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PREFACE 

Dear Delegates, 

Welcome to the vibrant Spanish cities of Benidorm and Alicante ! 

This  9th International Conference in our biannual series that has now experienced many 
beautiful regions of Spain since 1998 : Mallorca, Tenerife, Barcelona, Madrid, Valencia, 
Malaga and now for the first time, Benidorm and Alicante of the Costa Blanca province. 
Prior to the 1960’s, Benidorm was a quiet coastal village. Its surrounding mountains create 
a warm microclimate throughout the year and this combined with its two spectacular 
beaches has stimulated much international tourism. Today, its dramatic skyline (the 
highest number of high-rise buildings per capita in the world according to Wikepedia!) 
reflects this. Nearby Alicante, a more traditional Spanish city and bustling port, offers you 
much complementary architecture, atmosphere and history. We will also be spending time 
there during the week. 

At our last conference in Malaga, many delegates asked for fewer but longer oral 
presentations, and the introduction of a rule where “you only talk once at PSST”. We have 
adopted both of these suggestions – talks will now be 20 minutes and invited talks 40 
minutes duration. There are only about 50 oral presentations from the 200 plus abstracts 
received. As a consequence we have many more posters than ever before, so for the first 
time we are having 3 poster sessions (two evenings and one morning). 

Based on our usual voting procedure, the following invited talks have been selected: 

1. Tracking and Unravelling the Erosion Mechanism of Nanostructured Porous Si
Carriers in Neoplastic State, by Adi TZUR-BALTER, Margarita BECKERMAN, Natalie
ARTZI, Ester SEGAL, Technion – Israel Institute of Technology, Haifa, ISRAEL

2. Porous Silicon Bloch Surface and Sub-surface Wave Structure for Simultaneous
Detection of Small and Large Molecules, by Gilberto A. Rodriguez, S. M. Weiss,
Department of Electrical Engineering and Computer Science, Vanderbilt University, USA;
and J. D. Lonai, Department of Physics, Northwest Nazarene University, Nampa, USA

3. Antibody-Functionalized Porous Silicon Nanoparticles for Vectorization of
Hydrophobic Drugs, by Emilie SECRET, Jean-Olivier DURAND, Frederique CUNIN,
Institute Charles Gerhardt Montpellier, Montpellier, FRANCE; and Nicolas VOELCKER,
Mawson Institute, University of South Australia, Adelaide, AUSTRALIA

4. ALD modified porous silicon electrodes for supercapacitors, by Kestutis GRIGORAS,
Sampo LAAKSO, Jouni AHOPELTO, Mika PRUNNILA, Microsystems and Nanoelectronics,
VTT Technical Research Centre of Finland, FINLAND, and Jari KESKINEN, Elina ULI-
RANTA, Hannu VÄLIMÄKI, Pertti KAURANEN, Physics VTT Technical Research Centre of
Finland, Tampere, FINLAND

5. Design Considerations for the Implementation of a Porous Silicon-Based Bragg
Reflector in Epitaxial Silicon Solar Cells, by Hariharsudan SIRAVAMAKRISHNAN
RADHAKRISHNAN, Jan VAN HOEYMISSEN, Robert MERTENS, Jef POORTMANS,
Department of Electrical Engineering, KU Leuven, BELGIUM; and Ivan GORDON, IMEC,
Leuven, BELGIUM

6. High-Aspect-Ratio Photonic Crystals for Capillary Optofluidics: Towards Drop-And-
Measure Platforms, (Best Conference 2012 Talk), by Salvatore SURDO, Lucanos M
STRAMBINI, Francesca CARPIGNANO, Sabina MERLO, Giuseppe BARILLARO,
Dipartimento di Ingegneria dell’Informazione, Università di Pisa, ITALY



7. Porous Silicon for Cancer Theranostic Applications, (pre-invited), by Victor
TIMOSHENKO, Lomonosov Moscow State University, RUSSIAN FEDERATION 

8. Silicon quantum dots from porous silicon: properties and applications in bone
biology, (pre-invited), by H.K DATTA and B. R. HORROCKS, Chemical Nanoscience 
Laboratory, School of Chemistry, Newcastle University, Newcastle, UNITED KINGDOM 

We are keeping our popular tradition of asking all our delegates to democratically choose 
what for them were the most enjoyable talks and posters of the conference. There will 
be many more prizes for posters, reflecting their now dominant role at PSST as the 
forum for presenting and discussing the latest research findings. 

The new conference website has enabled abstracts to be reviewed by  
committees, amended and re-submitted by authors in a much more automated 
fashion. One of us, Professor Andres Cantarero, has been instrumental in creating this 
great facility for us. We are also indebted to him, Dr Eugenia Matveeva and the team at 
Alicante Viajes for all their extensive work handling the huge variety of “local” issues 
involved with such an nternational onference. We are also very grateful to  
members of our dvisory oard who spent many hours assessing the large number of 
abstracts and voting on their preferred modality. 

The following national and local government institutions have provided much-needed 
support : 

Spanish Ministry of Science and Innovation; Valencia University and its 
Institute for Materials Science; Madrid Autonomous University 

In addition we are grateful to commercial sponsorship from : 

Nano-Scale Research Letters,  Springer open-access Journal; EM-Silicon 
Nano-Technologies, INNOVA Scientific, BIO-LOGIC Science Instruments, 
SEMSYSCO Semiconductors Systems, pSI Medica  

We have chosen once again use Nanoscale Research Letters , an open-access journal, 
to publish our conference proceedings. We thank everybody in advance , willing to act 
as referee for their time and efforts to keep our technical publication standards high. 

Finally, we wish you a fabulous week with both your friends and new 
acquaintances from around the orld. 

¡ Esperamos que realmente disfruten PSST 2014 

rs : 

Nobuyoshi Koshida 
Michael Sailor 
Andres Cantarero 
Thierry Djenizian 
Leigh Canham
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PSST 2014 PROGRAM

(Small last minute changes to the Programm can be viewed on the PSST WEB: 
www.the-psst.com. This version is released on 02.02 2014) 

SUNDAY, 09.03.2014 

INTRODUCTORY SHORT COURSE  (TUTORIALS) 
Chair – Prof. Andres Cantarero, University of Valencia, Spain 

14:30-15:00 

 "SURVEY OF FABRICATION TECHNIQUES AND CURRENT APPLICATIONS OF POROUS 
SEMICONDUCTORS",  
Dr. Leigh Canham, Psi Vida, UK 

15:15-15:45 
 "POROUS SILICON – ELECTRONIC & OPTOELECTRONIC APPLICATIONS", 
Prof. Nobuyoshi Koshida, Tokyo University, Japan 

15:45-16:15 Coffee break 

16:15-16:45 
"BIOMEDICAL AND SENSOR APPLICATIONS OF POROUS SEMICONDUCTORS", 
Prof. Michael Sailor, San Diego University, USA 

17:00-17:30 

"ENERGY CONVERSION, PHOTOCATALYSIS AND STORAGE WITH POROUS 
SEMICONDUCTORS",  
Prof. Thierry Djenizian, University of Aix-Marseille, France 

19:00-20:00  WELCOME PARTY for the PSST 2014 Participants 
20:00-22:00 Dinner 

END of the DAY
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MONDAY, 10.03.2014

SESSION Time WEB 
numb
er 

Present. 
number 

AUTHORS; TITLE 

 09:00-9:20    PSST 2014 INAUGURATION 
Session 01 
–  
ECE and 
MACE 

09:20-9:40 35 01-O-01 Kurt W Kolasinski, William Brett Barcaly 
MECHANISM CHANGES CAUSED BY METAL CATALYST DURING SILICON 
ETCHING 

9:40-10:00 83 01-O-02 Roey Elnathan, Hashim Alhmoud, Bahman Delalat, Nico Voelcker 
ENGINEERING SILICON NANOWIRE ARRAYS FOR DELIVERING 
BIOMOLECULAR CARGOS TO MAMMALIAN CELLS 

Session 02 
– 
Pore 
filling 

10:00-10:20 180 02-O-01 Kata Hajdu, Jessica Marquez, Laszlo Zimanyi, Csilla Gergely, Vivechana 
Agarwal, Gabriela Palestino, Laszlo Nagy 
REDOX INTERACTION IN RC/PSiMc BIO-NANOCOMPOSITE 

10:20-10:40 198 02-O-02 Mark-Daniel Gerngross, Jürgen Carstensen, Helmut Föll 
MAGNETIC METAL DEPOSITION IN ULTRA-HIGH ASPECT RATIO INP 
MEMBRANES – FFT-IS OF THE GROWTH PROCESS AND MAGNETIC 
PROPERTIES 

 10:40-11:00 Coffee break 
Session 03 
- 
Luminesc
ence and 
Micropho
tonics 

11:00-11:40 251-
inv. 

03-I-01 Hariharsudan Sivaramakrishnan Radhakrishnan, Jan Van Hoeymissen, 
Ivan Gordon, Robert Mertens, Jef Poortmans 
DESIGN CONSIDERATIONS FOR THE IMPLEMENTATION OF A POROUS 
SILICON-BASED BRAGG REFLECTOR IN EPITAXIAL SILICON SOLAR CELLS 

11:40-12:00 125 03-O-02 Neta Arad-Vosk, Amichai Ron, Rotem Beach, Na'ama Rozenfeld, Amir 
Sa'ar 
INFLUENCE OF SURFACE CHEMISTRIES ON THE RAIDATIVE AND THE 
NONRADIATIVE RELAXATION PROCESSES IN POROUS SILICON 

12:00-12:20 136 03-O-03 Giovanni Polito, Salvatore Surdo, Valentina Robbiano, Giulia Tregnago, 
Franco Cacialli, Giuseppe Barillaro 
PHOTOLUMINESCENT LIGHT SOURCE ARRAYS BY SINERGIC 
INTEGRATION OF CONJUGATED LUMINESCENT POLYMERS AND 
THREE-DIMENSIONAL SILICON MICROSTRUCTURES 

Session 04 
- 
Electronic 
applicatio
ns 

12:20-12:40 200 04-O-01 Panagiotis Sarafis, Androula Galiouna Nassiopoulou, Jean-Pierre 
Raskin, Markuu Aberg 
RF PROPERTIES OF POROUS SILICON BETWEEN 140-210 GHz 

12:40-13:00 40 04-O-02 Samuel Menard 
DIELECTRIC BEHAVIOR OF POROUS SILICON GROWN FROM P-TYPE 
SUBSTRATES 

 13:00-15:00 Lunch 
Session 05 
- 
Emerging 
applicatio
ns 

15:00-15:30 158 05-I-01 Angela Longo, Lucanos M Strambini, Giuseppe Barillaro 
A VERSATILE ROUTE FOR THE FABRICATION OF SILICON 
MICRONEEDLES FOR TRANSDERMAL APPLICATIONS BY 
ELECTROCHEMICAL MICROMACHINING TECHNOLOGY 

15:30-16:00 43 05-O-02 Nicolas H. Voelcker 
NANOSTRUCTURED SILICON IN SURFACE-ASSISTED LASER 
DESORPTION/IONISATION MASS SPECTROMETRY: A WAR OF 
ACRONYMS 

16:00-16:20 138 05-O-03 Tero Jalkanen, Vicente Torres-Costa, Ermei Mäkilä, Martti Kaasalainen, 
Ryo Koda, Tetsuo Sakka, Yukio H Ogata, Jarno Salonen 
SELECTIVE OPTICAL RESPONSE OF HYDROLYTICALLY STABLE 
STRATIFIED POROUS SILICON RUGATE FILTERS TO LIQUID 
INFILTRATION 
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16:20-16:40 Coffee break 
Session 05 
- 
Emerging 
applicatio
ns 

16:40-17:00 205 05-O-04 Petra Granitzer, Klemens Rumpf, Roberto Gonzalez, Jeffery Coffer, 
Michael Reissner 
MAGNETIC PROPERTIES OF SUPERPARAMAGNETIC NANOPARTICLES 
LOADED INTO SILICON NANOTUBES 

17:00-17:20 255 05-O-05 Jan Grym 
COMPLIANT SUBSTRATES BASED ON POROUS GaAs FOR EPITAXIAL 
GROWTH 

17:20-17:40 72 05-O-06 Taryn M Guinan, Paul Kirkbride, Maurizio Ronci, Hilton Kobus, Nicolas 
Voelcker 
DIRECT DETECTION OF ILLICIT DRUGS FROM SALIVA USING POROUS 
SILICON MICROPARTICLE LASER DESORPTION/IONIZATION MASS 
SPECTROMETRY 

Talk of the day voting 
18:00-21:00 POSTER SESSION I (56) 
18:30-19:00 Coffee and water service 
20:00-21:00 After poster session meeting 

Session 01 -   

ECE and MACE 

(16 Posters) 

9 01-P1-03 SeifEddine Belhadj 
NEW METHOD WITH LOW-COST TO MC-SI NANOSTRUCTURE 

107 01-P1-04 Angélique Fèvre, Samuel Ménard, Thomas Defforge, Gaël Gautier 
POROUS SILICON FORMATION BY HOLE INJECTION FROM BACK SIDE 
P/N JUNCTION IN LOW DOPED N-TYPE SILICON FOR ELECTRICAL 
INSULATION 

120 01-P1-05 Stefanie Greil, Lars Korte, Jorg Rappich, Bern Rech, Stephane BASTIDE 
METAL ASSISTED CHEMICAL ETCHING OF AMORPHOUS SILICON 

139 01-P1-06 Julia Vainshtein, Dmitri Goryachev, Olga Ken, Olga Sreseli 
METAL-ASSISTED CHEMICAL ETCHING OF SILICON UNDER 
INHOMOGENEOUS ILLUMINATION 

141 01-P1-07 Sofia Rodichkina, Liubov Osminkina, Alexander Pavlikov, Andrey 
Zoteev, Victor Timoshenko 
RAMAN SPECTROSCOPY STUDY OF LIGHT-INDUCED HEATING OF 
SILICON NANOWIRES FORMED BY METAL-ASSISTED CHEMICAL 
ETCHING 

143 01-P1-08 Alexandra Efimova, Aleksandr Tkachev, Kirill Gonchar, Lubov 
Osminkina, Leonid Golovan, Victor Timoshenko, Dmitry Petrov, A. 
Popov, V. Multian, Vladimir Gaivoronsky 
NEW EVIDENCE OF NON-RAYLEIGH TYPE OF LIGHT SCATTERING IN 
SILICON NANOWIRE ARRAYS FORMED BY METAL-ASSISTED CHEMICAL 
ETCHING 

152 01-P1-09 Ekaterina Vladimirovna Astrova, Yulia Zharova  
ANISOTROPY EFFECTS IN MESOPOROUS SILICON 

165 01-P1-10 Ouertani Rachid 
STRUCTURAL INVESTIGATIONS OF SINWs SHAPED IN SI POWDER 

171 01-P1-11 Daeyoon Jung, Bomin Cho, Honglae Sohn 
FABRICATION AND CHARACTERIZATION OF POROUS SILICON 
NANOWIRES 

187 01-P1-12 Hashim Alhmoud, Taryn Monique Guinan, Roey Elnathan, Hilton 
Kobus, Nicolas Voelcker 
SURFACE-ASSISTED LASER DESORPTION IONIZATION MASS 
SPECTROMETRY USING ORDERED SILICON NANOWIRE ARRAYS 
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194 01-P1-13 Masato Enomoto, Shinji Yae, Naoki Fukumuro, Susumu Sakamoto, 
Hitoshi Matsuda 
STRUCTURE CONTROL OF CATALYTIC NANOPORES ON SILICON FOR 
ELECTROLESS FORMATION OF ADHESIVE METAL FILM 

218 01-P1-14 Stefan L Schweizer, Xiaopeng Li, Ralf B Wehrspohn  
MACE NANOWIRES FROM UPGRADED METALLURGICAL MULTI-
CRYSTALLINE SI 

222 01-P1-15 Diego Chiabrando, Alessandro Cultrera, Emanuele Enrico, Luca Boarino 
POROUS SILICON NANOWIRES FABRICATION BY METAL-ASSISTED 
ETCHING, STRUCTURAL AND ELECTRICAL CHARACTERIZATION 

234 01-P1-16 Marwa Karim, Roberto Martini, Hariharsu Sivaramakrishnan, Valerie 
Depauw, Wegdan Ramadan, Kris Nieuwenhuysen, Ivan Gordon, Jef 
Poortmans 
TUNING OF STRAIN AND ROUGHNESS OF POROUS SILICON LAYERS 
FOR HIGHER-QUALITY SEEDS FOR EPITAXIAL GROWTH 

265 01-P1-17 Sergii Tutashkonko 
MESOPOROUS GERMANIUM BY BIPOLAR ELECTROCHEMICAL ETCHING 

266 01-P1-18 Sergii Tutashkonko 
SINTERING OF MESOPOROUS GERMANIUM LAYERS 

Session 02 – 

Pore filling 

(8 Posters) 

16 02-P1-03 Najla Majoul 
APTES – FUNCTIONALIZATION BEHAVIOR OF POROUS SILICON 

60 02-P1-04 Claudia de Melo, Vicente Torres-Costa, J. Santoyo-Salazar, Moni Behar, 
Johnny Ferraz-Dias, Guillermo Santana, Osvaldo de Melo 
ENHANCING ZnTe INFILTRATION INTO POROUS SILICON BY ICSS FOR 
WHITE LUMINESCENCE STRUCTURES 

112 02-P1-05 Luca de Stefano 
PDIF-CN2 MODIFIED POROUS SILICON OPTICAL TRANSDUCERS FOR 
BIOCHEMICAL SENSING 

118 02-P1-06 Luisina Forzani, Felipe Andrés Garcés, Pablo Marcelo Rodi, Ana María 
Gennaro, Roberto Román Koropecki 
LIPID BILAYER FORMATION WITHIN PORES IN MACROPOROUS SILICON 

150 02-P1-07 Joanna Wang, Rachel H Bisiewicz, Gha Y Lee, Xiaoyu C Cao, Jennifer S 
Park, Andrea Potocny, Michael J Sailor 
INFILTRATION OF POLYSTYRENE INTO POROUS SILICON RUGATE 
FILTER TEMPLATES 

193 02-P1-08 Thierry Djenizian 
HIGHLY CONFORMAL ELECTRODEPOSITION OF POLYMER ELECTROLYTE 
INTO SMOOTH TITANIA NANO-TUBES FOR ALL-SOLID-STATE LI-ION 
MICROBATTERIES 

201 02-P1-09 Vitaly Bondarenko, Hanna Bandarenka, Serghei Prischepa, Alexandr 
Shapel, Marco Balucani 
NANOSTRUCTURED MATERIALS FORMED BY DEPOSITION OF METALS 
IN POROUS SILICON: FORMATION FEATURES, PROPERTIES AND 
APPLICATIONS 

225 02-P1-10 Nicholas L Dmitruk 
POROUS DIELECTRICS SiO2 AND Al2O3 FOR OPTICAL SENSORS 
INCLUDING SURFACE PLASMON EFFECT IN INCORPORATED 
NANOPARTICLES 

Session 03 – 
26 03-P1-04 Clare Puttick, Ana Andres-Arroyo, Peter John Reece 

DISPERSION CONTROL IN POROUS SILICON PHOTONIC STRUCTURES 
28 03-P1-05 Estela Gomez-Barojas, G Santamaria-Juarez, Jose Alberto Luna Lopez, 

Rutilo Silva Gonzalez, Enrique Sanchez Mora 
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Luminescence and 
Microphotonics  

(13 Posters) 

STUDY OF THE FLUORESCENT PROPERTIES OF FLUORESCEIN 
DEPOSITED ON POROUS SILICON DIELECTRIC MIRRORS 

50 03-P1-06 Alessandro Virga, Paola Rivolo, Francesca Frascella, Angelo Angelini, 
Emiliano Descrovi, Francesco Geobaldo, Fabrizio Giorgis 
SINGLE MOLECULE DETECTION IN RESONANT SERS REGIME IN METAL-
DIELECTRIC NANOSTRUCTURES BASED ON POROUS SILICON 

75 03-P1-07 Alyena Fedorovna Dyadenchuk 
QUANTUM DOTS GaN ON THE POROUS SEMICONDUCTOR GaAs BY 
NITRIDATION 

77 03-P1-08 Néstor David Espinosa-Torres, José Francisco Javier Flores-Gracia, José 
Alberto Luna-López, Diana Elizabeth Vázquez-Valerdi 
EVALUATION OF OPTICAL AND ELECTRONIC PROPERTIES OF SILICON 
NANO-AGGLOMERATES APPLYING DENSITY FUNCTIONAL THEORY 

91 03-P1-09 Vitaly Borisovich Pikulev, Svetlana Vladimirovna Loginova, Valery 
Alekseevich Gurtov 
‘WRAPAROUND’ MODEL OF LOCALISATION OF SILICON 
NANOPARTICLES IN CELLULOSE MATRIX 

121 03-P1-10 Luca de Stefano 
FUNCTIONALIZATION OF ZINC OXIDE HYDROTHERMAL NANOWIRE 
FOR OPTICAL BIOSENSING 

153 03-P1-11 Ekaterina ASTROVA, Galina LI, Tania PEROVA, Sergei TIKHODEEV, 
Leonid PORTSEL, Sergei DYAKOV, Anna BALDYCHEVA, Dmitry 
KOSTENKO, Nikolay GIPPIUS  
OPTICAL PROPERTIES OF A COMPOSITE MICROCAVITY BASED ON 
MACROPOROUS SILICON 

235 03-P1-12 Natalia Ivanivna Berezovska 
STUDY OF LOCAL MODIFICATIONS OF POROUS III-V SEMICONDUCTORS 

237 03-P1-13 L.A. Golovan 
NONLINEAR-OPTICAL RESPONSE OF SILICON NANOWIRE ARRAYS: 
THIRD-HARMONIC GENERATION AND COHERENT ANTI-STOKES 
RAMAN SCATTERING 

242 03-P1-14 José A. Luna Lopez 
COLLOIDAL SILICON NANOCRYSTAL SYNTHESIS FROM POROUS SILICON 

267 03-P1-15 Aleksandr Lenshin, Vladimir Kashkarov, Pavel Seredin, Boris Agapov, 
Dmitriy Minakov, Evelina Domashevskaya 
THE STUDY OF PHOTOLUMINESCENCE DEGRADATION IN POROUS 
SILICON KEPT IN THE ATMOSPHERE 

217 03-P1-16 Nawel Chiboub 
STABILIZATION OF POROUS SILICON LUMINESCENCE BY POLYANILINE 
GRAFTING 

Session 04 – 

Electronic 
applications 

(6 Posters) 

85 04-P1-03 Gael Gautier, Jérôme Biscarrat, Angélique Fèvre, Aurelie Gary, Damien 
Valente, Thomas Defforge, Samuel Menard 
INVESTIGATIONS INTO DC ELECTRICAL PROPERTIES OF LOW POROSITY 
MESOPOROUS SILICON CARBIDE 

98 04-P1-04 Didac Vega 
MACROPOROUS SILICON FOR HIGH-CAPACITANCE DEVICES USING 
METAL ELECTRODES 

130 04-P1-05 Marie Capelle, Jerome Billoue, Joel Concord, Patrick Poveda, Gael 
Gautier 
MONOLITHIC INTEGRATION OF EMI FILTERS WITH ESD PROTECTION 
ON SILICON / POROUS SILICON HYBRID SUBSTRATES 

146 04-P1-06 Marie Capelle, Jerome Billoue, Patrick Poveda, Gaël Gautier 
STUDY OF POROUS SILICON SUBSTRATES FOR THE INTEGRATION OF 
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RADIOFREQUENCY CIRCUITS 
169 04-P1-07 Gauhar Kalizhankyzy Mussabek, Kadyrjan Dikhanbayev 

LED STRUCTURES FORMED BY NITRIDING NANOPOROUS GAP BY ION 
IMPLANTATION 

186 04-P1-08 R. Suda, M. Yagi, A. Kojima, R. Mentek, B. Gelloz, N. Mori, J. 
Shirakashi, and N. Koshida 
APPLICATION OF BALLISTIC HOT ELECTRON EMISSION FROM 
NANOCRYSTALLINE POROUS SILICON TO THIN FILM DEPOSITION OF Si, 
Ge, AND SiG 

Session 05 – 

Emerging 
applications 

(13 Posters) 

22 05-P1-07 Maha Ayat 
IMMOBILZATION OF ENZYME ON POROUS SILICON BY ELECTRON 
BEAM LITHOGRAPHY 

23 05-P1-08 Anouar HAJJAJI HAJJAJI 
PHOTOCATALYTIC ACTIVITY OF Cr-DOPED TiO2 NANOPARTICLES 
DEPOSITED ON POROUS MULTICRYSTALLINE SILICON FILMS 

48 05-P1-09 Jianmin Wu, Jie Tan, Tong Li 
VISUALIZATION OF LATENT FINGERPRINTS IMAGE ON 
ELECTROCHEMILUMINESCENT POROUS SILICON 

78 05-P1-10 Maha Ayat 
Formation of Nanostructured Silicon surfaces by Stain Etching 

88 05-P1-11 Chiara Novara, Francesco Petracca, Alessandro Virga, Paola Rivolo, 
Francesco Geobaldo, Samuele Porro, Fabrizio Giorgis 
SERS ACTIVE SILVER NANOPARTICLES IN MESOPOROUS SILICON 
SYNTHE-SIZED BY INKJET PRINTING 

97 05-P1-12 Josep Ferre-Borrull, Mohammad Mahbubur Rahman, Lluis F. Marsal, 
Josep Pallarès  
EFFECT OF THE NUMBER OF CYCLES AND OF THE ANODIZATION 
TEMPERATURE ON NANOPOROUS ANODIC ALUMINA CYCLIC 
ANODIZATION 

103 05-P1-13 Guido Mula, Lucy Loddo, Michele Mascia, Simonetta Palmas, Roberta 
Ruffilli, Andrea Falqui 
VOLTAGE TRANSITORY EFFECTS AND THE EFFECTIVENESS OF THE ER 
DOPING OF POROUS SILICON 

127 05-P1-14 Jinmyoung Joo, Jose F Cruz, Michael J Sailor 
FACILE SYNTHESIS OF HIGHLY LUMINESCENT CORE-SHELL POROUS 
SILICON/SILICON OXIDE NANOPARTICLES 

161 05-P1-15 Alexey Dolgiy, Serghej Prischepa 
MAGNETIC PROPERTIES OF NI NANOWIRES IN POROUS SILICON 

177 05-P1-16 Daria Deygen, Alexander Vorontsov, Elizaveta Konstantinova 
EPR STUDY OF CARBON-DOPED POROUS TITANIUM DIOXIDE 

220 05-P1-17 Aliaksandr Smirnov 
CONTROLLABLE ULTRATHIN NANOPOROUS SILICON FILM’S 
FABRICATION PROCESS FOR A “LAB-ON-SI CHIP” BIOSENSING 
PLATFORM 

245 05-P1-18 Zorayda Lazcano, Octavio Meza, Jesus Arriaga 
LOCALIZATION OF ACOUSTIC MODES IN PERIODIC POROUS SILICON 
STRUCTURES 

246 05-P1-19 Klemens Rumpf, Petra Granitzer, Nobuyoshi Koshida, Peter Poelt, 
Michael Reissner 
MAGNETIC INTERACTIONS BETWEEN METAL NANOSTRUCTURES 
WITHIN POROUS SILICON 

END of the DAY
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TUESDAY, 11.03.2014 

SESSION Time WEB 
number 

Present. 
number 

Authors; 
TITLE 

Session 06 
– 
Medical  
diagnostics, 
Imaging 
and 
Therapy 

09:00-09:20 239 06-O-01 Liubov Andreevna Osminkina, Vladimir Sivakov, Grigory Mysov, Ulyana 
Natashina, Florian Talkenberg, Kirill Gonchar, Valery Solovyev, Andrey 
Kudryavtsev, Victor Timoshenko 
EVALUATION OF CYTOTOXICITY, PHOTOLUMINESCENCE AND 
BIOIMAGING PROPERTIES OF NANOPARTICLE SUSPENSIONS 
PREPARED FROM NONPOROUS AND POROUS SILICON NANOWIRES 

9:20-9:40 49 06-O-02 Adi Tzur-Balter, Jonathan M. Young, Lisa M. Bonanno-Young, Ester 
Segal 
MODELING AND PREDICTION OF DRUG RELEASE KINETICS FROM 
POROUS SI CARRIERS 

9:40-10:20 276-
inv. 

06-I-03 Victor Timoshenko 
POROUS SILICON FOR CANCER THERANOSTIC APPLICATIONS 

10:20-10:40 145 06-O-04 Mohammad-Ali Shahbazi, Chang-Fang Wang, Patrick V. Almeida, Ermei 
Mäkilä, Martti Kaasalainen, Anu Airaksinen, Mirkka Sarparanta, Jarno 
Salonen, Jouni Hirvonen, Hélder A. Santos 
NOVEL POROUS SILICON NANOCOMPOSITES FOR CANCER THERAPY 

10:40-11:00 124 06-O-05 Valeriy Antonovich Skryshevsky, Tetiana SERDIUK, Sergey alekseev, 
vladimir lysenko, Alain Geloen 
APPLICATION OF ELECTROCHEMICALLY ETCHED SIC FOR FLUORESCENT 
BIOIMAGING AND THERAPY 

11:00-11:20 coffee break 

Session 06 
- 
Medical 
diagnostics, 
Imaging 
and 
Therapy 

11:20-12:00 114-
inv. 

06-I-06 Emilie Secret, Jean-Olivier Durand, Frederique Cunin, Nicolas Voelcker 
ANTIBODY-FUNCTIONALIZED POROUS SILICON NANOPARTICLES 

12:00-12:20 148 06-O-07 Kelsey R Beavers, Jeremy W Mares, Caleb M Swartz, Yiliang Zhao, 
Sharon M Weiss, Craig L Duvall 
POROUS SILICON FUNCTIONALIZATION FOR DRUG DELIVERY AND 
BIOSENSING BY IN SITU PEPTIDE NUCLEIC ACID SYNTHESIS 

12:20-12:40 181 06-O-08 Maria Alba, Pilar Formentin, Josep Ferre, Josep Pallares, Lluis F. Marsal 
pH-RESPONSIVE DRUG DELVERY SYSTEM BASED ON HOLLOW SILICON 
DIOXIDE MICROPILARS COATED WITH POLYELECTROLYTE 
MULTILAYERS 

12:40-13:00 248 06-O-09 Yazad Irani, Yuan Tian, Mengjia Wang, Sonja Klebe, Nicolas Voelcker, 
Keryn Williams, Jeffery Coffer 
POROUS SILICON-POLYCAPROLACTONE FIBER COMPOSITES AS DUAL-
PURPOSE OPHTHALMIC IMPLANTS 

13:00-14:40 Lunch 

Session 06 
– 
Medical 
diagnostic, 
Imaging 
and 
Therapy 

14:40-15:20 277-
inv. 

06-I-10 B. R. Horrocks 
SILICON QUANTUM DOTS FROM POROUS SILICON: PROPERTIES AND 
APPLICATIONS IN BONE BIOLOGY 

15:20-15:40 17 06-O-11 Ciro Chiappini, Carina Almeida, Paola Campagnolo, Lesley Chow, Molly 
M Stevens 
POROUS SILICON NANONEEDES: A PLATFORM FOR INTRACELLULAR 
SENSING 

15:40-16:00 109 06-O-12 Pierre-Yves Collart-Dutilleul, Fran Harding, Marta Martin, Ivan 
Panayotov, Csilla Gergely, Frédérique Cunin, Nico Voelcker, Frédéric 
Cuisinier 
INFLUENCE OF PORE DIAMETER ON STEM CELLS ADHESION, 
SPREADING AND OSTEODIFFERENTIATION ON POROUS SILICON 

14



SCAFFOLDS 
16:00-16:20 228 06-O-13 Liubov Andreevna Osminkina, Svetlana Shevchenko, Igor Shilovsky, 

Galina Kornilaeva, Maxim Gongalsky, Konstantin Tamarov, Musa 
Khaitov, Edward Karamov, Victor Timoshenko 
POROUS SILICON NANOPARTICLES VERSUS DANGEROUS VIRUSES 

16:20-16:40 coffee break 

Session 06 
– 
Medical 
diagnostics, 
Imaging 
and 
Therapy 

16:40-17:20 31-
inv. 

06-I-14 Adi Tzur-Balter, Margarita Beckerman, Natalie Artzi, Ester Segal 
TRACKING AND UNRAVELLING THE EROSION MECHANISM OF 
NANOSTRUCTURED POROUS SI CARRIERS IN NEOPLASTIC STATE 

17:20-17:40 240 06-O-15 Yuan Tian, Roberto Gonzalez, Giridhar R Akkaraju, Jeffery L Coffer 
SILICON NANOTUBE-BASED GENE DELIVERY 

17:40-18:00 129 06-O-16 Arnaud Chaix 
ONE AND TWO-PHOTON ACTIVATION OF PORPHYRIN-
FUNCTIONALIZED POROUS SILICON NANOPARTICLES FOR IMAGING 
AND PHOTODYNAMIC THERAPY  

18:00-18:20 46 06-O-17 Jianmin Wu, Xiao Li, Jie Tan 
ENHANCMENT OF MALDI SIGNAL ON GOLD MODIFIED POROUS 
SILICON FOR DIRECT SERUM PEPTIDE ANALYSIS 

Talk of the day voting 
18:30-21:30 POSTER SESSION II (48) 

18:30-19:00 coffee and water service 
20:30-21:30 After poster session meeting 

Session 06  
-  
Medical diagnostics, 
Imaging and Therapy 

(24 Posters) 

32 06-P2-18 Adi Tzur-Balter, Neta Zilony, Orit Shefi, Ester Segal 
BOMBARDING CANCER: BIOLISTIC DELIVERY OF THERAPEUTICS USING 
POROUS SI CARRIERS 

249 06-P2-19 Victor Timoshenko 
POROUS SILICON AS EFFICIENT SONOSENSITIZER FOR BIOMEDICAL 
APPLICATIONS: IN-VITRO AND IN-VIVO STUDIES 

47 06-P2-20 Guo-Hui Pan, Alexandre Barras, Luc Boussekey, Xuesong Qu, Rabah 
Boukherroub 
ALKYLATED SILICON NANOCRYSTALS: PREPARATION, 
CHARACTERIZATION AND ENCAPSULATION IN LIPID AND SILICA 
NANOPARTICLES 

64 06-P2-21 Denis Terin 
THE BEHAIVOR OF SILICON NANOSTRUCTURES IN WATER AND 
BIOLOGY ACTIVE MEDIA 

65 06-P2-22 Morteza Hasanzadeh Kafshgari, Alex Cavallaro, Bahman Delalat, 
Steven McInnes, Ermei Mäkilä, Martti Kaasalainen, Jarno Salonen, 
Krasi Vasilev, Nicolas Voelcker 
BACTERIAL GROWTH INHIBITED BY NITRIC OXIDE RELEASING POROUS 
SILICON NANOPARTICLES 

66 06-P2-23 Mathew Hembury, Ciro Chiappini, Sergio Bertazzo, Tammy Kalber, 
Glenna Drisko, Simon Walker-Samuel, Ollie Ogunlade, Sai K Krishna, 
Challa S S R Kumar, Alexandra Porter, Mark Lythgoe, Cedric Boissere, 
Clement Sanchez, Molly M Stevens 
AU@SI NANORATTLES FOR CANCER THERANOSTICS 

71 06-P2-24 Alessandro Virga, Alessandro Chiadò, Serena Ricciardi, Francesca 
Frascella, Chiara Novara, Paola Rivolo, Francesco Geobaldo, Fabrizio 
Giorgis 
Ag/pSi SERS PLATFORMS AS BIOSENSORS FOR OLIGONUCLEOTIDES/ 
miRNA DETECTION 

73 06-P2-25 Katherine Webb, Dinesh Nadarassan 
USE OF HPLC IN THE ASSESSMENT OF MESOPOROUS SILICON AND 

15



SILICA SURFACE REACTIVITY 
101 06-P2-26 Morteza Hasanzadeh Kafshgari, Bahman Delalat, Steven McInnes, 

Ermei Mäkilä, Martti Kaasalainen, Fran Harding, Jarno Salonen, Nicolas 
Voelcker 
OLIGONUCLEOTIDE RELEASE FROM CHITOSAN-FUNCTIONALIZED 
POROUS SILICON NANOPARTICLES 

116 06-P2-27 Ilaria Rea, Annalisa Lamberti, Immacolata Ruggiero, Nicola Martucci, 
Paolo Arcari, Monica Terracciano, Ivo Rendina, Rosarita Tatè, Luca De 
Stefano 
BIOSILICA NANOVECTORS FROM DIATOMITE FOR DRUG DELIVERY IN 
CANCER CELLS 

147 06-P2-28 Heidi Leonard, Sanahan Vijayakumar, Michael Sailor 
SYNTHESIS OF FLEXIBLE COMPOSITE POROUS SILICON-POLYMER 
FIXTURES AS POTENTIAL IMPLANTABLE DEVICES 

157 06-P2-29 Pilar Formentin, Maria Alba, Ursula Catalan, Sonia Fernandez, Rosa 
Sola, Lluis F. Marsal  
EFFECTS OF MACRO- VERSUS NANOPOROUS SILICON SUBSTRATES ON 
HUMAN AORTIC ENDOTHELIAL CELL BEHAIVOR 

172 06-P2-30 Roberto Gonzalez Rodriguez, Jeffery L Coffer 
SILICON NANOTUBES: LOADING OF SUPERPARAMAGNETIC FE3O4 
NANOPARTICLES AND SURFACE FUNCTIONALIZATION 

174 06-P2-31 Nancy Wareing, Giridhar Akkaraju, Yuan Tian, Roberto Rodriguez, 
Armando Loni, Leigh Canham, Jeffery Coffer 
IN VITRO ANALYSIS OF SURFACE MODIFIED STAIN-ETCHED POROUS 
SILICON MICROPARTICLES 

184 06-P2-32 Roshan Bharath Vasani, Endre Szili, Nicolas Hans Voelcker 
STIMULUS-RESPONSIVE PLASMA POLYMER CAPS FOR CONTROLLED 
DRUG RELEASE FROM POROUS SILICON 

185 06-P2-33 Caroline Morello, Roshan Bharath Vasani, Bahman Delalat, Stephanie 
Pace, Nicolas Hans Voelcker 
THERMALLY CONTROLLED REVERSIBLE CELL ADHESION ON POLY(N-
ISOPROPYLACRYLAMIDE) MODIFIED POROUS SILICON SURFACES 

191 06-P2-34 Maria Ariza Avidad 
MONITORING OF DEGRADATION OF POROUS SILICON PHOTONIC 
CRYSTALS USING DIGITAL PHOTOGRAPHY 

212 06-P2-35 Martti Henrik Kaasalainen 
PEPTIDE LOADING ON POROUS SILICON NANOPARTICLES: EFFECTS OF 
SURFACE CHEMISTRY AND PEPTIDE PROPERTIES 

213 06-P2-36 Alexander Kharin 
NANOPARTICLES PREPARED FROM POROUS SILICON CARBIDE FOR 
BIOIMAGING AND ULTRASOUND THERAPY APPLICATIONS 

233 06-P2-37 Maxim Bronislavovich Gongalsky, Marina Kuimova, Victor Yur'yevich 
Timoshenko 
PHOTOLUMINESCENCE TRANSIENTS FOR PHOTOSENSITIZED 
GENERATION OF SINGLET OXYGEN BY POROUS SILICON MEASURED IN 
BROAD TIME SCALE 

264 06-P2-38 Andrey P Sviridov, Luibov A Osminkina, Victor Yu Timoshenko, Valery 
G Andreev 
POROUS SILICON NANOPARTICLES AS EFFICIENT SONOSENSITIZERS 
FOR ULTRASOUND HYPERTHERMIA 

59 06-P2-39 Konstantin Tamarov, Victor Timoshenko, Liubov Osminkina, Julia 
Kargina, Vladimir Nikiforov, Sergey Zinovyev, Andrey Ivanov 
HYPERTHERMIA EFFECT OF RADIOFREQUENCY RADIATION ON POR- 
SILICON NANOPARTICLES DISPERSED IN AQUEOUS SOLUTIONS 

16



122 06-P2-40 Luke Harry Batchelor, Armando Loni, Dinesh Naderassan, Leigh 
Canham 
GAS ADSORPTION/DESORPTION AND THERMOPOROMETRY ANALYSIS 
OF MILLED MESOPOROUS SILICON MICROPARTICLES FOR DRUG 
DELIVERY 

140 06-P2-41 Simo Näkki, Jussi Rytkönen, Tuomo Nissinen, Joakim Riikonen, Paul Ek, 
Hongbo Zhang, Hélder Santos, Wujun Xu, Vesa-Pekka Lehto 
ENHANCED COLLOIDAL STABILITY OF THERMALLY OXIDIZED 
MESOPOROUS SILICON BY DUAL PEGYLATION 

164 06-P2-42 Daniel Wolverson 
MAGNETIC FIELD DEPENDENCE OF SINGLET OXYGEN GENERATION BY 
NANOPOROUS SILICON 

Session 07 
- 
GENERAL 

(24 Posters) 

6 07-P2-01 Eugenia Matveeva 
POROUS SILICON AS A CHOICE FOR A TECHNOLOGY TRANSFER FROM 
ACADEMIA TO INDUSTRY 

18 07-P2-02 Amel Slimani, Jean-Noël Chazalviel, François Ozanam, Mathis Plapp, 
Hervé Henry 
MACROPORE FORMATION IN P-TYPE SILICON: 

24 07-P2-03 Sonia Ben Salem, Zahra Ben Achour, Kamel Thamri, Oualid Touayar 
STUDY AND CHARACTERISATION OF POROUS COPPER OXYDE 
PRODUCED BY ELECTRCHIMECAL ANODIZATION FOR RADIOMETRIC 
HEAT ABSORBER 

38 07-P2-04 Riccardo Rurali 
THEORETICAL MODELLING OF NANOSTRUCTURED SILICON: ARE 
NANOWIRES THE GRANDCHILDREN OF POROUS SILICON? 

