, M. Zha, L. Lazzarini, G. Salviati, L. Zanotti, E. Comini, G. Sberveglieri “Preparation and 
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study of the electrical, structural and optical properties of SnO2 nanowires-nanobelts for gas sensor 
devices”; P. Candeloro, E. Comini, C. Baratto, G. Faglia, G. Sberveglieri,A. Carpentiero, E. Di Fabrizio 
“Semiconductor Metal Oxide patterns for gas sensing”; Faglia G., Baratto C., E. Comini, Ferroni M., Zha 
M., Zappettini A., Zanotti L. and Sberveglieri G, “Nanocristalli di ossidi metallici come sensori di gas”. 

29 Nanotemplates to produce nano materials for gas sensors. J.R. Morante. SGS’04. Ulstron (Poland) 

30 D.Calestani, M.Zha, G.Salviati, L.Zanotti, E. Comini, G. Sberveglieri “Sintesi e caratterizzazione di nanofili 
di SnO2 per impiego in sensori di gas”. 

31 Giorgio Sberveglieri, Faglia Guido, Camilla Baratto, Elisabetta Comini, M Zha, Andrea Zappettini. Quasi-
one-dimensional nanostructures of semiconductor oxides for gas sensing. E-MRS Fall Meeting 2004, 
Symposium A Warsaw, September, 2004. 

32 F. Hernandez, J.Rodriguez, A.Romano-Rodrigez, A.Vilà, J.R .Morante Characterisation of Metal Strips 
deposited using a Focused Ion Beam (FIB) Trend in Nanotechnology (TNT’04). 

33 G. Faglia, C. Baratto, E. Comini, M Zha, A Zappettini, G Sberveglieri, “metal oxide nanocrystals for gas 
sensing”. 

34 Boiler combustión control by means of catalytic twinned sensors. J.Rodriguez, A. Cirera, J.R.Morante. 
IGRC’04, Vancouver. (Canada) 

35 G. Faglia, C. Baratto, E Comini, M Zha, A Zappettini, G Sberveglieri, Metal oxide nanocrystals for gas 
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80 Electrochemical deposition of Cu and Ni/Cu multilayers in Si microsystem technologies. Serre, C.; 
Yaakoubi, N.; Martínez, S.; Pérez-Rodríguez, A.; Morante, J. R.; Esteve, J.; Montserrat, J. Sensors and 
Actuators A-Physical  123-124, pp633-639 (2005) 
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Valizadeh4, K. Hjort4, J.-P. Collin5, A. Jouati5 Nanocontacts fabricated by Focused Ion Beam (FIB): 
characterisation and application to nanometre-sized materials, MSMXIV 2005, Abril de 2005 
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