45 07-P2-05 Denis Terin 
ELECTROPHYSICAL AND PHOTOELECTRICAL PROPERTIES OF POROUS 
SILICON WITH IRON 

87 07-P2-06 Amer Melhem, Domingos De Sousa Meneses, Caroline Andreazza, 
Thomas Defforge, Gael Gautier, Nadjib Semmar 
STRUCTURAL, OPTICAL AND THERMAL INVESTIGATIONS OF 
MESOPOROUS SILICON SUBSTRATES PREPARED BY ELECTROCHEMICAL 
ETCHING 

93 07-P2-07 Alessandro Cultrera, Luca Croin, Luca Boarino, Carlo Lamberti, 
Giampiero Amato 
SPACE CHARGE LIMITED CURRENT TRANSPORT IN UNFILLED 
MESOPOROUS NANOCRYSTALLINE TIO2 FILMS 

100 07-P2-08 Diana Elizabeth Vazquez Valerdi, Jose Alberto Luna López, Jésus 
Carrillo López, Godofredo García Salgado, Alfredo Benitez Lara, Nestor 
Espinosa Torres 
COMPOSITIONAL AND OPTICAL PROPERTIES OF SIOX AND SIOX/SIOX 
FILMS DEPOSITED BY HFCVD 

166 07-P2-09 Guillaume Gommé, Gael Gautier, Marc Portail, Daniel Alquier, Fabrice 
Semond, Yvon Cordier 
ALN GROWN BY MBE ON SILICON-ON-POROUS SILICON SUBSTRATE 

178 07-P2-10 Alessio Palavicini, Pedro Alfaro, Chumin Wang 
OXYGEN ADSORPTION IN POROUS SILICON: AN INFRARED STUDY 

199 07-P2-11 Ruth Fabiola Balderas Valadez, Alma Gabriela Palestino Escobedo, 
Vivechana Agarwal 
POROUS SILICON FUNCTIONALIZATION FOR POSSIBLE ARSENIC 
ABSORPTION 

17



219 07-P2-12 Sana Ben Amor 
A STUDY OF CHANGE IN STRUCTURAL AND OPTOELECTRONIC 
PROPERTIES ACCOMPANIED BY THE TREATMENT OF POROUS NC-SI:H 
LAYERS BY LIBR SOLUTION 

241 07-P2-13 Yuri Strzhemechny, Puskar Chapagain, Petra Granitzer, Klemens Rumpf 
SURFACE PHOTOVOLTAGE SPECTROSCOPY ON Ni-FILLED POROUS 
SILICON PERFORMED IN VARIOUS GASES 

247 07-P2-14 Pedro Valdes, Zorayda Lazcano, Diosdado Villegas, Jesus Arriaga, 
Rolando Perez-Alvarez 
TUNNELING TIMES OF ACOUSTIC PHONON PACKETS THROUGH A 
DISTRIBUTED BRAGG REFLECTOR 

252 07-P2-15 Enrique Sanchez-Mora, Jesus Ivan Peña-Flores, Cesar Márquez-Beltrán, 
Estela Gómez-Barojas, Felipe Pérez-Rodríguez 
Fe EFFECT IN POROUS TiO2 SUPPORTED ON SiO2 OPALS 

254 07-P2-16 Ridha Daik 
PURIFICATION OF THE TUNISIAN PHOSPHATE ROCK POROUS POWDER 
VIA CHEMICAL ATTACK FOLLOWED BY THERMAL TREATMENT AND 
GUETTERING EFFECT 

256 07-P2-17 Zeuz Montiel, Salvador Escobar, Rocío Nava, J. Antonio Del Río, Julia 
Tagüeña 
SPECTROELLIPSOMETRIC STUDY OF DIFFERENT MICROSTRUCTURES OF 
POROUS SILICON LAYERS 

257 07-P2-18 Oscar Marin, Raul Urteaga, David Comedi, Roberto Roman Koropecki 
DIODE FORMING EFFECT IN Al/POROUS SILICON/Al DEVICES 

261 07-P2-19 Mario Enrique Rodriguez García 
A STUDY OF THE OPTICAL PROPERTIES OF POROUS SILICON 
MULTILAYER SYSTEMS BY USING A SUMMATION TECHNIQUE 

262 07-P2-20 Padmavati Sahare, Vivechana Agrawal, Marcela Ayala Aceves, Rafael 
Vazquez Duhalt 
IMMOBILIZATION OF PEROXIDASE ENZYME ON MESOPOROUS SILICON 

270 07-P2-21 Nikolay Le, Elizaveta Konstantinova, Pavel Kashkarov, Alexander 
Kokorin 
PROCESSES OF PARAMAGNETIC CENTER RECHARGE IN NITROGEN-
DOPED POROUS TITANIUM DIOXIDE 

271 07-P2-22 Tatiana Perova, Vladimir A. Tolmachev, Anna Baldycheva 
COUPLED SILICON-AIR FABRY-PEROT RESONATORS WITH TUNABLE 
TRIPLET MODES 

273 07-P2-23 Mario Culebras, C. M. Gómez, A. Cantarero 
SURFACE MORPHOLOGY EFFECT ON ELECTRICAL PROPERTIES IN 
CONDUCTING POLYMERS 

274 07-P2-24 H Gammoudi, S. Helaly, R. Chtourou 
OPTICAL AND MORPHOLOGICAL CHARACTERIZATION OF THE 
PYRAMID / POROUS / SILANE / CARBON NANOTUBE STRUCTURE FOR 
THE APPLICATION OF SOLAR CELLS 

END of the DAY
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WEDNESDAY, 12.03.2014

SESSION Time WEB 
number 

Present. 
number 

Authors; 
TITLE 

Session 08 
- 

Energy 
conversion 
and 
Batteries 

9:00-9:40 

231-
inv. 

08-I-01 Kestutis Grigoras, Jari Keskinen, Elina Uli-Ranta, Sampo Laakso, Hannu 
Välimäki, Pertti Kauranen, Jouni Ahopelto, Mika Prunnila 
ALD MODIFIED POROUS SILICON ELECTRODES FOR SUPERCAPACITORS 

9:40-10:00 

142 08-O-02 Enrique Quiroga-Gonzalez 
SCALABLE PROCESSING AND CAPACITY OF SI MICROWIRE ARRAY 
ANODES FOR LI ION BATTERIES 

10:00-10:20 

76 08-O-03 Erwann Luais, Ghamouss Fouad, Jérôme Wolfman, Sébastien 
Desplobain, Gaël Gautier, François Tran-Van, Joe Sakai 
ANODES BASED ON POROUS SILICON FILMS TRANSFERED ONTO 
FLEXIBLE METALLIC CURRENT COLLECTORS FOR LITHIUM-ION 
MICROBATTERIES 

Session 09 
- 

Microsyst. 
engineering 10:20-11:00 

232-
inv. 

09-I-01 Salvatore Surdo, Lucanos M Strambini, Francesca Carpignano, Sabina 
Merlo, Giuseppe Barillaro 
HIGH-ASPECT-RATIO PHOTONIC CRYSTALS FOR CAPILLARY 
OPTOFLUIDICS: TOWARDS DROP-AND-MEASURE PLATFORMS 

11:00-11.20 coffee break 

Session 10 
– 
Novel 
structures 
and 
Fabrication 
techniques 

11:20-11:40 

99 10-O-01 Luca Boarino, Natascia De Leo, Giulia Aprile, Luca Croin, Michele Laus, 
Katia Sparnacci, Federico Ferrarese Lupi, Gabriele Seguini, Michele 
Perego 
ORDERED MESOPORES THROUGH A DIBLOCK COPOLYMERS MASK 

11:40-12:00 

117 10-O-02 Kiyoung Lee, Robert Hahn, Marco Altomare, Patrik Schmuk 
HIGHLY EFFICIENT PHOTOCATALYTIC H2 PRODUCTION BY SELF-
DECORATED NOBLE METAL PARTICLES ON TIO2 NANOTUBE  

12:00-12:20 

208 10-O-03 Hideki Masuda 
FABRICATION OF POROUS SILICON SPHERES BY ELECTROCHEMICAL 
ETCHING OF SILICON 

12:20-12:40 

110 10-O-04 Lionel Santinacci 
BEYOND THE LIMITS OF ANODIC ALUMINA OXIDE: A NEW METHOD TO 
GROW SUB-10 NM NANOPOROUS MEMBRANE. 

12:40-13:00 

144 10-O-05 Joshua D Winans, Jon-Paul S DesOrmeaux, Sarah Wayson, Tejas Khire, 
Christopher C Striemer, Thomas R Gaborski, James L McGrath 
A NOVEL METHOD USING POROUS NANOCRYSTALLINE SILICON TO 
FABRICATE NANOPOROUS SILICON NITRIDE MEMBRANES 

13:00-13:20 

250 10-O-06 Emanuel Elizalde, Felipe Andres Garcés, Raúl Urteaga, Claudio Berli, 
Roberto Koropecki 
OPTOFLUIDIC PORE OPENING CONTROL IN NANOPOROUS ALUMINA 

Talk of the day voting 
13:30-15:00 Lunch;  Advisory Board Meeting 

15:00-19:00  ALICANTE SIGHTSEEING EXCURSION 

19:00-20:00  Free time 
20:00-22:00  Reception at tapas area in  
22:30/23:00  Arrival to the Melia Benidorm Hotel 

END of the DAY
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THURSDAY, 13.03.2014

SESSION Time WEB 
number 

Present. 
number 

AUTHORS; 
TITLE 

9:00-12:00 POSTER SESSION III (56) 
11:00-11:30 coffee and water service 
12:00-12:20 After poster session meeting 

Session 11 
– 

Sensors 

12:20-13:00 89-
inv. 

11-I-01 Gilberto A. Rodriguez, John D Lonai, Sharon M. Weiss 
POROUS SILICON BLOCH SURFACE AND SUB-SURFACE WAVE 
STRUCTURE FOR SIMULTANEOUS DETECTION OF SMALL AND LARGE 
MOLECULES 

13:00:13:20 

36 11-O-02 Giorgi Shtenberg, Ester Segal 
REAL-TIME DETECTION AND QUANTIFICATION OF HEAVY METALS IN 
WATER BY OPTICAL BIOSENSORS 

13:20-15:00 Lunch 

Session 11 
- Sensors 

15:00-15:20 

92 11-O-03 Katharina Urmann, Johanna Gabriela Walter, Thomas Scheper, Ester 
Segal 
HIGHLY GENERIC APTAMER-BASED POROUS SI OPTICAL BIOSENSORS 

15:20-15:40 

137 11-O-04 Eitan Edrei, Amit Nahor, Samuel Goldstein, Elena Tenenbaum, Naama 
Massad-Ivanir, Ester Segal, Amir Sa'ar 
RAPID OPTICAL SENSING OF BACTERIA AND CELLS USING POROUS 
SILICON BASED, PHOTONIC PHASE GRATINGS 

15:40-16:00 

211 11-O-05 Gilles Scheen, Margherita Bassu, Antoine Douchamps, Chao Zhang, 
Marc Debliquy, Laurent Francis 
FUNCTIONALIZED MACROPOROUS SILICON CHEMIRESISTOR FOR THE 
MINIATURIZATION OF HYDROGEN SENSORS 

16:00-16:20 

162 11-O-06 Stephanie Pace, Sciacca Beniamino, Roshan Vasani, Tanya Monro, 
Nicolas Voelcker 
POROUS SILICON COUPLED TO OPTICAL FIBRE FOR SENSING PH AND 
TEMPERATURE IN WOUND FLUID 

16:20-16:40 cofee break 

Session 11 
- Sensors 

16:40-17:00 

167 11-O-07 Vardan Galstyan, Elisabetta Comini, Camilla Baratto, Andrea Ponzoni, 
Matteo Ferroni, Nicola Poli, Elza Bontempi, Mariangela Brisotto, Guido 
Faglia, Giorgio Sberveglieri 
NIOBIUM-TITANIUM NANOTUBULAR OXIDES FOR ENVIRONMENTAL 
MONITORING 

17:00-17:20 

215 11-O-08 Tero Jalkanen, Anni Määttänen, Ermei Mäkilä, Jaani Tuura, Martti 
Kaasalainen, Vesa-Pekka Lehto, Petri Ihalainen, Jouko Peltonen, Jarno 
Salonen 
PRINTED SENSORS BASED ON POROUS SILICON PARTICLES 

17:20-17:40 

82 11-O-09 Taryn M Guinan, Cedric Godefroy, Nicole Lautredou, Stephanie Pace, 
Pierre-Emmanuel Milhiet, Nicolas Voelcker, Frederique Cunin 
INTERACTION OF ANTIBIOTICS WITH LIPID VESICLES ON THIN FILM 
POROUS SILICON USING REFLECTANCE INTERFEROMETRIC FOURIER 
TRANSFORM SPECTROSCOPY 

17:40-18:00 

275 11-O-10 Yannick Coffinier 
SILICON NANOSTRUCTURES MADE BY METAL ASSISTED ETCHING FOR 
DETECTION OF PEPTIDES BY MASS-SPECTROMETRY 

Talk of the day, of the Best Conference and Best Poster(s) voting 
18:30-20:00 Free time 
20:00-23:00 GALA DINNER and PRIZES (celebration at the Melia Benidorm Hotel) 

END of the DAY
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9:00-12:20 POSTER SESSION III

Session 08  
–  
Energy conversion and 
Batteries  

(12 Posters) 

7 08-P3-04 Eugenia Matveeva 
MAKING A LITHIUM-ION BATTERY WITH NANOSTRUCTURED SILICON 
AS AN ANODE MATERIAL – ADVANTAGES, PROBLEMS AND 
PERSPECTIVES, A SMALL REVIEW 

42 08-P3-05 Soundarrajan Chandrasekaran, Thomas Macdonald, Yatin Mange, 
Nicolas Voelcker, Thomas Nann 
WATER SPLITTING ON A QUANTUM DOT SENSITIZED POROUS SILICON 
PHOTOCATHODE 

58 08-P3-06 Lee Bar-on, Michael Zenou, Amit Nahor, Inna Luybina, Micha Asscher, 
Roey Sagi, Gil Toker, Ora Eli, Irit Chen-Zamero, Evgeny Pikhay, Yakov 
Roizin, Zvi Kotler, Amir Sa'ar 
LOCAL ISOLATION OF HIGH-VOLTAGE PHOTOVOLTAIC SOLAR CELLS 
USING BURIED LAYERS OF OXIDIZED POROUS SILICON 

168 08-P3-07 Mussabek Kalizhankyzy 
OPTICAL AND PHOTOVOLTAIC PROPERTIES OF POROUS SILICON FILMS 
FORMED BY METAL-ASSISTED CHEMICAL ETCHING 

108 08-P3-08 Lionel Santinacci 
ATOMIC LAYER DEPOSTION OF PD NANOPARTICLES ON TIO2 
NANOTUBES FOR ETHANOL ELECTROOXIDATION 

123 08-P3-09 Ma. Estela Calixto, Samuel De La Luz-Merino, Antonio Méndez-Blas, 
Bernabé Marí-Soucase 
ELECTRODEPOSITION OF CuInSe2 ON POROUS SILICON TEMPLATES 
FOR PHOTOVOLTAIC APPLICATIONS 
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SUMMARY

Ag, Au, Pd and Pt were deposited onto H-terminated Si to act as catalysts for metal assisted etching (MAE). The 
stoichiometry of MAE in V2O5 + HF solutions depended on the identity of the metal. The stoichiometry when etch-
ing with Ag and Au was the same as for stain etching in V2O5 + HF solutions. However, for Pd and Pt, the stoichi-
ometry differed significantly, consuming more V2O5 and producing less H2 per mole of Si etched. This indicates 
that the metal catalyst can change the mechanism of etching. Etching in V2O5 + HF solutions was well behaved and 
gave consistently reproducible kinetic results. In contrast, we were unable to obtain well-behaved stoichiometric 
results for HOOH + HF solutions. This is related to heightened sensitivity on reaction conditions compared to the 
V2O5 system as well as nonlinearities introduced by side reactions. 

1. INTRODUCTION

We recently reported on the stoichiometry of stain etching and interpreted it fundamentally in terms of Marcus 
theory of electron transfer and the Gerischer model of Si etching [1]. We showed explicitly that electron transfer to 
the oxidant is rate limiting. A new overall reaction was proposed to explain that two moles of oxidant are con-
sumed and only one mole of H2 is produced for each mole of Si etched. Here we expand these studies to MAE
with Ag, Au, Pd and Pt.

2. EXPERIMENTAL RESULTS AND DISCUSSIONS

Etching was performed on Si(100) 0–100 cm p-type test grade wafers or unpolished single crystal reclaimed 
wafer chunks. V2O5, HOOH and HF were used to create stain etchants. Metal deposition was performed in con-
centrated HF. A metal salt is added to HF to deposit the equivalent of ~10 nm film. The metals form clusters. The 
H-terminated surface and the deposited metal nanoparticles were never exposed to the atmosphere and potential 
contamination. The extent of Si etching, H2 production and V2O5 consumption were measured as reported previ-
ously [1; 2]. The amount of Si etched was determined gravimetrically. The decrease in concentration of VO2

+(aq) 
and the increase in concentration of VO2+(aq) were monitored by UV/Vis spectroscopy. The pressure as a function 
of time was monitored in the reaction and ballast flasks that were stoppered and submerged in a thermostated bath.

Figure 1 UV/Vis absorbance data indicates that both 
the disappearance of VO2

+ and the appearance of 
VO2+ follow first order kinetics. The Si surface had 
Pt nanoparticles deposited on it prior to etching. The 
same pseudo-first-order behavior is found for Ag, 
Au and Pd metal assisted etching in V2O5 + HF. 

Conventional stain etching with V2O5 has been described previously [3-6]. Low bubble formation and uniform 
color changes were observed. In the presence of metal, bubble formation and color changes were dramatically dif-
ferent. Bubbles immediately streamed off of the Ag-coated surface. The color changed uniformly; however, after 
an initial burst of colors, the samples became quite dark and eventually became rough. Au-coated Si behaved simi-
larly; however, the response was somewhat delayed compared to the Ag-coated samples. Pt-coated samples exhib-
ited rapid color change then darkening and roughening. Bubble production was much reduced, with larger bubbles 
that tend to stick to sample. Brilliant visible PL is observed in the cases of Ag, Au and Pt. The green PL (570 nm 
peak) was more persistent than what we have previously reported for conventional stain etching [7], lasting several 
days or even weeks before evolving in to the usual orange PL.
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The behavior of Pd-coated samples was completely different. The surface of the sample did not exhibit color 
change – they simply darkened and roughened. Bubbles do not stream off. Instead they develop slowly and form 
larger attached bubbles. No visible or infrared PL was observed. Therefore, no microporous Si was formed.

The behavior is much different when HOOH is added instead of V2O5. In the absence of deposited metal, no reac-
tion occurs with HOOH, consistent with previous results [8]. Even though allowed on energetic grounds, the kinet-
ics of charge transfer is very slow and requires a metal to catalyze the reaction of HOOH with Si. HOOH must 
specifically adsorb on the surface of the metal before charge transfer can occur. We can infer this because we have 
previously shown [3] that Marcus theory can be used to quantitatively describe the rate of hole injection of VO2

+,
Fe3+, Ce4+ and IrCl6

2–, all of which must therefore nonspecifically absorb on the Si surface before hole injection.

When HOOH was added to metal-coated Si samples immersed in HF(aq), etching was immediate in all cases. 
Small bubbles stream off from the entire surface. Samples immediately roughened. Ag- and Au-coated samples 
take on a tan color as opposed to the darker brown or even black appearance of Pd- and Pt-coated samples. Sam-
ples exhibit visible PL, which has a long tail into the IR, much longer than observed for metal assisted etching 
with V2O5. The PL peaks around 615 nm and extends beyond 850 nm.

The results for both etch rate and stoichiometric ratios depended on the identity of the metal. The metals all cata-
lyzed the injection of holes into the Si. They all increased the rate of hole injection by approximately a factor of 5. 
The behavior of Ag- and Au-coated surfaces was very similar. Both exhibited the same stoichiometries as stain 
etching. Both also produced nanoporous Si that exhibited visible PL. We conclude that the mechanism of Si etch-
ing in the presence of Ag and Au nanoparticles is the same as when the nanoparticles are absence. This mechanism 
[1] is analogous to anodic etching in the currently doubling regime. However, the counter reaction involves the 
consumption of an electron by the oxidant. Therefore the overall reaction is a valence 2 reaction. 

(1) 

Molar stoichiometry: (2) 

The metal catalyst enhances the hole injection rate, which is caused by the higher density of states near the Fermi 
energy in the metals as compared to Si, which has essentially no density of states there.

Metal assisted etching in the presence of Pt exhibited the same rate of hole injection but a different stoichiometry. 
MAE with Pt was dominated by valence 4 reaction paths with a small amount of valence 2 reaction. There are two 
different valence 4 reaction pathways. One is the stain etching analog of the current quadrupling path. The second 
is oxide formation followed by chemical removal of the oxide by HF(aq). While these two reactions are different 
mechanistically, overall both reactions have the same stoichiometry

(3)

Molar stoichiometry: . (4)

Photoluminescent nanoporous Si is formed by MAE with Pt, thus the current quadrupling path dominates etching.

For MAE with Pd the rate of hole injection was the same as the rates found with Ag, Au and Pt. Initially the reac-
tion was dominated by a valence 4 path with . However at long times the stoichiometry 

became mixed with . This can be explained by concurrent etching along both the va-
lence 4 and valence 2 paths. Because no por-Si is formed in the presence of Pd, oxide formation followed by 
chemical stripping is the dominant valence 4 process.

3. CONCLUSIONS

The mechanism of Si etching changes based on the presence of a metal catalyst during metal assisted etching and 
depends on the chemical identity of the metal. A valence 2 path dominates the formation of photoluminescent 
nanoporous Si in stain etching as well as MAE with Ag and Au. A valence 4 path dominates the formation of 
photoluminescent nanoporous Si in MAE with Pt. However for MAE with Pd, no nanoporous Si is formed and a
mixture of valence 4 and valence 2 processes is observed.
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SUMMARY

Here, we report on the fabrication of vertically aligned silicon nanowire arrays and on their application for the deliv-
ery of genes into mammalian cells including primary human mesenchymal stem cells. 

1. INTRODUCTION

Gene delivery is a powerful strategy for investigating and treating various diseases and disorders. However, exist-
ing strategies for delivering bioactive species into cells (e.g. by physio-chemical means) are limited either by the 
range of chemical and biological species that can be delivered, by low efficiency of delivery or by high toxicity 
[1]. In analogy to the way needles are used in macroscopic medicine to transport drugs or diagnostic agents into 
living tissue, vertically aligned silicon nanowire (VAS-NW) arrays can be used in micro-scale biological systems 
to transport biomolecular cargo into mammalian cells [2]. VAS-NW arrays can be generated with fine control 
over, aspect ratio, density, location and orientation of the nanowires. Figure 1A, display main steps in the fabrica-
tion of a patterned VAS-NW arrays using metal-assisted chemical etching (MACE). This technique offers a simple 
top–down anisotropic wet-etching process to fabricate VAS-NW arrays. It’s encompasses the existence of a local 
cathode and anode, and its reaction. We focus on understanding the influence of these parameters on the delivery 
of DNA plasmids into various types of mammalian cells. At the same time, we are engineering the surface chemis-
try of these VAS-NW arrays to enable control in their biodegradability properties while maximizing the efficiency 
of the gene delivery. Finally, we explore this ’nano-bio’ interface using confocal microscopy, SEM and FIB-SEM. 
Figure 1B shows a schematic illustration of the interaction between mammalian cell and VAS-NWs array coated 
with plasmid.  
This abstract will explore the application of VAS-NWs in gene delivery. We will first give a brief overview of the 
current strategies for gene delivery including pros and cons. This will be followed by introducing nanostructured 
silicon-based materials properties, fabrication and characterisation aspects, including the variety of methods for 
colloidal chemistry lithography. Then, we will explain how VAS-NWs array are utilised to efficiently introduce 
biomolecular cargos to mammalian cells with minimal impact on the cells’ viability and function; including exam-
ples of recent applications in the field. Finally, we will discuss on how VAS-NW array influence mammalian cells
function due to the interplay of two key parameters: the physical design of the nanostructure architectures, and 
their surface chemistry.

2. EXPERIMENTAL RESULTS AND DISCUSSIONS

Fabrication of patterned VAS-NWs array: In MACE, the fabrication of 1D NWs comprises of two steps 
[3]. First, a lithographically structured noble metals thin film (e.g., Ag, and Au) was deposited on the substrate. 
Second, the etching in hydrofluoric acid-based solution (HF+ oxidative agent) was performed. A patterned VAS-
NWs array using MACE is schematically shown in Figure 1A. Hexagonal close-packed monolayers of 
monodisperse polystyrene particles (1a) are transferred into hexagonal non-close-packed particle arrays via oxy-
gen plasma etching (1b). The arrays were used as a mask for metal deposition e.g. Ag by sputter coater (1c). After 
removing the spheres by lift-off, an ordered array of nano-holes was produced in the Ag film (1d). Subsequently, 
the metal layer served as a catalyst for the wet-etching of silicon. Using this method, VAS-NW arrays were fabri-
cated with different aspect ratios and porosities (1e). The silver layer was finally removed with nitric acid (1f).

Cell transfection: First the surface of the VAS-NW arrays was functionalized with cargo molecules such as 
gWIZ-GFP plasmid. Second, mammalian cells were seeded onto specific architecture design (e.g., VAS-NW ar-
rays) and surface chemistry. Finally, we monitored the efficacy in transporting genes as well as the interactions 
between the array and the cells using SEM, confocal microscopy and FIB-SEM, as illustrated in Figure 1C-D and  
Figure 2, respectively.  Our predesigned functionalised VAS-NW arrays have been shown to be able to deliver 
plasmids into a number of mammalian cells including human dental pulp-derived mesenchymal stem cells 
(hDPMSCs) that are considered particularly difficult to transfect, with efficiency greater than 90%.
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Figure 1. A) Main steps in the fabrication of a patterned VAS-NW arrays using MACE. B) Schematic illustra-
tion of cells transfection by VAS-NW arrays. C) SEM image of hDPMSCs grown on VAS-NW array. D) 
Confocal fluorescence microscopy image of the transfected hDPMSCs via the use VAS-NW array coated with 
gWIZ-GFP plasmid (> 90 % transfection efficiency, nuclear staining with Hoechst 33342).

Figure 2. a) FIB-SEM image illustrating HEK cell-NWs interaction. b) FIB-backscattering SEM image il-
lustrating NWs HEK cell interface.

3. CONCLUSIONS

We investigated the influence of physical parameters of VAS-NW arrays on the delivery of ge-
netic cargo into various mammalian cells, by varying systematic geometrical parameters (NW 
aspect ratio and interpillar spacing). At the same time, we explored the improvement of the de-
livery efficiency by adjusting the chemical functionalization of the VAS-NW arrays.  
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SUMMARY

Our study is interested in showing the effect of treatment of mc-Si by a new approach with metal-assisted 
chemical etching treatment. This approach present a nanostructuration of mc-Si not only to reduce the 
reflectivity of the surface but also to make an excellent passivation for photovoltaic application.

1. INTRODUCTION

Surface texturing of silicon wafers is a key step to enhance light absorption and to improve the solar cell 
performances. Several approaches have been proposed to reduce effciently the reflectivity multicrystalline Si, 
like laser scribing [1,2], alkaline texturization [3], double antireflection coating [4], but so far the price or the 
technical requirements of these techniques have not been consistent with low cost demands and large volume 
production for commercial applications. In this work, we propose a novel method with low cost to form 
nanostructures on multicrystalline silicon. This method is done on three steps: the first is to file an Ag / Al layer 
on the surface of  mc-Si, the second is to keep a low doping of Al nanoparticles on the substrate surface, the third 
is to use the method of metal-assisted chemical etching to form silicon nanostructures. The characterizations of 
silicon-treated surface are performed by SEM , UV-Vis-IR spectroscopy and WCT-120 Photoconductance 
lifetime. As a result of metal-assisted chemical etching treatment, the total reflectivity drops to about 5 %. and 
the effective minority carrier lifetime enhances from 0.5 μs to about 100 μs after treatment. 

2. EXPERIMENTAL RESULTS AND DISCUSSIONS

Experiments were carried out on p-type mc- cm.   
Chimical surface treatment with (HF/HNO3 /H2SO4) after screen printing filing aluminum (Al) layer was 
performed to eliminate the portion of the solid layer of Al. The p + doped silicon obtained surface is treated with 
HF/HNO3 /H2O2 solutions to obtain the porous silicon (PS) nanostructures. Immediately after PS formation, the 
samples were rinsed with DI water and dried under N2 flux, to prevent the PS film from flaking and 
deterioration. 

Fig.1 shows that after the metal-assisted chemical etching treatment mc-Si  a high porous texturised surface
suitable for light trapping is formed.
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Fig.1. SEM micrograph image of chimical surface  treatment with (HF/HNO3 /H2SO4) after screen printing step 
(b) after PS treatment

We can achieve a reflectivity of about 35 % without any antireflection coating. One may notice that the 
formation of  PS considerably reduce the surface reflectivity to about 7 % in the 400 - 1100 nm wavelength 
range, while a value of about 6 % for wavelengths inferior than 400 nm. fig.2

The surface quality of the (a) and (b) treatment samples were assessed by effective carrier lifetime measurements
by photoconductance using the WCT-120 Silicon Wafer Lifetime Tester (Fig.3).

3. CONCLUSIONS

In this work we have demonstrated that PS can reduce the average surface reflectivity of mc-Si p+ substrate  to 
8%. This value is comparable with that obtained with SiNx-based ARC. The effective carrier lifetime 
dramatically increases after  chimical surface  treatment with (HF/HNO3 /H2SO4) after screen printing step of 
mc-Si to about 500 μs. One may expect further increase of the mc-Si solar cell efficiency while performing the 
simple passivation with aluminum method and the cost efficient implantation this method in an automated in-line 
process for industrial solar cell fabrication.
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Fig. 1. A) Scheme of the radiative (RR) and non-radiative (NRR) recombination processes during etching of an a-
Si:H layer by Ag NPs in HF-H2O2; B) in situ PL as a function of time measured in aqueous HF solution before 
and after the injection of the oxidizing agent (H2O2).

I

et al.

Fig. 2. SEM images obtained after stopping the etching process at the different stages shown in Fig 1B. The yellow 
line indicated by an arrow shows the a-Si:H/c-Si interface location.
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METAL-ASSISTED CHEMICAL ETCHING OF SILICON 
UNDER INHOMOGENEOUS ILLUMINATION 
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3. RESULTS AND DISCUSSION
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RAMAN SPECTROSCOPY STUDY OF LIGHT-INDUCED HEATING OF 
SILICON NANOWIRES FORMED BY METAL-ASSISTED CHEMICAL 

ETCHING  

S.P. RODICHKINA, L.A. OSMINKINA, A.V. PAVLIKOV, A.V. ZOTEEV, V.YU. TIMOSHENKO

1M.V. Lomonosov Moscow State University, Physics Department, Leninskie Gory 1, 119991 Moscow, Russia;
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SUMMARY

Silicon nanowires (SiNWs) fabricated by metal-assisted chemical etching were investigated by micro-Raman 
spectroscopy, which revealed a strong heating under laser irradiation with a HeNe laser at 633 nm. SiNWs 
temperature dependencies on laser intensity and SiNW length were measured. We found that the temperature 
increase of 63 m length SiNWs under the irradiation with intensity of 1 kW/cm2 could be 170K above room 
temperature. The observed heating is explained by low thermal conductivity of SiNWs and by a strong localization 
of the excitation light in SiNW array. The observed phenomenon can be interesting for application of SiNWs in 
thermal isolation and in hyperthermia therapy. 

INTRODUCTION

Silicon nanowires fabricated by metal-assisted chemical etching (MACE) have promising applications in cancer 
diagnostics as luminescent labels in living cells due to their special optical properties [1]. Unlike the optical 
properties of SiNWs [1,2], their thermal properties have not been studied yet. Previously it was reported on thermal 
properties of porous silicon (pSi) which exhibited low thermal conductivity and considerable heating under laser 
irradiation [3]. In this work we study heating of SiNWs using the technique applied to pSi, where the heating is 
induced by laser irradiation during Raman measurements and the temperature is estimated from the Raman peak 
position [3]. 

EXPERIMENTAL RESULTS AND DISCUSSION

Silicon nanowires were fabricated on lightly doped (resistivity of 1-20 cm) (100) oriented c-Si wafers using the 
MACE method. This method was implemented in 3 steps: (i) deposition of metallic silver (Ag) layers on c-Si 
substrate, (ii) etching of the covered substrate in HF with H2O2 and (iii) chemical removing of Ag residues from 
SiNWs. In order to get nanowires of different length etching time was varied from 2 to 120 min. Morphology of 
SiNWs was studied by scanning electron microscopy (SEM) and transmission electron microscopy (TEM).
Backscattered Raman spectra were measured under excitation of focused HeNe laser (wavelength is 632.8 nm, 
maximum power 1.1 mW, spot diameter 12 m) using a Horiba HR 800 micro-Raman spectrometer. The 
temperature of SiNWs was determined from the Raman peak position. We used a calibration curve from Ref. [3], 
which allows us to correlate the Raman peak position of Si with its temperature in a wide range of temperatures. 

Figure 1a. SEM image of 25 
m nanowires

Figure 1b. TEM image of 25 
m nanowires  
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According to the SEM and TEM experiments SiNWs diameters in each sample are ranged from 50 to 200 nm, 
SiNWs length which is controlled by etching time varies from 2 to 63 m. An example of SEM and TEM images 
for 25 m length nanowires is shown in Figure 1 (a,b).  

The heating effect on the Raman spectrum is shown in Figure 2. At low excitation intensity the Raman spectrum of 
SiNWs coincides with that for bulk Si (520.5 cm-1), while as the intensity increases it moves to lower wavenumbers 
and broadens. Figure 3 shows that the local temperature in the irradiated spot rises with the increase of laser 
intensity up to 1 kW/cm2 and it can be estimated as 170K above room temperature. The measurements with SiNWs 
of smaller length show that the magnitude of the heating of SiNWs increased with their length. On the one hand, the 
observed light induced heating of SiNWs can be obviously explained by their low thermal conductivity similarly to 
the case of porous Si prepared by conventional anodic etching [3]. On the other hand, our control experiments with 
anodized meso- and microporous Si films showed the maximal laser-induced heating below 100 K. The overheating 
of SiNWs under irradiation with the red laser light can be explained by en enhancement of the light-matter 
interaction in SiNWs because of the strong light scattering [2]. Furthermore, besides the average laser-induced
heating, in some points of the SiNW samples we observed additionally a extremely strong local heating with the 
magnitude of approximately 500-700K independent of SiNWs length. The origin of this local overheating is a 
subject of further investigation.
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Figure 2. Raman spectra of 63 m SiNWs at different 
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Figure 3. Dependence of the laser induced heating of 63 
m SiNWs on laser power.

During all Raman measurements we also studied an evolution of the spectra in time and obtained that the peak 
position didn’t change for the irradiation time from 1 to 10 min. Also we took into consideration the spatial 
inhomogeneity of the samples and the measured Raman peak position was averaged in several points of each 
sample, that was included into the experimental error bars.  

CONCLUSIONS

Raman spectra of SiNW arrays fabricated by metal-assisted chemical etching with diameters from 50 to 200 nm and 
length varied from 2 to 63 m were studied. Dependencies of SiNWs heating on irradiation laser intensity and 
nanowire length were obtained from the analysis of Raman scattering spectra. The heating increases with the SiNWs 
length and reaches 170K for 63 m length SiNWs under excitation of HeNe laser with 1 kW/cm2 intensity. The 
observed effect is explained by low thermal conductivity of SiNWs, which can be useful for applications in thermal 
isolating materials as well in hyperthermia therapy of cancer.
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ANISOTROPY EFFECTS IN MESOPOROUS SILICON 
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STRUCTURAL INVESTIGATIONS OF SINWs SHAPED IN SI POWDER 
R. OUERTANI, A. HAMDI, C. AMRI, M. KHALIFA, H. EZZAOUIA.
Laboratoire de Photovoltaïque, Centre de Recherches et des Technologies de l’Energie,Technopole de Borj-Cédria, BP 95, 2050 Hammam-Lif, Tunisia.

E-mail: ouertanir@gmail.com        Tel: (216) 22 82 40 48  

ABSTRACT

Up to now, SiNWs were performed from monocrystalline Si wafers. In this work we use the metal assisted wet 
chemical etching (MAWCE) method to produce SiNW arrays shaped in grains of metallurgical grade polycrystalline 
silicon powder. First the powder was dipped for few minutes in a mixture of AgNO3 and HF to permit the Ag plating 
of the Si microparticles. Then, we add 0,1 M  H2O2 and we leave the samples to be etched for various durations. SEM 
characterization revealed that surface facets of Si microparticles were covered with isolated SiNWs. Lengths of the
shaped nanowires range from 0,2 to 10 μm depending on etching times. Using XRD measurements and Raman 
spectroscopic analyses, we present a comparative structural study of Si powder before and after etch processing.

Keywords: Silicon powder, SiNW, MAWCE, SEM, XRD,Raman

1. INTRODUCTION

Most of the Si nanostructures are currently performed starting from silicon wafers. Very few papers reports processing 
such structures using silicon powder as a starting material [1]. Nanocrystals provided by nanostructured silicon are 
photosensitive. Biodegrability and biocompatibility of hybrid nanostructures conjugated with both pSi and SiNWs 
stimulated intensive biomedical research such as Si biosensors, implantable devices and drug delivery systems [2].
Bottom-up SiNWs technique is expensive because time consuming, needs multistep fabrication and vacuum reactor 
(CVD, PLD…). Yet, metal assisted wet chemical etching (MAWCE) is a top-down technique, rapid, simple and low-
cost. Many papers reports that MAWCE processing have led to SiNW arrays with controlled dimensions. However, 
almost all of the SiNW performed were made from electronic grade substrates. Comparatively few researches have 
been conducted on preparing porous Silicon from polycrystalline powder [3]. In this work, we present the first results 
describing how we obtain forest like SiNW arrays grooved in microparticles of metallurgical grade polycrystalline 
silicon powder by dipping samples in an aqueous solution of HF, H2O2 and AgNO3.Ag plays the role of the catalysis.
In this paper, morphological and structural characterizations are discussed in connection to etching duration.

2. EXPERIMENTAL RESULTS AND DISCUSSION

Metallurgical Silicon powder is 99,95% purity. The size distribution is quite large from 5 to 130 microns. As shown in 
SEM image of Figure 1-a, the microparticles have got random polyhedral shapes. 1 grams of clean Si powder were
dispersed in an Ag plating solution containing 0,15 g AgNO3 and 4,6M HF, then stirred for 5 min to permit  the Si 
microparticles to be electroless plated with Ag nanoparticules. After, we add 0.12 M H2O2. The mixture was left to
be etched for 30, 60 and 90 minutes. Furthermore, the samples were soaked in diluted nitric acid solution for 30 min 
to remove the both dendrites and residuals of silver. Finally, the powder was washed, filtered then dried before 
characterization.  

SEM characterization revealed that the morphology of the etched samples was 
typically a forest- like of isolated nanowires covering all the facets of the Si
microparticles. Some SiNWs were perpendicular to the facets but others 
slanted 45° for an etching time of 30 min, the nanostructures were Si 
pinecones and  some 0,2 μm height SiNWs began to appear. As the etching 
time increased to 60 min, more nanowires were formed having 2,5 μm height.
For 90min, Si pinecones disappeared whereas the SiNWs appeared taller, 
having 10 μm height. However many SiNWs were broken, some others 
congregated together. (Figure1c).  The increasing etch rate observed in the last
sample corresponding to 90 min etch time should be attributed to the high 
density of defects in the Si microparticle.
In Figure 2a, we display XRD patterns of both raw silicon powder and EL60 

corresponding to powder etched for 60 min. Both samples EL60 and Si-ref 
exhibit almost similar diffraction peaks. These patterns suggest that the 
powder is polycrystalline with three main orientations (111), (220) and (311).
However, the peaks of raw silicon powder are less intense than those of SiNW 
samples. The diffraction peaks of EL60 were turned significantly slender. We 
also note that the intensity of the three first peaks in EL 60 is twice higher 
than those in raw Si. Figure 2b shows a comparison between two peaks 
corresponding to the (111) plans in raw Si and SiNW samples. Using the 
Scherer Equation with a mean size of ordered crystalline domains became 

three times wider were 60 nm and became 150 nm. We may attribute this enhancing crystalline structure to both 
etching of the amorphous native silicon dioxide covering the raw powder and to the dissolution of atom impurity.

(a) (b) 

(c) (d) 
Figure 1. SEM images of (a) the initial 
Si powder and Etched Si powder for
(b) 30 min , (c) 60 min and (d) 90min.
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Figure 2a X-ray diffraction diagram of 
SiNW and raw Si powder.

. 
Figure 3. Raman spectrum of silicon powder 

and silicon powder nanowires

Figure 2b peaks corresponding to the 
(111)  plans in raw Si and SiNW 
samples

Figure 3 shows two Raman spectra (RS) having similar 
patterns. The upper one corresponds to raw Si powder and the 
other to the SiNW sample. RS of raw Si is similar to a typical 
spectrum of mono-crystalline silicon. 
It appears that each RS has three peaks. The most intense 
central peak corresponds to an optical active mode triply 
degenerated. On either side of the central peak, we observe 
two peaks less intense corresponding to the spectrum of 
second order RS involving two phonons. The central peak has 
a frequency of about 516,8 instead of the typical 520 cm-1 of 
Si. This discrepancy is likely due to the silicon dioxide layer 
covering the particles.

The central peak of the RS of SiNW samples is thinner, 57 times more intense than raw Si. Subsequently to chemical 
grooving, we note a peak shift towards higher energy (blue shift). This behavior confirms the XRD results. The 
slenderness of the central peak may be due to purification effect of the etching process. We may attribute the increase 
of peak intensity to the high density of SiNW. Finally, the observed blue shift of the peaks could be explained by the 
etching effect of the silicon dioxide chemical process. Amorphous silicon oxide covering raw Si particles disturbs the 
Si crystalline structure and induces tensile strains. Therefore etching process smoothes the tensile strains and enhances 
the crystalline structure.

3.CONCLUSION

Nanowires from MG Si powder have been produced using the MAWCE. Morphological investigations have shown 
that chemical grooving of Si microparticles leads to pinecones for short etch time less than 30 minutes. For prolonged
times, the microparticles were covered with forest-like arrays of isolated nanowires having lengths ranging from 0,2
and 10 μm.
XRD patterns of both raw silicon powder and etched powder for 60 min exhibit similar diffraction peaks. MAWCE 
enhances the crystalline structure of the Si powder. This structural enhancing has been attributed to etching of both
amorphous native silicon dioxide and to the dissolution of atom impurity.
Raman spectra have shown that SiNW samples display slenderer (111) central peak may be due to the purification 
effect of the etching process. Peak intensity is connected to the density of nanowires in microparticles. A blue shift of 
the Raman peaks was observed following the silicon dioxide removal associated to MAWCE process.
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FABRICATION AND CHARACTERIZATION OF POROUS SILICON NANOWIRES
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SUMMARY

We report that porous silicon nanowires were fabricated by using an electroless metal-assisted etching of porous 
silicon with silver nanoparticles. Optical characterizations of porous silicon nanowires were achieved by FT-IR 
spectroscopy. The morphology and chemical state of porous silicon nanowires were characterized by scanning elec-
tron microscopy, transmission electron microscopy, and X-ray photoelectron spectroscopy.

1. INTRODUCTION

In recent years, silicon nanowires (Si NWs) have drawn a lot of attention in view of potential application in micro-
electronics. To date, silicon nanowires have been broadly explored for nanoscale electronics [1], flexible large area 
electronics [2], thermoelectrics [3], photovoltaics [4], battery electrodes [5], and electronic biosensors [6]. Various 
synthetic methods for the Si NWs have been reported. Metal-assisted chemical etching (MACE) method has been 
widely used for the synthesis of Si NWs due to its simplicity [7]. The morphologies of Si NWs can be affected by 
many factors such as type, doping level, and orientation of the silicon wafer, concentration of H2O2 in the etchant, 
etching temperature, and etching time. For an application of battery electrodes, the SiNWs anode showed larger 
charge capacity and longer cycling stability than the conventional planar-polished Si wafer [8]. Since the application 
of silicon anode has a major problem, for example large volume change of Li–Si alloy during lithium insertion and 
extraction causes great mechanical stresses, leading to cracking and pulverization of the electrode, the porous Si 
NWs would be ideal to enhance charge capacity and long cycling stability. However, to our knowledge, only few 
methods for the synthesis of porous Si NWs have appeared in the literature [9]. Here we prepared porous Si NWs by 
using MACE of PS. 

2. EXPERIMENTAL

PS samples were prepared by an electrochemical etching of the p-type Si <100> substrate (boron doped, polished on 
the (100) face, resistivity of 1-10 cm, Siltronix, Inc.). The etching solution consists of a 1:1 by volume mixture of 
absolute ethanol (ACS reagent, Aldrich Chemicals) and aqueous 48% HF (Aldrich Chemicals). The anodization 
current of 30 mA•cm-2 for 300 s was supplied by a Keithley 2420 high-precision constant current source. After an 
electrochemical etching, Ag nanoparticles (AgNPs) were coated on PS by immersing PS in an Ag coating solution 
containing 4.8 M HF and 0.04 M AgNO3. After a uniform layer of Ag nanoparticles (AgNPs) coating, the PS was 
washed with water to remove extra Ag+ ions and then immersed in oxidizing HF etching solution composed of 4.8 M 
HF and 30% H2O2 (10:1 v/v) in a reaction vessel. After 1 h etching at room temperature, the PS were washed re-
peatedly with water and then immersed in dilute HNO3 (1:1 v/v) to dissolve the Ag catalyst.

3. RESULTS AND DISCUSSIONS

PS is an ideal candidate for applications based on porosity, i.e., lithium-ion battery anodes, since it has a very large 
specific surface area on the order of few hundreds m2/cm3, corresponding to about thousand times of the surface area 
of a polished silicon wafer. The electrochemical process generates a uniform layer of PS: the thickness and porosity 
of a given layer is controlled by the current density, the duration of etch, and the composition of the etchant solution.
Porous SiNWs were fabricated by using an electroless metal-assisted etching of porous silicon with silver nano-
particles. Figure 1 shows the schematic diagram for the synthesis of porous Si NWs. 

0.005M AgNO3
: 8M HF = 1: 1

8M HF : 30% H2O2
= 10 : 1

65% HNO3

Silicon Substrate

PSi

Silicon Substrate

Silver nano particle

Silicon Substrate

PSi

Silicon Substrate

: Silver nano particle Figure 1. Schematics for the synthesis of porous 
SiNWs.
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Figure 2 shows the SEM cross-sectional image of SiNWs on the silicon surface after 30 min etching. SEM 
cross-sectional image displays a large-area aligned silicon nanowire array perpendicular to the silicon surface. The 
length of SiNW is about 30 microns and an etching rate of 1.7 m/min is obtained with a metal assisted-etching in 
aqueous HF/H2O2 solution. 

Figure 2. Cross sectional image of SiNWs.

Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) images of the as-grown porous 
Si NWs from the PS in H2O2 are summarized in Figure 3. Figure 3 (a) and (b) show the SEM image of Si Nws and 
porous Si NWs, respectively. These studies clearly demonstrate that the porous Si NWs becomes porous. Figure 3
(c) and (d) show high resolution TEM images and selected area electron diffraction (SAED) patterns from as-grown
porous Si NWs with PS in H2O2 for 60 min. The continuous lattice fringes and the single crystal-like diffraction 
pattern are observed in all samples, demonstrating that the nanoporous Si NWs retains the single crystalline structure 
of the starting silicon wafer.

Figure 3. (a) FE-SEM image of Si NWs, (b) FE-SEM 
image of nanoporous Si NWs, (c) HR-TEM image of 
nanoporous Si NWs, (d) SAED patterns of 
nanoporous Si NWs.  

5. CONCLUSIONS

We have demonstrated that porous Si NWs were 
successfully synthesized by using an electroless 
metal-assisted etching of porous silicon with silver 
nanoparticles. 
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SUMMARY
The surface metallization of silicon (Si), which is the adhesive metal film formation on Si, is critical for obtaining 
infallible electrical contacts in various devices. Autocatalytic electroless deposition requires surface activation 
(catalyzation pretreatment) of nonmetallic substrates before deposition. It is difficult to obtain adhesive metal films 
on Si substrates with conventional catalyzation pretreatments. We recently developed a novel surface activation 
process for the direct electroless deposition of adhesive metal films on Si substrates that consists of three steps: Step 
1) electroless displacement metal nanoparticle deposition; Step 2) metal-particle-assisted etching of Si; and Step 3)
autocatalytic electroless nickel deposition on Si. The metal nanorods that formed in the Si nanopores work as 
nanoanchors of the metal film on the Si substrate. The adhesion of the electrolessly deposited metal films on the Si 
substrates is increased by the length and the size of the nanorods as well as their internal strain energy. 

1. INTRODUCTION

The surface metallization of silicon (Si), which is the adhesive metal film formation on Si, is important for obtaining 
infallible electrical contacts in various devices, such as ULSI, MEMS, solar cells, and power devices. Since auto-
catalytic electroless deposition, which is one conventional method to metallize nonmetallic substrates, has several 
advantages including process simplicity, film uniformity, and the film formation on complicated structures, it is 
expected to replace the sputtering process of the back metal of power devices and the screen printing process of the 
electrodes of solar cells. This deposition requires the surface activation (catalyzation pretreatment) of nonmetallic 
substrates, which generally use tin and palladium. It is difficult to obtain adhesive metal films on Si substrates with 
conventional catalyzation pretreatments. Heat treatments before and after deposition improved the adhesion of the 
metal films on Si substrates. We recently developed a surface activation process for the direct electroless deposition 
of adhesive metal films on Si substrates whose three steps are shown in Fig. 1: Step 1) metal nanoparticle formation 
by electroless displacement deposition; Step 2) Si nanopore formation by metal-particle-assisted etching; and Step 
3) metal filling in the nanopores and metal film formation on the Si surface by autocatalytic electroless deposition. In
a previous study, we revealed that metal nanorods, which formed in the Si nanopores, work as the nanoanchors of the 
metal film on Si. In this study, we investigated the relationship among adhesion, nanopore structure, and the internal 
strain energy (product of internal stress and film thickness) of electrolessly deposited metal films. 

2. EXPERIMENTAL RESULTS AND DISCUSSIONS
In the first step, we deposited silver nanoparticles, whose diameter was a few tens of nm with ca. 1011 cm-2 in particle 
density, on a Si substrate by immersing the substrate for 10-120 s in a mixture solution of silver nitrate (AgNO3) and 
hydrofluoric acid  (HF) (Fig. 2a). In the second step, we prepared Si nanopores by immersing the Ag particle de-
posited Si substrate in an HF solution that included hydrogen peroxide for 1-60 s (Fig. 2b). The diameter of the 
nanopores, which was a few tens of nm, is consistent with that of the Ag particles, and the depth of the nanopores 
was uniform. Ag nanoparticles were found at the bottom of the nanopores. In the third step, a metal film formed on 
the Si substrate after being immersed in an autocatalytic electroless nick-el-boron (Ni-B) deposition solution. The 
autocatalytic electroless deposition of the metal was initiated by the catalytic Ag nanoparticles at the bottom of the 
nanopores. Thus, the Si nanopores were completely filled with metal. The diameter of the metal nanoparticles 
corresponds to the size of the metal nanorods (Fig. 2c). Fig. 3 shows the relationship between the limit of the film 
thickness, which is the thickness of the deposited metal films at the starting point of the film peeling from the Si 
substrates during deposition, and the nanopore depth, which is the nanorod length. The limit of the film thickness, 
which is the adhesion of the electroless Ni-B films, increased with the nanorod length. In the three nanoparticle sizes 
that we examined (that is, the nanorod size), the larger one gave higher adhesion. These results indicate that en-
larging the nanorod length and size increases the strength of the nanorods, which work as nanoanchors, and im-
proves the adhesion of the metal films on the Si substrates. 
Figure 4 shows the relationship between the maximum film thickness of 100% of the remaining area after a tape test, 
which shows the adhesion of the metal film on the Si substrate, and the internal strain energy of the electrolessly 
deposited metal films. The size and the length of the metal nanorods were 25 and 90 nm, respectively. The internal 
strain energy was altered by changing the chemical composition of the deposited films. The adhesion of the metal
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films on the Si substrates increased with the internal strain energy in the tensile direction. This result suggests that 
the electrolessly deposited metal film with high internal strain energy in the tensile direction tightens the Si substrate 
with the metal nanorods and improves the adhesion. 

3. CONCLUSIONS

We controlled the length and the size of metal nanorods electrolessly formed on Si substrates by changing both the 
length and the size of the Si nanopores formed by metal-particle-assisted etching. The adhesion of the electrolessly 
deposited metal films on the Si substrates increased with nanorod length and size as well as the internal strain energy 
in the tensile direction of the metal films. 
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Fig. 1 Schematic process flow of three-step process 
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SUMMARY
By metal assisted chemical etching of multi-crystalline upgraded metallurgical silicon (UMG-Si), large areas of 
silicon nanowires (SiNWs) with high quality can be produced on the mother substrates. These areas show a low 
reflectance comparable to black silicon. More interestingly, we find that various metal impurities inside UMG-Si 
are removed due to the etching through element analysis. A prototype cell was built to test the photo-
electrochemical (PEC) properties of UMG-SiNWs for water splitting. The on-set potential for hydrogen evolution 
was much reduced, and the photocurrent density showed an increment of 35% in comparison with a ‘dirty’ UMG-
Si wafer.

1. INTRODUCTION

Great efforts have been devoted to develop cost-effective semiconductor based solar energy conversion systems,
converting directly sunlight to chemical fuel or electricity. However, Si solar cells must reach the thickness above 
200 μm to harvest most of visible light, and occupy high crystallinity and purity to guarantee enough carrier diffu-
sion length to stratify above three conditions. This restriction imposes high material fabrication cost, especially at 
the step of purifying ‘dirty’ metallugrigical grade silicon (MG-Si, purity ~99%), or UMG-Si (purity, ~99.999%) to 
solar grade (SG-Si 99.9999% pure).1,2 Therefore it is a great challenge to successfully apply inexpensive ‘dirty’ Si 
(i.e. MG-Si or UMG-Si) without sacrificing the device efficiency and stability.

Current nanotechnology offers a new route to tackle this challenge. Both experimental and theoretical works have 
demonstrated that 100 times less Si material in the form of SiNW arrays can achieve the same amount of absorp-
tion as thick bulk Si materials.3 By simply taking SiNWs as an antireflective layer, the solar cell shows an effi-
ciency enhancement of about 4% compared with planar Si.4  

Here we demonstrate a new method, so-called ‘metal assisted chemical etching’ (MaCE) to create Si nanowires 
from UMG-Si. It involves two successive steps, nucleation of metal nanoparticles and anisotropic etching in a so-
lution containing HF and oxidant agents.5 The formation of Si nanostructures depends on the anisotropic proper-
ties of MaCE: Silicon beneath the metal NPs would be dissolved much faster than its surrounding area. As shown 
in the etching schematic Fig. 1, we expect that during creation of large surface areas of Si nanostructures by 
MaCE, metal impurities would be exposed to the acidic solution, and then removed away. Such purification effect 
would substantially improve the PEC performances of UMG-SiNWs.

Figure 1. Schematic representation for the fabrication process of purified SiNWs from UMG-Si via metal assisted chemi-
cal etching (MaCE). The MaCE process selectively etched metal impurities upgrading the SiNWs. 
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2. EXPERIMENTAL RESULTS AND DISCUSSIONS

Three different grades of silicon were used, including, UMG-Si, SG-Si and EG-Si. Prior to the etching, the silicon 
wafers were cleaned in Piranha (98% H2SO4/ 30% H2O2 = 3:1, (v/v)) for 15 mins and afterwards rinsed by DI 
water. Clean Si wafers were cut into pieces of suitable size and dipped into 5% HF solution for 3 mins to remove 
the native oxide. Subsequently, the MaCE was carried out by immersing Si samples into 5 M HF and 10 mM 
AgNO3 solution for deposition of Ag nanoparticles (AgNPs) and then etched in an aqueous etchant containing 5 
M HF and 0.3 M H2O2. After etching, the Si samples were rinsed with DI water and dried by N2 gas blowing. All 
experiments were performed at room temperature inside a fume hood (~ 20 °C). SiNWs were characterized by 
scanning electron microscopy (SEM).

Element analysis was done by inductively coupled plasma mass spectroscopy (ICP-MS). After MaCE of UMG-Si 
significant reduction of all kinds of metals was observed: Cr (92.6% reduction), Fe (74.3%), Ni (77.6%), Co 
(78.8%), Mo (79.6%), Cu (17.7%), and Ag (90.6%). The concentration of dopants (Boron and Phosphor) remained 
unchainged, indicating the high accuracy of our measurements. UMG-Si was thus upgraded from 99.999772 to 
99.999899% in purity.

Reflectance measurements proofed that UMG-Si with 15 min etching time exhibits the highest light absorption of 
more than 95% in the wavelength range of 300––1000 nm.

Photoelectrochemical experiments show an increase of the photocurrents density of SiNWs in comparison to pla-
nar Si. The onset potential shows an anodic shift of 200 mV for UMG-SiNWs compared to polished UMG-Si wa-
fer. For EG-SiNWs this shift is greater than 400 mV. We ascribe the anodic shift to surface effects of SiNWs.

3. CONCLUSION

We have successfully obtained large areas of SiNWs with high optical and electrochemical quality from multi-
crystalline UMG-Si by the MaCE process.These samples show strong light absorption. By element analysis we 
confirm that the MaCE process is capable of removing all kinds of metal impurities inside UMG-Si. Such purifica-
tion effect greatly improves the photocurrent while using UMG-Si as a photocathode in a PEC cell. Moreover the
on-set potential for hydrogen evolution is shifted anodically due to the construction of SiNWs. Benefiting from the 
low cost of UMG-Si, the obtained UMG-SiNWs will have a great potential of application in various devices, such 
as solar cells, sensors and lithium ion batteries respectively.
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SUMMARY

Isothermal Close Space Sublimation (ICSS) was used for embedding porous silicon (PS) films with ZnTe 
nanocrystallites in order to obtian white photoluminescence structures. RBS measurements reveal that the ZnTe con-
tent in the PS layers is noticeably higher when a preliminary etch step of the PS layers in HF is performed prior to 
ICSS. Crystallographic characterization by XRD and TEM show that ZnTe inside PS is in the form of 
nanocrystallites embedded into the porous matrix, leading to an intense white photoluminescence at room tempera-
ture.

1. INTRODUCTION

Porous silicon (PS) is a versatile matrix host for embedding different materials, such as semiconductors, metals or 
conductive oxides [1,2] with a wide range of applications. In the previous PSST conference we reported the use of 
Isothermal Close Space Sublimation (ICSS) technique for homogeneously embedding PS films with CdSe and 
ZnTe semiconductors [3]. In the present work, the influence of preparation conditions on the infiltration of ZnTe 
into PS is studied in order to optimize the ICSS process and obtain high intensity white photoluminescence struc-
tures.

2. EXPERIMENTAL RESULTS AND DISCUSSIONS

High porosity porous silicon (PS) layers were prepared by electrochemical etching of p-type monocrystalline sili-
con wafers in an HF based solution under conditions known to produce homogeneous, luminescent, sponge-like 
porous silicon layers [4]. ZnTe was infitlrated into the PS matrix by the ICSS technique. [3] ICSS was carried out 
at 385 ºC and a vacuum of 5·10-2 Pa. In order to study the effect of sample preparation, some samples were 
inmersed in a H2O:HF (2:1) solution for 15 s prior to ICSS in order to dissolve the SiO2 covering the pore walls.

Figure 1. ZnTe embedded into PS. Left: grazing angle XRD diffractogram. Right: High resolution TEM image of ZnTe crystallites inside PS

Figure 1-left shows an x-ray diffractogram of a PS sample embedded with ZnTe at grazing incidence. As it can be 
observed, only peaks corresponding to the stable ZnTe zinc-blend structure are observed. To further support XRD 
results, TEM measurements were also carried out. Figure 1-right shows nanocrystallites of different sizes sur-
rounded by an amorphous environment. Crystal planes in this image are identified as belonging to the {200} or 
{111} family of ZnTe, while the surrounding field is attributed to the amorphous inner surface of PS. These results 
show that ZnTe grows in the zinc-blende phase in the form of nanocrystallites embedded into the PS matrix.
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Typical RBS spectra of PS layers embedded with ZnTe without (sample A) and with (sample B) the inmersion 
step prior to ICSS are shown in Figure 2-left. Since XRD showed no evidence of Zn or Te oxides, stoichiometric 
ZnTe and SiO2 were assumed to fit the spectra. The resulting compositional profiles are depicted in Figure 2-right, 
showing that ZnTe is distributed through the whole PS layer depth, in either case. As it can be observed, the 
amount of SiO2 into the PS layer decreases from ca. 70% down to ca. 30% when the sample is inmersed in the HF 
solution before infiltration due to the dissolution of the SiO2 pore covering. As a consequence, the void volume 
available for infiltration increases notably, as revealed by the higher ZnTe content in sample B. This effect is al-
ready revealed in the raw RBS spectrum (notice the much higher signal between 1500 and 3000 KeV in sample 
B). This significant increase in ZnTe infiltration is adscribed not only to the void volume increase due to the disso-
lution of SiO2, but also to an enhanced reactivity of the PS inner surface due to the oxide layer removal.

Figure 2 RBS spectra (left) and compositional profiles (right) of ZnTe embedded PS layers without (sample A) and with (sample B) an etch 
step in HF before ICSS infiltration.

Fig. 3 (lower spectra) represents normalized room temperature PL for two different regions of a typical sample: 
the outer region corresponds to the bare PS layer, while the inner region corresponds to ZnTe embedded PS. As it 
can be observed in the spectra, PS not embedded with ZnTe shows the typical red luminescence of high porosity 
PS, while the central region, where ZnTe infiltration occurred, a broadband luminescence is observed from 400 to 
700 nm. Oscillations in the PS spectra are attributed to interference due to the layer itserf (upper spectrum). Both 
red and white PL bands could be clearly observed at the naked eye under illumination with a HeCd laser.

3. CONCLUSIONS

Results show that Isothermal Close Space Sublimation (ICSS) is an adequate 
technique for embedding ZnTe into porous silicon (PS) layers. This ZnTe-PS
structures show intense white photoluminescence, which is attributed to ZnTe 
and Si nanocrystallites present in the mixture. It has been shown that 
inmersing the PS layers in an HF solution before infiltration significantly en-
hances ZnTe infiltration into PS. This effect is attributed to an increase of the 
avaliable void volume and to an enhancement of the surface reactivity of PS.
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SUMMARY

In this work, electrodeposition of a polymer electrolyte (poly(methyl methacrylate)-polyethylene oxide: PMMA-
(PEO)5 into smooth titania nanotubes (TiO2nts) is studied for the fabrication of all-solid-state Li-ion
microbatteries. The morphological and chemical analyses revealed that the electrochemical approach is particular-
ly powerful to achieve the highly conformal deposition of a very thin film consisting of short polymer chains. For 
the first time, the polymer-coated TiO2nt was successfully cycled in the full Li-ion cell against LiNi0.5Mn1.5O4.

1. INTRODUCTION

Microbatteries are important power sources to drive small devices such as medical implants, sensors, RFID tags, 
smartcards, etc. Conventionally, microbatteries are based on planar thin-film active materials and hence deliver 
low energy and power densities due to a low specific surface area. To enhance the performance of microbatteries, 
nanoarchitectured electrodes, which offer larger specific area, are a promising alternative[1]. Due to good capacity 
and rate capability, and low capacity fading with cycling, nanostructured electrodes based on self-organized titania 
nanotubes (TiO2nt) are potential candidates (as negative electrode) for rechargeable Li-ion microbatteries [2–6]. In 
order to fabricate a 3D microbattery with TiO2 nanotubes, however, it is necessary to keep the 3D nanostructure 
after the deposition of a solid electrolyte for further filling with a positive electrode material. The deposition of the 
solid electrolyte (e.g. lithium phosphorous oxynitride so-called LiPON) by the conventional top-down approach 
[7–9] shows the accumulation of the electrolyte closing the top of the nanotubes. This accumulation leads to diffi-
culties to further fabricate the 3D microbatteries [3]. Previously, we have reported the conformal deposition of 
PEO-based polymer electrolyte into TiO2nts by electropolymerization technique [3,4,10]. Due to the better elec-
trode/electrolyte interface, higher electrochemical performance was achieved in a Li half-cell using a liquid organ-
ic electrolyte. 

In this work, highly electrodeposition of a polymer electrolyte into smooth TiO2nts is reported. For the first time, 
we show that this polymer-coated TiO2nt was successfully cycled in the full Li-ion cell against LiNi0.5Mn1.5O4. 

2. EXPERIMENTAL RESULTS AND DISCUSSIONS

TiO2nt layers were produced by the electrochemical anodization of Ti foil in an electrolyte containing 96.7wt% 
glycerol, 1.3wt% NH4F and 2%wt water. A constant voltage of 60V was applied to the cell (Ti foil as a working 
electrode and Pt foil as a counter electrode) for 3h. The electropolymerization of MMA-(PEO)5 was carried out 
by cyclic voltammetry (CV) in a three-electrode system with as-prepared TiO2nt as the working electrode, Pt foil 
as the counter electrode, and Ag/AgCl, 3M KCl as the reference electrode. Prior to the electropolymerization, an 
aqueous solution of 0.5M LiTFSI was filled into the electrochemical cell and purged with N2 for 10 min to remove 
dissolved oxygen. 2 g of the monomer was then added into the solution. The electropolymerization was performed
at a scan rate of 25 mV/s, and a potential window of 0 to -1.5V vs Ag/AgCl, 3M KCl.  After the 
electropolymerization, the sample was removed from the electrochemical cell and placed in the oven at 60°C to 
evaporate the residual water. 

The morphology of the as-formed TiO2nt and the polymer-coated TiO2nt was investigated by SEM.
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Figure 1. SEM images of (a) top view of as-formed 
TiO2nt, (b) cross section of as-formed TiO2nt, (c)
top-view of polymer-coated TiO2nt, and (d) cross 
section of polymer-coated TiO2nt. 

Figure 2. Galvanostatic charge/discharge profiles of 
TiO2nt/MMA-(PEO)5/ LiNi0.5Mn1.5O4 at the kinetic 
rate of C/5. The inset shows the SEM image of 
LiNi0.5Mn1.5O4.

Fig. 1a and b show the highly-ordered and smooth TiO2nt after anodization treatment. The diameter and length of 
the tubes is around 100 nm and 1.5 μm, respectively. After the electropolymerization, TiO2nt is conformally coat-
ed with polymer as shown in Fig. 1c and d. This result is confirmed by TEM (not shown) as it has been in previous 
work [10]. The thickness of the TiO2nt walls becomes thicker, resulting from the polymer coating (Fig. 1a and c).
The spaces between the tubes are filled with polymer (Fig. 1b and d). 

The polymer was characterized by size-exclusion chromatography (SEC) and 1H NMR. The results from SEC 
show that the major component is dimers with some traces of monomers and trimers. 1H NMR confirms the for-
mation of short polymer chains. 

Finally, the electrochemical behaviors of the polymer-coated TiO2nt were tested in the full cell against 4.7V
LiNi0.5Mn1.5O4 cathode material synthesized by sol-gel method (morphology shown in the inset of Fig. 2) using 
Whatman papers soaked with MMA-(PEO)5 as a separator.  Fig.2 shows the charge/discharge profiles of the cell 
in the potential window of 0.5-3.5V. The result shows that the cell delivers promising discharge capacity of ~ 30 
μAh/cm2 during 40 cycles with a good capacity retention.

3. CONCLUSIONS

We have reported the highly conformal electrodeposition of polymer electrolyte into smooth TiO2nt. The charac-
terizations of polymer show the formation of short polymer chains, mainly dimers. The polymer-coated TiO2nt 
shows promising electrochemical performance when tested in all-solid-state Li-ion batteries. 
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SUMMARY

Porous silicon (PS)-based Bragg reflectors are used in epitaxial silicon solar cells as an embedded reflector of infra-
red photons. An optimally-designed Bragg reflector can result in enhanced photo-generated current. For this, the 
thickness of the epilayer as well as the effective medium models used for calculating the refractive index of PS must 
be taken into consideration. A thicker epitaxial layer will result in a red-shift of the peak design wavelength. It is 
also shown that in designing Bragg reflectors using annealed PS, the Maxwell-Garnett or the Ghannam models 
should be used for computing the refractive index instead of the Bruggeman or the Looyenga models. 

1. EPITAXIAL SILICON SOLAR CELLS

An epitaxial silicon solar cell, as depicted schematically in Fig. 1 (a), consists of a ~20-50 μm thick epitaxially-
grown silicon layer (“epilayer”) in which all photovoltaic energy conversion takes place. This epilayer is grown on 
a heavily-doped, low-cost p+ silicon carrier. Since silicon is an indirect semiconductor, solar cells based on such 
thin silicon will have large transmission if no light trapping scheme is implemented. Therefore, a porous silicon 
(PS)-based Bragg reflector is embedded at the interface between the epilayer and the substrate [1]. This PS is 
formed by electrochemically etching of p+ silicon in a HF-based electrolyte. After high temperature annealing in 
hydrogen at atmospheric pressure, the mesoporous microstructure of ~5-20 nm wide, columnar pore channels (Fig. 
1 (b)) transform into one that has large, ~30-100 nm diameter, spheroidal voids as shown in Fig. 1(c).

Figure 1. (a) Schematic diagram of an 
epitaxial silicon solar cell, where a 
high quality silicon epilayer is grown 
on annealed porous silicon (PS) that 
has been etched in a low-cost p+ sili-
con substrate. The PS acts as a Bragg 
reflector for infrared photons transmit-
ting through the epilayer. Scanning 
electron microscopy (SEM) images of 
(b) an as-etched PS and (b) an an-
nealed PS are shown in cross-section.

2. CHOICE OF THE DESIGN WAVELENGTH FOR THE BRAGG REFLECTOR

Figure 2. (a) Plot of the peak
wavelength to be used for the 
design of the Bragg reflector as 
a function of the thickness of 
the epitaxial layer on top of the 
reflector for a non-textured 
front surface. For thicker 
epilayers, the Bragg peak re-
flection should be red-shifted. 
(b) Numerical simulation results
based on Sentaurus showing the 
percentage gain in photo-

generated current for a 20 μm thick un-textured epilayer with Bragg reflectors with different peak reflectance. A
non-optimised Bragg reflector results in greater transmission losses.

epilayer

low-cost
substrate

porous
silicon

500 nm

(a) (b) (c)

500 nm

(b)(b(a)
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A Bragg reflector consists of a stack of alternating regions of two different refractive indices (nL and nH), whose 
physical thickness (d) is determined by the quarter-wavelength rule for constructive interference: = /4 ,
where is the wavelength at peak reflectance of the Bragg reflector and ni is either nH or nL. The two different 
refractive indices are implemented by using PS of two different porosities (low and high porosities). 

A Bragg reflector must be centered to reflect at the correct wavelength in order to minimise the transmission loss-
es. The choice of the design wavelength depends on the thickness of the epilayer on top, as shown in Fig. 2 (a).
The thicker the epilayer, the more red-shifted the design wavelength should be. If the reflector is designed at a 
non-optimal wavelength, the photo-generated current in the epilayer will be reduced, as shown in Fig. 2 (b).

3. CHOICE OF EFFECTIVE MEDIUM THEORIES TO COMPUTE REFRACTIVE INDEX OF PS

Once the choice of design wavelength is made, the thicknesses of low and high porosity layers of the Bragg reflec-
tor can be calculated, provided the refractive indices can be accurately evaluated. The wavelength-dependent com-
plex refractive index of PS has been modeled using various effective medium theories [2], namely those proposed 
by Bruggeman, Looyenga, Maxwell-Garnett and Ghannam [3]. The first two models assume that PS is an isotropic 
mixture of two materials (silicon and air/vacuum) which would suit as-etched PS, while the other two models as-
sume that PS consists of spherical air “particles” embedded in a silicon matrix which would suit annealed PS.

Figure 3. (a) Refractive indices calculated for a 41% porosity PS using four effective medium models, as proposed 
by Looyenga, Bruggeman, Maxwell-Garnett and Ghannam. (b) The reflectance as a function of wavelength for a 
PS Bragg reflector of 20 alternating layers, designed based on Bruggeman model for a peak reflectance at 950 nm, 
as predicted by the four models and in experiment (both as-etched and annealed).

A comparison of the refractive indices computed based on these three models for the high porosity layer (41% 
porosity) are given in Fig. 3 (a). The models clearly predict different refractive indices even in the range of wave-
lengths (800-1100 nm) of interest for Bragg reflectors in epitaxial solar cells. The consequences of these differ-
ences can be seen in Fig 3 (b) in the reflectances of a Bragg reflector that was designed based on the Bruggeman 
model to have a peak reflectance at ~950 nm. Of the four optical model, the Bruggeman model is the closest in 
predicting the reflectance of an as-etched PS stack, while annealed PS is best described by either the Maxwell-
Garnett model or the Ghannam model. Note that the experimental reflectance of the annealed stack is in general 
low because after annealing the stack has a non-optimal design. Therefore, in designing a PS Bragg reflector, it is 
necessary to take into account the refractive indices as predicted by the Maxwell-Garnett or the Ghannam model.

4. CONCLUSIONS

It has been shown that for optimal use of the embedded PS-based Bragg reflector, careful choice of the design 
wavelength based on the epilayer thickness must be made and either the Maxwell-Garnett or Ghannam model 
must be used for calculating the refractive index of PS.
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SUMMARY
The influence of surface chemistries on the radiative and the nonradiative relaxation processes in porous 
silicon was investigated using temperature dependent, time resolved photoluminescence spectroscopy.
By modifying the state of the surface via oxidation, we were able to show that radiative processes in light 
emitting porous silicon are not sensitive to the state of the surface and should be assigned to quantum 
confinement of charge carriers in small Si nanocrystallites. In contrast, nonradiative relaxation processes 
depend on the surface chemistry and manifest no quantum size effects.

1. INTRODUCTION
Porous silicon (PSi) belongs to an interesting class of semiconductor nanostructures that exhibit size 

dependent electronic properties. This well known effect of quantum confinement (QC) can explain 
numerous properties of PSi; however, with the decreasing size of the nanocrystallites embedded in the 
PSi matrix, the role of the surface becomes more and more significant. Yet, surface chemistry alone 
cannot explain the rich spectrum of optical and the electronic properties associated with PSi and a refined 
model has to be utilized. The extended vibron model, which takes into account both QC and surface 
chemistry and provides a specific mechanism for explaining the mutual contributions of both 
phenomena, has recently been proposed [1-2]. The aim of this research is to experimentally investigate
this model and to reveal how surface modifications affect the optical properties of PSi nanostructures. 
We extend our previous work on Si nanocrystals (embedded in oxide matrix [3]) to PSi samples, as 
surface chemistry (e.g., the surface bonds that terminate the nanocrystallites) can easily be modified by 
natural oxidation that replaces Si-hydrogen bonds (in freshly prepared PSi) with Si-oxygen bonds (after 
few minutes of exposure to ambient conditions).

2. EXPERIMENTAL RESULTS AND DISCUSSIONS
PSi samples were fabricated by standard anodization using p-type silicon wafers, at a current 

density of 70 mA/cm2 for 200 sec. To avoid unintentional oxidation, fresh samples were kept in a 
vacuum optical cryostat immediately after anodization for the entire experiment. Next, in order to 
reveal the role of surface oxidation (in ambient conditions), the fresh PSi samples were taken out the 
cryostat and were exposed to air for six days. Infrared absorption measurements confirmed the 
modification of surface bonds from Si –hydrogen (in fresh PSi) to Si-oxygen after oxidation. 

Both H- and O- terminated PSi showed a strong red photoluminescence (PL), with the PL 
maximum at a wavelength of 690 and 670 nm respectively. To study PL dynamics, time-resolved PL 
spectroscopy was performed at temperatures ranging from 6K up to room temperature and for various 
photon energies (as in reference [3]). The measured time-decays showed a typical non-exponential 
behavior, and were fitted to a stretched exponential function [1-2]. The extracted lifetime (at a photon 
energy of 2.03 eV) versus temperature is shown in Fig.1(a). The lifetime-temperature curve is best 
described by the singlet-triplet model [1-3], where at low temperatures only the triplet level is occupied 
leading to a constant lifetime. The triplet lifetime is significantly longer than the singlet lifetime and 
thus, as temperature is increased, the upper singlet level gets occupied and the overall lifetime becomes 
shorter. From Fig.1(a) one can see that the triplet lifetime (which dominates at low temperatures) of H- 
and O-terminated PSi are not the same. On the other hand, at room temperature both lifetimes are 
essentially the same. The singlet-triplet model (see inset to Fig.1b and the solid lines in Fig.1a) has 
been utilized to extract the singlet and the triplet lifetimes and the energy splitting between these states.
The variation of these parameters with photon energy is shown in Fig.1(c-e). As expected, the singlet 
lifetime was found to be significantly faster than the triplet lifetime.

Before discussing the behavior of these parameters, let us denote that both radiative and 
nonradiative decay times contribute to the measured (overall) lifetime according to: 111

NRR
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where , R and NR are the overall, the radiative and the nonradiative lifetimes, respectively. The 
integrated PL, defined as the area below the PL spectrum, is proportional to the PL quantum yield, 
given by, RR // 11 . The dependence of the integrated PL on temperature is presented in 
Fig.1(b) using the same Arrhenius plot used for Fig.1(a) (for the PL lifetime). Over the 30-300K 
temperature range, the lifetime gets faster by approximately two orders of magnitude, while the 
integrated PL varies by less than 3. Hence, one concludes that R , and R<< NR over this 
temperature range. The strong dependency on photon energy (and therefore, on the size of the 
nanocrystallites) of the singlet lifetime (Fig.1c) is a manifestation of the QC model and provides further 
support to the conclusion that radiative processes dominate at high temperatures. In contrast, the lower
state lifetime (Fig.1e) that dominates at low temperatures, is almost independent of the photon energy,
thus indicating that at low temperatures nonradiative relaxation dictates the lower state lifetime.

 Comparing O- and H- PSi, one notices that the radiative lifetime (of the singlet state) and the 
energy splitting are not sensitive to surface chemistry (Fig.1c-d), while the nonradiative decay time
(Fig.1e) is sensitive to oxidation. These observations can be explained by the extended vibron model
[1-2] that assigns the long nonradiative relaxation times to resonant coupling between surface 
vibrations and the quantized sublevels of the conduction/valence bands. The longer lifetime of the O-
PSi is due to the higher electronegativity of oxygen (relative to hydrogen), resulting in higher dipole 
strength of the Si-O-Si vibrations.  

Figure 1: Arrhenius plots of the (a) measured lifetime and (b) integrated PL for H- and O- 
PSi.  (c), (d) and (e) show the upper-singlet lifetime, the energy splitting between the singlet 
and the triplet and the lower-triplet lifetime as a function of the photon energy respectively. 
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QUANTUM DOTS GaN ON THE POROUS SEMICONDUCTOR GaAs BY 
NITRIDATION

V. V. KIDALOV1, A. F. DYADENCHUK1

SUMMARY

GaN quantum dots were obtained on porous GaAs substrates by nitridation. Studied their photolumines-
cence and surface morphology by scanning electron spectroscopy.

1. INTRODUCTION
The main task of modern optoelectronics find materials for the ultraviolet region of the spectrum. Com-

pound semiconductor GaN is a promising material for light-emitting diodes and lasers operating in this range 
(GaN 3.4eV (360nm)).

However, to obtain radiation in the more distant region of ultraviolet radiation can be used quantum dots 
GaN. As is known, thus there is a shift of the main PL band in the ultraviolet region of the spectrum. Because the 
purpose of our work is getting GaN quantum dots on porous semiconductors GaAs as a result of nitridation. Ni-
triding occurs when converting new GaAs layers in GaN.

2. EXPERIMENTAL RESULTS AND DISCUSSIONS
Porous GaAs prepared by electrochemical processing of monocrystalline GaAs (001), which is the anode. 

As the electrolyte used a mixture of hydrofluoric, hydrochloric and nitric acids. For the experiments have been 
used as an anode samples GaAs p-type conductivity with a polished surface and as a cathode was platinum. They 
are placed parallel to each other. The process of digestion was carried out in the electrochemical cell. During the 
experiments varied the following parameters: duration, initial amperage, the concentration of acids.

Poreformation in GaAs was etched with an aqueous solution of hydrofluoric acid for a time period of 10 
to 30 minutes at these compositions and concentrations of electrolytes current density varied in the range from 8 to 
400 mA/cm2. The experiment was conducted at room temperature.

The etching process was carried out in several stages:
1. surface polishing, degreasing;
2. directly to the process of electrochemical etching;
3. purification of surface etching products.
Nitriding porous GaAs was performed with the following parameters – annealing time from 40 to 60 min, 

annealing temperature 820-1020 K, working pressure in the reactor - 10-2-10-1 bar.
Nitriding process (for thin layers of GaN) was conducted in the discharge N2+H2 (2% H2). Hydrogen 

binds arsenic in AsH3 and final adsorbed on the surface according to the reaction: 

33 .
At a temperature of 77 K was used nitrogen laser ILGI-503 with a wavelength of 337,1 nm and a pulse length 

of 10 ns for excitation photoluminescence. With the monochromator MDR-12 was analyzed spectra obtained.
When deposited on the surface of the GaAs one of the most important problems is the substitution of As atoms 

N. This leads to the formation of a thin layer of GaN on the surface of GaAs. After the deposition of GaN GaN 
layer began to disintegrate in the quantum dots.

Study of morphology occurred with a scanning electron microscope. Figure 1 shows the morphology of 
GaN quantum dots on the surface of porous layers of GaAs (111) obtained after annealing in atomic nitrogen. Tab 
shows the chemical composition of quantum dots obtained by EDAX method by which the surface of the samples 
there are atoms of Ga and N.

The consequence of the migration of ions can be re-formed nanoparticles GaN. This is accompanied by a 
change in their stoichiometry and size, which leads to a shift of the band peak in the photoluminescence spectra.

Figure 2 shows the PL spectrum of the obtained structure. As can be seen from this figure, there is a ma-
jor shift of the PL band. PL spectrum of the resulting structures is a symmetrical band with a maximum at 337 nm.

Shift of the main PL band occurs in the short-wave region of the spectrum, which can be explained by the 
quantum size effect (electro-optical properties of quantum-dimensional structures depend on the size of the crystal 
in a direction which restricted the movement of charge carriers). The spectrum obtained structuring, compared 
with the PL spectrum GaN, significantly expanded its maximum band radiation is shifted towards the peak PL 
band is located near the energy 3,7 eV.
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Figure 1. SEM-images of GaN quantum dots on the surface of porous layers of GaAs (111) obtained after 
annealing in atomic nitrogen (tab – the chemical composition of quantum dots obtained by EDAX method).

The offset range would be 23 nm, which corresponds to the energy 3,6E eV ( 345 ). These 
results demonstrate the photoluminescence spectra of quantum dots GaN, shown in Fig. 2. Photoluminescence 
showed that the size of GaN quantum dots is about 20-30 nm.

Figure 2. Photoluminescence spectrum of GaN 
quantum dots.

3. CONCLUSIONS

Thus, the results indicate that the surface of porous GaAs quantum dots formed GaN. Size GaN quantum 
dots is about 20-30 nm. The shift of the photoluminescence spectra of quantum dots obtained by annealing porous 
GaN layers on GaAs atomic nitrogen is explained by the quantum size effect.
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“Evaluation of Optical and Electronic Properties of Silicon Nano-agglomerates 
Applying Density Functional Theory”. 

N. D. Espinosa-Torres, J.F.J. Flores-Gracia, J. A. Luna López and D.E. Vázquez-Valerdi. 
IC-CIDS Benemérita Universidad Autónoma de Puebla, Ed. 103 C o D, Col. San Manuel, C.P. 72570 Puebla, 

Pue., México. 

SUMMARY

A quantum mechanical modeling method known as Density Functional Theory (DFT), has been used to evaluate 
theoretically the optoelectronic properties of nanostructured Silicon Nano-agglomerates. We consider the 
necessary reactions for the formation of different oxide matrices along with the compositional and luminescence 
spectra changes, before and after the thermal treatment, and specifically we calculate FTIR, RAMAN and UV-Vis 
spectra for medium size silicon nanoagglomerates. These kinds of studies result important to correlate the optical 
properties with the microscopic structure of the thin film. 

1. INTRODUCTION
The optical and electronic properties of porous silicon (Si) have captivated much attention from the 

perspective of solid-state physics and its application to optical devices.[1,2] Specifically, these studies were fast-
tracked after the discovery of strong visible photoluminescence (PL) from porous Si fabricated by 
electrochemical anodization.[3] It is currently agreed that the quantum confinement effects and the hydrogen 
saturation (surface effects ) of Si nano-crystallites play key roles in the origin and mechanism of PL in porous 
Si. 
Photochemical etching treatment and the pulsed laser evaporation method produce small silicon clusters that 
show PL. Nevertheless, such small silicon clusters are short-lived intermediate species, and it is very difficult to 
control the number of atoms in the Si clusters formed. On the other hand, some silicon clusters have been 
prepared by organic synthesis methods, and the similarity of the PL and absorption spectra to those measured 
in porous Si has been pointed out. 
Kanemitsu and co-workers [4] and Furukuwa et al. [5] synthesized several kinds of Si clusters, Si-backbone 
polymers, network polymers, and planar siloxane structures and studied their optical properties to understand 
the dimensional effects of Si-based nano-structures such as porous Si. In the chain clusters and polymers, sharp 
PL bands were observed with very small Stokes shifts. A material which has generated great interest is SRO 
(Silicon Rich Oxide) thin films; this material exhibits optical properties in the same manner to porous silicon 
but it is significantly less assailable. 
Si-nanocrystals (Si-nCs) embedded in dielectric matrices such as silicon dioxide exhibit unique optical and 
electrical properties which are determined by quantum size and Coulomb blockade effects [2]. Si-nCs can emit 
and absorb light at energies which can be controlled by their sizes. This fundamental property of Si-nCs is very 
useful in 3rd generation solar cells. [6]. 

2. RESULTS AND DISCUSSIONS
For many years, different methods have been used for preparation of silicon nano-crystals, for instance, chemical 
vapor deposition [7], Si ion implantation [8], colloidal synthesis [9], magnetron sputtering [10], and electron beam 
evaporation [11]. A high-temperature thermal treatment at temperatures above 1000°C is generally required in order 
to produce the crystallites. All these techniques allow one to form silicon nCs with sizes mainly ranging from 2–6
nm, and it is possible obtain silicon nCs with sizes less than 2nm in SRO films as deposited with Ro=30 prepared 
using LPCVD technique. Their electronic and optical properties depend on the preparation conditions and method 
of fabrication. However, there are some common properties typical for silicon nCs, independent of the fabrication 
technique employed. In particular, the nanocrystals’ surroundings, either vacuum or some host material like SRO, 
represent a high potential barrier for carriers of both kinds. Such a barrier is often referred to as a confining potential 
that mainly defines the energy spectrum of the nano-crystal. 

2.1 STRUCTURAL AND OPTICAL PROPERTIES FOR Si8 ISOMERS.

In 1988 Raghavachari and Rohlfing [12] reported seven low-energy isomers Si8 on the basis of the HF/6-31G (d) 
level of theory. Later, Xiaolei et al [13] in 2003 reported eight isomers Si8, after optimize the geometry at the 
MP2/6-31G(d) level followed by the total-energy calculation at the CCSD(T)/6-31G(d) level. Among the seven 
isomers originally cited, six geometric isomers, have the same structure as Xiaolei [13] suggested despite of some 
differences in energy ordering and geometric parameters due to different levels of theory employed. We evaluated 
full geometry optimizations followed by the total-energy calculation at the HF/6-31G* level, for eight structures 
suggested by Xiaolei [13], who reported isomer 8A as the lowest energy Si8. Our results indicate that isomer 8E 
has the lowest energy. For isomers Si8, FTIR spectra are displayed in Figure 1. In this case, there are 18 degree 
freedoms and most of them correspond with frequency vibrations of very low intensity. In table 1 we collect 
numerical data. For isomers 8C, 8G and 8B, the highest vibration intensity corresponds with the maximum 
wavenumber. In right column of table 1 we include the wavelength of the energy level with the highest emission. 
All results obtained predict emission in visible region for isomers Si8. A selected set of Si8 isomers UV-Vis 
spectra are shown in Figure 2. 
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Figure 1 FTIR calculated spectra for isomers Si8 (A to 
D) 

Table 1 Calculated numerical data in FTIR and UV-
Vis spectra for isomers Si8 

Isomer Wavenumber 
of max  

vibration 
cm-1 

Wavenumber 
with max 
Intensity 

cm-1

Wavelength 
of highest 
emission 

nm 
8E 508.432 507.490 535.14 
8F 479.146 408.119 834.12 
8A 491.027 471.044 701.32
8C 470.320 470.320 510.90 
8D 477.413 273.661 522.91 
8H 485.637 372.866 643.56 and 

662.48 
8G 451.894 451.894 682.99 
8B 452.367 452.367 595.57 

Figure 2 Calculated Luminescence spectra for isomers 
Si8 (E to H) 

5. CONCLUSIONS
We have calculated low-energy nano-structures of 
Si7–Si14 at the HF/6-31G(d) level of theory. The 
vibrational frequency analysis has been used to 
confirm the stability of the lowest-energy 
structures of Si7–Si14 isomers. We employed 
FTIR calculated spectra in order to identify silicon 
agglomerates found in SRO film deposited by 
LPCVD. We evaluated different local energy 
isomers and we obtained the global isomers Si7-
Si14 (lowest-energy), and finding energy 
differences less than 0.5 eV for most of isomers 
evaluated, except for Si14 in which the differences 
in energy are bigger
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SILICON NANOPARTICLES IN CELLULOSE MATRIX
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SUMMARY

The subject of our study was a composite material having the same photoluminescent properties as silicon nano-
particles, but more resistant to degradation and more flexible. We present the results of simulation experiments 
that specify the possibility of close localization of silicon nanoclusters near of cellulose molecules. Stabilizing of 
luminescence properties of nanocomposite in our case is the result of steady hydrogen passivation of silicon nano-
particles in contact with cellulose molecules. In accordance with the results of model calculations these molecules
tend to surround the silicon clusters as a protective cover. The experimental investigations of porous structure of 
nanocellulose and photoluminescence of nanocomposite is confirmed our assumptions. 

INTRODUCTION
Properties and preparation technology of nanocomposite material formed of silicon nanocrystals and chemically 
destructed microcrystalline cellulose was discussed in [1]. Despite the long history of fundamental research of 
numerous materials created as a silicon-based or cellulose-based, the properties of specific nanocomposite ‘sili-
con-cellulose’ seems new and interesting for interpretation. The phenomenon of visible photoluminescence of this 
material (with quantum yield not less than the quantum yield for an equivalent mass of porous silicon) indicates to
good conditions of surface passivation of the silicon nanoparticles in the matrix of the cellulose molecules. This 
work aims to clarify, by means of atomic calculations, the possible influence of silicon nanoclusters, embedded in 
a matrix of cellulose molecules, to changing the shape of these molecules. Since the nano- and microcrystalline 
cellulose have mesoporous structure with a good absorption of atmospheric moisture [2], the intention to present 
this material as a favorable matrix for placement of luminescent particles cannot seem successful. However, the 
cellulose matrix is often used as a substance that increases the quantum efficiency for some of organic phosphors
[3]. It is likely that presence of crystallization water or ‘movable’ water in pores can only affects the charge 
transport in the composite [2], but should not change the hydrogen passivation of silicon surface.

EXPERIMENTAL RESULTS AND DISCUSSIONS
The process of modification of microcrystalline pulp (MCC) to nanocrystalline cellulose (NCC) in a mixture of 
hydrochloric and sulfuric acids by periodical ultrasound dispersion was described in [1]. For the NCC samples 
small-angle X-ray scattering method gives the radii of gyration for the three size fractions: 12±1Å, 50±4Å, 
203±13Å. The total porosity determines by gravimetry after drying the samples under vacuum (10-3 Pa) at room 
temperature. The minimal porosity makes 14% and the natural moisture of composite near of 5 wt%. We used a
second method of preparation of nanostructured cellulose – this is a milling of MCC in a ball mill. XRD analysis 
and FTIR-spectra showed significant decreasing of crystalline phase in cellulose pulp from 1 to 6 hours of MCC
milling. Nevertheless, the experimental results obtained in both types of samples are consistent with our proposed 
model. 

For preparation the composite we used a mixing of nanocellulose and Si nanoparticles (with a particle size dis-
tribution from 2 to 150 nm) in isopropanol solution by ultrasonic dispersion. All preliminary stages of the process, 
from formation of porous silicon until separation of nanoparticles, held without contact with the atmosphere. The 
final phase of preparation of the samples was evaporation and pressing of tablets under 26 MPa pressure. FTIR-
spectra show absence of Si–O bonds in Si particles. Typically we obtained ~ 1 wt% of Si particles in composite, 
and all samples had a reproducible luminescence with the maximum near 1.85 eV. The presence in spectra a se-
cond maximum (~ 3.2 eV) associated with the ‘background’ luminescence of cellulose, which is caused by the
natural impurities in the pulp. 

Most likely, silicon particles in composite will be placed in the amorphous region of the cellulose microfibrils. 
This placement is optimal in terms of formation the most stable hydrogen passivation of silicon surface. In particu-
lar, the probability of ozone oxidation of surface of Si nanocluster, for which a wrapper of the cellulose molecules
is formed, will be less than for the same particles in the air, because the active oxygen will be primarily contact 
with the cellulose molecule or products of its destruction [4]. Water molecules, which may be close to the silicon 
nanoclusters, can also act as additional sources of protons or can create percolation channels for moving of hydro-
nium ions. 

To analyze the embedding of the silicon nanoparticles in the cellulose matrix we built some 3D-models using 
the HyperChem (HyperCube, Inc.) and GAMESS (US) computational software. The calculations were carried out 
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using molecular dynamics method. Semi-empirical methods (AM1, MNDO, PM3) in the standard 
parameterization have been used. Firstly the geometry of the arrangement of atoms of starting configurations was 
optimized with using the MM+ method to reach the minimum energy. Further the system was stabilized at room 
temperature during 30–100 ps to reach an equilibrium state.

3D-models consisted of silicon clusters with diameter of 1 ÷ 3 nm and cellulose chains with lengths of 2c ÷ 5c,
where c is the lattice parameter (the c-axis is parallel to the fibril axis). The cellulose chains were oriented relative 
to the silicon nanoparticles by different ways. The maximum length of cellulose chains was 5c because the 
coherent scattering size in the direction [001] in NCC was equal 5 nm, which is shown in [1]. The initial configu-
ration of the cellulose chains were formed on the basis of the crystal lattice of cellulose ‘I ’. The Si clusters were 
formed on the basis of the cubic lattice corresponding to Si (a = 5.431 Å, space group Fd3m). Some Si atoms 
which are arranged at the corners of the initial cube, and which had only one internal bond, were removed. The 
dangling bonds of silicon atoms on the surface were enriched by hydrogen, because in this case the simulation of 
Si surface reconstruction is not necessary. The initial configuration of model and results of calculation are shown 
in Fig. 1.

For all starting 
configurations we observe 
that the cellulose molecules
envelop or ‘wraparound’ the 
Si cluster. Simultaneously, 
the calculated values of
lengths and angles of bonds 
in Si nanoparticles showed
that diamond-like structure of
silicon clusters during 
simulation is maintained. 

Plane of the pyranose 
rings tend to orient parallel to 
the surface of the silicon 
cluster: the maximum value 
of deviation of torsion angle
was 35°. The initial

conformation of elementary units of cellulose molecule did not change.
An important feature that highlights the complex nature of energy exchange processes is seen on the photolu-

minescence spectra of sequential deposition of silicon nanoparticles from alcohol suspension onto a cellulose sub-
strate. Expected increasing of intensity of long-wave luminescence band with increasing amount of silica nanopar-
ticles is accompanied by abrupt decreasing of intensity of short-wave ‘background’ peak of NCC. Perhaps Si na-
noparticles represent some faster channel of radiative recombination than the natural impurities in the pulp. This 
suggests a presence of certain energy transfer mechanisms within our nanocomposite.

CONCLUSIONS
The presented results of simulations shows that silicon particles with dimensions, that are typical for visible 

photoluminescence, held placed within and near of amorphous regions of microfibrils (in pores formed by
randomly arranged chains of cellulose molecules). Cellulose molecule tends to bend around the silicon cluster.
Based both on the model and experimental results, we assume that the use of NCC as a dielectric matrix to ac-
commodate silicon nanoparticles leads not only to the stability of the surface hydrogen passivation of silicon clus-
ters, but also enables the transfer of energy from the cellulose matrix to nanoparticles silicon under 
photoexcitation.  

The proposed model also allows us to correctly explain the phenomenon of charge transport in this material.
Our results of dielectric spectroscopy, as well as measurements of the charging / recharging kinetics at different 
temperatures showed that the system ‘porous cellulose matrix - bound water - silica nanoparticles’ has an unusual 
combination of electret and semiconductor properties. These studies are presented as essential in terms of their 
subsequent development, both within the synthesis technology, and in the case of choosing the methods of em-
ploying of organic-inorganic nanocomposites.
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a) b)
Figure 1. a) One of the starting configurations: H-passivated Si cluster with di-
ameter 2.2 nm and two cellulose chains with 3c length; b) one of the calculation 
results: same Si cluster and four cellulose chains after 100 ps.
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SUMMARY

Raman scattering spectroscopy, including confocal micro-Raman measurements, atomic force microscopy have 
been used for study of induced changes of surface states of porous III-V semiconductors, GaAs and GaP. 

1. INTRODUCTION

Unique optical properties of porous III-V semiconductors determine their various optoelectronic applications (see, 
for example, [1]). The formation of pores, the pores filling and behavior of existing surface states are still of cur-
rent interest because they induce local modifications of optical properties of III-V compounds.

2. EXPERIMENTAL RESULTS AND DISCUSSIONS

Porous layers were obtained by electrochemical etching: 1) n-GaAs, (100), HF, 15 mA/cm2, 15 min; 2) n-GaP, 
(111), 0.5M H2SO4: 1 mA/cm2, 60 min and 80 mA/cm2, 60 min. The surface morphology was monitored by atom-
ic force microscopy (AFM). Fig 1(a) shows a reflectivity map (the intensity of reflected light measured by photo-
multiplying tube) of the GaAs wafer at the border between crystalline flat region and porous one measured in 
backscattered geometry, namely at normal incidence of the laser beam with respect to the surface. The averaged
Raman spectra shown in Fig 1(b) were obtained from the areas marked in Fig 1(a). The room temperature Raman
spectrum of GaAs crystalline part (marked in black) is characterized by the strong first-order transversal (TO) and 
longitudinal (LO) optical phonon modes centered at 269 cm-1 and 291 cm-1, while a broad band in the range of 
500-600 cm-1 is due to the overlapping of overtones and two-phonon combination states (2TO, 2LO, and TO+LO) 
[2]. A porous part has another Raman fingerprint. There is almost complete match between this Raman spectrum 
and arsenolite crystal one [3] except of GaAs LO-mode marked by the arrow. This is due to the formation of vari-
ous Arsenium oxides, particularly arsenolite (As4O6), on the top of porous layer during electrochemical formation 
of the pores. To understand the peculiarities of the porous layer formation and to characterize a size of low-
dimensional GaAs crystals in the porous layer a Raman mapping is performed (Fig 2).  

Figure 1 (a) 120x120 μm2 reflectivity map of the porous GaAs sample obtained at 532 nm excitation. The bottom 
part of the image is a flat GaAs wafer. b) Raman spectra measured during the scans in the flat and porous regions 
marked in white and black in (a). The Raman spectrum of arsenolite (As4O6) was taken from RRUFF™ database. 

Fig 2 shows four maps (61x61 pixels) obtained simultaneously during one scan (120x120 μm2) resulting in the 
size of pixel of 2 μm in the corresponding maps. The reflectivity map (Fig 2(a)) clearly demonstrates a difference 
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in the intensities of reflected light from the porous and flat parts specifying a border between them. A distribution 
of arsenolite phase (Fig 2 (b)) in the porous region is non-uniform with low intensities at right side of porous part 
or their absence on the flat GaAs wafer (at the bottom). Oppositely to that, the intensity of GaAs LO-mode (Fig 
2 (c)) is the highest in the arsenolite-free porous part. These areas of porous GaAs are characterized as well by the 
enhanced photoluminescence signal (not shown here) corresponding to a formation of low-dimensional GaAs 
crystals. It is known that depending on the size of GaAs nanocrystals, LO- mode is redshifted from its value in the 
bulk non-etched crystals (see for example, [4]), therefore, forth map (Fig 2 (d)) illustrates the changes in GaAs LO 
peak position. The size of GaAs nanocrystals evaluated in a such way is about 3-5 nm for the maximal shift in Fig 
2 (d) (right side regions) while for the majority of porous layer (medium gray regions) it is about 10-15 nm.

Figure 2 (a) 120x120 μm2 reflec-
tivity map of the sample. The 
Raman intensities maps of (b) 
arsenolite 371 cm-1 peak, and (c) 
GaAs LO-mode. d) Relative posi-
tion of GaAs LO peak with re-
spect to its averaged value on the 
flat crystalline part, i.e. downshift 
(or redshift) of LO peak position 
in the porous part is in a positive 
range.

Raman spectra of porous n-GaP samples obtained in extremely different current densities have been analyzed. The 
decomposition of Raman spectrum of porous n-GaP sample obtained at high current density results in the evidence 
of the surface phonon excitations (395 cm-1) and two bands downshifted in comparison with first-order phonon 
modes (365.5 and 403.3 cm-1) representing the Raman spectrum of nanocrystals formed in porous surface.
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Figure 3 Low-temperature Raman spectra of n-GaP
sample obtained at high current density
(j = 80 mA/cm2) and their decomposition.  

5. CONCLUSIONS

We have demonstrated that a scanning Raman spec-
troscopy with a quite high lateral resolution almost 
reaching an optical diffraction limit is a powerful 
tool of study of optical properties of porous materi-
als, in particular III-V semiconductors. The peculiar-
ities of Raman spectra of porous n-GaP samples
obtained in extremely different current densities 
have been discussed. A broad band between TO- 
and LO-phonon modes is conditioned by surface 
phonon excitation.
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SUMMARY

We report on nonlinear-optical study of the silicon nanowire arrays by means of the third-harmonic generation and 
coherent anti-Stokes Raman scattering techniques, which demonstrated the enhancement of the former process effi-
ciency in comparison with crystalline silicon and strong dependence of the polarization dependence and magnitude 
of the nonlinear-optical response on the nanowire orientation.

1. INTRODUCTION
Silicon photonics is one of the most prospective modern trends in optical and electronic engineering. In particular, 
arrays of silicon nanowires (SiNWs) attract more and more interest of researchers due to large potential of their 
applications in photonics, electronics, and sensing [1]. The arrays consist of crystalline silicon (c-Si) wires of 20-
200 nm in diameter and of 1-200 μm in length. 

To form SiNWs a technique of metal-assisted chemical etching (MACE) [2,3] is widely used. It employs a 
two-stage chemical process: at the first stage silver nanoprarticles are chemically deposited at the c-Si surface, 
whereas at the second stage they act as catalysts controlling the macropore etching in c-Si. If it is necessary, the 
silver nanoparticles can be removed by rinsing in nitric acid (HNO3). The SiNWs formed by MACE [2] demon-
strate enhancement of spontaneous Raman scattering, coherent anti-Stokes Raman scattering and silicon interband 
photoluminescence (PL) efficiency [2-6] in comparison with c-Si as well as visible PL caused by occurrence of Si 
nanocrystals at the SiNW walls [3]. The Raman scattering efficiency strongly depends on SiNW size and wave-
length These features of SiNWs together with their extremely low (about 1%) total reflection [6] in visible range 
make this material very promising for various applications in photonics, photovoltaics and sensing.  

In this paper, we discuss interrelation between structural and optical properties of SiNWs and their influence 
on the efficiency of such processes as third-harmonic (TH) generation and coherent anti-Stokes Raman scatering 
(CARS). 

2. EXPERIMENTAL RESULTS AND DISCUSSIONS
In the experiments, samples of SiNW ensembles obtained at different in doping and surface orientation c-Si wafers 
were used (Fig. 1). This allowed us to fabricate SiNW arrays of different diameter and order, including the nan-
owires aligned along certain geometrical directions (Fig. 1b) or formed bunches (Fig.1c).  

Figure1. SEM images of cuts of SiNW layers in 
samples A (a), B (b), and C (c) formed on (111) 
n-type (0.001-0.005 Ohm·cm), (100) p-type 
(0.7-1.5 Ohm·cm), and (100) p-type (1-20
Ohm·cm) c-Si substrates, correspondingly.

The TH was pumped by quasi-cw Cr:forsterite laser (1250 nm, 80 fs, 150 mW, 80 MHz). The CARS experiment 
were carried out with the help of quasi-cw Nd:YVO4 (1064 nm, 8 ps, 4W, 550 kHz) laser and the broadband infrared 
radiation generated in Ge-doped fiber pumped by a split part of the Nd:YVO4 laser radiation. Both TH and CARS 
experiments were done in reflection geometry. The laser radiation was focused on the sample at the angle of inci-
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dence of 45° by a short-focus lens. Simultaneous rotation of the half-wave plate before the sample and an analyser 
after the sample allowed us to obtain orientation dependences of the CARS and TH signal.

The TH signal for the sample A does not exceed one for c-Si. However, samples B and C demonstrate TH 
signal that exceed one for c-Si substrate by one order of magnitude (Fig. 2). TH orientation dependences for B and 
C samples are totally different from the dependences for their substrates. The TH enhancement is caused by the 
light localization effects. The obtained results are in a good agreement with the previously reported Raman scatter-
ing data [4].
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Figure 2. Orientation dependences of the TH 
signals for c-Si and SiNW (sample B): parallel 
(left panel) and perpendicular (right panel) po-
larizations of the fundamental radiation and the 
TH. 

To study the effect of the SiNW orientation on the nonlinear-optical response of their arrays we employed the 
sample formed on (110) c-Si substrate possessing SINW tilted at 45 to the surface. Fig. 3 presents polarization
dependence of the CARS signal obtained in the cases when the laser radiation propagates along the SiNWs and 
perpendicular to them. Although the CARS signal in SiNW arrays is weaker than one in c-Si, the polarization de-
pendences as well as the signal magnitude strongly depends on the SiNW orientation. In particular, the more effec-
tive CARS signal for the SiNWs oriented perpendicular to the incident wave is explained by more effective pump-
ing by the field parallel to the SiNWs. 

Figure 3. Polarization dependence of the CARS sig-
nals for c-Si and SiNWs oriented at 45 to the sur-
face. The sketches of the experiment geometry are 
shown on the left.

5. CONCLUSIONS

We have demonstrated that TH efficiency in SiNW arrays strongly depends on the SiNW size and order and can 
an order-of-magnitude exceed the TH efficiency in c-Si. Both orientation dependences and magnitude of the TH 
and CARS signal strongly depends on the SiNW orientation. 
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SUMMARY

Compositional and optical properties of colloidal silicon nanocrystal were studied. Colloidal silicon nanocrystal 
(C-Si-nc) synthesis was realized from Porous Silicon (PSi). The PSi was obtained by an electrochemical anodizing 
process of Si in a two electrodes Teflon cell. The porosity was determined by gravimetric measurements on single 
PSi layers. In order to determine the compositional and optical properties of C-Si-nc prepared, different spectro-
scopic characterization techniques were used. The C-Si-nc exhibit compositional changes with the variation of the 
solution used, as illustrates the Fourier transform infrared spectroscopy. Changes in the emission of the C-Si-nc 
were observed as show the PL and transmittance spectra, where an analytical relationship between compositions,
energy bandgap and PL response were obtained.

1. INTRODUCTION
The research of the nanoparticles with unique dimensionality dependence of the chemical-physical properties of 
nanoscale matter has propelled efforts toward controllable fabrication and in-depth characterization of inorganic 
nanostructures with desirable compositional and geometric features. At the forefront of the current scientific revo-
lution of colloidal nanocrystals (C-nc), crystalline particles grown in liquid media, stand out over other classes of 
inorganic nanomaterials due to the high degree of control with which their crystal structure, size, shape, and sur-
face functionalities can be engineered in the synthesis stage and to the versatility with which they can be processed 
and implemented into a large number materials, devices, and processes [1-3]. On the other hand, Silicon is the 
semiconductor material predominant in the microelectronics industry. However, it has been long considered un-
suitable material for optoelectronic applications [4], due to its indirect bandgap, which means it is a poor light 
emitter. After discovery of visible light emission at room temperature in the PSi by Canham [5] in 1990, many 
investigators have studied emission properties of materials with Si-nc. Among many techniques to prepare silicon 
nanocrystals (Si-ncs), electrochemical etching of porous Si remains the cheapest and fastest method. It may be the 
most promising for production of large amounts of Si-ncs required for potential applications in nanotechnology. In 
this paper the goal is to study and investigate the compositional and optical properties of C-Si-ncs suspensions 
formed from pulverized porous Si layers in different organic solvents. Special attention is paid to a surprising ob-
servation of intense green and blue photoluminescence (PL) in C-Si-ncs suspensions, which opens the possibility 
for propose novel applications in a future work. 

2. EXPERIMENTAL RESULTS AND DISCUSSIONS
PSi has been prepared by standard electrochemical etching of Si wafers (<100> p-type, = 0.01-0.02 -cm) in a 
Peroxide-hydrogen-HF-Methanol (2:1:1) solution. The etching current density was kept relatively medium (185-
243, 528, 1000 y 1200 mA) in order to obtain higher porosity and, consequently, resulting in a low mean size of 
Si-nc (the PL band peak is around 600-1000nm). After the obtain the PSi film, the PSi film is scraped from the 
silicon wafer and subsequently milled in an agate mortar to reduce the size of the PSi, the obtained powders are 
milled together with the solvent selected, after a while the larger nanocrystals precipitate in suspension leaving 
only smaller nanocrystals, this process can be accelerated using a centrifuge equipment. Such powders (showing 
intense orange-red PL under UV excitation) are a starting material for production of various Si nanostructures 
through colloidal phase. Colloidal suspensions were prepared by pouring different organic solvents (ethanol, 
Methanol, Acetone) onto the PSi powder. The colloidal Si-nc suspensions with different solvent show intense 
green and blue photoluminescence as show in figure 1. The FTIR spectra is shown in figure 2. The Si-O vibration 
mode at 1080 cm-1 was observed for all samples, but depending of the solvent its intensity change. The sample 
prepared in methanol and ethanol solvent had additional peaks at around 800 and 1260 cm-1. These peaks corre-
spond to the vibration frequency of Si-(CH3)n bonds. These results indicate that the methanol and ethanol mole-
cule decomposed during the expansion of Si species by a strong milling and CH3 species bond to the surface of the 
Si ncs. Therefore, the possible origins of the strong PL intensity other than quantum confinement effect in metha-
nol and ethanol solution are due to the surface molecule related to Si-(CH3)n bonds. On other hand, colloidal Si-nc 
suspensions with acetone show a more strong PL, and its peaks correspond to the vibration frequency different to 
the methanol, by this an analysis more deep is necessary. 
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Figure 1. PL spectra of the C-Si-nc suspensions. 
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Figure 2. FTIR absorption spectra for C-Si-nc suspensions. 

5. CONCLUSIONS
The emission can be correlate with quantum effects in C-Si-nc suspensions, but the FTIR absorption spectra show 
peaks associated with compound, that are also associated with defects. Then, a relationship between the composi-
tion and PL were obtained. According to these results, we have analyzed the dependence of PL on the composition 
of the colloidal Si-nc suspensions with different solvent. 
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SUMMARY:
We report herein on the covalent grafting of polyaniline (PANi) onto porous silicon (PSi) layer for 

luminescence stabilization.

INTRODUCTION:
Organic functionalization of semiconductor surfaces is very active field of research because of the interest of 
these materials in modern technology. Understanding the reactions at the surface of a silicon substrate is crucial 
for developing new devices. Several methods have been proposed in the literature for chemical modification of 
both single-crystal silicon (c-Si) and porous silicon (PSi). Many research efforts have been devoted to realize an 
optical device made of luminescent PS, but the inefficiency and instability of its optical characteristic still remain 
the limiting factors. In this paper, we report on the modification of PS substrates with polyaniline (PANi) thin 
films. The PANi is an attractive material for its applications in several areas. The covalently bonded PANi film 
onto the PS substrate led to the formation of a PANi/PSi hybrid material with stable and new luminescence 
properties. 

Experimental results and discussion:

Aniline-terminated PS surface was prepared from oxidized PSi via a two-step procedure. In the first step, 
oxidized PS surface was allowed to react with 3-bromopropyltrichlorosilane, affording brominated PSi surface. 
In the second step, the reaction of the latter material with aniline led to aniline-terminated PSi. Polymer grafting 
was promoted by oxidative polymerization of aniline in the presence of ammonium persulfate. The composition, 
morphology and other physical properties of the resulting PANi/PSi hybrid structure were examined by Fourier 
transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM), surface contact angle 
measurements and photoluminescence spectrometry (PL).

FT-IR spectroscopy was used to evaluate the changes in the surface chemical composition occurring during 
surface derivatization. Figure 1a,b displayed the FT-IR spectrum of a freshly prepared PSi surface and the 
oxidized one respectively. The above results clearly indicate a full oxidation of the PS surface and that Si–H
bonds were replaced by Si–OH bonds (silanol groups). Figure 1c shows the FT-IR spectrum of an oxidized PSi 
surface after reaction with 3-bromopropyltrichlorosilane in toluene under nitrogen atmosphere for 24 h at room 
temperature. The FT-IR spectra of the different aniline-modified PS’s are illustrated in Figure 2a. It is clear that
the intensities of the bands at 690 and 750 cm-1 due to C–H deformation vibration modes of monosubstituted 
benzene ring of the aniline moiety increased with time. FT-IR spectrum (Figure 3b) of PANi/PSi exhibits bands 
at 1498-1507 and 1600 cm-1, assigned to the benzoid and quinoid ring vibrations, respectively. The peaks appear 
less resolved and broader than those of the aniline-terminated PSi. An increase of C–Hx band is also observed.
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Figure 1: FTIR spectra 
of freshly prepared (a), 
oxidized (b), and 
brominated (c) PSi 
surfaces.
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The PL spectra of aniline modified PS samples with respect to that of oxidized one are shown in Figure 4. After 
functionalization of oxidized PS surface with 3-bromopropyltrichlorosilane, the PL intensity increased (Figure 
4b). The result suggests that the coverage of PS surface by a dense bromopropylsilane layer enhances the PL 
intensity. After aniline grafting on the PS surface, a substantial decrease of the PL intensity was observed as a 
function of the reaction time (Figures 4c, d, e). However after polymerization a blue shift by about 30 nm is 
observed compared to the unmodified PS [19]. Once again, we confirm that the PL change was dominated by the 
molecule-like species bound to the surface of the PSi framework. These results appeared to be in tune with the 
study of Gole et al. [25, 26]. These authors suggested that the surface bound emitters dominate the luminescence 
and be the source of the photoluminescence of PSi. The marked enhancement in PL intensity for oxidized 
samples may be explained in terms of increased efficiency of radiative recombination centers. 

The PL stability of PANi modified PS was examined after immersion in NMP and KOH (0.1 M) at 80°C during 
45 min (Figure 5 A, B). We found that the PANi modified PS maintained its PL after immersion in NMP while 
the PL intensity decreased by three orders of magnitude after immersion in KOH.  The PL intensity decrease is 
due to the oxide generated by KOH treatment on unmodified sites.     

550 600 650 700 750 800 850 900

0

20000

40000

60000

80000
(b)

(a)

PL
 (u

.a
)

(nm)

Conclusion:
The preparation of PANi/PS hybrid structures was successfully achieved by oxidative polymerization of an 
aniline-terminated PS surface in the presence of aniline monomer in solution. The PANi grafted layer protected 
the PS against photoluminescence quenching and degradation in basic solutions and upon ageing in air for a 
year. Suggesting that the charge carriers responsible for luminescence remained confined within the nanocrystals 
of PS but we cannot exclude the contribution of the PANi film to the observed PL.      
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Figure 3: FTIR spectra of aniline modified PSi 
before (a), and after polymerization in 1 M HCl 
aqueous solution containing 0.05 M aniline/0.05 M 
(NH4)2S2O8 for 15 h at room temperature before 
rinsing with NMP (b), after rinsing with NMP (c).

Figure 4: PL spectra of freshly oxidized PSi before reaction 
with bromopropyltrichlorosilane (a), after reaction with 
bromopropyltrichlorosilane (b), and after reaction with 
aniline at 80 °C.
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SUMMARY

In this work, we report a novel, versatile, and low-cost approach for the fabrication of both “flat” and “sharp” out-
of-plane silicon microneedles for transdermal applications. Unlike state-of-the-art microneedles reported so far, 
the microneedles of this work feature a built-in reservoir in the needle-core to be used for drug storing and deliv-
ery after insertion in the skin. The microneedles, with height of about 100 μm and density between 
625 needles/cm2 (spatial period of 400 μm) and 40000 needles/cm2 (spatial period of 50 μm), are effectively fabri-
cated by silicon electrochemical micromachining technology. In-vitro insertion tests carried out on both synthetic 
and hairless-mouse skins clearly demonstrate penetration efficacy and reliability of such tiny needles, which are up 
to ten times thinner than a human hair.   

1. INTRODUCTION

In recent years, microneedles have been widely investigated as minimally-invasive route for transdermal applica-
tions, allowing to improve effectiveness of drug delivery through skin and to overcome, at the same time, main
disadvantages of conventional methods of drug delivery, such as pain and needle phobia, which strongly reduce 
patient compliance, as well as risk of infections associated with the use of hypodermic needles [1]. On the one 
hand, microneedles are short enough to prevent reaching nervous receptors residing beneath the skin’s outer lay-
ers, thus avoiding pain and, in turn, needle phobia. On the other hand, their small dimensions significantly reduce
skin wounds and, in turn, risk of infection, bleeding, and irritation. Finally, microneedles have been demonstrated 
to allow effective and continuous transdermal delivery of drugs through microholes created in the stratum 
corneum by needle insertion, with improved efficacy and reliability over time compared to other approaches, such 
as transdermal patches [1].  

2. EXPERIMENTAL RESULTS AND DISCUSSIONS

Microneedle fabrication is performed according to the main technological steps sketched in Figure 1: 1) pattern 
definition of microneedles and sacrificial structures on the silicon die (Fig. 1a); 2) controlled anisotropic deep-
etching of the pattern by backside-illumination electrochemical etching (BIEE) of silicon in HF-based electrolytes 
(Fig. 1 b); 3) removal of sacrificial structures from the silicon die in order to make the needles protruding from the 
surface (Fig. 1 d-e). The latter phase can be performed either through isotropic dissolution of the bottom of the 
sacrificial structures by backside-illumination electrochemical etching, which yields “flat” microneedles (Fig. 1c), 
or through anisotropic dissolution of the whole sacrificial structures by KOH chemical etching, which yields
“sharp” microneedles (Fig. 1d).

Figure 2 shows typical SEM pictures of two-dimensional arrays of microneedles with spatial period of 204 μm and 
height of about 100 μm fabricated by removing sacrificial structures either through the isotropic phase of BIEE 
(Fig. 2a) or through a KOH etching (Fig. 2b). Insets in Figure 2, which show a single microneedle of the array, 
allow to clearly highlight the different needle geometry achieved with the two approaches employed for sacrificial 
structure removal. BIEE isotropic removal of sacrificial structures allows fabricating needles whose geometry per-
fectly replicates the layout pattern (inset in Fig. 2a). On the other hand, removal of sacrificial structures by KOH 
etching allows to further etch the needle core, with respect to the layout pattern, and get tip sharpening, core thin-

Figure 1. Main technological steps for the fabrication of both “flat” and “sharp” out-of-plane microneedles by elec-
trochemical micromachining technology.
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ning, and reservoir volume increase of the needles (inset in Fig. 2b). For instance, each single needle in Fig. 2b is
26 μm in side and provided with a built-in reservoir of about 5000 μm3, according to the layout pattern; each sin-
gle needle in Fig. 2a is 17 μm in side with a built-in reservoir of about 11000 μm3, which is twice the volume of 
“flat” needles although the needle cross-section is reduced. Note that, the reduced tip cross-section of “sharp” nee-
dles, with respect to “flat” ones, allows reducing the force needed during skin penetration.

Besides the specific application, microneedle capability to penetrate target tissues, such as skin, mucosa, and cor-
nea is of chief importance. For instance, human skin is composed of three layers, namely epidermis, dermis, and 
hypodermis, with significantly different thickness and mechanical properties. Two polymeric materials, namely
agarose hydrogel and cellophane, with different mechanical properties are used to mimic soft and hard tissues, 
respectively, and to setup a synthetic-skin model for insertion tests with both sharp and flat microneedles. Agarose 
hydrogel is used to mimic soft tissues, such as hypodermis, dermis, oral mucosa, and cornea, through suitable 
variation of the hydrogel concentration; cellophane is used to mimic hard tissues, such as stratum corneum.

Double-layer films made of cellophane on top of agarose hydrogel with concentration of 2% wt are prepared to 
mimic the presence of stratum corneum on top of dermis and used as synthetic skin. Insertion tests are carried out 
by pushing polymeric films with controlled speed (about 50 μm min-1) against the microneedle-chip and measur-
ing the resulting force applied to the needle-polymer system versus polymeric film displacement (and in turn over 
time) in real-time. Figure 3 shows a typical result obtained on synthetic-skin samples after insertion tests with 
“sharp” microneedles carried out up to a maximum force of 5 N (about 500 gf). The needle penetration through the 
cellophane on top and then in the agarose hydrogel underneath is evident from the periodic hole pattern. Similar 
results are also obtained on hairless-mouse skin, both for “flat” and “sharp” needles. Notably, repeated tests per-
formed on both synthetic and hairless-mouse skin highlight that both the types of needles can reliably withstand 
insertions without breaking, although “sharp” needles feature a lower penetration force with respect to “flat” ones.
CONCLUSIONS

A novel versatile approach for silicon microneedle fabrication has been setup and the microneedles have been suc-
cessfully tested in terms of both synthetic and mouse skin penetration. Experiments for transdermal drug delivery 
through the fabricated microneedles using mouse skin as model are in progress. 
REFERENCES
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Figure 2. SEM pictures (bird view) of microneedle
array fabricated through sacrificial structures removal
by (a) isotropic etching by BIEE (flat needles), and
(b) KOH anisotropic etching (sharp needles).

Figure 3. Optical images of synthetic-skin after in-
sertion experiments with 204-μm-spaced “sharp” 
needles. A two-dimensional pattern of periodic holes 
created by needle penetration is clearly visible in 
both cellophane (top) and agarose (bottom) layers.
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1. SUMMARY

This talk will provide a concise summary of the literature on surface-assisted laser desorption/ionisation mass 
spectrometry where this technique is based on nanostructured silicon. The talk will then give specific exam-
ples from the author’s research on the detection of illicit drugs from body fluids, on surface engineering of 
nanostructured silicon to achieve high selectivity in detection and on forensic mass spectrometry imaging.

2. INTRODUCTION
Matrix-assisted laser desorption ionisation (MALDI) mass spectrometry (MS) is a well-established analytical 
tool that is highly suitable for the rapid and sensitive analysis of macromolecules such as peptides, proteins, 
nucleic acids and synthetic polymers. MALDI is a soft ionisation technique that uses a laser (usually with UV 
wavelength) to induce desorption and ionisation of analytes co-crystallised with a suitable organic molecule 
(the so called matrix) and deposited on a substrate surface. The detection of smaller organic molecules with 
masses below 700 Da using MALDI MS is challenging due to the appearance of matrix adducts and matrix 
fragment peaks in the same spectral range. Recently, nanostructured substrates have been developed that facil-
itate matrix-free laser desorption/ionisation (LDI), contributing to an emerging analytical technique referred to 
as surface-assisted laser desorption/ionisation (SALDI) MS. Since SALDI MS enables the detection of small 
organic molecules, it is rapidly growing in popularity and it is being deployed in fields spanning from drug 
discovery, forensics, metabolomics to pharmacology. 

3. MAIN PART
Our particular focus is on the use of SALDI MS as a high throughput analytical tool in roadside, work place and 
athlete drug testing. In this talk, we will review the literature in the field of SALDI MS where it relates to 
nanostructured silicon platforms with emphasis on porous silicon, horizontal and vertical silicon nanowires (Figure 
1). Here, we will discuss recent advances in SALDI techniques such as desorption/ionisation on porous silicon 
(DIOS), nano-initiator mass spectrometry (NIMS) and nano-assisted laser desorption/ionisation (NALDI™) and 
compare their strengths and weaknesses. We will provide examples relating to forensic applications in terms of the 
detection of illicit drug molecules and their metabolites in biological matrices and small molecule detection from 
forensic samples including banknotes and fingerprints. We will highlight the need for careful design of 
nanotopography and surface chemistry of those silicon SALDI substrates, address limitations in terms of storage 
of substrates and explain how molecular selectivity can be achieved using immunocapture. Finally, we will high-
light recent advances in mass spectrometry imaging (MSI) using SALDI techniques with silicon nanostructures. 
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Figure 1. A) Schematic of MALDI-TOF-MS in reflectron mode, B) The SALDI process on silicon nanowires (Si 
NWs), n-type porous silicon and p-type porous silicon. The analyte is deposited on the SALDI substrates and al-
lowed to dry, followed by laser desorption/ionisation mass spectrometry. C) example of SALDI-MS of MDMA  
(m/z = 194). 

4. CONCLUSIONS
The considerable interest from a range of research fields in the highly parallelised mass spectrometry analysis of 
small molecules from complex sample mixtures without any time consuming pre-purification can be satisfied by 
SALDI MS using substrates that feature carefully designed silicon nanostructures.
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SUMMARY

The preparation of stratified rugate filters, which display layered functionality, is demonstrated. The use of two dif-
ferent thermal carbonization treatments ensures the hydrolytic stability of the stratified filter structure over extended 
periods of time. The difference in stability compared to conventional treatments is remarkable. The activation of the 
dual-filter structures with fluidic infiltration is demonstrated, and the experimental results are compared to simulated 
spectra obtained with the transfer matrix method.

1. INTRODUCTION

Stratified rugate filters with distinct surface chemistry in respective layers can be fabricated from porous silicon
(PSi) by modifying the top-most layer with methods employing strong Si-C bonds, which are resistant to dissolu-
tion in HF based electrolytes. This allows for the preparation of a secondary rugate filter below the first one, which 
can be consecutively modified with a differing surface chemistry1,2. Here, we utilize thermal carbonization (TC) 
and thermal hydrocarbonization (THC) for creating a layered rugate filter structure, with dual-functionality. The 
merit of using thermal carbonization treatments, as opposed to e.g. grafting Si-C bonded species through thermal 
hydrosilylation, is the increased stability3, which enables the use of the stratified structure in long-term applica-
tions involving repeated liquid infiltration without deterioration of optical functionality4. 

2. EXPERIMENTAL RESULTS AND DISCUSSION

Rugate filters were prepared on p-type silicon wafers with standard electrochemical anodization3,4. Thermal car-
bonization was conducted at 700oC for the first layer, and a THC treatment conducted at 500 oC was applied after 
the anodization of a second layer4. This resulted in a layered TC/THC functionality. The structures were analyzed 
with scanning electron microscopy (SEM) (JEOL JSM-6500FE) and reflectance spectroscopy (HR4000CG-UV-
NIR, Ocean Optics). Figure 1 displays a cross-sectional SEM image of a stratified TC/THC rugate structure, 
where the upper TC layer is hydrophilic and the lower THC layer is hydrophobic.

Figure 1. Cross-section of a stratified rugate struc-
ture imaged with a SEM4. The structure consists of a 
hydrophilic TC rugate filter and a hydrophobic THC 
rugate filter, which has been fabricated below the 
first filter layer.

The functionality of the stratified rugate structure was tested by wetting the sample with water (Fig. 2). The results 
indicate that the reflectance band originating from the hydrophilic TC rugate-layer can be selectively shifted with 
fluidic infiltration. As water is unable to wet the hydrophobic THC layer, the reflectance band originating from the 
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lower layer is not affected when the sample is wetted with water. On the other hand, wetting with ethanol will 
cause a noticeable redshift in both reflectance bands. The experimental results were replicated with simulations 
based on the Bruggeman effective medium approximation and the transfer matrix method (Fig. 3). Furthermore, 
the samples remain functional for extended periods of time, with only minor changes in adsorption characteristics 
related to surface oxidation of the upper TC layer. These changes are predictable and were successfully modelled 
with optical simulations.
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Figure 2. Experimental reflectance spectra measured 
for a stratified rugate structure4. Wetting with water 
selectively shifts the peak originating from the hy-
drophilic TC layer.
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Figure 3. Simulated reflectance spectra for a strati-
fied rugate structure4. The optical shift observed in 
measured spectra is accurately replicated with simu-
lations.

Finally, the stability of TC and THC treated PSi filters was compared to other surface chemistries previously used 
for obtaining dual-functionality. The TC and THC treated samples displayed superior stability in 1M NaOH, mak-
ing them an ideal choice for long-term applications involving repeated liquid-infiltration4. 

5. CONCLUSIONS

We have demonstrated that stratified rugate filters with layered functionality can be prepared by utilizing TC and 
THC surface treatments. Moreover, the superior hydrolytic stability exhibited by the chemically modified PSi 
structures enables use in applications involving repeated liquid-infiltration. This makes activation of passive opti-
cal elements based on PSi with fluidic infiltration feasible.
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SUMMARY

In this work the magnetic properties of silicon nanotubes (SiNTs) filled with Fe3O4-nanoparticles (NPs) are investi-
gated. Si NTs with 10 and 70 nm wall thickness and an inner diameter of about 50 nm are prepared and filled with 
superparamagnetic iron oxide nanoparticles of 4, 5, 8 and 10 nm in size. Magnetization measurements of the 
nanocomposite systems are analyzed in dependence on the size of particles. Furthermore a comparison between the 
gained results and porous silicon (pore-diameter comparable with the inner diameter of the Si NTs) infiltrated with 
the same Fe3O4-nanoparticles is performed. Such biocompatible nanocomposites have potential merit in the field of 
magnetically guided drug delivery vehicles. 

1. INTRODUCTION

Porous materials with their huge surface areas are versatile and their specific properties are of value for diverse 
fields such as light emission, tunable surface chemistry and controllable morphology. In the case of porous silicon 
its biocompatibilty is notable which renders this material applicable to biomedical applications. The alternative 
morphology of silicon nanotubes (Si NTs) are also of interest to various fields such as battery technology, 
photovoltaics, as well as drug delivery. SiNTs are tunable in their inner diameter as well as in their wall-
thicknesses. They provide a uniform structure compared to the dendritic pore growth of porous silicon in the con-
sidered morphology regime (30 – 90 nm pore-diameter) and therefore these structures are attractive for infiltration 
with particles or molecules as e.g. superparamagnetic (SPM) iron oxide NPs. In the case of porous silicon with its
occurring side-pores, not only the infiltration process differs but also the magnetic behavior of the specimens is
influenced by the filled dendritic pores. Superparamagnetic Fe3O4-NPs also offer low toxicity and thus can also be
applied to diverse uses in biomedicine e.g. for hyperthermia, NMR-imaging and for functionalization with anti-
cancer agents.

In this work Si NTs are infiltrated with Fe3O4-NPs to achieve a nanocomposite system which can be used as drug 
delivery vehicle. Previously, porous silicon loaded with iron oxide NPs of different sizes has been investigated 
with the cytocompatibility of this system showing encouraging results [1]. The cytocompatibility of SiNTs has 
also been recently evaluated [2]. In the following presentation, the nanoparticle infiltration process is described 
and the magnetic properties investigated as a function of the Fe3O4- nanoparticle-size as well as the particle size-
distribution. Furthermore the magnetic properties of the Si NT/Fe3O4- nanocomposites will be compared with the
porous silicon/Fe3O4-nanocomposites and the differences will be depicted.

2. EXPERIMENTAL RESULTS AND DISCUSSION

Silicon nanotubes (SiNTs) are fabricated in a multistep process involving (1) deposition of silane (SiH4) on a pre-
formed ZnO nanowire array template on FTO glass or Si wafer, followed by (2) sacrificial etching of the ZnO 
phase resulting in the desired nanotube product. Hollow nanotube inner diameter is adjustable by size selection of 
the initial ZnO nanowire, while shell thickness control is achieved by concentration/duration of silicon deposition. 
10 nm wall thickness Si NTs are obtained at 530 C with 5 min deposition time. 70 nm wall thickness Si NTs are 
obtained at 580 C with 5 min deposition time. Internal nanotube diameter is dependent on ZnO nanowire diameter. 

Iron oxide NPs of different size (4, 5, 8 and 10 nm) are infiltrated into SiNTs with 10 and 70 nm wall thicknesses. 
The infiltration process performed at room temperature is supported by a magnetic field to assure optimal filling of 
the nanotubes. Porous silicon templates of comparable pore-diameter are filled with the same iron oxide nanopar-
ticles. 
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Figure 1. TEM images of: (a) Si NTs with 10 nm wall thickness – empty; (b) Si NTs with 10 nm wall thickness 
filled with 4 nm Fe3O4-NPs; (c) Si NTs with 70 nm wall thickness – empty; (d) Si NTs with 70 nm wall thickness 
filled with 4 nm Fe3O4-NPs. 

The magnetic measurements have been performed with a vibrating sample magnetometer (VSM, Quantum De-
sign). Magnetization curves of the samples have been measured up to a field of 1 T and the temperature dependent 
investigations have been carried out between T = 4 and 250 K.  

From temperature dependent magnetization measurements the transition temperature between SPM behavior and 
blocked state is achieved. The so-called blocking temperature TB depends strongly on the particle size of the infil-
trated iron oxide NPs and on the distance between the particles within the tubes or pores. In general the blocking 
temperature has to be far below room temperature (no magnetic remanence) for biomedical applications. A re-
markable result is the deviation of TB in the case of the SiNT-system from the porous silicon system. A loading of 
Si NTs with an inner diameter of about 50 nm shows a much lower TB than the same particles filled into porous 
silicon offering an equivalent pore-diameter. The high value of TB (~ 170 K) can be explained by dipolar coupling 
between the particles within the pores. In the case of SiNTs the blocking temperature is only 20 K which is equal 
to TB of isolated iron oxide particles of 8 nm. The blocking temperatures gained from filling with different particle 
sizes are depicted in Table 1.

Figure 2. Zero field cooled/field cooled measurements of Si NTs 
filled with 8 nm iron oxide NPs (full line) show a TB of about 20 K, 
whereas porous silicon filled with the same particles (squares)
shows a TB of about 170 K.

Table 1. Summary of the various block-
ing temperatures gained by filling of 
SiNTs and porous silicon with iron ox-
ide NPs of different size. 

3. CONCLUSIONS

Silicon nanotubes or porous silicon filled with SPM iron oxide NPs were investigated with respect to a possible 
utilization as magnetically guided drug delivery vehicle. For this purpose cytotoxicity experiments as well as mag-
netic measurements have been carried out. The magnetic properties were found to be dependent upon the NP-size 
and the nature of the nanostructured Si host (porous Si or Si NT). In the case of 8 nm particles the two systems 
differ significantly. Therefore the magnetic properties of the systems can be also influenced by the morphology of 
the nonmagnetic carrier of the magnetic NPs. Both systems show an encouraging low toxicity.
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NP size (nm) 4 5 8 10

TB / porous Si 10 15 170

TB / Si NTs 12 15 20 40 / 125 (2 NP sizes)
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Formation of Nanostructered Silicon Surfaces by Stain Etching
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4. Conclusion:

hybrid structures such as 
microporous pyramidal silicon structures inner uniform macropores while in its absence we obtain only 
pyramidal porous structures. A low reflectance of 2.21% in the wavelength range of 400-800 nm was 
observed in the films obtained by etching Si samples in 
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EFFECT OF THE NUMBER OF CYCLES AND THE ANODIZATION 
TEMPERATURE ON THE PHOTONIC PROPERTIES OF NANOPOROUS ANODIC 

ALUMINA BASED DISTRIBUTED BRAGG’S REFLECTOR
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SUMMARY

Distributed  Bragg  reflector  based  on  nanoporous  anodic  alumina  was  fabricated  using  different number of 
cycles and different anodization temperature. The pore geometry and the refractive indices were modulated due to 
the effect of the anodization temperature and the number of cycles used for the fabrication of the Distributed  
Bragg’s  reflector.  From the transmittance measurements, it was shown that by changing fabrication conditions 
and applying the pore widening time, is it possible to modulate the photonic properties of the Bragg’s reflector.  

1. INTRODUCTION

The  distributed  Bragg’s  reflector  (DBR)  consists  of  periodically  stacked  layers  of  variable refractive indi-
ces. In order to fabricate DBR with significant photonic properties it is necessary to have different layers with 
highest possible refractive index contrast between the layers of DBR. Recently, Nanoporous anodic alumina 
(NAA)-based DBR obtained with cyclic anodization voltage profiles has been introduced [1-5]. Wang et al. [26]
fabricated nanoporous anodic alumina membranes with a band-gap within 450-525nm range. One of the most in-
teresting works was done by Dong et al. [3], where the Bragg’s stacks were fabricated with current controlled pro-
cess. Dong has shown that when the periodic change in current density is repeated, the AAO Bragg stacks were 
obtained. Another interesting approach was demonstrated by   Zheng et  al.  [4-5]. He fabricated DBR  with the
periodic  stacks  of  NAA  layers  obtained  by  the periodic  variation  of  the  anodization  voltage using sinusoi-
dal voltage profile.  With this, the first order photonic stop band in the transmission spectra was modulated be-
tween 727 to 1200nm. Zheng also investigated the effect of temperature on NAA-based DBR with Bragg peaks 
that cover almost all wavelengths of visible light [1]. All these methods presents quite complicated way of fabrica-
tion and they haven’t shown the effect of porewidening on the photonic properties of DBRs. In this communica-
tion we present much simplified method of fabrication of DBR structure using cyclic anodization voltage using 
linear voltage profile. The cycle of the linear voltage profile consist of a linear increasing up ramp, an interval of 
constant voltage between two ramps (up and down) and a subsequent decreasing voltage down ramp. The effect of 
the number of cycles and the anodization temperatures in modulating photonic properties of DBR using cyclic 
anodization voltage profile is demonstrated. It is also reported that a subsequent pore widening step can improve 
the photonic properties of DBR by increasing the refractive index contrast between the layers of DBR. 

2. EXPERIMENTAL RESULTS AND DISCUSSIONS

Two different sets of samples were fabricated. One set to examine the effect of the number of cycles on the ob-
servable spectra and another set is to demonstrate the effect of temperatures. In order to examine the effect of the 
number of cycles, two types of samples having two different number of cycles (i.e. 50 and 150) were fabricated.
The anodization process started at 20 V and  it  lasted  until  a  charge  of  2C  flowed  through  the  system.  In this 
way, a self-ordered layer of vertical pores were obtained. To obtain the DBR structure, after this anodization at 
20V the cyclic anodization process started immediately. Each cycle consisted of three phases: (I) a linear increas-
ing ramp from 20 V to 50 V, at a rate of 0.5 V/s, (II)  an interval at 50V for certain time duration to flow a given 
charge Q0=0.5C through the system, and (III) a subsequent linear decreasing ramp from 50 V to 20 V at 0.1V/s. 
The increasing and decreasing ramps were chosen as the fastest possible ramps in order to maintain the continuity 
of  the  anodization  process. In order to examine the effect of temperature samples were prepared in five different 
temperatures (i.e. 7º, 8º, 9º, 10º and 11ºC). 

Figure 1. Cross-sectional ESEM images of NAA based 
DBR of two different number of voltage cycles (i.e. a) 
50 and b) 150 cycles). 
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Figure 2. Transmittance spectra of the 
NAA-based DBR with two different 
samples: a) 50 cycles and b) 150 cycles. 
The spectra on each graph correspond to 
the transmittance of the as-produced 
sample and of the same sample after the 
indicated tPW.

The cross-sectional views of samples fabricated with two different number of cycles (50 and 150) after 18 minutes 
of pore widening are shown in Figures 1 (a) and (b) respectively. In the image, one cycle is marked with the dou-
ble-sided arrow, the conical shape of the pores are labeled with 'a' and the interface between the cycles is marked 
with a line (labeled with 'b'). Figure 2 shows the transmittance spectra of samples prepared with two different 
numbers of cycles. Each graph shows the evolution of the transmittance spectra with increasing pore widening 
time (tP W). For as-anodized sample the stop-band is not so evident but with increasing tP W the stop-band is more 
explicit. All the spectra show stop-bands, as expected in a cyclic structure. It is also remarkable that the overall 
transmittance is lower for the sample with the larger number of cycles. The position of the stop-band shifts to-
wards the smaller wavelength with increasing tP W. It is also remarkable that for the two samples with 18 minutes 
pore widening, the value of minimum transmittance within the first-order stop band is around 10%. The minimum 
transmittance within the stop-band for sample with 50 cycles is lower that of the sample of 150 cycles. So we can 
deduce that as the number of cycle increases the transmittance losses within the stop-band is lower.
The effect of temperature on the transmittance spectra are shown in Figure 3. Each graph corresponds to a particu-
lar tP W. It is observed that as the anodization temperature increases the position of the stop-band shifts to higher 
wavelengths. On the other hand for the samples with 18 minutes or higher tP W , the value of minimum transmit-
tance is nearly the same, which is around 1%. In most cases the minimum transmittance within the stop band is 
'lower' for the samples prepared with higher anodization temperature (Figures 3 (b) to (d)). These phenomena can 
be explained as follows: with increasing the anodization temperature the velocity of oxidation and chemical disso-
lution is higher. Thus the thickness of the layers corresponding to each cycle increases with increasing the 
anodization temperature. So the position of the stop-band is shifting towards the higher wavelength. On the other 
hand, for bigger tPW the refractive index contrast increases but the overall refractive index decreases. Consequent-
ly, the optical thickness of the layers is decreasing. Thus with increasing the tPW the spectrum is shifting towards 
the smaller wavelength.

Figure 3. Transmittance spectra of the 
NAA-based DBR obtained at the indicat-
ed temperatures. The spectra of graph a) 
correspond to the transmittance of the as-
produced sample, b) sample after 9 
minutes, c) 18 minutes and d) 27 minutes 
of PWT.  

3. CONCLUSIONS

The effect of the number of cycles and 
the different anodization temperature on 
the transmittance spectra has been 
demonstrated successfully
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SUMMARY

We report a process for the synthesis and activation of luminescent porous silicon nanoparticles, based on reaction 
with aqueous borax (sodium tetraborate) to grow a passivating SiO2 shell around the Si cores.  The treatment enables 
rapid (~1h) activation of luminescent porous silicon nanoparticles and higher quantum yields (23%).

1. INTRODUCTION

Since the discovery of photoluminescence (PL) of electrochemically etched porous silicon, luminescent silicon 
nanomaterials have been extensively studied for various applications ranging from solid-state light emitting devices, 
chemical sensing, and biological labels. Recently, porous silicon micro/nanoparticles have attracted intense interest 
for biological applications due to their intrinsic photoluminescence, biocompatibility, biodegradability and large 
specific capacity for therapeutic reagents. For in vivo imaging, luminescent porous silicon nanoparticles (LPSiNPs) 
offer an alternative fluorophore compared to conventional II-VI quantum dots, which have shown to be toxic in 
biological environments. One limitation of LPSiNPs is the relatively low quantum yield for photoemission (typically 
< 10 %). Here we describe an aqueous borax treatment that yields quantum yields of as large as 23%.

2. EXPERIMENTAL RESULTS AND DISCUSSIONS

Electrochemical etch of a highly doped p-type single-crystal silicon wafer in aqueous HF solution containing ethanol 
produces a porous layer, which is removed from the silicon substrate with a secondary current pulse. Nanoparticles 
are produced by placing the resulting porous silicon film in deionized water and then fracturing by ultrasonication.

The typical means to activate PL in porous silicon nanoparticles has been incubation in deionized water at room 
temperature for 2 weeks.[1] During this activation step, a passivating silicon oxide layer grows on the hydro-
gen-terminated porous silicon surface. The resulting core-shell nanostructures displaying strong orange to 
near-infrared photoluminescence, which has been attributed to quantum confinement effects in the silicon cores and 
to localized Si-SiO2 interfacial defects.[2]  

In order to investigate oxidation-induced activation of LPSiNPs, we monitored the evolution of the PL spectrum 
during aqueous borax treatment at room temperature. Figure 2(a) shows the PL spectra of LPSiNPs obtained at 
different time points during reaction with sodium tetraborate solution. We note three characteristics of the PL 
spectrum: (1) the peak wavelength blue shifts (Figure 2(b)); (2) the peak width is broad throughout the process 
(Figure 2(c)); and (3) there is a gradual increase in intensity (for ~70 min), followed by a decrease (Figure 2(d)).

Figure 1. Transmission electron microscope (TEM) image of the porous 
silicon nanoparticles after ultrasonication. Nominal pore diameter is ~ 
12 nm and the pores are oriented preferentially in the <100> direction.
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The spectral evolution observed is consistent with previous observations of the oxidation of porous silicon. The 
LPSiNPs show a PL blue shift with reaction time, consistent with the decrease in size of the quantum-confined 
nanocrystalline silicon domains as surface Si is converted to SiO2. As the oxide layer on the silicon grows, the 
crystalline core is diminished, leading to monotonic PL blue shift. The relatively constant 

. CONCLUSIONS

Activation of LPSiNPs with aqueous borate solution generates highly photoluminescent Si cores within a 
passivating oxide shell. The simple process requires only 1h, although at longer times the material is fully degraded 
to SiO2 with a concomitant loss of photoluminescence.
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Figure 2. (a) Photoluminescence 
emission spectra of LPSiNPs 
during borax oxidation (Red: 
0-70 min; Blue: 80-220min). (b) 
Corresponding PL peak wave-
length shift, (c) Variance in 
FWHM; and (d) integrated PL 
intensity as a function of reac-
tion time.
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 EPR study of carbon-doped porous titanium dioxide
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SUMMARY

Carbon doped porous titanium dioxide have been investigated by the EPR technique. We have found two 
types of paramagnetic centers: O2

- radicals and electron trapped by oxygen vacancy. This paper presents the re-
sults of study of the effect pressure and illumination on paramagnetic properties of the samples. The data obtained 
are useful for photocatalytic applications.

1. INTRODUCTION
Titanium dioxide (TiO2) is a multipurpose material widely used both in chemical processes and in different 

devices [1]. For instance, the investigations on creating the new injection type of solar cell batteries based on TiO2
are being held at this moment [2]. Besides, this material is the main element of water- and air-filtering systems [1]. 
Doping the TiO2 structure by different elements lead to the appearance of local levels in the forbidden band gap of 
TiO2 that result in the increase of TiO2 light absorption and photocatalytic activity under visible light illumination. 
The goal of our paper is to clarify the role of molecules of nanocrystal ambient and illumination on defect proper-
ties at the surface of TiO2 nanocrystals.

2. EXPERIMENTAL RESULTS AND DISCUSSIONS
The carbon doped samples (C-TiO2) were synthesized in research group of Prof. A.Gaskov (Moscow State 

University). The samples were prepared by sol-gel method. Microstructure of materials was studied by transmis-
sion electron microscopy (TEM) on a microscope LEO 912 AB OMEGA (NBI MSU. Lomonosov). The materials 
comprise nanocrystals with irregular spherical shape (pic.1). The average size of nanoparticles was (19±1) nm 
according to XRD. The average specific surface area was 110 m2/g. EPR spectra were detected by the standard 
Bruker EPR spectrometer ELEXSYS-500 (X-band, sensitivity is around 1010 spin/G). The temperature of detec-
tion was 300 K.

Figure 1. Micrographs of nanocrystalline titanium dioxide doped with carbon.
EPR spectra were measured in the dark and under illumination. The results are presented in Figure 2. Upon 

irradiation the EPR signal intensity increases significantly, indicating the paramagnetic center concentration 
growth. In the darkness, the concentration of radicals is 4 * 1014 spin / g. You can note the appearance of a broad 
signal in the field around 3400 G under illumination. 

For the interpretation of the spectra theoretical simulation in program "Symphony" was performed. The spec-
trum has a complex structure and is a superposition of the two signals. One of the signals is isotropic with the pa-
rameters g = 2,003, H = 5G. According to the literature, this signal can be attributed to an electron captured by 
oxygen vacancies [1]. The second signal is anisotropic and has parameters g1 = 2,026, g2 = 2,0085, g3 = 2,0035, 
H1 = 10G, H2 = 3G, H3 = 5G. These parameters correspond to the parameters of O2

- radicals under illumination
[1].

We carried out a series of measurements with a vacuum system. EPR spectra were measured at pressures of 1 
Torr and 5 mTorr (Figure 3). By decreasing the pressure signal intensity increases. The reason is follow. Pumping 
leads to an increase in a number of vacancies. Besides, the concentration of O2

- radicals decreases, but, despite 
this, we see an increase of the EPR signal intensity because of reduced contribution of the dipole-dipole interaction 
between super-oxide radicals and an increase of spin relaxation time, respectively. 
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Figure 2. EPR spectra of the titanium dioxide doped with carbon in  dark and under illumination.

We have investigated the effect of illumination under pressure 5mTorr (Fig. 4). Signal intensity increases due 
to the capture of photogenerated electron by vacancies. The signal from the O2

-radicals broadens and decreases 
due to the dipole-dipole interaction.
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Figure 3. The EPR spectra: 1) air, 2) P=1Torr, 3) P=5 mTorr      Figure 4. The EPR spectra: in dark and under illumination, P=5mTorr

3. CONCLUSIONS

In this study, we investigated the samples of titanium dioxide doped with carbon, obtained by sol-gel method.
It was found that the main paramagnetic centers in these samples are O2

- radicals and electrons trapped by oxygen 
vacancies. We have performed the study of the effect of pressure and light on the paramagnetic properties of the 
samples. We can control a concentration of radicals by illumination and change air pressure. The obtained results
are needed to develop innovative material for use in filters for air purification.

REFERENCES
1. A. Fujishima, X. Zhang, D. Try, Surface Science Reports, 63, 515 ( 2008).

2. X. Chen, S. Mao, Chem. Rev., 107, 2891 (2007).

169
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SUMMARY
To fabricate a “lab-on-Si chip” biosensing platform we propose to use a nanoporous silicon (npSi) based light emitting 
element. High current densities and high concentrations of hydrofluoric acid are generally needed during the 
electrochemical etching process to fabricate high porosity nanostructured silicon films.  However, short process time 
(non-controllability/uniformity of ultrathin films formation), and toxic (high HF vapor pressure), fluidity and aggressive 
reagents (etching Al layers and interconnections in the meanwhile) are serious concerns associated with it.  Therefore, it 
is highly demanded to seek alternatives to fabricate ultrathin nanoporous Si films using lower current densities at low F- 
ion concentrations. We have developed an ultrathin nanoporous silicon fabrication process by electrochemical etching 
in ammonia fluoride solution.  It was shown that highly uniform and ultrathin high porosity nanoporous silicon films 
can be fabricated under very low current densities and fluorine ion concentration in a reproducible manner. Structural 
and electro optical properties of nanoporous silicon films are also discussed.

1. INTRODUCTION
Silicon is an essential foundation in today’s microelectronics because of its extraordinary physicochemical, electronic 
and technological properties. However, because of its indirect band gap structure monocrystal silicon cannot be used as 
a material for light emission. At first porous self-organized structure on silicon was created in 1956 at Bell Laboratory. 
Porous silicon was widely used in microelectronics: IPOS and FIPOS processes, SOI wafers production. In 1990 the 
quantum effects and room temperature visible luminescence was demonstrated in porous silicon [1,2]. This feature 
awoke researchers´ interest and the first light emission silicon diode appeared some time later. Our group works over 
avalanche type reverse biased Schottky diodes and its microdisplays and optoelectronics applications [3-5]. Standard 
technological parameters for formation a high porosity nanostructured Si are high current densities and high 
concentrations of hydrofluoric acid. These regimes are not convenient because of very short process times (some 
seconds for thin layers) and toxic (high HF vapor pressure), aggressive reagents (etching Al layers and 
interconnections) are used. However, changing to lower current densities and concentrations leads to instability and low 
uniformity of the process. 

In this paper we analyze reasons of the instability and propose a new stable and convenient technological regime for 
high porosity nanostructured Si formation at ultra small current density and fluorine ions concentration.

2. POROUS SILICON FORMATION
There are three well known regimes areas in the current density- hydrofluoric acid concentration plot, which are 
illustrated in Fig. 1 [6]. At high densities-concentration electro-polishing takes place, at low densities-concentrations we 
have porous silicon formation and in the middle is a transient regime.  Rectangular in the plot shows standard good 
reproducible, well known regimes [7], while ellipse corresponds to low uniformity processes. The area at bottom left 
corner isn’t methodically investigated. One of the reasons of this is low buffer capacity of very diluted hydrofluoric acid 
and chemical changes during the anodizing process. To avoid from “diluted” problem using of salts of hydrofluoric acid 
in combination with an acid with high buffer capacity is proposed.

Figure 1. Different types of porous silicon formation Figure 2. Porous structure versus current density
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The special case at zero current at acidified NH4HF2 is investigated [8, 9], but it doesn’t provide enough control on 
porous silicon morphology. To avoid of aggressive etching of Al by HF solutions (up to 4000 nm per hour) it was 
proposed to use 14 wt.% ammonium fluoride, 33 wt.% acetic acid in water (30 nm per hour) as electrolyte for anodizing 
[10].  However, at current densities 5-80 mA/cm2 the uniformity is far from perfect. 
Heavy negative doped monocrystal silicon is used as precursor for nanostructured  Schottky junction fabrication, so this 
material is under our investigation. In fig. 2 change of porosity structure versus anodizing current density for heavy 
antimony doped silicon (0.01 Ohm cm <100> orientation)  in 1:2:1 HF:C2H5OH:H2O is presented [11]. Porosity 
anomaly versus current density is absolutely evidence. At about 10 mA/cm2 the plot turns and morphology of porous 
silicon changes from regular vertical holes (at higher current densities) to sponge structure (at lower current densities).

Numeric analysis, which was made in our group earlier [12], shows that such changes of porosity can be related to 
electrochemical diffusion layer increasing (from 30 to about 500 microns) while current density declines. This 
increasing is determined by break off solution agitate by emitted gas burbles. At low current densities issue of emitted 
gas is small and all hydrogen gas can be dissolved in solution and doesn’t form a burble. The critical current is 4.3 
mA/cm2  for water at ambient conditions. Anodizing process can be unstable near from this value (1-10 mA/cm2)
because of local gas burble agitating and corresponding irregular current distribution. Note, that very high porosities can 
be achieved at low current densities.
The addition of ethanol to solution allows moistening hydrophobic silicon surface and getting more reproducible 
results. In our system it is not necessary to add a big amount of water, because we work at low fluorine ion 
concentrations and weak dissociated acids. So the simplest solution is about 4% of water, which is present in rectified 
ethanol. It is practically impossible to predict ion concentrations in the solution due to the “concentration anomaly” and 
usage of organic solvent. In this case, we should to carry out more experiments.
N-type <100> oriented phosphorous doped silicon substrates (0.1 Ohm cm and 0.01 Ohm cm) was used. The samples 
were anodized in ambient conditions with halogen lamp illumination. Current densities, and electrolyte concentrations 
in rectified ethanol are presented in table 1.

Table1. The range of anodization parameters

NH4F:H3PO4:C2H5OH Current density Doping 
level

5 – 25 % H3PO4 0.01 – 1 mA/cm2 1021 –
1020

Pores size, and structure of PS were observed on the scanning electron microscope (LEO 1550 Gemini). The 
thickness and porosity of the layers is measured by Spectroscopic Ellipsometer VB-250 and calculated then as 
describing. Photoluminescence and electroluminescence are measured by spectrometer, photoluminescence was exited 
by discrete mercury lamp 330 nm. For electroluminescent measurements  0.7 micron Al was PVD and anodized through 
photoresist mask. 200x200 micron pads leaves on the porous silicon layer. Electrical measurements of the Schottky 
diodes are carried out by special equipment.

3. RESULT AND DISCUSSION
Figure 3 and 4 shows structure of PS. Pores size is 10 - 20 nm and porosity is 55 % at current density of 0.25 mA/cm2

and 75 % at current density of 0.025 mA/cm2. Thus, in regime of small concentration ions F- the down of current 
density increases porosity. The PS thickness is about 50 nm at current density of 0.1 mA/cm2, anodization time 500s 
and solution 5 % NH4F: 15 % H3PO4:C2H5OH. The structures are sponge like with porosity 70 % and more.

Figure 3. Structure of PS anodized at 0.25 mA/cm2

and 5 % NH4F: 5 % H3PO4:C2H5OH
Figure 4. Structure of PS anodized at 0.025 mA/cm2

and 5 % NH4F: 5 % H3PO4:C2H5OH
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4. BIOSENSING APPLICATIONS

The working principle of the proposed power-based sensing technique is schematically described in [13]. This sensing 
technique is based in the use of photonic bandgap structures, which provide a high sensitivity due to the enhanced 
interaction between the optical field and the target analytes produced by the group velocity reduction on them. The PBG 
sensing structure is excited using a filtered broadband optical source, whose filtered spectrum is located within a PBG 
edge of the photonic sensing structure. In this initial state, the PBG filters the excitation spectrum and only a certain 
amount of power is obtained at the output, which is measured simply using a power meter. When the target substance is 
deposited close to the sensing structure, the PBG is red-shifted due to the increase of the refractive index, thus varying 
the amount of power measured at the output of the device. This power variation is directly used to perform the sensing 
without the need to obtain the transmission spectrum of the device using tunable elements, thus significantly 
simplifying the system and reducing its cost, making it competitive with other sensing systems based on other 
transduction mechanisms (e.g., electro-chemical based sensors). Moreover, since the output power can be continuously 
monitored, a true real-time sensing is performed, what will allow observing any interaction taking place within the 
sensing device.

5. CONCLUSION
In this work we report the stable and reproducible regime of porous silicon layers production at ultra small current 
density and fluorine ion concentration. Porous silicon structure is high porosity sponge like, small thickness and allows 
using it as light emitters, specifically for biosensing platforms. 
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SUMMARY

In this work the magnetic interactions between metal nanostructures deposited within the pores of porous silicon 
will be elucidated. The influence of the morphology of the porous silicon (varying between high, medium and low
dendritic pore-growth) as well as the morphology of the metal deposits (geometry, distribution and correlated 
branches to the template) on the magnetic behavior will be depicted. An increase of the uniformity of the pores re-
sulting in smoother metal deposits lead to an increase in the coercivity of the nanocomposite which reveals less 
cross-talk between the nanostructures due to a modification of the stray fields. Also magnetic nanoparticles of dif-
ferent size are incorporated within the pores and the dipolar coupling between them in dependence on their size and 
their arrangement is investigated.

1. INTRODUCTION

Porous silicon with its huge surface area and tunable morphology is appropriate for filling the pores with metals, 
molecules or polymers. The resulting hybrid materials are applicable in various fields such as sensor technology or 
biomedicine. The deposition of magnetic nanostructures into the pores leads to systems with diverse magnetic 
properties due to the geometry of the metal deposits, their local arrangement within the pores but also the mor-
phology of the pores plays a decisive role. Magnetic structures with nanoscopic dimensions offer entirely different 
properties compared to their bulk, whereat arranged in an array magnetic interactions can occur and modify the 
single domain behavior of isolated nanostructures. Therefore nanocomposites with favored magnetic properties 
can be fabricated, whereas the self-organization of the metal deposits renders the system interesting due to low-
cost fabrication processes but complicates the theoretical description. Nevertheless simulations of such systems 
correlate well with the experiments.  

2. EXPERIMENTAL RESULTS AND DISCUSSIONS

The nanostructured silicon templates used for metal deposition have been fabricated by anodization of a highly n-
doped silicon wafer in aqueous hydrofluoric solution, whereat the electrochemical conditions have been chosen in 
such a way to achieve oriented pores with average pore-diameters between 30 and 90 nm [1]. By decreasing the 
pore-diameter from 90 nm to 30 nm the distance between the pores increases and also does the dendritic pore-
growth. To suppress the effects of side-pores, porous silicon prepared under the application of an external magnet-
ic field [2] has been utilized as template. The different types of templates have been filled with magnetic materials 
under various electrochemical conditions and a comparison of the magnetic properties has been carried out. 

The metal deposition within the pores has been performed by pulsed electrodeposition with an appropriate metal 
salt solution as electrolyte. Different ferromagnetic metals have been deposited, whereas in the case of 
monocrystallinity Ni has the advantage of a magnetocrystalline anisotropy which is negligible in most cases in 
contrast to the shape anisotropy. To figure out the mono- or polycrystallinity of metal deposits, electron backscat-
ter diffraction (EBSD) has been employed.  

Porous silicon templates with differently strong dendritic pore-growth have been filled with Ni-wires of about 2 
μm in length and a thickness corresponding to the pore-diameter. These wires offer also a branched structure cor-
related with the pore-morphology (figure 1). The change of the magnetic behavior with respect to the morphology 
of the deposited Ni-wires and the magnetic coupling between them within adjacent pores has been elucidated.

Furthermore magnetic nanoparticles have been deposited within the pores to study the magnetic interaction be-
tween the particles within individual pores. 

175



The magnetic characterization of the samples has been performed with a vibrating sample magnetometer (VSM). 

A comparison of the magnetic properties of samples exhibiting differently strong dendritic pores shows that the 
coercivity as well as the magnetic remanence increase with decreasing side-pore growth. This behavior can be 
explained by the influence of the side-pores on the stray fields. Such surface asperities are sources of strong local 
demagnetizing fields and thus reduce these mentioned magnetic characteristics. Furthermore the cross-talk be-
tween metal-structures within adjacent pores is reduced due to an increase of the effective distance between the 
pores. Measuring the samples with an applied field parallel and perpendicular to the pores, respectively shows a
magnetic anisotropy between these two magnetization directions which increases with decreasing side-pores.

Figure 1. Porous silicon templates fabricated by 
anodization offering different pore-diameters. A
decrease of the dendritic pore-growth with in-
creasing pore-diameter can be seen.

a) average pore-diameter 25 nm, b) average
pore-diameter 80 nm.

Samples c) with a pore-diameter of ~ 25 nm and 
d) with a pore-diameter of ~ 40 nm have been
prepared by anodization during the application 
of a magnetic field of 8 T. The side-pores are 
diminished significantly.

A further approach to fabricate a magnetic nanocomposite is the infiltration of ready fabricated iron oxide nano-
particles into porous silicon templates. On the one hand particles with different size have been used and on the 
other hand the distance between the particles has been modified. Temperature dependent magnetization measure-
ments shed light on the coupling between the particles and also the size-dependent behavior within the template. 

3. CONCLUSIONS

We presented nanocomposite systems consisting of porous silicon with different morphology and embedded mag-
netic nanostructures of diverse size, geometry, distribution and material. The magnetic behavior of such specimens 
is correlated to their geometrical and morphological parameters and could be elucidated by investigating the mag-
netic interactions between the incorporated metal deposits. The magnetic coupling within the pores as well as be-
tween adjacent pores has been investigated. A modification of the morphology of the porous silicon template 
showed the role of the side-pores on the magnetic coupling. With decreasing side-pore length the dipolar interac-
tion is diminished and approximates the behavior of non-interacting individual nanowires. 
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SUMMARY

In this study we formulate a generalized, and yet simplified, model to capture the complex mechanisms of drug 
release from nanostructured porous Si (PSi) matrices that are affected by Si scaffold erosion. Our model adapts the 
canonical hindered diffusion model to lump the effects of temporal changes in molecular interactions and carrier 
scaffold erosion. Careful characterization of pore size, porosity, surface area, drug loading, as well as Si scaffold 
degradation profiles are incorporated into the model parameter estimation. As such, the model can be easily 
adapted for use in other drug delivery systems as a tool to identify key parameters affecting drug release character-
istics. Comparison of the simulation results, predicted by the model, with experimental results for different PSi 
carriers, shows accurate representation of the data and excellent fit, emphasizing the reliability and applicability of 
the model.

INTRODUCTION

Although many reports have demonstrated the immense potential of PSi for drug delivery, there are no studies that 
elucidate the specific release mechanisms of molecular species from such carriers in real time 1. Several studies 
have experimentally evaluated the rate by which certain molecules are released from PSi films and particles 1, 2. 
Yet, despite this significant progress, there remains a need for a proper model to describe the underlying mass 
transport phenomena from these types of delivery systems. Considering mesoporous materials, the small diameter 
of the pores (2-50 nm) confines the space of drug diffusion and engages the effects of surface interactions of the 
drug molecules and the pore wall. As pore diameter approaches the molecular hydrodynamic radius, the observed 
kinetics deviates from the kinetics predicted by Fick’s laws of diffusion and random walk theory occurs. This phe-
nomenon is commonly attributed to spatially hindered diffusion and the effects of matrix-molecule interactions 3.
Moreover, in mesoporous Si, the pore size is too large to force single file diffusion and importantly, the degrada-
tion of the porous scaffold, occurring on the same time-scale as drug diffusion, results in a diffusion coefficient 
that is dependent on pore radius and time, as also observed in degrading polymeric systems. Increasing the accura-
cy and detail of a mechanistic model by including some of the aforementioned phenomena easily results in a com-
plex, multi-dimensional model that may be overly cumbersome for applied engineering purposes. Thus, our ap-
proach is to develop an empirical macroscopic model adapting the Crank model to lump the effects of molecular 
interactions and carrier erosion into a comprehensive model of hindered drug diffusion from nano-scale porous 
systems. 

RESULTS AND DISCUSSION

We have recently reported on the application of mesoporous Si scaffolds as effective carriers for the model anti-
cancer drug Mitoxantrone (MTX) 4. Thus, our mathematical model is designed for predicting the release profile of 
this model drug from PSi films, taking into consideration diffusion and the Si scaffold erosion. Figure 1 schemati-
cally illustrates the model concepts and the applied boundary conditions. A cylinder of radius r and height L repre-
sents the erodible PSi nanostructure. The physically adsorbed drug is initially (t=0) uniformly distributed within 
the bulk porous region, having an initial concentration C0. This assumption was confirmed by confocal microsco-
py studies showing the uniform distribution of the fluorescent MTX throughout the porous nanostructure. The 
concentration C(z,t) is subject to a concentration gradient that is driven by Fickian diffusion and is assumed to 
depend solely on the depth z and time t. The crystalline Si region, located at the bottom of the PSi film (z=0), forc-
es the drug to diffuse in one direction towards the external environment (z=L). Thus, the boundary conditions for 
this scenario are dictated by the no-flux boundary condition at the bottom of the film (Cz(0,t)=0), and the open-
ended geometry at the top of the film (C(L,t)=0).
The proposed model includes both the molecular interactions and carrier erosion and takes the form:
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( ) = 1 (2 + 1) ( ) ,
where we defined (t) to be the net diffusivity of the 
bulk porous domain, which depends on molecular 
and hindered diffusion phenomena, acting simulta-
neously. Whereas, the original Crank’s solution for 
Fick’s second law assumes a constant diffusivity 5.  

Figure 1: Schematic representation of the developed 
mathematical model 6. 

The specific PSi characteristics (i.e. pore radius and length, porosity and specific surface area) were incorporated 
into the model. The experimental results of the in vitro MTX release and carrier degradation of native PSi and do-
decyl-modified PSi (d-PSi) were fit to the developed model (see Figure 2). In order to assert the validity of our 
model in comparison to the predictions of previous diffusion models, Figure 2 also displays the release profiles 
obtained by the standard hindered diffusion model and the original Crank equation. The standard hindered diffu-
sion function fits the data poorly, and is nearly equivalent to a system with a constant diffusivity. Thus, we assume 
that the component of hindered diffusion, which depends on the geometric restriction of solute crowding, is mini-
mal, while the hydrophobic and electrostatic interactions among the species within the pore dominate the drug 
release kinetics. This phenomenon leads to significant changes in diffusivity over time and is effectively intro-
duced into our phenomenological model, showing excellent fit to the experimental data for the two carriers.

Figure 2: MTX release profiles calculated by our model, the standard hindered diffusion function (red trace) and 
the original Crank equation (blue-dashed trace) in comparison to the experimental data obtained for (a) native PSi 
and (b) dodecyl-modified PSi (d-PSi) carriers. 

CONCLUSIONS

The proposed model adapts the Crank model to include the effects of molecular interactions and carrier erosion 
into a comprehensive model of hindered drug diffusion from nanoscale porous systems. Several important aspects 
in drug release kinetics were taken into account simultaneously; revealing the significant effect of surface chemis-
try, pore size and carrier erosion kinetics on drug release behavior. As such, the model can be easily adapted for 
use in other drug delivery systems as a tool to identify key parameters affecting drug release characteristics. We 
believe, that such modeling of drug release will prompt in depth understanding of the pharmacokinetics and phar-
macodynamics involved as well as predictive capacity.
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SUMMARY
A deep comparative analysis of numerous multidisciplinary experimental results on the optical, photochemical, 
thermal and bioactive properties of Porous Silicon (pSi) definitely confirms its great potential for applications in 
both therapy and diagnostics (theranostics) of cancer. 

INTRODUCTION
While silicon (Si) plays a dominant role in semiconductor industry, Si based nanostructures, e.g. pSi nanoparticles 
(NPs), are very promising for biomedical applications because of their biocompatibility and biodegradability [1,2]. 
Since pSi can exhibit efficient photoluminescence (PL) at room temperatures pSi NPs can be used as PL labels in 
bioimaging both in vivo and in vitro [3,4]. On the one hand, pSi is characterized by very low cytotoxicity, 
genotoxicity and teratogenic risks [4,5]. On the other hand, pSi can act as an efficient photosensitizer of the singlet 
oxygen generation [6]. The photosensitization properties of pSi were successfully used to kill cancer cells in vitro
[7,8]. The photothermal effect in pSi NP was employed for the destruction of cancer cells both in vitro [9,10] and in 
vivo [10]. It was shown that a simultaneous action of pSi NPs and US irradiation could strongly suppress the cancer 
cell proliferation [11]. This effect can be explained by sono-sensitizing properties of pSi NPs, which lead to the 
hyperthermia under irradiation even with therapeutic US [12]. In the present paper we analyze these experimental 
results together with our new data on the physical and biomedical properties of pSi NPs as activators (sensitizers) of 
photo- and US induced effects for applications in cancer theranostic modalities. 

RESULTS AND DISCUSSION
Aqueous suspensions of pSi NPs were fabricated by mechanical grinding of pSi layers formed by electrochemical 
etching of boron doped crystalline silicon (c-Si) wafers in hydrofluoric acid solutions. The particles were transferred 
into de-ionized water, PBS or DMEM solutions and stable colloids with concentration of pSi up to 1 mg/mL were 
prepared. Transmission electron microscopy and dynamic light scattering revealed the sizes of pSi NPs of about 20-
100 nm. In vitro experiments with cancer cells of Hep2 or CF2Th lines showed an uptake-effect of NPs by living 
cells. Being optically excited pSi NPs were microscopically monitored as red luminescent labels with the PL
intensity well above autofluorescence background of the cells.
The US irradiation experiments were carried out by using a medical US source operating at frequencies of 1 and 2 
MHz and irradiation intensity below 10 W/cm2. The control experiments demonstrated that the employed US 
irradiation itself did not influence the cell proliferation and viability. It was found that the number of viable cancer 
cells decreased strongly after the US irradiation in the presence of pSi NPs.  
In vivo experiments were carried out with lung carcinoma (3LL) tumors inoculated at paw of mice of CBA line. The 
suspensions of PSi NPs with concentration of 0.1-0.5 mg/mL were intratumorally or intravenously injected into 
mice. A stronger suppression of the tumor growth was observed for 3-5 days after the pSi NP injection followed by 
US irradiation. 

CONCLUSIONS
Porous Si nanoparticles posses the physical and biochemical properties allowing their employment for different 
valuable biomedical purposes. In vitro and in vivo experiments with photo- or ultrasound activated pSi NPs showed
the cancer cells killing with subsequent strong suppression of the tumor growth. The obtained results reveal pSi as a 
major active agent for future cancer theranostics. 
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SUMMARY

In this work we presents a protocol to create the colloidal solutions of 3C-SiC quantum dots in various polar sol-
vents, such as dichloromethane, ethanol and water. Different operation principles and key mechanisms for applica-
tion of the 3C-SiC quantum dots in bioimaging and cancer therapy are discussed. 

1. INTRODUCTION

Due to their specific photophysical, magnetic, electronic and biological properties quantum dots (QDs) are widely 
applied in electronics and optoelectronics (light emission diodes, memory devices, displays), photochemistry (hy-
drogen generation, sensitizes, photoelectrodes), analytical chemistry (chemical analysis), molecular biology and 
medicine (biosensors, fluorescent labels, photodynamic therapy, drug biotracking), etc [1,2]. The interest in col-
loidal solution with SiC QDs lies in their fluorescence properties. Among the other advantages of SiC QDs, the 
principal one is the higher resistance of QDs to light-induced reactions such as photooxidation. Here we demon-
strate that in comparison to extremely weak photoluminescence (PL) of bulk SiC at Troom, PL intensity of the SiC 
nanostructures with dimensions < 10 nm is significantly enhanced and can be applied for bio-medical purposes. 

2. EXPERIMENTAL RESULTS AND DISCUSSIONS

The protocol of SiC QDs formation by electrochemical etching of bulk substrates of 3C polytype is the following
[3-5]. Firstly,  nanoporous layer is formed by means of electrochemical anodization of a low resistivity grade (<1 

.cm) bulk 3C-SiC polycrystalline wafer. The etching process took place for 2-3 hours at a current density of 25 
mA/cm2 using a 1:1 HF(50%)/ethanol electrolyte. After the etching, a highly porous network constituted by nu-
merous interconnected 3C-SiC nanocrystals is formed. The porous layer is washed with water, naturally dried in 
ambient air and then removed from the wafer. An intense mechanical dry grinding of the formed free nanoporous 
layer transforms it into a nano-powder state. The as-prepared 3C-SiC nanopowder can be dispersed in various po-
lar solutions. To change surface charges, the suspended QDs are treated in different surfactants like cetyl-tri-
methyl-ammonium bromide (CTMA) and sodium lauryl sulphate (SLS) which are added to the colloidal solutions 
to communicate positive and negative surface charges to the QDs, respectively. The 3C-SiC QDs surface contains 
carbon-enriched layer appeared mainly due to the preferential removing of Si atoms during the electrochemically 
assisted nano-powder formation. Dissociation of the carboxylic (Si-COOH) and/or silanol (Si-OH) acid groups in 
polar solvents leads to appearance of negative electric charges at the nanoparticle surface.

Figure 1
(a) The general TEM image of the 
SiC QDs. Inset shows a colloidal 
solution with the dispersed SiC 
QDs;
(b) size distribution of the SiC QDs.
Inset shows a typical PL spectrum 
of the colloidal 3C-SiC QDs.  
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The highly luminescent 3C-SiC QDs (Fig. 1) was successfully explored as fluorescent agents for living cell imag-
ing. By using fluorescent microscope we studied the cells of different plants, mouse fibroblast, healthy and cancer 
epithelial human cells with SiC QDs. Covalent grafting of amino groups onto the carboxylic acid functionalities, 
naturally covering the surface of fluorescent nanoparticles produced from silicon carbide, allowed tuning of their 
surface charge from negative to highly positive. Grafting of aminogroups was performed by the reaction of SiC 
QDs surface carboxylic acid groups with ethylenediamine (En, H2N–CH2CH2–NH2). Negatively charged SiC 
QDs concentrate inside the cell nuclei. Close to neutrally charged SiC QDs are present in both cytoplasm and nu-
clei while positively charged SiC QDs are present only in the cytoplasm and are not able to move inside the nuclei. 
This effect opens the door for the use of SiC QDs for easy and fast visualization of long-lasting biological pro-
cesses taking place in the cell cytosol or nucleus as well as providing a new long-term cell imaging tool.

The uptake of QDs and its intra-nuclei concentration is dependant to cell proliferation (Fig. 2). This has been 
shown by two different ways, first in healthy cells and second in cancer cells. In healthy SG cells (a human im-
mortalized gingival epithelioid cell line), the labeling is altered by the state of confluence, at confluence the label-
ling is low and absent in the nuclei (c) while it is strong and present in the nuclei when cells divide (a and b). In 
cancer cells HSC-2 (a human oral squamous carcinoma line), that proliferate even at confluence, the labeling is 
not influence by confluence (d, e and f).

Figure 2. Fluorescence  microscopy images  of  SG  and  
HSC-2  cells  labeled by SiC QDs: (a) and (d) low con-
fluence, (b) and (e) intermediate  confluence, (c) and (f) 
total confluence. 

Higher concentrations of SiC QDs and longer exposure time are required to reduce S-G proliferation when com-
pared to both human and murine tumoral cells. The observed differential toxicity of SiC QDs against rapidly di-
viding cancer cells suggests their potential use as antitumoral agents. The precise mechanisms of action of SiC 
QDs in inhibiting cell proliferation are discussed. 

3. CONCLUSIONS
The formed SiC QDs show intense luminescent in visual region, QDs are stable in water solutions and does not 
required supplementary surface functionalisation for bioimaging that is promising for fluorescent labeling of bio-
materials. The studying of health and cancer cells using SiC QDs show that simple modification of surface charge 
of QDs give strong opportunity to target the same QDs in intracellular space with their preferential localisation 
inside or outside the cell nucleus. The uptake of QDs and its intra-nuclei concentration is strongly dependant on
cell proliferation.
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Figure 1.

POROUS SILICON FUNCTIONALIZATION FOR DRUG DELIVERY AND 
BIOSENSING BY IN SITU PEPTIDE NUCLEIC ACID SYNTHESIS
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Figure 3. in situ

Functionalization of PSi Nanoparticles for Delivery of PNA Therpauetics.

in situ

Figure 2

in situ 

Functionalization of a PSi Biosensor.
in situ 

Figure 3
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Figure 1. SEM images of 
(a) PCL Fibers with large 
(150-250 mm) pSi parti-
cles; (b) PCL Fibers with 
small (<45 mm) pSi parti-
cles. Scale bars: (a)= 200 

m; (b) = 100 m.
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Figure 2. FDA uptake by SRA01/04 cells attached to pressed pSi-PCL composites. Images taken 6 h after cell 
seeding; cell nuclei stained with Hoechst 33342 (blue), cell cytoplasm stained with fluorescein (green), all 
scale bars = 100 μm. (A) Unloaded composite; (B) FDA-loaded composite with <40 μm pSi particles showing 
fluorescent cells; (C) FDA-loaded composite with 150-250 μm pSi particles, showing brightly fluorescent 



Silicon quantum dots from porous silicon: properties and applications in bone biology
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Confocal Laser Scanning Microscopy and Microspectroscopy

OC Activity Assay Using SiQD-Impregnated Matrix

Figure 1 – (left) Alkyl-capped silicon quantum dot. (right) Confocal luminescence image of an osteoclast resorbing the 
artificial matrix; the colour scale is a false colour, but is chosen to reflect the approximate true colour of the luminescence. 
The schematic illustrates the assay concept with SiQDs indicated by the orange colour. (Reprinted from ref. 2, with 
permission  from Wiley, VCH).

Conclusions

References

J. Phys.: Condens. Matter 21

Small

Science, 276

Science 276

5. Small,
5  
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SUMMARY

We report on the use of large arrays of porous silicon nanoneedles as sensors of the biochemical environment within 
the cell cytosol. Cell were successfully interfaced with nanoneedles and the sensing elements were able to monitor 
pH and protease activity. 

1. INTRODUCTION

Access to the cytosol opens up the possibility for direct biochemical interaction within the cell, improving the 
efficiency of therapy, electrochemistry and biosensing. Unfortunately (or fortunately) the cell has evolved to 
prevent direct biochemical intracellular interaction with foreign agents, and the strategies developed so far to 
enable it present significant shortcomings. Mainly, most of the methods available lack versatility, as they are 
designed solely to deliver a specific cargo to the cell1. Microinjection on the flipside provides a continuous
interface with the cell granting greater versatility than the other strategy, but it is inherently low throughput and 
not amenable to in vivo conditions. Collectively these strategies are also unsafe, either due to outright cytotoxicity 
or by harming the organism down the line, and have so far a limited ability to select for a specific target area of 
interaction. 

Translating microinjection to the nanoscale, using large arrays of nanoneedles, provides high throughput strategies 
to interface with cells, that also minimize toxicity, while retaining versatility and enabling patterning. Nanoneedles 
can probe excitable cells2, deliver biomolecules and nanoparticles to the cytosol3, and effectively probe the cell’s
biochemical activity4. Here we focus on the fabrication of a class of mesoporous, biodegradable silicon 
nanoneedles5 that can be used to build intracellular biosensors and translate nanoneedle-based diagnostics in vivo
thanks to the biodegradability and elevated biocompatibility of porous silicon6-8. 

2. EXPERIMENTAL RESULTS AND DISCUSSIONS

The nanoneedles were fabricated by combining conventional microfabrication with metal assisted chemical etch to 
obtain conical structures with greater than 5m length and apical diameter smaller than 50 nm (figure 1). A thin 
film of low stress silicon nitride was deposited over a 0.01 Ω cm p-type boron doped Si substrate and was then 
patterned with 600 nm dots at a 2 m pitch.  Selective electroless deposition of Ag from AgNO3 in 10% HF result-
ed in an anti-dot etching mask for metal assisted chemical etch (MACE). An 8 minute MACE process in 10% HF, 
1% H2O2 returned an array of porous silicon pillar with 600 nm diameter and 7 m length interspersed by porous 
silicon nanowires. A final reactive plasma etching step in SF6 gas, shaped the pillars into conical nanoneedles and 
removed the nanowires in between (figure 1).

The nanoneedles were tested for their ability to access the cell cytosol. An 8x8mm nanoneedle chip was placed 
over cells in culture and an acceleration of 100x g was applied for 1 minute in a swinging bucket centrifuge. Con-

Figure 1 Porous Silicon 
Nanoneedles. Scanning
electron micrographs of
porous silicon nanon-
eedles at a 45deg tilt 
angle. The overview (left) 
shows an ordered array of 
functional nanoneedles; 
the close-up (right) illus-
trates the sharpness of the 
tip and the porous struc-
ture. Scale bars 2m left,
200nm right)



focal and scanning electron microscopy of focused ion beam milled sections confirmed that nanoneedles stably 
penetrated the cell cytosol (figure 2). 

The nanoneedles were functionalized to sense intracellular pH and the activity of Cathepsin B.

A pH sensitive fluorophore (Fluorescein Isothiocyanate, FITC) and a pH insensitive reference (Alexafluor 633
Hydroxysuccinimide ester, AF633) were conjugated to (3-Aminopropyl)triethoxysilane (APTES) functionalized 
needles, allowing ratiometric measurements of pH. The nanoneedle sensor was tested in physiologically relevant 
buffers in the range between pH 6 and pH 8. The fluorescence ratio between FITC and AF633 increased linearly in 
the range between pH 6 and pH 8, allowing for calibration of the sensing element (figure 3a).

To sense Cathepsin B activity, a fluorescently labeled peptide substrate (CFKK-TAMRA) was conjugated to the 
nanoneedles. The substrate was conjugated through the sulfhydryl group of the cytstein amino acid to a heterobi-
functional NHS-PEG-Mal spacer attached to the amine group of the APTES modified nanoneedles. The efficiency 
of Cathepsin B at cleaving the substrate and releasing the fluorophore in solution was assessed in physiological 
buffer. An optimal ratio of 5:1 for NHS-PEG-CH3 to NHS-PEG-Mal non-functional PEG was established, requir-
ing the presence of a surfactant, ideally triton or high molecular weight polyvinyl alcohol for efficient cleavage
(figure 3b,c). Once successfully interfaced with cells in culture, the nanoneedles functionalized with FITC, AF633, 
and CFKK-TAMRA were able to sense intracellular pH and Cathepsin B activity..

Figure 3 Sensing pH and CTSB activity in vitro. (a) Fluorescence ratio at 520nm over 640nm for nanoneedles functionalized with FITC and 
AF633 and exposed to 0.1M phosphate buffers of pH ranging between 6 and 8. (b) Residual fluorescence on the nanoneedle chips functional-
ized with CFKK-TAMRA following overnight exposure to CTSB solution in pH 6.2. Control represents the same chip incubated at pH 6.2 in 
the absence of CTSB. Data normalized to control. Ratio at the bottom represent the NHS-PEG-MAL to NHS-PEG-CH3 ratio. 

3. CONCLUSIONS
Here we demonstrated the assembly of a porous silicon based nanoneedle platform capable of sensing the intracel-
lular environment of cells in culture, with the ability to monitor protease activity and intracellular pH.
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Figure 2 Nanoneedles penetrate the cell cyto-
sol. (a) Scanning electron micrograph of OsO4

stained cell penetrated by a nanoneedle. The
cross section is obtained by milling with a
focused beam of Ga ions, and imaged with in-
lens backscattering detector. N indicates the
cell nucleus, while C indicates the cell cytosol. 
Scale bar 200nm (b) laser scanning confocal 
micrograph of the cell membrane (red), nucle-
us (blue) and nanoneedles (green). Nanon-
eedles localise across the cell membrane in
association with the cytosol and the nucleus. 
Scale bar 10 m.
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SUMMARY

Porous silicon nanoparticles (SiNPs) were investigated as antiviral agents for suppression of the infection rate in-
duced by human immunodeficiency virus (HIV) and respiratory syncytial virus (RSV) in vitro. A suppression of 
the viral activity was observed for the SiNP concentration, which were significantly lower than the corresponding 
cytotoxic concentrations. The observed effect is related to an efficient binding of the viruses with SiNPs because 
of non-specific Van-der-Waals interaction. 

1. INTRODUCTION

It is known that some dangerous infection caused by enveloped viruses of human immunodeficiency virus (HIV) 
and respiratory syncytial virus (RSV) have no vaccine or effective antiviral treatment. Recently a lot of studies in 
the field of nanotechnologies are focused on formation and investigation of solid state nanoparticles as antiviral 
agents for life-threatening infections . Silicon nanoparticles (SiNPs) seem to be promising for different biomedical 
applications including antiviral therapy, because of their very low cytotoxicity [1] and biodegradation properties 
[2]. In this work we investigate antiviral activity of SiNPs against both HIV and RSV and discuss the obtained 
results in view of possible application in antiviral treatment.

2. EXPERIMENTAL RESULTS

Aqueous suspensions of SiNPs were fabricated by mechanical grinding of porous silicon (PSi) prepared by elec-
trochemical etching of heavily boron-doped crystalline Silicon wafers. The grinding was done by milling of the 
PSi films in de-ionized water for 30 min under rotation speed of 1000 rpm by using a ball mill machine. The em-
ployed grinding procedure allowed us to obtain SiNPs with sizes varied from about 5 to 50 nm as it is shown in 
Figure 1(a). The inset of Figure 1(a) shows a typical view of the prepared aqueous suspension with SiNP concen-
tration ~0.1 mg/mL. According to the DLS data, the size (diameter) distribution of SiNPs in suspension was char-
acterized by a maximum at 70 nm for de-ionized water, 120 nm for PBS and 110 nm for the media of the cellular 
studies, containing DMEM (see Figure 1(b)). The larger sizes of SiNPs, detected by DLS in comparison with TEM 
data, can be explained by agglomeration of smaller SiNPs. The FTIR data demonstrates that the surface of SiNPs
predominantly covered by oxygen. According to the BET data the specific surface area is estimated to be about 
300 m2 g-1 and 450 m2 g-1 for the PSi film and SiNPs, respectively. The mean pore diameters are 10 nm and 4 nm 
for PSi and SiNPs, respectively. According to the IUPAC notation these pore sizes correspond to mesoporous ma-
terial. The decrease of pore size in SiNPs in comparison with that in PSi can be explained by pronounced oxida-
tion of pore walls during the SiNPs preparation.
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Fig. 1 (a) Transmission electron microscope (TEM) image of SiNPs and an example of the suspension (inset), (b)
DLS data for SiNPs dispersed in water (black curve), PBS (gray curve) or DMEM (dashed curve), (c) pore size 
distribution for the dried film of SiNPs.
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The 50 % cytotoxicity dose, TD50, accounts about 0.8 and 1.4 mg/mL for CEM SS (HIV-1-sensitive cell line T-
lymphoblastoid CEM SS) and MA-104 cells, respectively. The latter values are close to the previously reported 
ones for SiNPs against 3T3NIH [3] and Hep2 [1] cells. 

Figure 2a demonstrates dependences of the infection rate of HIV and RSV on concentration of SiNPs. The meas-
ured 50% effective dose ED50 (which results in 50% inhibition of the infection rate) was 0.08 and 0.005 mg/mL 
for HIV and RSV, respectively. The lower ED50 for RSV can be related to the lower value of TCID50 for the in-
vestigated viruses in comparison with that for HIV. 

Figure 2(b) shows a typical TEM image of RSV virions. The virions are visible as dark spheres with mean diame-
ter of 100 nm. The TEM image of RSV virions with added SiNPs is shown in Figure 2(c), which indicates a 
strong interaction between SiNPs and virions, i.e. the virions are trapped in a network of SiNPs. It is important to 
note, that no free (non-interacted with SiNPs) virions were found in the TEM images of the mixture of SiNPs and 
RSV virions.
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Fig. 2 (a) Dependences of the infection rate of HIV and RSV on the concentration of SiNPs in suspensions. Verti-
cal dashed lines indicate ED50 doses for HIV (red line) and RSV (blue line), respectively, (b) TEM image of RSV 
virions, (c) TEM image of RSV virions after interaction with SiNPs, (d) schematic explanation of the virus deacti-
vation by SiNPs. 

Figure 2(d) shows a schematic view of the suggested interaction between SiNPs and enveloped viruses. First of 
all, the Van-der-Waals interaction between SiNPs and virions results in their sticking. This interaction can be simi-
lar for different viruses because of non-specific attractive interaction between virions and solid nanoparticles [4]. 
Note, that the SiNP-virion aggregates seem to be destroyed easily by additional physical treatments as light expo-
sure or ultrasound irradiation, which will initiate a heating of SiNPs with bound virions. Recently SiNPs have been 
examined as efficient activators (sensitizers) of photothermal effect [5] and ultrasound induced heating [6].

3. CONCLUSIONS
In conclusion, our experiments revealed the effect of binding between SiNPs and virions of HIV and RSV.  The 
viral activity was strongly suppressed due to the interaction with porous SiNPs at concentration about 0.1 mg/mL, 
which is significantly lower than the corresponding cytotoxic concentration. The obtained results demonstrate a 
great potential of SiNPs for applications in antiviral treatment. For example, biocompatible SiNPs can be used for 
antiviral cleaning of water, nutrient solutions, blood and other biologically important liquids. In general, the 
presented results demonstrate new prospects of biomedical applications of silicon nanoparticles.

ACKNOWLEDGEMENTS
The work was partially supported by RFBR (project No. 12-02-31266 mol_a). SiNPs were fabricated by using
equipment of the MSU User Facilities Center.
REFERENCES
1. Osminkina, L. A.; Tamarov, K. P.; Sviridov, A. P.; Galkin, R. A.; Gongalsky, M. B.; Solovyev, V. V.;

Kudryavtsev, A. A.; Timoshenko, V. Yu. J. Biophotonics 2012, 5 (7), 529-535. 
2. Low, S. P.; Voelcker, N. H.; Canham, L. T.; Williams, K. A. Biomaterials 2009, 30, 2873-2880.
3. Timoshenko, V. Yu.; Kudryavtsev, A. A.; Osminkina, L. A.; Vorontsov, A. S.; Ryabchikov, Yu. V.;

Belogookhov, I. A.; Kovalev, D.; Kashkarov, P. K. JETP Lett. 2006, 83(9), 423-426.
4. Lozovski, V.; Tsykhonya, A. J. Opt. Soc. Am. B 2011, 28, 365-371.
5. Hong C.; Lee J.; Zheng H.; Hong S.-S.; Lee C. Nanoscale Research Lett. 2011, 6:321, 1-8.
6. Sviridov A.P.; Andreev V.G.; Ivanova E.M.; Osminkina L.A.; Tamarov K.P.; Timoshenko V. Yu. Appl. Phys.

Lett. 2013, 103, 193110.

(a) (b)

(d)

(c)

20



Tracking and Unravelling the Erosion Mechanism of Nanostructured Porous Si Carriers 
in Neoplastic State

ADI TZUR-BALTER1, MARGARITA BECKERMAN2, NATALIE ARTZI2 AND ESTER SEGAL3,4

1The Inter-Departmental Program of Biotechnology, Technion – Israel Institute of Technology, Haifa 32000, Isra-
el,  2Harvard–MIT Division of Health Sciences and Technology, Massachusetts Institute of Technology, Cam-

bridge, Massachusetts 02139, USA, 3Department of Biotechnology and Food Engineering and the 4Russell Berrie 
Nanotechnology Institute, Technion – Israel Institute of Technology, Haifa 32000, Israel,

esegal@tx.technion.ac.il.

SUMMARY
The effect of tissue microenvironment, in healthy and neoplastic states, on the in vivo degradation of porous Sili-
con (PSi) carriers is studied by intravital tracking of fluorescently tagged microparticles. Under specific conditions 
that mimic physiological oxidative stress in healthy and cancerous tissues, linear correlations between the fluores-
cence and degradation of the material in vitro and in vivo are attained. These correlations allow the assessment of 
in vivo PSi degradation kinetics without the need to sacrifice animals, presenting a generic methodology to infer 
device performance directly from the observed in vivo fluorescence. 

INTRODUCTION

The benefits from localized delivery of therapeutic agents, serve as a driving force for the design and synthesis of 
biomaterials for medical applications. The demands from these materials are high, as they must be biocompatible 
and exert desired therapeutic effect by controlling their structure, morphology and physicochemical properties. 
The design of erodible biomaterials relies on the ability to program in vivo material retention time, which necessi-
tates real-time monitoring of erosion. However, in vivo performance cannot always be predicted by traditional 
determination of in vitro erosion. Loss of material integrity, structure and eventually mass, progress dependently 
over time but are dominated by different environmental forces in vitro and in vivo. Thus, in vivo residence times 
and in vitro durability of degradable materials may differ dramatically, affecting biomaterial performance. Specifi-
cally, the performance of PSi-based drug delivery systems is critically dependent on the degradation behavior of 
the Si scaffold1,2. Most studies have investigated the behavior of these carriers in vitro; however, clinical applica-
tions of these nanomaterials would require establishing clinically relevant in vitro conditions under which one can 
attain similar behavior in the two domains. We have recently shown that the degradation profile of biomaterials in 
vitro and in vivo varies3. In the present work the effect of tissue microenvironment on PSi degradation is studied in 
healthy and neoplastic states. We show that correlation between in vitro and in vivo erosion persists only under 
specific conditions that enable prediction of in vivo erosion from in vitro data. Theses conditions take into consid-
eration local oxidative stress manifested by the tumor microenvironment that enhances silicon degradation com-
pared to healthy state.

RESULTS AND DISCUSSION

Porous Si carriers were prepared by electrochemical etching of highly-doped p-type silicon substrates (at 15
mA/cm2 for 225 s). Following anodization, the resulting porous films were lifted off from the bulk Si substrate, by 
applying an electropolishing current, after which the freestanding films are fractured into micron-size particles by 
ultrasonication with well-defined size distribution4. The resulting particles were chemically-modified by surface 
alkylation with undecylenic acid, followed by fluorophore tagging through covalent attachment of Texas-Red 
Hydrazide (TRH) dye molecules via EDC/sulfo-NHS chemistry.  
In order to provide insight into the effect of the physiological microenvironment and disease state on the erosion of 
the PSi carriers, the in vivo material mass loss was continuous-
ly monitored by intravital tracking of the fluorescently tagged 
microparticles. Figure 1 shows representative in vivo meas-
urements of the fluorescent signal of the TRH-labeled particles 
using the IVIS imaging system, after particle injection into 
healthy and breast cancer tumor bearing mice. Particles inject-
ed intratumorally display significantly higher fluorescent in-
tensity than particles implanted into healthy mammary tissue 
throughout the time-scale of the experiments. 

Figure 1. Fluorescence intensity of TRH-PSi particles injected 
into the mammary tissue of healthy and tumor bearing mice. 



Wu et al. 5 have been demonstrated that the fluorescent intensity of dye molecules attached to the pore walls of PSi 
depends on its oxidation level. We have found that the observed differences in the fluorescence of TRH-PSi parti-
cles injected into healthy and cancerous tissues can be ascribed to the profound differences between the physiolog-
ical microenvironments in terms of their oxidative stress. To study the effect of oxidative stress in vitro, we have 
used 3-morpholinosydnonimine N-ethylcarbamide (SIN-1) to generate physiologically relevant levels of 
peroxynitrite (OONO ), a highly reactive oxygen species (ROS) involved in human carcinogenesis. Interestingly,
only under specific conditions that mimic physiological oxidative stress, one can recapitulate the in vivo conditions 
and attain a linear correlation between the fluorescent signal in vitro and in vivo (Figure 2a,b). 

Figure 2. (a) The fluorescent inten-
sity of TRH-labeled PSi particles
injected intratumorally follows the 
intensity measured in vitro in the 
presence of ROS (R2 = 0.800) and 
(b) The fluorescent intensity of par-
ticles injected into healthy mammary 
fat pad follows the intensity meas-
ured in vitro without ROS (R2 =
0.826). (c) In vitro Si mass loss pro-
files measured by ICP-AES in PBS 
buffers with and without ROS and 
(d) In vivo Si mass loss profiles cal-
culated for healthy and tumor envi-
ronments. 

Si erosion is enhanced in the presence of ROS, resulting in a complete degradation within 10 days. In comparison, 
the erosion profile in PBS depicts a gradual degradation, lasting for ~20 days (Figure 2c). The in vivo Si mass loss 
of the labeled particles is calculated based on the relationship between mass loss (ICP-AES) and fluorescence 
(Figure 2d). These correlations allow the assessment of in vivo Si mass loss without the need to sacrifice animals 
at each time point of the experiments, presenting a generic methodology to infer device performance directly from 
the observed in vivo fluorescence. 

CONCLUSIONS

We present a noninvasive method that enables tracking Si erosion in vivo. Comparison and correlation between in 
vivo and in vitro material mass loss unravels the impact of physiological microenvironment in determining device 
fate. This in turn allows one to engineer material properties to control and predict material in vivo behavior. 
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SUMMARY
Porous Silicon Nanoparticles (pSiNP) were prepared and functionalized one and two-photon photodynamic thera-
py (PDT). 

1. INTRODUCTION
Photodynamic therapy (PDT), a clinical treatment which combines the use of a photosensitive therapeutic and 
light to kill cancer cells, is specially indicated for the local selective destruction of small tumors. In PDT the pho-
tosensitizer irradiated at specific wavelengths converts ground-state molecular oxygen (3O2) to highly cytotoxic 
singlet oxygen (1O2) and other reactive oxygen species (ROS), leading to the destruction of the nearby cells. In 
this field, the use of pSiNP for the vectorization of the photosensitizer is a very promising approach, to enhance 
the selectivity of the photosensitizer for tumoral tissues and concentrate the toxicity at the cancer cells1. Highly 
promising to further increase the efficiency of the treatment is PDT combined with two-photon excitation (TPE) in 
the near infrared (NIR) region. Indeed TPE allows increased tissue penetration compared to one-photon visible 
excitation (OPE). We show that pSiNP functionalized with a classical photosensitizer such as a porphyrin deriva-
tive can be excited by two different mecanisms for imaging and for PDT applications. The porphyrin can be excit-
ed directly with OPE, or the pSiNP can be excited by TPE and transfer its energy to the porphyrin. Grafting of 
mannose targeting moieties, onto the surface of the pSiNP improves the endocytosis pathway through an active 
mechanism.

2. EXPERIMENTAL RESULTS AND DISCUSSIONS

PSiNP were prepared by electrochemical etching of crystalline silicon in ethanolic hydrofluoric acid solution, fol-
lowed by electropolishing of the porous layer. The porous layer was then broken into particles by ultrasonication 
and a series of centrifugation and filtration steps allowed to isolate pSiNP featuring size between 50 and 200 nm.
PSiNP were characterized by SEM, TEM, DLS, XRD and nitrogen adsorption/desorption (fig. 1).

Figure 1 a) TEM and b) SEM images of a pSiNP, scale 
bar = 100 nm; c) size distribution in intensity of the 
pSiNP measured by DLS; d) N2 adsorption/desorption 
isotherm of the pSiNP; e) XRD spectrum of the pSiNP. 

The porphyrin/Mannose/pSiNP systems were prepared by covalently coupling the porphyrin (Porph-NCS), and/or 
the phenyl squarate-mannose (Man) onto the surface of the pSiNP. Immobilization of hydrophilic Porph-NCS onto 
the surface of the pSiNP was achieved in two steps as outlined in scheme 1.b. The pSiNP were first hydrosilylated 
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with an allylamine linker (1.a). Phenyl squarate-mannose, a targeting ligand to membrane lectin on cancer cells, 
was also immobilized onto the surface of the pSiNP-NH2 (1.c). Then functionalization of pSiNP-NH2 with both 
porphyrin-NCS and phenyl squarate-mannose in a one pot reaction was also performed (1.d).
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Scheme 1. Reaction pathway for the covalent bind-
ing of phenyl squarate-mannose and Porph-NCS. a: 
hydrosilylation of the pSiNP with allylamine, b: 
reaction between Porph-NCS and the amine group, 
c: reaction between  phenyl squarate-mannose and 
the amine group, d: one pot reaction between Porph-
NCS, phenyl squarate-mannose and the amine 
group.

The photodynamic efficiency of the various pSiNP-based systems, with and without targeting agent, was evaluated 
in vitro in a monophotonic excitation mode and a two-photon excitation mode. For this experiment, MCF-7 cells 
were incubated for 5 h with free Porph-NCS, pSiNP, pSiNP-Man, pSiNP-Porph-NCS, and pSiNP-Porph-NCS-
Man (fig.2). 

Figure 3 One (a) and Two photon (b) excitation of 
photodynamic effect in vitro of free porphyrin-
NCS (porph-NCS), bare pSiNP (pSiNP), pSiNP 
grafted with phenyl squarate-mannose (pSiNP-
man), pSiNP grafted with porphyrin-NCS (pSiNP-
Porph-NCS), and pSiNP grafted with both 
squarate-mannose and porphyrin-NCS (pSiNP-
Porph-NCS-Man) on MCF-7 cells.

5. CONCLUSIONS
Here we demonstrated the high potential of biodegradable pSiNP functionalized with both a porphyrin photosensi-
tizer and a mannose targeting agent for OPE and TPE fluorescence imaging and PDT in vitro. 
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SUMMARY

We report on the synthesis of a novel Au@Si nanorattle particle, the Quantum Rattle, comprising a mesporous 
silica shell hosting Au nanoparticles within its core and Au clusters within the shell’s mesoporous structure. The Au 
clusters are optically active in the near infrared and paramagnetic, providing suitable contrast agents for photother-
mal therapy, alongside near infrared, photoacustic and magnetic resonance imaging. The silica shells stabilizes the 
hydrophobic Au nanostructures enabling their use in biologically relevant media, and the complex of Au nanostruc-
tures enhances drug loading enabling prolonged release.

1. INTRODUCTION

Combining therapeutic and imaging within the same biologically active agent, opens opportunity for more
effective monitoring of the efficacy of treatment, contributing to the development of personalized medicine.
Bioactive nanoparticles attempt to surpass the paradigm of monofunctional molecular agents by promising the 
integration of multiple materials and molecules, in an attempt to cumulate their functionality into a single agent1.
In this strategy functionality is bestowed by increasing the complexity of synthesis, often at the expense of 
performance. Moreover choices and trade-offs must often occur, as addition of certain functionalities exclude 
others. We propose a holistic approach whereby the agent is designed multifunctional ab initio and exploits
complementary emergent properties which contribute to improve efficacy and versatility of treatment. 

Mesoporous materials, in particular polymeric and mesoporous silicon/silica nanoparticles, have a longstand-
ing history of success as nanoscale agents for delivery of therapeutics2, mostly owing to their elevated biocompati-
bility3 and their high and tunable surface to volume ratio, which allows controlling payload loading2, pharmacoki-
netics4, and biodegradation5.

Similarly, gold is established as a bioinert material that has demonstrated emergent optical properties at the 
nanoscale, which have been successfully translated for therapeutic and diagnostic intervention. Gold nanoshells 
are promising therapeutic agents for photohermal therapy and nanorods are playing a role for near-infrared imag-
ing notwithstanding the potential toxicity arising from their synthetic process. Among gold nanostructures, Au 
clusters (Au quantum dots, Au QDs) with defined atomic number and coordination shell structure can be synthe-
sized to efficiently absorb and emit near-infrared photons, convert photons into heat and to be paramagnetic6. The-
se physical properties could be exploited for therapeutic and imaging purposes, but such alkanethiol-capped Au 
QDs are hydrophobic, toxic and rapidly coalesce in aqueous environments, preventing their use in the biomedical 
milieu.

Here we debut a hybrid Au@Si rattle nanoparticle, the quantum rattle, which comprises a mesoporous silica 
shell hosting Au nanoparticles within its core and Au clusters within the shell’s mesoporous structure. We charac-
terize the optical properties of QRs, suitable for near infrared absorption and photoemission, alongside their para-
magnetic characteristic, and demonstrate their ability to enhance the loading and prolong the release of a model 
drug.  We evaluate their dispersibility in aqueous environment and asses their cytocompatibility, to show that QR 
are a suitable multifunctional therapeutic and imaging agent.

2. EXPERIMENTAL RESULTS AND DISCUSSIONS
Quantum rattles were synthesized starting from a mesporous silica shell, according to a dual template protocol we 
recently established7. A 100nm polystyrene particles acted as template for the inner core cavity, while CTAB tem-
plate the mesoporous structure. A total of 3.2g of CTAB dissolved in 100ml of H2O was added to 17.5 g of poly-
styrene nanoparticles in 500ml of H2O, 200ml of Ethanol and 7.5g of ammonia and allowed to equilibrate for 45 
min. A total of 5.4 g of tetraethyl orthosilicate (TEOS) was added dropwise to the solution and allowed to react for 
1h. The particles were collected by centrifugation at 8000 rpm for 60 min, and the resulting material calcined for a 
total of 7h at a maximum temperature of 550 OC. Infusing the silica shells with ghloro(triphenylphospine) gold (I) 
salt yielded the QRs. A total of 45 mM of gold salt was infudes into 100 mg of silica suspended in chloroform, and 
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incubated overnight at room temperature. A total of 90nM of octanethiol capping agent was added to the suspen-
sion and incubated for 20 minutes. Addition of 9mM borane tert-butylamine  in 15ml of chloroform induced Au 
reduction while stirring at 60 OC for 1 hour. The QRs were purified from AuNPs formed outside the silica by suc-
cessive rounds of centrifugation and phase separation in diethyl ether, and allowed to dry at room temperature 
(figure 1).

The quantum rattles obtained through this synthetic strategy showed extinction peaks at 411nm and 670nm 
(figure 2a). The 670nm peak excited a near-infrared emission mode at 840nm and induced increase in local tem-
perature when excited with a 762nm laser (Figure 2b). These behaviors are characteristic of alkanethiol capped Au 
QDs with 25 atoms or less, and are attributable to HOMO-LUMO molecular-like transitions. Further, several dif-
ferent and contradicting magnetic behaviors have been associated with Au QDs, depending on their capping nature 
and oxidation state, but the ones hosted within the QRs were paramagnetic with saturation magnetic moment of 
6554 µB per particle (Figure 2c). 

When loading the quantum rattles with doxorubicin we observed a loading concentration dependent enhanced 
drug loading of 15.5% w/w compared to the silica shells (2.4% w/w). While silica shells adsorption potential satu-
rated at 0.25 mg/ml DOX, the adsorption potential of QR was still increasing at 0.5 mg/ml (Figure 2d).. The re-
lease of doxorubicin from hollow silica was sustained for just 4h, compared to a 12h release provided by the quan-
tum rattles 

The QRs were suspended at 1mg/ml concentration in H2O by sonication, forming a stable colloidal dispersion 
with 170nm average diameter and polydispersity index 0.153 as measured by dynamic light scattering. The bio-
compatibility of such particles was tested with HeLa cells in culture, showing no decrease in cell metabolism or 
cell growth for concentrations up to 106 particles per cell.

3. CONCLUSIONS
We have synthesized a novel Au@Si rattle-like structure that promises to leverage the physical properties of Au-
QDs in the biological milieu by stabilizing them within a mesoporous silica matrix, which bestows them improved 
biocompatibility and stability in biological media. 
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Figure 1. The Quantum Rattle. Transmission 
electron micrographs of (a) a collection of quan-
tum rattles embedded in resin and ultrami-
crotomed in 100nm thick sections, showing uni-
form size and presence of AuNPs across the 
population of QRs, and (b) the mesoporous shell 
of the quantum rattles hosting multiple gold 
quantum dots, indicated by red arrows. Scale 
bars (a) 200nm, (b) 20 nm

Figure 2. Quantum Rattles characterization. (a) Comparison between the uv-extinction spectra of quantum rattles (QR, 
red), hollow silica (HS, blue), and AuNPs synthesized in the same conditions as the QR (AuNPs, black). QRs show an 
absorption peak at 670nm. (b) Comparison between emission spectra under excitation at 670nm for QR, HS and AuNPs, 
showing QR fluorescence at 840nm. (c) comparison between magnetic moment of QR and HS. (d) comparison between 
loading efficiency of QRs and HS.
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SUMMARY

SERS is a powerful vibrational spectroscopy technique that allows to reach the single molecule sensitivity through 
the amplification of electromagnetic field generated by the localized surface plasmons excitation of gold or silver 
nanostructures. SERS have been widely applied to materials science, biophysics and medical diagnostics, showing 
interesting applications concerning specific detection of different biomolecules such as peptides, whole proteins, 
oligonucletides and even cells [1].  

Rapid and sensitive detection of microRNA (miRNA) is essential to evaluate the pattern of miRNA expression that 
varies across normal and diseased states. Herein, we present a protocol aimed to the immobilization of thiolated 
cDNA oligonucleotides able to hybridize with complementary miRNA sequences on plasmonic metal-dielectric 
nanostructures consisting of silvered nanoparticles sticked on porous silicon substrates. These sensing platforms 
were successfully tested as efficient SERS substrates for the detection of other biomolecules [2] so that they could 
be considered a promising tool for miRNA expression analysis.

1. INTRODUCTION

In the last decade, it has been shown that efficient, reproducible and uniform SERS-active substrates can be syn-
thesized on large area using porous silicon as reactive surface. Silver nanoparticles are obtained by immersion of 
porous silicon in silver nitrate solution where a redox process involves silver cations with the hydrides covered 
surface. Localized plasmon resonance (LPR) of this nanostructures can be tuned using the synthesis parameters, 
such as dipping time, temperature, salt concentration and so on and so the excitation wavelength can match the 
LPR. Silvered porous silicon (Ag/pSi) substrates show that densely packed silver crystallites give extremely high 
surface enhancement of the Raman signal and recently, in resonant condition, single molecule detection was 
achieved [3]. 

The aim of this work is the detection of miRNA, consisting of small (18 to 24 nucleotides) non-coding single-
stranded sequences that are of great relevance in gene regulation affecting process such as cell proliferation, cell 
death and oncogenesis. The recognized roles of miRNAs suggest that some miRNA or pattern of miRNA can be 
used as biomarker for early cancer diagnosis [4].  

Herein we optimized the synthesis of Ag/pSi and the protocol for the  thiolated cDNA oligonucletides immobiliza-
tion on silver nanoparticles. The successful binding of -SH terminated cDNA on Ag/pSi was checked by SERS 
measurements and confirmed by ELISA analysis performed on flat Ag silicon substrates functionalized with the 
same protocols and promising results were observed in preliminary tests of cDNA-miRNA hybridization.  

Figure 1. FE-SEM viewgraphs of functionalized SERS substrates. Ag/pSi substrates were incubated overnight at 
room temperature in TE-tween buffer (10mM Tris, 1mM EDTA, 0.05% TWEEN 20®, pH 7.5) (a); substrates were 
subsequently incubated overnight in SSC buffer (saline sodium citrate 4X, 0.1% SDS, pH 7.2 at 65°C) (b) and 
finally rinsed in ddH2O to remove salts (c).  
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Figure 2. SERS spectra concerning with the detection of cDNA-miRNA (corresponding to the sequence of mature 
MiR-222) hybridization on Ag/pSi. 

2. EXPERIMENTAL RESULTS AND DISCUSSIONS

Ag/pSi substrates were synthesized through the impregnation of porous silicon layers in silver nitrate solutions. 
Several thicknesses and porosity of porous silicon layers are tested in order to check the mechanical compatibility 
of substrates with the experimental parameters of the biological protocol. The optimized samples were synthesized
by immersion plating of porous silicon (5s 100mA/cm2) in silver nitrate aqueous solution (60s 10-2 M AgNO3 so-
lution at 50°C). The Ag/pSi substrates were pre-wet in TE-TWEEN 20® (10mM Tris, 1mM EDTA, 0.05% 
TWEEN 20®, pH 7.5, 5minutes). The cDNA-SH probes were reduced in dithiothreitol solution (100mM DTT in 
100mM sodium phosphate, pH 8.0) and pre-treatment at 95°C to promote oligo uncoiling, followed by a rapid 
cooling in an ice bath [5]. To reduce the unspecific binding of miRNA sequences, the cDNA probes were co-
immobilized (overnight incubation, room temperature) on SERS substrate with different blocking agents/spacers 
(1mM cysteine, 0.1% BSA, 1mM 6-mercapto-1-exanol, 1mM (11-mercaptoundecyl)tetra(ethylene glycol)) in TE 
buffer. After overnight incubation, the excess of cDNA unspecifically bound to the Ag/pSi substrate was removed 
by several rinsing with TE-TWEEN 20® buffer. After this, the substrates were washed with SCC buffer ( saline 
sodium citrate 4X, 0.1% SDS, pH 7.2) and then they were incubated in miRNA labeled with cyanine 5 (miRNA-
cy5) re-suspended in the same buffer (SCC buffer) at 65°C for 5 minutes. Finally, the Ag/pSi were washed in SSC 
buffer and in distilled water to remove the unspecific binding (Fig.1).  

SERS spectra of miRNA-cy5 oligos before and after hybridization with cDNA were characterized by the vibra-
tional fingerprint of cyanine 5 dye conjugated to the miRNA sequences (Fig.2). The correlation factor of SERS 
spectra (a factor that shows the degree of reproducibility [5]) is higher in the samples co-immobilized before the 
hybridization, than in those incubated without spacers/blocking agents. These experiments demonstrated that the 
blocking agents/spacers optimized the specificity/selectivity of miRNA-cDNA binding verifying the miRNA hy-
bridization by SERS analysis. 

5. CONCLUSIONS
We synthesized SERS-active substrates on mesoporous silicon by immersion plating to obtain Ag/pSi sensing 
surface optimized for cDNA immobilization. Then, we developed a biological protocol to study the interaction 
between cDNA probes and complementary miRNA sequences on Ag/pSi.  
Promising results have been obtained using blocking agents/spacers in a cDNA co-immobilization protocol and 
preliminary investigations verified the hybridization events.
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Summary
The sensitivity of the proton pump inhibitor (PPI) lansoprazole to acid-induced degradation under even weak 
acidic conditions has been utilised as a potential method for the analysis of the chemical reactivity of 
mesoporous silicon (pSi) and mesoporous silica (pSiO2) surfaces. This method can be used to quantitatively 
assess the silicon hydride content (FTIR analysis) of oxidised pSi when compared to as-anodised pSi; and the 
sensitivity of the method to silicon hydride content can be ‘tuned’ depending upon the nature of the solvent used 
in sample preparation. In extreme situations (as-etched pSi microparticles) more than 75% degradation is 
observed within 2 hours of storage. With optimum silica pore wall surface passivation, degradation values 
below 1% should be attainable. 

Introduction
Mesoporous silicon is under pre-clinical evaluation for drug delivery (1). Pharmacopoeia requirements for drug 
formulations include minimal active modification over long term storage (e.g. <5% over 6 months). HPLC is a 
preferred standard method for monitoring drug stability.

As a model probe drug we have chosen Lansoprazole; a member of the PPI family of drug molecules. 
Lansoprazole is a substituted 2-(2-pyridylmethyl) sulfinyl benzimidazole molecule, used as a PPI in the 
inhibition of gastric acid secretion. In comparison to other PPI molecules of similar structure, such as 
omeprazole or pantoprazole, lansoprazole shows a lower overall stability, with especially high sensitivity to 
proton attack at the sulfoxide group under weak acidic conditions (2-3). As a result of prolonged exposure to 
acidic conditions, the lansoprazole molecules degrade via several pathways to form a complex mixture of small 
molecules. 

As-anodised porous silicon contains a high concentration of silicon hydride bonds at its surface (4) which act as 
a reducing agent when in contact with the lansoprazole molecule. This reducing activity occurs as a function of 
the hydride content of the chosen material, and the proportion of lansoprazole within the mixture which is 
degraded as a result of interaction with the surface can be used as a direct measurement of the chemical 
reactivity of the sample. 

Experimental and Results
Mesoporous silicon microparticles (297m2/g, 70% porosity, <75μm particles) were fabricated via anodisation of 
p+ wafers and milling of the resulting membranes.

Lansoprazole is separated from its associated degradation products according to the RP-HPLC method described 
in the USP (5) for this molecule. The reversed phase method is performed using an Agilent 1200R series HPLC 
system and a C18 bonded stationary phase. The relatively high hydrophobicity of this column allows for 
efficient separation of the intact molecule from its degradation products on the basis of the differing strengths of 
interaction between molecule and stationary phase. The mobile phase is run through the column at 0.8mL/min 
on a linear gradient of increasing organic modifier; the stronger the interaction between analyte and stationary 
phase, the higher the organic content required for desorption and consequently, the longer the elution time (6). 

Small volume aliquots of 10mg/mL lansoprazole in methanol were incubated with differing masses of as-
anodised pSi over 2 hours at 27°C; after which time the samples were filtered and diluted by a factor of 50 prior 
to analysis via RP-HPLC at an injection volume of 20μL. The proportion of degraded lansoprazole was found to 
have a linear relationship with the mass of as-anodised material included in the reaction mixture. When 
incubated with a 20mg sample of commercially available mesoporous silica (Davisil, 60Å), no change (< 0.01%
degradation) in lansoprazole stability was seen.
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Where the lansoprazole methanol solution was incubated with samples of thermally passivated pSi, the 
proportion of lansoprazole degradation was seen to decrease in inverse proportion to the temperature used to
passivate the silicon skeleton over the range 500-800oC.

When incubated with 20mg of as-anodised pSi, the lansoprazole-methanol solution showed a maximum 
degradation of 30%. This sensitivity to the reducing activity of the silicon surface is a limiting factor in the 
assessment of surface reactivity.

The activity of the as-anodised materials was therefore assessed in different lansoprazole-organic solvent 
mixtures in order to determine if this hydride-sensitivity could be improved. Where the samples were prepared 
in acetonitrile, the proportion of lansoprazole which degraded as a direct result of interaction with the surface 
was increased to 80%. Assessment of the lansoprazole-acetonitrile solution with differing masses of as-anodised 
material also showed a linear relationship between sample mass and lansoprazole degradation, with a small level 
of degradation (+1.2%) seen where the solution was incubated with commercially available pSiO2 (DaviSil) 
containing negligible levels of silicon hydride bonds. 

Figure 1 – Showing changes in lansoprazole stability as a result of incubation with porous silica and as 
anodised porous silicon when in methanol or acetonitrile based solutions

Conclusions
Lansoprazole can be used as a probe molecule for the assessment of porous silicon surface reactivity with drug 
molecules. The degradation of lansoprazole is seen to be directly proportional to the mass of as-anodised porous 
silicon present in the sample and the sensitivity of the method to Si-H bonds can be increased three-fold by 
changing the sample preparation mixture to an acetonitrile-based solution. This assay is a sensitive tool in 
optimising mesoporous silicon passivation processes for storage of low stability drugs such as proteins and 
peptides. 
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SUMMARY
Human Aortic Endothelial Cells (HAEC) play a key role in the pathogenesis of atherosclerosis, which is a com-
mon, progressive and multifactorial disease that is the clinical endpoint of an inflammatory process and endotheli-
al dysfunction. Study and development of new therapies against cardiovascular disease must be tested in vitro cell 
models, prior to be evaluated in vivo. To this aim, new cell culture platforms are developed that allow cells to 
grow and respond to their environment in a more realistic manner. In this work, the cell adhesion and morphology 
of HAEC are investigated on functionalized porous silicon (PSi) substrates with two different pore size configura-
tions: macroporous and nanoporous silicon. Results show that different pore geometries induced different cellular 
response in the cell morphology and adhesion.

1. INTRODUCTION

The properties of porous silicon (PSi) make it an interesting material for biological application. PSi is biodegrada-
ble and it dissolves into nontoxic silicic acid. The dissolution rate depends on the pore geometry tuned and surface 
modification and it grows as the pore size increases. The pore diameter can be controlled and, a variety of pore 
sizes can be produced and the high surface are can be loaded with a range of bioactive species. For all this, PSi has 
been proposed and used for in vitro and in vivo biological applications.1-2 Substrate topography affects cell func-
tions, such as adhesion, proliferation, migration and differentiation.3 Here, we reported the cell adhesion and cell 
morphology of Human Aortic Endothelial Cells (HAEC) on macro- and nanoporous silicon functionalized sub-
strates. The interactions between cells and Si substrates have been characterized by environmental scanning elec-
tron microscopy (ESEM) and the results show the effect of the surface topography on the HAEC behavior com-
pared to the flat silicon. This study demonstrates potential applications of these forms of silicon for controlling cell 
development in tissues engineering as well as in basic cell biology research. 

2. EXPERIMENTAL RESULTS AND DISCUSSIONS

Boron-doped p 100 silicon wafers with a resistivity of 0.001-0.002 ohm-cm were used for etching Nanoporous 
Silicon (NanPSi). Silicon wafers with a resistivity of 10-20 ohm-cm were used for Macroporous Silicon (MacPSi). 
All PSi were prepared using an anodization process in a custom-made teflon etching cell. An electrolyte formed by 
combining hydrofluoric acid (HF 48%) with ethanol and glycerol with the ratio of 3:7:1 (v:v) respectively, was 
used for the anodization of NanPSi and an electrolyte of hydrofluoric acid (40%) in N,N dimethylformamide 
(DMF) (1:10) was made for MacPSi etching. For NanPSi, the wafer was etched with a current density of 
60mA/cm2 for 1 min. MacPSi was etched with a current density of 4 mA/cm2 for 30 min. Then the samples were 
rinsed with pentane and dried under a stream of nitrogen. Macro- and nanoporous silicon samples were morpho-
logically characterized by ESEM-FEI Quanta 600. Porous silicon surfaces were functionalized with (3-
aminopropyl)trietoxysilane (APTES) after an oxidation at 600 C for 15 min. Then, samples were treated at 121 
C during 15 min for sterilization, and they were individually placed into single wells of a 12-well plate. The 

HAEC were seeded in complete cell culture medium and were growth at 37 C in a humidified incubator with at-
mosphere containing 5% CO2, and the culture medium was replaced frequently with fresh medium. Figure 1 
shows the ESEM pictures of HAEC cultured on functionalized flat Si and NanPSi after 48 h incubation in com-
plete medium. The images reveal significant cell adhesion and flattened cell morphology similar in both sub-
strates. The development of the filopodia at the cells borders is visible in the case of porous silicon (Fig. 1c). The 
results obtained on MacPSi (Figure 2) indicate the effect of the surface in the cell adhesion and spreading, com-
pare to flat Si. The cell migration after 48 h incubation on macroporous results in 2-D and 3-D movement of the 
HAEC, while the cells on flat silicon show only 2-D migration behaviors. The development of filopodia is visible 
and, these protrusions penetrate into the pores (figure 2). This experimental shows the effect of the pore geometry 
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on the HAEC behavior on Si substrates. Different structures of PSi induced different cellular response in terms of 
adhesion and morphology.

a b c

100 m 100 m 40 m

Figure 1. ESEM images of HAECs cultured on functionalized Flat Si (a) and NanPSi (b-c) substrates after 48 h incubation in cell medium.

Figure 2. ESEM images of HAECs cultured on functionalized MacPSi substrates after 48 h incubation in cell medium.

5. CONCLUSIONS

The cell adhesion and morphology of HAEC on two different silicon substrates with pore size in the macro and 
nanoporous range were investigated. Results show that different pore geometries induced different cellular re-
sponse in terms of adhesion and morphology. MacPSi and NanPSi are promising substrates for developing new 
3D cell culture platforms with applications in tissues engineering as well as in basic cell biology research.. 
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SUMMARY

Biomaterial applications of silicon nanotubes (Si NTs) require the development of practical routes to loading their
tubular interior as well as functionalization of the outer surface. In this presentation, we demonstrate examples of 
each by (1) the incorporation of superparamagnetic iron oxide nanoparticles  (Fe3O4 NPs; 4,8, and 10 nm average 
diameter) into Si NTs possessing different wall thicknesses as well as (2) attachment of fluorescent probe molecules
fluorescein isothiocyanate (FITC, green) and Alexa Fluor 594 NHS ester (red). The loading of Fe3O4 NPs into these 
nanotubes provides possible evaluation for its use in magnetic-assisted drug delivery; nanotube surface functionali-
zation opens new opportunities for concomitant fluorescent imaging and/or attachment of probes for cellular recog-
nition specificity. In addition to structural characterization by electron microscopies (SEM, TEM), relaxivity meas-
urements are reported for the Fe3O4 NP-loaded Si NTs as well as confocal fluorescent imaging for the surface-
modified structures. 

1. INTRODUCTION
Nanostructured silicon, primarily mesoporous Si (pSi) commonly prepared from anodization of single 

crystal Si, is being extensively investigated for its use in biosensing1 or as a therapeutic biomaterial.2,3  An alterna-
tive morphology worthy of consideration for this type of application is silicon nanotubes (Si NTs). While earlier 
research focus on Si NTs has been in the area of battery storage4 and related energy applications,5 Si NTs possess 
several fundamental properties that highlight possible utility as a drug delivery vehicle. These include tunable in-
ner and outer diameter, diverse surface functionalization opportunities, along with novel porous sidewall morphol-
ogies capable of nanoscale infiltration, release, and dissolution.6

One avenue of controlled drug delivery well suited to the properties of such nanotubes concerns the use 
of magnetic nanoparticles to direct the spatial location for eventual delivery of a targeted therapeutic. Alternative-
ly, such nanoparticles have also been investigated for use as magnetic resonance imaging (MRI) contrast agents. In 
this work, we describe the the infiltration of superparamagnetic iron oxide nanoparticles of different sizes into Si 
NTs of different wall thickness, including one with a 10 nm thick porous sidewall. In addition, prodrug delivery 
approaches or antibody-based therapies mandate the use of surface functionalization of the nanotube. Therefore we 
describe routes based on the use of silicon alkoxide reagents to act as coupling moieties for the attachment of fluo-
rescent probe molecules. The latter also potentially serve as an opportunity for these Si NTs to serve as bimodal 
imaging modalities in vitro or in vivo. 

2. EXPERIMENTAL RESULTS AND DISCUSSION

For these investigations, Si NTs are fabricated by a sacrificial 
template method reported previously by our research group.6 It involves 
the initial formation of ZnO nanowire array templates, followed by Si 
deposition (ca. 530-580oC), and subsequent template removal by a 
NH3/HCl etch. We focus here on two extremes, porous Si NTs (present 
when the Si wall thickness is 10 nm wall thickness or less, Figure 1)
along with continuous Si NTs with relatively more thick sidewalls (40 
nm or 70 nm).  

Loading of the Si NTs with Fe3O4 NPs is readily achieved by 
initial removal of the Si NTs film from the underlying substrate (such as 
FTO glass) and placing it face down on top of a Nd magnet with a piece 
of filter paper in between. Fe3O4 NPs (oleic acid terminated, hexane 
solution) are added dropwise, followed by rinsing the sample with ace-
tone several times, and allowed to air dry.

Figure 2 shows TEM images of Si NTs with different wall thicknesses (10, 40, and 80 nm) loaded with 
Fe3O4 NPs of 4 nm diameter. Thus far we have successfully infiltrated Fe3O4 NPs of 4, 8, and 10 nm diameter 
into these nanotubes. Dense packing of the magnetite nanoparticles is readily achieved; the porous character of the 
Si NTs with 10 nm thick sidewalls demonstrates a slightly different morphology, as it is possible for some Fe3O4

Figure 1. 10 nm wall thickness 
porous Si NTs

Figure 1. TEM image of porous Si NTs 
with 10 nm thick sidewalls (scale bar = 
20 nm)

23



NPs to diffuse onto the outer nanotube surface. All infiltrated nanotubes can be manipulated with a simple Nd 
magnet (Fig 2d).

Si NTs loaded with Fe3O4 NPs can also in principle be used as a MRI imaging contrast agent. Relaxivity 
measurements (Bruker mq60 Minispec) recorded on Si NTs loaded with 10 nm Fe3O4 NPs possess a T1=5400 ms 
and T2=3000 ms; for Si NTs loaded with 5 nm Fe3O4 NPs. T1 of 3980 ms and T2=3000 ms are obtained. Those 
times are longer compared with Fe3O4 NPs in solution (for 5 nm Fe3O4 NPs T1=172 msec and T2=75.8 msec). 

Figure 2. Si NTs loaded with 4 nm Fe3O4 NPs. a) 40 nm shell thickness. b) 80 nm shell thickness. c) 10 nm shell 
thickness. d) Si NTs manipulated with a magnetic field.

We have subsequently developed a route to fluorescent-labeling of these Fe3O4 NP-loaded Si NTs. The 
Si NTs were first oxidized at 500 °C in air for 2 hrs, followed by immersion of the nanotubes in 1% (3-
aminopropyl)triethoxysilane (APTES) solution (4 hrs), rinsing with DI water and finally blown dry with N2. This 
sample was then immersed in a 5 mM aqueous fluorescein isothiocyanate (FITC) solution overnight at 4 °C, rinsed 
with DI water and allowed to air dry at room temperature. Functionalization with Alexa Fluor 594 NHS ester is 
performed in a similar manner. 

These fluorescently-labeled Si NTs were analyzed by confocal fluorescence microscopy. Si NTs with 
small wall thicknesses (20 nm or less) present the relatively strongest emission intensity, presumably a conse-
quence of the higher surface area of those nanotubes. The morphology present in the confocal fluorescent image of 
Fig 3b (Si NTs functionalized with with Alexa Fluor 594 NHS) is consistent with that provided by SEM (Fig 3A). 
Similar results are obtained with FITC attached to the Si NT surface. 

Figure 3. a) SEM of Si NTs (FEI XL-30); b) Confocal image of Si NTs functionalized with Alexa Fluor 594 NHS 
ester. b) Tilted view of Si NTs functionalized with Alexa Fluor 594 ester.

CONCLUSIONS
Facile routes to the incorporation of superparamagnetic iron oxide nanoparticles into Si NTs have been developed. 
The utility of such materials in drug delivery and/or imaging is enhanced by the ability to add targeted functional 
moieties such fluorescent probes to the nanotube surface. Detailed investigations of the fundamental magnetic 
properties and in vitro activity of these loaded Si NTs are underway.
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SUMMARY
Biomaterial applications of nanostructured porous silicon (pSi) exploit its ability to be resorbed in vitro /in 

vivo in a non-toxic manner, its diverse range of surface functionalities, and its high surface area. Due to the relative 
ease of processing, pSi derived from the stain-etch method is an appealing candidate for use in such applications. 
Here we show the biocompatibility and high-affinity membrane interaction of surface oxidized, metal-assisted stain-
etched mesoporous silicon (MASE pSi) microparticles with human embryonic kidney (HEK293) cells, suggesting 
the possibility of using such material for targeted transfection and drug delivery.

1. INTRODUCTION
There is a growing need for efficient, biocompatible delivery methods to transport therapeutic genetic 

material and drugs to specific sites in the body. For the former goal, the successful delivery of genetic material (e.g., 
DNA, RNA, and oligonucleotides) to cells is a critical step for gene therapy1. Nanoscale porous silicon materials
offer advantages over traditional viral transfection vectors as a consequence of their broadly tunable range of 
porosities, established surface modification protocols, and high surface area-to-volume ratio. 

Whilst anodization of silicon wafers remains the most common preparative method for pSi formation, low 
cost/high throughput production makes stain-etching of metallurgical-grade silicon powder a practical alternative2.
Surface oxidation of stain-etch derived pSi provides ample sites for further functionalization and electrostatic 
coupling, as well as high bioavailability as demonstrated by in vitro and in vivo studies of similar materials3. In this 
work, we modified MASE pSi microparticles using an aminosilanization route and developed an efficient protocol 
for fluorescent labeling with a fluorescein derivative. This material was then subjected to a novel dispersion method 
yielding the optimum concentration for in vitro studies. Upon addition to HEK293 cells, we observed no significant 
cytotoxicity and a high affinity interaction between the modified microparticles and the cell surface. 
Immunofluorescence staining of the cytoskeleton of HEK293 cells and confocal imaging revealed adsorption of 
fluorescently labeled MASE pSi microparticles onto the cell membrane. 

2. RESULTS AND DISCUSSION
MASE pSi microparticles [356m2/g BET surface area, 0.292ml/g pore volume, 3.5nm-4.7nm average pore 

diameter; D10=0.7μm, D50=2.2μm, D90=8.9μm] were prepared from metallurgical-grade silicon powder, by a
previously reported procedure2; the microparticles were surface oxidized by static annealing in air at 800oC for 1hr. 
MASE pSi microparticles are highly-compatible with HEK293 cells, as demonstrated by a Trypan blue exclusion 
assay (Fig 1). Cells treated with increasing concentrations [mg/mL] of unconjugated microparticles demonstrated no
significant increase in cell death up to 96hrs after treatment (Fig 1).

Figure 1 | Cytocompatibility of 
MASE pSi microparticles. Cell-only 
control (no pSi) is included as a 
reference. (error bars represent 
standard deviations) 
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The results indicate biocompatibility of MASE PSi
microparticles at concentrations utilized. Next, we 
investigated the nature of the interaction between 
fluorescently-labeled MASE pSi microparticles and 
HEK293 cells. Sterilized microparticles were conjugated 
with (3-aminopropyl)triethoxysilane followed by the 
fluorescein derivative fluorescein isothiocyanate (FITC) 
[λex= 490nm, λem= 525nm]. We developed a dispersion 
method that yielded an optimum concentration of 
microparticles for visualization via confocal microscopy. 
FITC-conjugated MASE pSi microparticles were subjected 
to sonication and centrifugation in cell culture medium. 
Suspended microparticles isolated from the supernatant 
were then added to cells and allowed to incubate at 37°C 
for 48hrs prior to visualization. FITC-conjugated MASE 
pSi microparticles demonstrated high-affinity for HEK293
cells (Fig 2) Microparticles appeared to assemble along the
outer leaflet of the cell membrane, however higher 
magnification and cell labeling was needed to confirm this
interaction (Fig 3). 

Lastly, indirect immunofluorescence staining of 
HEK293 cytoskeletal components allowed for highly 
accurate visualization of cell morphology and size. The 
cell boundaries can clearly be seen (Fig 3a & b). HEK293
cells were stained for the cytoskeletal protein beta-actin 
using monoclonal anti-actin mouse IgG antibody and 
Alexa Fluor 546 goat anti-mouse IgG secondary antibody 
[λex= 556nm, λem= 573nm]. Following sterilization and 
dispersion, FITC-labeled MASE pSi microparticles were 
added to cells and observed with confocal microscopy after 
48hr incubation. Again, we observed a high-affinity 
interaction between the cell membrane and the FITC-
conjugated microparticles (Fig 3a). Three dimensional

renderings of single cells show adsorption of microparticles onto the outer leaflet of the cell membrane (Fig 3b). 

3. CONCLUSIONS
Thermally-oxidized mesoporous silicon microparticles represent a practical alternative to traditional 

delivery methods due to their biocompatibility, surface reactivity, and high surface area-to-volume ratio. Metal-
assisted stain etching as a porosification method is an appealing alternative to anodization because of simplicity and 
relatively lower cost of production. We have demonstrated the ability of MASE pSi microparticles to absorb onto
the membrane of HEK293 cells with high-affinity. The microparticles have are non-toxic and have minimal effect 
on cell proliferation. These findings suggest the possibility of employing MASE pSi microparticles for targeted drug 
delivery. We intend to investigate the ability of MASE pSi micro/nanoparticles to increase transfection efficiency.   
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FFigure 2 | FITC-conjugated MASE pSi microparticles 
demonstrate high-affinity for HEK293 cells as 
visualized by confocal microscopy. (aa) Arrows indicate 
areas where microparticles coat the cell membrane. 
(bb) High magnification shows microparticles cluster 
along the cell membrane. 
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Figure 3 | (aa) Two dimensional image of actin 
immunofluorescence stained HEK293 cells with FITC-
conjugated MASE pSi microparticles (bb) Three-
dimensional Z-stack rendering shows adsorption of 
FITC-labeled microparticles onto the membrane of an 
actin-labeled HEK293 cell (Arrows indicate regions 
where absorption can be clearly observed) 
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SUMMARY

In this report, we employ surface-initiated atom transfer radical polymerization (SI-ATRP) to graft a thermo-
responsive polymer, namely, poly(N-isopropylacrylamide) (PNIPAM) from porous silicon (pSi) films to produce a 
stimulus-responsive inorganic-organic composite material. We then use this material to culture cells above the tran-
sition temperature of the grafted polymer and cause the release of the cells from the surface by simply incubating 
them at temperatures below the transition temperature.

1. INTRODUCTION

pSi is a biocompatible and biodegradable material. It is easy to functionalize and it is also possible to easily tune 
the material parameters such as pore diameters and porous layer depth.1 Furthermore, a major advantage of pSi is 
that the dissolution of the porous layer in aqueous media (forming non-toxic products) can be easily controlled 
using simple surface modifications. As a result, this material has been extensively researched in biomedical areas 
such as drug delivery2,3 and cell and tissue engineering.4 pSi has already found applications in cell and tissue engi-
neering as the simplicity of tuning and functionalizing the nanostructured surface provides good versatility for cell 
growth while the control over the dissolution rate is ideal for in vivo applications. Additionally, it may also be pos-
sible to exploit the porous layer for the delivery of growth factors or other materials directly to the cells.

PNIPAM is a well studied thermo-responsive polymer which has a lower critical solution temperature (LCST) in a 
physiologically relevant range (32 – 35 °C). At the LCST, the polymer undergoes a reversible transition from an 
extended hydrophilic coil to a more hydrophobic collapsed globule (on heating). Of particular interest for of cell 
and tissue engineering purposes, is the fact that when attached to/deposited on a surface, PNIPAM confers reversi-
ble change of wettability to the interface. PNIPAM coated surfaces have been shown to promote the adhesion of 
cells above the LCST and release them on lowering the temperature.5,6

Herein, pSi films grafted with PNIPAM were prepared using SI-ATRP to graft the PNIPAM films from the sur-
face. The influence of PNIPAM layer thickness, crosslinking of the PNIPAM layer and the pSi pore size on the 
neuroblastoma cell adhesion and release was investigated.

2. EXPERIMENTAL RESULTS

Surface Fabrication: The pSi films were prepared by electrochemical anodization using a 24 % HF in ethanol so-
lution. The silicon surface was anodized using a current densities of 56.6 mA cm-1 for 128 seconds, or 5.65 mA 
cm-1 for 1800 seconds to obtain pores of approximately 50 – 90 nm or 22 – 33 nm respectively. Surface functional-
ization was performed as previously reported. After anodization, the pSi films were thermally hydrosilylated with 
undecylenic alcohol for 3 hours at 120 °C. Following this, the samples were reacted with 5% w/v 2-bromoisobutyl 
bromide, 5% w/v triethylamine, in tetrahydrofuran (THF) for 1 h at room temperature to introduce the polymeriza-
tion initiator. Initiator-functionalized pSi surfaces were immersed into an ATRP monomer mix consisting of 10% 
w/v NIPAM, 0.5% w/v CuBr, 0.1% w/v CuBr2, and 1.5% v/v PMDETA in water and polymerization was con-
ducted for different times and either in the presence or absence of a crosslinker under constant nitrogen bubbling.

Figure 1: SWCA measurements of the pSi-PNIPAM 
surface at temperatures of a) 20 °C and b) 40 °C 
showing contact angles of 62° and 85°, respectively.
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Surface Characterization: FTIR characterization was used to confirm the success of the surface functionalizations. 
The wettability switching of the PNIPAM grafted surfaces was tested using static water contact angle (SWCA) 
measurements (Figure 1) to confirm that the surface was more hydrophobic above the LCST than below. The re-
sults indicated that the SWCA of the surface was 85° above the LCST while it was found to be ~62° below the 
LCST. 

Cell Culture: Neuroblastoma cells were cultured in DMEM medium (Dulbecco’s Modified Eagle’s medium) sup-
plemented with 10% FBS (Foetal bovine serum) at 37 °C and 5% CO2.  After cells reached 80% confluence, they 
were trypsinised to collect them from the plate and then seeded onto the pSi surface at a density of 15000 cell/cm2. 
The cells were incubated on the pSi surface for 4 hours. The surface were removed from the media, washed with 
PBS and fixed with paraformaldehyde and then stained with Hoechst stain. In some cases, a Cell Tracker dye was 
also used to stain live cells.

The cell culture experiments revealed that cells readily attached to the PNIPAM modified pSi surfaces however
the amount of attachment as well as the release of the cells on switching the temperature were found to be depend-
ent on the pore size of the pSi film and the thickness of the PNIPAM layer. The cells preferred to attach to thicker 
polymer layers (120 ± 8 nm) and also released much more readily from the surfaces on lowering the temperature 
below the LCST for an hour (Figure 1 c and d). In the case of thinner PNIPAM layers, cell attachment was ob-
served however, the cells did not release from the surface on lowering the temperature (Figure 1 a and b). Fur-
thermore, the neuroblastoma cells preferentially attached to surfaces with smaller pores (22 – 33 nm).

Figure 2: Microscopy images showing cells 
stained with cell tracker dye on pSi-
PNIPAM surfaces that were polymerized for 
a) 10 min and c) 30 min and then incubated
with cells for 4 hours at 37 °C. b) and d) 
show the microscopy images of the surfaces 
after they were incubated at 23 °C for 1 hour 
and washed with PBS.

5. CONCLUSIONS

We have successfully grafted PNIPAM polymers from pSi films and have demonstrated that these composites 
show temperature responsive surface wettability switching. We have also demonstrated that this thermo-
responsive property can be exploited to adhere and release cells from the surface. The results indicated that cells 
prefer to attach to surfaces with pores of 22-33 nm diameter and polymer layer of approximately 120 ± 8 nm 
thickness. 
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SUMMARY
The porous silicon (pSi) degradation process was monitored in situ in aqueous media by digital imaging with a 
conventional digital camera as well as by simultaneous optical reflectance spectroscopic measurements of pSi 
chips. A s the nanostructured silicon matrix dissolved, changes in the optical reflectance spectra were large enough 
to be correlated with a blue shift, as monitored by spectroscopic measurements. T he color change from red to 
green was also recorded with a conventional camera. A  simple linear correlation was observed between the regis-
tered wavelength shift and the values of H parameter of the HSV  color space. 

1. INTRODUCTION
T he spectral blue shift of a pSi-based photonic crystal can be an effective reporter of oxidation and dissolution of 
the silicon matrix in aqueous media, and the temporal evolution of the spectrum has been used as a surrogate 
marker for this dissolution process and for the simultaneous release of drugs trapped in the pSi matrix [1,2,3]. T he 
fact that pSi is biocompatible and biodegradable, together with the feasibility to tune its reflectance spectrum to 
fall within the near infrared region of the electromagnetic spectrum, makes it an ideal candidate for direct monitor-
ing through tissue [4].  In this work, we aimed to simplify the spectral measurement by using a digital camera in-
stead of a spectrometer.  Quantification of the spectral shifts by digital photography would better enable use of the 
self-reporting aspect of this interesting drug delivery material. For this purpose, we prepared pSi photonic crystals 
(optical rugate filters) in silicon chips by electrochemical etch and monitored their degradation in aqueous media 
by spectroscopic measurement of the photonic resonance reflected from the pSi chip and simultaneous imaging 
with a conventional digital camera.  

2. EXPERIMENTAL RESULTS AND DISCUSSION
T he pSi chips were prepared by electrochemical anodic etch of highly doped p++-type, (100) oriented silicon wa-
fers (0.95 m •cm resistivity) in a 3:1 (v/v) mixture of aqueous HF 48% and ethanol. The silicon wafer area ex-
posed to the HF solution was 1.2 cm2. To generate a multilayered optical structure known as rugate filter, a
sinusoidally modulated current density waveform was applied. The maximum current density value was 108
mA/cm2 and the minimum was 15 mA/cm2, with periods of 5.5-6.8 sec for 100 cycles. Under these etching condi-
tions a maximum reflectance peak centered at 520 nm was obtained. 
For the pSi accelerated degradation studies, the freshly etched pSi chips were put in contact with 0.5 M carbonate-
borate buffer at pH 10. A tungsten light source was focused onto the 
surface of the chip and the reflected light was detected along a direc-
tion normal to the surface.  Reflected light was captured simultane-
ously with an Ocean Optics S2000 spectrometer and with a Canon 
Rebel EOS digital camera by means of a beamsplitter as illustrated in 
Figure 1. RGB values were extracted from selected areas of the cap-
tured digital images, processed with a set of scripts and functions 
developed in Matlab r2010b [5] and transformed to the HSV (Hue, 
Saturation, and Value) color space, which represents the dominant 
color in one single parameter, the H coordinate (Hue). Previous stud-
ies have shown that the use of the H coordinate to monitor phenome-
na like bitonal sensors that produce a change in color by reaction, 
yields a substantial improvement in resolution and repeatability. The 
H value is stable, simple to calculate, and easily obtained from com-
mercial devices, maintaining a superior precision regardless of varia-
tions in color intensity and illumination.[6]  Spectrasuite software
was used for the spectral acquisition, and the reflectance peak of the 
chip was centered at 520 nm when dry and at 650 nm when in contact 
with the buffer solution (Figure 2). The reflectance spectrum exhibit-
ed a shift to shorter wavelenghts (blue-shift), more specifically from 
650 nm to 540 nm (Figure 2b). The H parameter increased from 11 to 60 degrees, which is assigned to the porous 

Figure 1. Image acquisition setup.
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silicon degradation process and which corresponded to the color change from red to green (Figure 2a). Once all 
the pSi layers were removed from the chip, the mirror-like silicon wafer surface was exposed. Reflection of the 
tungsten light source from this bare silicon surface was yellow as captured by the camera. As a result, the evolu-
tion of the color parameter (H) from 60 to 45 degrees (at time >100 min in Figure 2) was due to the illumination 
source and was not directly related to the silicon degradation process over time. 

Figure 2. (a) H parameter versus time during pSi degradation in basic aqueous buffer (pH = 10); (b) Wavelength 
versus time during pSi degradation; (c) H coordinate versuswavelength from t=0 to t=100 minutes.

3. CONCLUSIONS

We have demonstrated that the pSi degradation process can be monitored in situ by digital imaging with a conven-
tional camera and simultaneous spectroscopic measurement of the optical reflectance spectra. A n approximately 
linear correlation between wavelength and the H parameter of HSV  color space has been observed from t=0 to 
t=100 minutes.  
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SUMMARY

Porous silicon (PSi) nanoparticles’ tunable properties are facilitating their use at highly challenging medical tasks 
such as peptide delivery. Peptide molecules suffer low chemical stability and poor biological half-life which are 
reasons why most therapeutical peptides must be administered by frequent injections. Peptide incorporation to the 
mesoporous drug delivery system is not straightforward because many different mechanisms are affecting interac-
tion between peptide and particle. We have studied the adsorption of different peptides on PSi nanoparticles. Results 
show that the electrostatic interaction between peptide and surface is not as important as commonly assumed. The 
most important interaction seems to occur between peptide molecules and comparison between electrostatic and 
hydrophobic interactions indicates that the latter is prevalent.

1. INTRODUCTION

Recently, highly promising results considering the use of porous silicon (PSi) nanoparticles as a controlled and 
targeted peptide delivery system have been published [1,2]. This trend follows from the material’s benefits such as 
versatile surface chemistry and tunable porosity, pore size, surface area and particle size. In peptide delivery, the 
most important issue is controllable interaction between payload and the carrier surface, so the versatile surface 
chemistries are of importance. Surface charge can be conveniently studied via zeta potential, which is also sensi-
tive to medium properties [3]. In addition, it has an important role in overall physical stability of nanosuspensions 
and biological fate of nanoparticles. Peptides are typically loaded from aqueous solution where the peptide charge
and nanoparticle’s zeta potential and hydrophobicity are well defined parameters affecting the peptide-peptide and 
peptide-particle interactions.

Ionizable groups at the surface of nanoparticle are the most common reason for the pH-dependent behavior of zeta 
potential. Due to the surface oxide layer, thermally carbonized porous silicon (TCPSi) is typically negatively 
charged while after aminosilane functionalization (APSTCPSi) it is positively charged [4]. In case of peptide de-
livery, also payload is charged in a pH-dependent manner. Amino acid side chains that are terminated by carbox-
ylic acid or amine groups are charged and with pKa values total charge can be calculated. 

2. EXPERIMENTAL RESULTS AND DISCUSSIONS

The role of electrostatic interaction in peptide adsorption was studied by measuring the change of zeta potential of 
positively charged APSTCPSi nanoparticles when the moderately hydrophobic peptide MHPep (Table 1.) was 
added to the suspension in different pH-conditions (Figure 1.). Change of zeta potential was clearly caused by the
adsorption of differently charged peptides. The change of zeta potential was the most prominent in the concentra-
tion area 0-5 μg/ml. After this, zeta potential either continues linear change or reaches plateau. The change in the 
curve could be due to the higher impact of the first adsorbed layers to zeta potential and the change in the adsorp-
tion affinity after the first layers are formed. Thus the first adsorbed molecule layers are affecting the electric field 
and zeta potential in a similar way as ions in so called screening effect.

Table 1. Properties of the peptides used in study
Name Sequence CCS hydropathy index Isoelectric point 
MHPep Ac KFITC E V L R G T V T D F P G NH2 -0,94 3,9 
SerPep 5-FAM S E S G S K S G S E S NH2  -5,19 4,2 
ValPep 5-FAM V E V G V K V G V E V NH2   -0,61 4,2 

Adsorption and loading was studied further by using same moderately hydrophobic peptide with FITC label in N-
terminus which enables the study of peptide solution concentration with fluorescence spectrometer. The amount of 
the remaining peptide in the solution was studied after immersion with APSTCPSi nanoparticles (50 μg/ml). Two 
different peptide concentrations were used in order to create a condition where peptide-particle adsorption is in
key role (5 μg/ml) and condition where most of the surface is covered, and peptide-peptide interaction is dominant
(50 μg/ml). Results are illustrated in left in Figure 2.
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Results in measurements with the lower peptide concentration confirmed the 
pH-dependence of peptide-particle interaction, which can be attributed to the 
electrostatic interactions between the nanoparticle surface and the peptide.
Adsorption is most efficient in the pH range, where the surface and the pep-
tide are oppositely charged. When the concentration was increased, the 
highest adsorption peak moved into pH values where the peptide’s total 
charge was zero (pH 3.9). This might be due to the smaller contribution of 
interaction between the surface and the peptide caused by the screening ef-
fect of the first peptide layer.

In order to study the role of hydrophobic effect further, two different pep-
tides were designed so that the charging behavior and the size were similar, 
but the hydrophobicity was different (Table 1.). These peptides were synthe-
sized so that charged amino acids were the same in both sequences but the 
groups in between were either polar serines (Ser/S) or hydrophobic valines
(Val/V). Change of the serine to valine caused dramatic change in the load-
ing efficiency (right on Figure 2.). No loading was observed with hydro-
philic peptide while loading efficiency of almost 100 % was observed with hydrophobic peptide. With hydropho-
bic peptide, also pH-dependent behavior was observed, but no interpretation can be made whether it is due to the 
increased hydrophobicity, caused by the protonation of acidic groups, or/and decreased repulsion between peptide 
molecules near isoelectric point. Anyhow, it is obvious that there is almost no role for peptide-particle interaction
to loading efficiency. Additional proof for this conclusion is that the study was made with three different PSi na-
noparticles: positively charged (APSTCPSi), negatively charged (TCPSi) and hydrophobic (THCPSi) and no dif-
ferences were found between different surface chemistries.

Figure 2 (Left) Adsorption in different concentrations of moderately hydrophobic MHPep. APSTCPSi nanoparticle concentration was 
50μg/ml. (Right) Loading of hydrophobic SepPep and hydrophilic ValPep. Peptide and APSTCPSi nanoparticle concentrations were equal 25 
μg/ml.

From these results can be concluded that the electrostatic effect between the peptide and the surface is too much 
emphasized in peptide loading. The most important interaction seems to occur between peptide molecules and com-
parison between electrostatic and hydrophobic interactions indicates that the latter is prevalent. Peptide total charge 
has also a role, but it affects mostly in between peptides so that the loading seems to be most efficient at the isoelec-
tric point of peptides. Preliminary results evidence that at least in the adsorption of the first peptide layer, there is a 
difference if the surface charge is negative or positive, but the effect is very small when the peptide charge is be-
tween ±1.
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Figure 1 Zeta potential of positively charged
PSi nanoparticles in a function of peptide
(MHPep) concentration.
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Fig.1 Size distribution of nanoparticles measured by DLS.

Cells with SiC NPS before and after US treatment 

Cells without SiC NPS before and after US treatment

Fig.2. Merged images of 3T3 cells with added SiC based nanoparticles (1 mg/mL) before and after US treatment. 
Green color corresponds to the fluorescent NPs.

3. CONCLUSION
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PHOTOLUMINESCENCE TRANSIENTS FOR PHOTOSENSITIZED GENERATION 
OF SINGLET OXYGEN BY POROUS SILICON MEASURED IN BROAD TIME 

SCALE

MAXIM  B. GONGALSKY1, MARINA K. KUIMOVA2, VICTOR YU. TIMOSHENKO1

SUMMARY

Photoluminescence (PL) transients of porous silicon (PSi) nanoparticles in different ambients under interaction 
with oxygen molecules, which resulted in the photosensitized generation of singlet oxygen (SO), are experimental-
ly and theoretically investigated in a time scale from hundreds of nanoseconds to tens of minutes after the 
photoexcitation beginning. The “visible” PL band undergoes a quenching due to the energy transfer from excitons 
in PSi to nonradiative centers (defects) and oxygen molecules adsorbed on the internal surface of PSi. The PL 
transients for excitons and radiative emission from the defect states and SO molecules exhibit power low depend-
ences versus the photoexcitation time. This effect is explained by a model of rate equations in a coupled system of 
the interacting excitons, defects and oxygen molecules. Luminescence transients of SO photosensitized by PSi 
nanoparticles dispersed in heavy water were measured and explained by using the proposed model. 

1. INTRODUCTION

Silicon nanocrystals (nc-Si) forming PSi are known to possess both the PL and photosensitizing properties. Typi-
cal maximal quantum yield of the “visible” PL of PSi is about 5-10%. Nc-Si were found to be efficient photosensi-
tizing generators of singlet oxygen (1O2) absorbed of the nc-Si surface [1].  Generation of 1O2 molecules takes 
place via the Dexter electron exchange mechanism: photoexcited nc-Si transfer energy to oxygen molecules due to 
overlapping of their wavefunctions. This had opened prospects for theranostic applications via so-called cancer 
photodynamic therapy and optical tomography [2]. Crucial point for applications is a stability of PL and 
photosensitizing properties of PSi for long time photoexcitation. In the present work the exitonic PL in the spectral 
range from 1.2 to 2.2 eV, luminescence of the photosensitized 1O2 (0.95 – 1.01 eV) and PL of the defects at 0.8 – 
1.2 eV were measured simultaneously during photoexcitation by laser radiation in oxygen ambient. The obtained 
results are analyzed by using a model of the coupled systems of excitons, defects and SO. 

2. EXPERIMENTAL RESULTS AND DISCUSSIONS

Microporous PSi layers were prepared by electrochemical etch-
ing of monocrystalline silicon wafers with specific resistivity of 
1...10 Ohm*cm in a hydrofluoric acid solution. Current density 
was 60 mA/cm2. Then PSi layers were lifted from the substrate
by short current pulses with current density about 600 mA/cm2. 
Aqueous suspensions were prepared by mechanical grinding of 
PSi layers, mixing them with water and ultrasonic treatment for 
15 minutes (ultrasonic power was about 35 mW). For lumines-
cent measurement of 1O2 in suspensions we used D2O instead of 
H2O due to longer lifetime of 1O2 in D2O. The excitation laser 
power density was about 1 W/cm2, wavelength was 532.8 nm, 
and oxygen. All experiments were carried out at room tempera-
ture (T=300 K).

Fgure 1 shows the PL transients for PSi in oxygen atmosphere at 
pressure of 760 Torr. All PL intensities were normalized by ini-
tial value just after the beginning of photoexcitation. The initial 
efficiency of 1O2 generation was estimated to be about 1%. It 
was found that the PL transient of excitons , , (solid line in 

Fig. 1) can be well fitted by a power law, which can be written in the following form:

( ) , (1)

Figure 1. Time dependencies of integrated PL 
intensities during photoexcitation in oxygen
ambient: solid line – excitonic PL of PSi (1.2-
2.2 eV), dotted line – 1O2 luminescence (0.98 
eV), dashed line – PL of the defects in PSi 
(0.8-1.2 eV).
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where is a constant exponent of about of -0.3, t0 and I0 are 
fitting parameters. Similar formula can be used for fitting 
the transients for defects and SO, but with = -0.5 for the 
SO luminescence, , (dotted line in Fig. 1) and = 0.5 for 
the defect PL band, (dashed line in Fig. 1).

These transient dependencies are explained by using the 
following suggestions. Amount of the photosensitized 1O2
molecules is proportionate to due to the Dexter mecha-
nism of energy transfer. 1O2 could interact with the surface 
of nc-Si, what leads to formation of new defects on nc-Si 
surface. These defects play a role of fast recombination cen-
ters, therefore the increase of their concentration leads to a 
decrease of the exciton PL of PSi. In other words, this is a 
coupled system with 3 interacting subsystems, i.e. excitons, 
SO molecules and defects, which has a positive feedback, 
i.e. the more quantum yield of PL is, the faster degradation 
of the PL takes place.

Numerical simulations using a system of three  non-linear kinetic equations give almost the same results (see Fig. 
2). Te power dependencies with the same values for parameter (-0.3 for exciton concentration, -0.5 for 1O2 con-
centration and 0.5 for defects on nc-Si surface after) are ob-
served after 10 sec of the photoexcitation begining.This 
proves suggestions mentioned above. Thus, the interaction 
between photogenerated 1O2 and nc-Si surface is crucial for 
the photostability of photosensitizing properties of PSi. It 
means, that spatial separation between different nc-Si may be 
important for the improvement of the photostability of the 
photosensitizing  and PL properties of PSi. 

We also measured luminescence of 1O2 sensitized by PSi in 
D2O. Efficiency of the 1O2 generation was estimated as 
1.5%. Transients of the 1O2 luminescence may provide some 
information about quenching mechanisms of 1O2 inside PSi. 
They also follows a power law with = -1.1 (see Fig. 3).

Typical 1O2 lifetime in D2O is about 64 s. 1O2 generated by 
nc-Si in D2O has lifetime as small as 2 s. It means that about 96% of 1O2 molecules deactivate due to the interac-
tion with the PSi surface and only 4% of them are able to escape suspended PSi grains and to release to the pure 
D2O solution. Numerical simulations based on the system of kinetic equations showed that relaxation of 1O2 lu-
minescence in three component system (containing excitons, oxygen molecules and defects) also can follow the 
power law. Spatial separation between nc-Si also may help to increase 1O2 lifetime in aqueous suspensions, i.e. 
improve the photosensitizing properties of PSi.

3. CONCLUSIONS

We have investigated three component system containing excitons confined in silicon nanocrystals, 
photogenerated molecules of singlet oxygen and defects formed during photoexcitation of PSi in oxygen ambient. 
The strong production of singlet oxygen was found to lead to formation of new defects, what is going to the deg-
radation of PSi as luminescent and photosensitizing material. The same effect has been observed in aqueous (D2O) 
suspensions of porous silicon particles. It is estimated that about 96% of singlet oxygen was quenched due to the 
collisions with the porous silicon surface. Better spatial separation between individual nc-Si is required for signifi-
cant improvement of the photosensitizing properties of PSi.

ACKNOWLEDGEMENTS

We'd like to thanks Peter Oligby from COMI, Aarhus University, Denmark for help in measurement of SO PL.

REFERENCES
1. D. Kovalev, E. Gross, N. Kunzner, F. Koch, V. Yu. Timoshenko, and M. Fujii, Phys. Rev. Lett. 89, 137401

(2002).
2. J. G. Moser, Photodynamic Tumor Therapy: 2nd and 3rd Generation Photosensitizers, Gordon and Breach,

New York, (1998).

Figure 2. Time dependencies of concentrations of
excitons in PSi (solid line), 1O2 (dotted line), de-
fects on nc-Si surface (dashed line).

Figure 3. Luminescent transient of 1O2 photosensi-
tized by PSi suspended in D2O.
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SUMMARY

We have extensively utilized, and now review, two established techniques for characterizing the mesoporosity 
of biodegradable silicon microparticles used in drug delivery. The pore volume and pore size distribution for 
milled porous silicon have, for the first time, been simultaneously determined using both gas desorption and 
thermoporometry. Surface area values were generated using BET theory and pore size distributions using BJH 
theory. Pore size distributions from nitrogen desorption were in closer agreement with the size distributions 
generated by thermoporometry, when compared with nitrogen adsorption. The average pore size generated by 
BET theory can be in good agreement to the modal value generated by thermoporometry for Gaussian pore 
size distributions. The hysteresis loops generated show similar shapes to those demonstrated by porous silicon
layers on wafers. 

INTRODUCTION

Porous silicon is increasingly being evaluated for the delivery of therapeutic agents, such as hydrophobic 
drugs, proteins and peptides (1, 2). Both the pore size distribution and morphology determine what fraction of 
the pores the drug of a particular size can access. The surface area is particularly important for the monolayer 
adsorption of larger molecules such as proteins. Gas adsorption is a well-established technique for the 
characterisation of mesoporous silicon films (3, 4). Here it is used to analyse ball milled powders (BMpSi) as-
anodised (BMApSi) and oxidised (BMOpSi). Defined and tuneable particle size distributions at reasonable 
yield are also a necessity for clinical use of the material. From the nitrogen adsorption results we derive values 
for pore volume, average pore size, surface area and information from the isotherm hysteresis. The pore size 
and volume were determined by thermoporometry (5), to assess the agreement between different techniques. 
Accurate and reliable assessment of pore diameters is particularly important for optimisation of protein 
loading.

EXPERIMENTAL RESULTS AND DISCUSSION

Figure 1: Gas adsorption/desorption isotherm for (a) BMApSi (b) BMOpSi

Figure 1 shows typical isotherms for both desorption and adsorption for these materials with the typical shape 
associated with mesoporous solids. The hysteresis loops could be described as being ‘in between type H1 and 
H2’ (IUPAC definition), as previously described (2). The hysteresis does not extend as far as in Type 2 loops 
since it is not controlled by pore neck radii that have extreme size differences with the main pore. If cavitation, 
pore blocking and percolation effects were present then the isotherms might resemble the typical Type 2 loop.  

Table 1 shows sample results of analysis by the two techniques for ball milled as-anodized porous silicon 
(BMApSi) and ball milled and oxidised porous silicon (BMOpSi). The surface area was generated using five
point BET analysis at a partial pressure of 0.1-0.3 P/Po. The average pore size was derived from the BET 
surface area and single point pore volume. The thermoporometry value is derived from the mode for pore 
volume contributions. For sample BMApSi there is good agreement between the average pore size and mode 
value of pore size, but for BMOpSi there is not. This is due to the ‘normal’ size distribution of this material.
There is good agreement between pore volume values for the two techniques but pore size estimations can 
differ. It seems likely that the thermoporometry analysis (Figure 2a) might have excluded a portion of the 
smaller pores below 100Å. The gas desorption size distribution (Figure 2b), shows a greater contribution of 
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smaller pores. The former graph includes a line to demonstrate the modal value obtained from the gas 
desorption size distribution.  

Material

BET 
Surface 
Area 
(m2/g) 

Average 
Pore Size by 
BET (Å)

Pore Size 
Modal 
Value for 
Volume (Å)

Thermo- 
porometry 
Mode Pore 
Size (Å)

Thermo- 
porometry 
Pore Volume 
(cm3)

Single Point 
Pore Volume 
(cm3)

BMApSi 276 119 120 139 0.80 0.82 

BMOpSi 206 120 202 182 0.62 0.62 

Table 1. Mesoporosity data comparison from two techniques : gas adsorption/desorption (italics) & thermoprometry (bold 
& regular) 

Figure 1: Pore Size distribution of BMApSi derived from (a) thermoporometry (b) BJH theory 

CONCLUSIONS 

The pore volume results obtained from nitrogen desorption and thermoporometry were in good agreement, and
the pore size distributions are similar, with the modal pore sizes being reasonably close. If the material has a 
‘normal’ or Gaussian pore size distribution the average pore size by BET analysis is closer to the ‘modal size 
by volume’ obtained by thermoporometry. The pore size distribution generated by nitrogen adsorption was 
considerably larger and had poor agreement with the thermoporometry results. Thermoporometry has a clear 
advantage in terms of simplicity, speed of analysis and sample preparation time. Gas adsorption can be used to 
gather more information about the material such as surface area and hysteresis effects associated with filling 
and emptying of pores. The former is an important parameter for protein adsorption; the latter can provide 
information about pore shape and connectivity, which both influence drug loading and release kinetics. 
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Porous silicon as a choice for a technology transfer from academia to industry
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SUMMARY

Many scientists would like to see their ideas applied in a real life. How make those ideas transferred to the industry 
and be proud of seeing results of your efforts in new goods or services, at a marketplace? What does it cost? What is 
essential for the success and why many new technological companies disappear in 2-3 years after their creation? 
What does the real world expect from scientists and why the technological transfer is sometimes so slow? Taking as 
an example the emerging nanostructuring technology of silicon into porous silicon materials and all the correspond-
ent applications discovered and proved at the university laboratories we describe here the road to be walk out to 
convert the Science into Technology and then into the Business.  

INTRODUCTION

Meso-porous silicon is known nowadays not only as a scientific curiosity but also as a material prospective in a
number of practical applications among those the photo-voltaic, pharmaceutics or nano-medicine are the soundest. 
Nevertheless, at a real marketplace there are still no many products where this material has been used. Why? The 
causes can lay in many reasons, from insufficient knowledge of the nature of the processes employed for fabrica-
tion (Science), difficulties in scaling up the volume/mass production of these materials with anticipated properties 
and in a reproducible way (Technology), o simply in a lack of money to invest in such a technology and raise it up
to the industrial level (Business). In the past few years several spin-off companies have been established in a field 
of different porous silicon applications all around the world with the aim to initiate and fulfill a mission of a tech-
nological transfer from academia to industry. In this presentation, one of those companies, EM-Silicon Nano-
Technologies, Spain, likes to share its own experience in such a transfer process and analyze the factors led to its
actual situation. 

DEFINITIONS, METHODS, RESULTS AND DISCUSSIONS

To be successful in Science, apart from the excellent education, rendering and the affiliation to a good academic 
institution, you need a laboratory (infrastructure), students/collaborators (that save your time running experiments) 
and publications (final output of your research activity). In a field of Industry (or Business) the aim of the exist-
ence is a profit, but of course you still need infrastructure (factory) and staff. Profit depends on a (positive) balance 
between your expenditures and the costs of the products you fabricated. What your factory produces does not real-
ly matter but depends on your aspirations and your capability to amass money for your business (starting invest-
ment). So, while you plan for the first time to transfer your knowledge into the industry, remember the axiom: Sci-
ence means publications, Industry means profits. 

There are various methods to establish new technological company. The “easiest” way is to convince the big 
wealthy Corporation to invest in you and to provide the necessary infrastructure and staff. You are not independent 
in this case but still responsible for many technical and other problems that you will have to solve respect to the 
success of transference of knowledge. But you are covered financially and the commitment of your own patrimony 
to the cause is not so present in a process. This method is hardly reachable and therefore highly idealistic. At an-
other extreme of establishment of a company there is a founding of an independent one from very beginning, from 
zero, and rising up your own business. In both cases the final cost is practically the same but endorsed differently. 
Very few scientists can identify real necessities and imminent expenses of an adventure called establishment of a 
New Technological Company. Here we illustrate the minimal requirements to this project, in terms of both, the 
initial investment and the time needed. We also talk about the facilities many governments provide to the techno-
logical entrepreneurs through different grants and helps.

The general structure of a self-sustaining and profitable company is drawn in the Figure 1. It was developed by the 
EM-Silicon Nano-Technology Ltd according with the company concept – a scalable production of nanostructured 
silicon and a development of different applications of these materials via own and collaborative projects with a 
number of academic Institutions. The two big Units should co-exist in such an enterprise, Administrative and 
Technical departments. The first has to be dedicated not only to the pure administrative/accountancies responsi-
bilities, but also should have potential for performing a proper marketing and market analyses to assure sales and 
to maintain the company alive, so it is a brain of the company. The second, Technical department is its heart and 
the place where the products are fabricated. Correspondingly, the company needs a Factory. In a technological 
company the aim is rather research than production, so you have got to be involved in as many R&D projects as 
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you can, collaborative or own. These activities have to be developed within a Laboratory, so you need one, too, 
that means additional infrastructure and investment. 

EXECUTIVE (EM-SILICON NANO-TECHNOLOGIES Ltd.)

ADMINISTRATIVE DEPARTMENT
TECHNICAL DEPARTMENT:

TECHNOLOGICAL PLATFORM 
for NANO-MATERIALS PRODUCTION created through R&D Project
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Figure 1: General Structure for the independent technological company, the Technology Platform 

A company that possesses such a structure can generated profit (possible sales) by any structural unit, from direct 
retailing of the fabricated nanostructured materials to offering R&D projects and technical reports elaborated by
the market analytical staff (scientific or technological consulting service). The real difficulty is to find customers 
for any of the proposed items, to retain them and to convert into a source of your permanent income. 

We believed, the general company structure shown in Figure 1 has faithfully described the fundamental needs of 
the self-sustained and independent company. How much would it cost? A very prudent calculation yields a value 
of various millions of Euros/Dollars to be gradually invested in this business that should employ 12-15 people, 
among which there are 6-7 qualified researchers, equal number of technicians and the rest are administrative/ mar-
ket recruits. Nearly half of the total cost will go to the infrastructure (rent a space, fittings, instruments for produc-
tion and laboratories, informatics and so on) and another half – to salaries and external services. It is easy to verify
the named amount; you should only multiply your own annual income to 100. It would only mean 10 people work-
ing in a project during 5 years. For quicker development you must accumulate and invest the same money faster. 

So, the principal problem and permanent trouble in any company is the money. In many countries governs make 
available a financial help for establishment and development of new companies that is always greatly 
acknowledge and welcome. Nevertheless, the conditions never cover the 100% cost, the most probably, after a lot 
of paper works you will be entitled to receive up to 30-60% of the eligible costs that will practically cover only a 
small part of real expenses. As well, those grants are very specific about what they can be applied for: acquisition
of the productive infrastructure, development of new R&D projects or for other specified mission. You must be 
very precise at previsions as any unforeseen needs will be never accepted. Our own experience has taught that the 
most generous and easier obtained grants have always been for the collaborative R&D projects with academic in-
stitutions. Perhaps, this is the only possibility to guarantee the transfer of knowledge from university to industry. 
Decision on what side you would represent such collaboration is up to you.

CONCLUSIONS

Technological transfer is still very slow in a field of nanostructured silicon materials besides many practical appli-
cations have been shown at the academic level in the past decades. All the successes are insufficient to convince 
Industry to invest in this technology and to build up the industrial platform. More close collaboration in the indus-
trially oriented projects is one of the few possibilities to scientists who want to participate in such a transfer and
bring their knowledge to a real life.  
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STUDY AND CHARACTERISATION OF POROUS COPPER OXYDE PRODUCED 
BY ELECTRCHIMECAL ANODIZATION FOR RADIOMETRIC HEAT ABSORBER 
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SUMMARY
We report that porous copper electrochemically oxidized can be used as a thermal absorber thanks to its low 
reflectivity, its good mechanical strength and its high thermal conductivity and diffusivity.

1. INTRODUCTION
In our laboratory we are interested by the study and the realization of a copper thermal absorbent cavity working 
at low temperature for radiometric measurement (see Ref 1and 2). For this, we have to realize a transfer detector 
which operates at liquid nitrogen temperature (100 K). So that, we developed chemical, optical and thermal 
studies of the chosen cavity material in order to control all the parameters having an influence on our design. 
The laser absorbing cavity that we are developing will be placed at the bottom of a cryostat maintained at 
nitrogen liquid temperature. 

2. EXPERIMENTAL RESULTS AND DISCUSSIONS
In this work we created a black copper oxide coats on copper substrate by the electrochemical anodization
method using two different techniques: the cyclic technique and the chronopotentiometric one. 
A comparative study was performed on the various realized samples and it is concerning the anodization 
techniques and parameters (anodization current (I), duration of chemical attack (t), solution concentration (C) 
and solution temperature (T)); the experimental matrix relating to our study is given in (table1). 

Table 1. Terms of oxidation of copper samples.
reference 

sample 
Oxidation 
method * 

“C” of NaOH solution 
(mol L-1) 

Time ”t” 
(s) 

Current “I” 
(A) 

voltage 
(V) 

anodized surface  
(Cm²) 

A 2 2 830 - [-0,8; 0,8] 8 
B 1 2 120 0,163 [-0,592; -0,385] 8 
C 1 2 240 0,163 [-0,592; -0,385] 8 
D 1 2 120 0,109 [-0,592;-0,385] 8 
E 1 2 830 0,109 [-0,592; -0,385] 8 
I 1 2 240 0,511 [-0,4; -0,064] 8 
J 1 2 830 0,255 [-0,4; -0,064] 8 
L 1 2 830 0,05 [-0,592; -0,385] 8 
N 1 2 830 0,04 [-0,592; -0,385] 8 
Q 1 2 360 0,163 [-0,592; -0,385] 8 
R 2 2 240 - [-0,8; 0,8] 8 

R2 1 2 830 0,163 [-0,592; -0,385] 8 
(*) :1= Chronopotentiometric : is an anodization technique using a fixed current density in a  voltage interval of 
oxidation ; 2= cyclic method using a variable current in a cycle of specified values.

The spectral response of the obtained copper oxide samples using an electrochemical method was determined by 
Ultraviolet-Visible-Infrared spectrophotometry using a Shimadzu spectrophotometer. We noted that the 
anodization technique changes the reflectivity behaviors of the obtained substrates, in fact for the samples 
anodized by a cyclic method we obtained a constant reflectivity before the absorption edge measured at 750 nm 
then the reflectivity increases until 1800nm, on the contrary the absorption edge for the copper oxide made by 
the chronopotentiometric method is about 900nm and the reflectivity is a little near constant over the interval 
[300, 1800] nm. This result is in good agreement with literatures (see Ref 3, 4 and 5).
We demonstrate later by an X-ray study that the reflectivity change is due to the oxide formed type. Concerning 
the study of oxidation parameters, we noted that the current of the first oxidation peak gives the lowest 
reflectivity, and the increasing of the oxidation time increases the absorbance of the sample figure 1. 
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The morphological study showed that the 
roughness and the pores depth increase with the 
time etching rise. The optimums parameters 
chosen for our applications as optical absorbent 
coats are: C=2 mol.l-1, T=90°C, I=0,163A and 
t=830s. The obtained reflectivity is about 3 % for 
the studied spectral range (figure2), and the
roughness of this sample determined by AFM  is 
about 87nm with a pores depth of being next 
300nm. 

Figure 1. Influence of the chemical time attack on the reflectivity 
of the oxidized samples

Since the studied oxide will be used as a heat 
absorber, we also studied the thermal conductivity 
KOxide-copper and the thermal diffusivity DOxide-copper

by the Mirage Effect method (see Ref 7) and their 
values obtained for the optimum sample are 
respectively:  (KOxide-copper =370±20) Wm-1K-1 and 
( DOxide-copper =11,5±0,5 )×10-7 m2s-1. DOxide-copper

and KOxide-copper are computed using the theoretical 
and experimental photothermal  phase values
shown in figure 2.

Figure 2. Theoretical and experimental photothermal signal phase 
variation as a function of square root of the frequency 

The structural characterization realized by X-ray diffraction over all the realized coats showed that the samples 
obtained by chronpotentimetric method have a mixed structure of tenorite CuO and of curpite Cu2O, and the 
samples oxidized by cyclic method are made only by tenorite CuO. 

CONCLUSION
The primary objective of our work is to find out the best absorbing cavity to be used as electrical substitution 
detector operating at liquid nitrogen temperature. For this purpose, we developed different studies to optimize 
chemical, optical and thermal parameters influencing the realized coating used inside the cavity that we would 
realize. We have demonstrated that the chronopotentiometric technique gives a substrate with a constant 
reflectivity from 300nm to 1800nm; the height absorbance is obtained for an imposed current of 0,163A during 
830s in 2 mol l-1 NaOH solution at a temperature of 90°C. Certainty, when we operate at liquid nitrogen 
temperature below than 100 K, the thermal diffusivity and conductivity will increase, then we consider our oxide 
copper as a good thermal conductor.

3. REFERENCES
1. O.TOUAYAR, H.REYN, J.BASTIE and T.VARPULA, “Indirect comparison of cryogenic radiometers from
the INM (France) and the VTT (Finland) with a QED-200 from the VSL (Netherlands)”, Metrologia, 1995/96, 
Vol 32, 561-564.
2. R.KOHLER, R.GOEBEL, R. PELLO, O.TOUAYAR and J.BASTIE, ”First results of measurements with the
BIPM cryogenic radiometer and comparison with the INM cryogenic radiometer”, Metrologia, 1995,96, Vol 32, 
551-555.
3. C.R. IORDANESCU, and al.,“Structure and morphology of Cu-oxides films derived from PLD processes”,
Rev.Digest Journal of Nanomaterials and Biostructures, Vol.6, No.2,  juin 2011,p.863-868.
4. Y.IBRAHIM, ERDOGAN Ö. Güllü, “Optical and structural properties of CuO nanofilm: its diode
application”, Journal of Alloys and Compounds, 2010, Vol 492, 378-383.
5. H. CHEN, GUIZHE,  ZHAO, YAQING LIU and all, “Low-temperature solution synthesis of CuO nanorods
with thin diameter”, Rev.Materials Letters , 15 February 2013, Vol 93, 60-63.
6. N.YACOUBI and M. FATHALLAH,” Spectroscopic determination of thermal diffusivity of semi-conductors
by photothermal deflection Specyroscopy: Application to GaAs”, 1987, Vol 58, 341.

400 600 800 1000 1200 1400 1600 1800

0

2

4

6

8

10

12

14

16

18

20

22

24

Re
fle

cti
vit

y (
%

)

Wavelength (nm)

 B
 C
 R2
 Q

2



 THEORETICAL MODELLING OF NANOSTRUCTURED SILICON: ARE 
NANOWIRES THE GRANDCHILDREN OF POROUS SILICON?

R.  RURALI
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E-mail:  rrurali@icmab.es;   Tel: (34) 93 5801853

SUMMARY

Nanowires, and in particular silicon nanowires (SiNWs), are among the most exciting and promising building 
blocks for future nanoelectronics applications and have attracted the interest of many researchers around the 
world. Significant progresses have been achieved, especially in the latest decade, both from the experimental and 
the theoretical viewpoint. In this talk I will review these progresses, highlighting the close relations that these ma-
terials have with porous silicon.

1. INTRODUCTION

Up to now, a significant overlap between the theoretical predictions and the experimental realizations was still 
lacking, because nanowires that can be routinely grown to date have typical diameters ranging from 50 to 200 nm, 
while those that can be efficiently studied with electronic structure methods, reach 2-3 nm at most. Nonetheless, 
these theoretical results are far to be regarded as bare academic exercises. On the contrary, the real interest of these 
studies is that they constitute an anticipation of most urgent problems that will have to be dealt within the next 
generation nanowires, when their characteristic sizes will really approach the quantum limit. Here we review the 
recent progresses in the theoretical modeling of Si nanowires, the increasing overlap with experimental results and 
we discuss the future perspectives for a nanowires-based electronics, outlining the research agenda for nanowire-
based devices to come [1,2]. We focus on nanowires with diameters below 10 nm, where quantum effects become 
important and the properties diverge significantly from those of bulk silicon. These wires can be efficiently treated 
within electronic structure simulation methods and will be among the most important functional blocks of future 
nanoelectronic devices. Firstly, we review the structural properties of silicon nanowires, emphasizing the close 
connection between the growth orientation, the cross-section and the bounding facets. Secondly, we discuss the 
electronic structure of pristine and doped nanowires, which hold the ultimate key for their applicability in novel 
electronic devices. Finally, we revise transport properties where some of the most important limitations in the per-
formances of nanowire-based devices can lay. Many of the unique properties of these systems are at the same time 
defying challenges and opportunities for great technological advances.

Figure 1. Example of a transmission electron microscopy image of a single-crystalline SiNW bottom-up grown 
along (a) the <111> and (b) the <112> axis. The high-resolution TEM micrograph of the crystalline core shows 
clearly the Si(111) and Si(224) planes, respectively, together with the Fourier transform of the image [from Lug-
stein et al., Nano Lett. 8 2310 (2010)]. 
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Some of the works that will be reviewed nicely showed that porous silicon can be modeled as a collection of inter-
acting nanowires. For instance, following this approach, Bruno et al. [3] reported an absorption spectrum which is 
in very good agreement with experimental measurements of porous Si samples only when the electron-hole inter-
action is included, thus stressing both the connection between the two materials and the importance of accounting 
for quantum effects at the modeling level. Conversely, we will discuss cases in which thinking of porous silicon as
a quantum sponge, mostly composed of a distribution of small interconnected nanowires of different size and elec-
tronic properties, can lead to much simpler experiments to test a widespread variety of theoretical predictions.

Figure 2. Comparison between εω experimentally measured in porous Si samples (dots) [4] and predictions ob-
tained from increasing sophisticated theoretical models (lines). The inset shows the Gaussian distribution of wires 
as a function of their diameters, as used for the modelling of porous Si.
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 Space charge limited current transport in unfilled mesoporous nanocrystalline TiO2 films 
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SUMMARY 
We report a careful characterization conducted on unfilled mesoporous nano-crystalline TiO2 films 

folowing a suitable protocol for electrical measurements that both avoids its sensor-like response and allows for a 
characterization of intrinsic current transport processes exploiting space charge limited current theory. The proper 
study of model structure like these random nano-networks is mandatory in order to achieve meaningfull investiga-
tions on more refined structures, like nanotube arrays and other organized structures. 

1. INTRODUCTION

Characterization of intrinsic electronic properties of nc-TiO2 would play an important role in overall effi-
ciency of applications like dye sensitized solar cells (DSSC) [1] and heterogeneous photocatalysis. Diffusion of pho-
to-generated excess charge through the TiO2 porous matrix is limited by trapping at intra band gap localized states 
(BGS), due to bulk and surface defects. The precise distribution of defect states in such a material depends on a 
number of factors, as suface to volume ratio, particle morphology and phase, and subsequent treatments. The study 
of nanostructured TiO2 BGS is generally conducted by means of equivalent models applied to photoelectrochemical 
devices impedance spectroscopy characterization [2]. Only a few papers discuss electrical transport on unfilled nc-
TiO2 films, likely because of the challenging task of perfoming that kind of measurements (for some examples see 
refs. 3, 4, 5, 6).  

In a recent paper [7] we studied commercial porous electrodes for DSSC and hand-made samples in order 
to achieve space charge limited (SCL) current transport regime, in dark, with minimized effects of external ambient 
conditions. In the following we present new results that support our recent work on measurement protocol and go 
deeper in the intrinsic SCL characterization of mesoporous TiO2 films. 

2. EXPERIMENTAL RESULTS AND DISCUSSIONS

Mesoporous titanium dioxide thin films electrodes (15 μm thick) 
were obtained commercially from Dyesol. Other samples were deposed in 
our labs starting from commercial colloidal TiO2 (solaronix D-type) or 
hand-made colloid from commercial powders (P25), on both conductive 
glass (TCO 8-15 Ohm/sq) and gold-patterned quartz plates. Two different 
configurations were adopted for electrical characterization. Figure 1 
shows the sketch of the two different sample configurations. Patterns in 
(c) and thin channels in (b, c) have been realized by means of optical 
masking and lift-oof and focused ion beam (FIB) lithography respectively. 
Electrical measurements (Keithley 2400 SourceMeter) have been carried 
within a cryostat. Titania deposition and experimental setup is described 
in detail in reference 7.  

Figure 1. Stack (a) and planar configuration (b) for electrical measure-
ments. Geometry of the evaporated gold tracks for planar measurements 
on quartz reported in (c). The length of the thin channels varies within 
800 and 150 μm. The width is fixed at 1.5 μm. Different aspect ratios are 
under investigation. 

In figure 2 are reported the I-V characteristics for both stack and planar 
configurations on TCO glass. Both configurations had ohmic contacts and divergence from linearity is associated 
to SCL effects [7]. These measurements were obtained following the protocol reported in [7] with measurement 
settling times of 1000s/pt and after a mild thermal treatment (max 360 K in vacuum) to minimize adsorbed water.  
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The BGS concentration of 4.7 x 1016 cm-3 was extracted form the planar configuration data (figure 2, circles) in the 
hypothesis of an exponential distribution of trap states and was calculated with the SCL model by Rose and 
Lampert  [8,9]. Stack configuration (figure 2, diamonds) did not allow for achieving SCL regime because too large 

series resistance of 15 μm thick samples, and extremely thin stack samples 
easily suffer of electrical shorting. Moreover stack configuration does not 
allow for changing geometric dimensions of the contacts. 

 Figure 2. Double log I-V of TiO2 films in stack (diamonds) and planar 
(circles) configuration. Distance between electric contacts was 15 μm and 
1.2 μm respectively. Measurements were performed at a pressure of 3.5 x 
10-5 mbar.

In figure 3-a are reported two charts, which report current as a 
function of temperature, that show the effect of vacuum thermal treatment 
on stack samples. At 3.5 x 10-5 mbar too high temperature lead to a material 
modification. Additional oxygen vacancies (VO) appear and conductivity is 
irreversibly modified. Raman spectra in figure 3-b show a large lumines-
cence band due to VO [10] for the spectrum “2”. Samples treated at lower 
temperature behaved reversibly, see fig 3-b curve “1”, indicating that TiO2
was not compromised (other measurement, not reported here confirmed the 
minimization of adsorbed water too). 

In order to minimize 
the eventual current leakage 

through the glass support we realized quartz supports with evaporated 
gold tracks (figure 1-c). Electrical characterization of these samples 
with different geometrical dimensions will be presented and allow for 
linking contact geometry and shape of SCL characteristic, hence for a 
better estimation of BGS distribution shape and concentration. 
Figure 3. In (a) Current-Temperature plots of stack samples in vacu-
um (fixed bias voltage). In (b) Raman spectra of the same samples. 
Spectrum “1” is consistent with typical spectra of TiO2 [10]. Con-
versely in spectrum “2” typical peaks of anatase are overwhelmed by 
photoluminescence band. 

5. CONCLUSIONS

We have demonstrated that in planar configuration, and by following a 
suitable measurement protocol, it is possible to directly investigate nc-
TiO2 BGS, with a high degree of freedom in the contact 
geometrization. Systematic characterization is in progress.
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SUMMARY

The authors characterize by different techniques non stoichiometric silicon oxide films and junctions 
(SiO_x/SiO_y) as grown and after a further annealing. The absorption and photoluminescence are 
correlated and the possible confinement effects are discussed. In this work, SiOx films and junctions 
(SiO_x/SiO_y) are prepared by hot filament chemical vapor deposition (HFCVD) technique in the range 
from 900 to 1150°C. Optical characterizations are performed by spectroscopic techniques and suggest the 
presence of Si-nc embedded in a SiO2 matrix. The SiOx films and junctions (SiO_x/SiO_y) exhibit
compositional changes with the variation of the growth temperature (Tg) and a restructuration with the 
TT as illustrates the Fourier transform infrared spectroscopy (FTIR), which has repercussions in the 
absorption and emission of the films as show the Photoluminescence (PL) and transmittance spectra, 
where an analytical relationship between composition, energy bandgap, PL response, and thickness were 
obtained.

INTRODUCTION

Silicon is the semiconductor material predominant in the microelectronics industry. However, it has been 
long considered unsuitable material for optoelectronic applications [1], due to its indirect bandgap, which 
means it is a poor light emitter. Though, after discovery of visible light emission at room temperature in 
the porous silicon by Canham [2] in 1990, many investigators have studied emission properties of 
materials with silicon compounds as the non-stoichiometric silicon oxide (SiOx), which has gained 
increasing interest in the research community due to the formation of silicon nanocrystals embedded in 
the matrix , implying low dimensional effects and thus determines an efficient emission of visible light, 
even at room temperature [3, 4]. In the SiOx films the absorption and emission are correlated with 
quantum effects in silicon nanoparticles, and also associated with defects [5]. From the technological 
standpoint, the average size of silicon nanoparticle (np -Si) offers bandgap widths, which opens the 
possibility to tune the emission of light using nanostructured thin films in novel optoelectronic devices.
The goal of this work is to study and investigate the compositional and optical properties of SiOx films 
and junctions (SiO_x/SiO_y) deposited by HFCVD, with and without TT in order to have a broad and 
solid view of the behavior of the material by varying the substrate temperature and the thickness, which 
opens the possibility for proposed novel applications in a future work. 

EXPERIMENTAL RESULTS AND DISCUSSIONS

SiOx films and junctions (SiO_x/SiO_y) were prepared by HFCVD technique in the range from 900 to 
1150°C. The reactive sources were quartz and porous silicon. The deposition time was 5 min. for the 
SiOx films and of 10 min for the junctions (SiO_x/SiO_y). The thermal treatment (TT) was made using a
nitrogen atmosphere at 1100 °C for one hour. Several spectroscopic characterization techniques were 
used. The films without TT emit in a wide spectral range, where the SiOx films (see Figure 1) show that 
the maximum emission peak suffer a blueshift as the growth temperature decreases, for the case of the 
junctions (SiO_x/SiO_y) (refer to Figure 2) the PL spectrum has not the same behavior, which is 
observed and studied. The films with TT show two PL bands without wavelength shift, the spectra of 
SiOx films exhibit a lower intensity response compared with the films without TT and the spectra of 
junctions (SiO_x/SiO_y) illustrate a major intensity respect to the films without TT. The FTIR spectra 
show the three absorption peaks characteristic of SiO2. In the case of the films without TT these peaks 
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have a shift toward lower wave numbers with decreasing Tg, indicating the change in the excess silicon. 
When the films are subjected to TT, the FTIR spectra do not show these shifts and the position of the 
vibration modes are corresponding to the SiO2. On the other hand, the transmittance spectra of SiOx films 
and junctions (SiO_x/SiO_y) show a wavelength shift of the absorption edge depending of the thickness 
and Tg, so an increase in the energy optical bandgap is observed, when Tg decreases.

Figure 1. PL spectra of the SiOx films without and with TT.

Figure 2. PL spectra of the junctions (SiO_x/SiO_y) without and with TT.

CONCLUSIONS

The absorption and emission are correlated with quantum effects in silicon nanoparticles, and also 
associated with defects. A relationship between the composition, the energy bandgap, PL, and thickness 
were obtained. According to these results, we have analyzed the dependence of PL on the composition, 
and energy bandgap of the SiOx films and junctions (SiO_x/SiO_y) without and with TT.
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SUMMARY 

In this paper, we intend to study the enhancement of the optoelectronic properties of porous nc-Si:H layers 
passivated with lithium bromide (LiBr), a simple method consist of immersion of porous nc-SiH thin layers (ini-
tially deposited on silicon wafers by PECVD at different deposition temperature Td) in dilute LiBr of aqueous so-
lution followed by a thermal treatment at 120°c under nitrogen. The experimental results showed the increase of 
the minority carrier life time against a decrease of the reflectivity knowing that this method is efficient and has low 
cost surface. 

1. INTRODUCTION
Hydrogenated nanocrystalline silicon (nc-Si:H) has been the subject of scientific and technological interest in re-
cent years because of its outstanding properties such as higher electrical conductivity, greater doping efficiency 
etc.[1].

2. EXPERIMENTAL RESULTS AND DISCUSSIONS

The nc-Si:H layers were elaborated by plasma enhanced chemical vapor deposition under different Hydrogen flow 
rates (FH2: 0,50,75,100 sccm). Then, before deposition of LiBr solution, the surface of the different layers should 
be activated. That’s why, we have used the etching vapor process (EVP) as depicted the figure 1.a to make the 
layer’s surfaces porous. 
The EVP consists of exposing nc-Si:H samples to acid vapors issued from an acid mixture composed of HF and 
HNO3 with different volume ratios. The acid mixture is placed in a Teflon cell. The temperature of substrate and 
solution was adjusted to be constant during process by a k type thermocouple. Samples showed the 
presence of White Powder (WP) structure [3]. This white powder is the ammonium hexafluorosilicate whose 
chemical formula is (NH4)2SiF6. After that, the samples were dipped in LiBr aqueous solution with a concentration 
of 86.84g/mol and introduced finally in an infrared furnace (figure 1.b) to let the lithium diffuse in the layers. As a 
result, the final structure obtained is composed of three layers (nc-Si:H/ Pnc-Si:H/ Li) as it is shown in figure 1.c. 

Fig.1. Experimental procedures of the diffusion of LiBr in nc-SiH  layers 

Li

nc Si:H

a b c
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Fig.2. FTIR absorption spectra of nc-Si:H layers prepared at different hydrogen flow rates before and after the 
LiBr treatment 

Fig. 2 shows typical FTIR absorption spectra of of nc-Si:H layers prepared at different hydrogen flow rates before 

and after the LiBr treatment. It is clearly seen the decrease of the intensities of Si:Hn bonds after LiBr treatment 

against a marginal increase of Si-O-Si  stretching mode intensity peak at 1062 cm-1. Moreover, the absorption 

spectra of the treated samples present a new vibration which ;  appeared at 459cm-1. In the literature, many authors 

[4.5.6] have reported that the metal–oxygen–silicon bond occurred between300and 700 cm-1, so this additional 

peak can be attributed to the Li–O–Si bond which indicate the easily coordination of lithium to the silicon 

atomsthrough the oxygen.  

The evolution of the minority carrier life time (MCL) according to the substrate temperature is shown in Fig.3 

Compared to the MCL value of the film deposed before LiBr treatment, an increase of MCL is obtained for the 

treated films and it attained her maximum value (34.34μs) when FH2 reached 75 sccm. The enhancement of the 

MCL values can be related to Si-O-Li bonds. 

Fig.3. MCL spectra before and after LiBr treatment 

5. CONCLUSIONS

The investigation of structural and optoelectronic properties of porous nc-Si:H layers treated with lithium was car-
ried out. After LiBr treatment, the minority carrier life time has rather values which is due explained by the for-
mation of Si-O-Li bonds. Furthermore, the thickness of the different layers decreases with increasing H2 flow rate 
and especially after LiBr treatment. 

REFERENCES 
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SUMMARY

In the frame of this work light-dark surface photovoltage (SPV) was employed to monitor the dynamics of surface 
charge redistribution in response to illumination changes in n-type porous silicon samples. SPV has been performed 
on bare porous silicon as well as on Ni-filled porous silicon in vacuum and different gaseous environments such as 
oxygen and nitrogen. A difference between vacuum conditions and gaseous ambience has been observed in the tran-
sient curves for light on and light off.

1. INTRODUCTION

Due to the high surface area and high reactivity freshly etched porous silicon oxidizes easily. Oxidation is the 
main aging aspect and therefore knowledge about the oxidation state of the surface is of importance. The chemical 
stability of porous silicon is one of the pre-conditions to render the material utilizable in any application for which 
the surface can be modified and tuned in numerous ways. 

Light illumination decreases the H-termination of as-etched samples. Photoirradiation in oxygen ambient causes 
photo-oxidation at the surface and thus accelerates aging of the material. Photo-oxidation of porous silicon can be 
observed by exciting the sample with a light of 325-700 nm (~ 1W/cm2) [1].  

The filling of porous silicon with magnetic metals is of interest due to the specific properties of the nanosized de-
posits but also due to the silicon base material and its integration in microtechnology. The knowledge about the 
surface states is of importance and therefore surface photovoltage studies are an appropriate method to figure out 
such information.

Surface photovoltage studies in general are based on monitoring the change in surface potential due to illumina-
tion. Surface barrier in semiconductor is formed due to charge trapped in the surface states. The illumination-
induced changes of the surface barrier depend strongly on the surface/sub-surface electronic structure, which, in 
turn, can be affected by the physisorbed and chemisorbed species. In transient SPV experiment, the surface poten-
tial is monitored as a function of illumination time which can provide information about the different transport 
mechanisms in semiconductors. 

2. EXPERIMENTAL RESULTS AND DISCUSSIONS

The investigated porous silicon samples have been fabricated by anodization in aqueous hydrofluoric acid solu-
tion. As substrate highly n-doped silicon is used. The produced morphology offers average pore-diameters of 60 
nm and a thickness of the porous layer of about 35 μm. Ni-nanostructures have been electrochemically deposited 
within the pores of these templates. The size of the Ni-deposits ranges between 60 and 200 nm, whereas their di-
ameter always correlates with the pore-diameter. 

In our measurements, we employed light-dark transient SPV using a broad-spectrum incident white light, which 
included super-bandgap wavelengths. The surface was first allowed to saturate in light, and then to reach equilib-
rium in the dark. SPV signal was monitored using the Kelvin probe method, a non-contact technique used to 
measure contact potential difference (CPD) between the sample surface and the probe (note that CPD = -SPV) [2].

Characterization of bare porous silicon and Ni-filled porous silicon using SPV transients for different environ-
ments were performed in ultra-high vacuum as well as in several gas environments. First the transients in different 
gas environments were measured and then the gas was pumped out and transients in vacuum were obtained. SPV 
transients obtained for different environments are shown in Fig. 1 and Fig. 2.  
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Figure 1. SPV transient measurements in gaseous 
environment for (a) bare porous silicon in N2 (b) Ni-
filled porous silicon in O2.

. 

Figure 2. SPV transient measurements in vacuum 
for (c) bare porous silicon (d) Ni-filled porous sili-
con. 

SPV transients were measured in different environments for as-received nano-porous silicon samples and samples 
filled with nickel nanoparticles. The transients for both types of samples in different gases show anomalous volt-
age behavior during light on and light off events, exhibiting fast and slow process with opposite contributions to 
charge dynamics (Fig.1). However, when similar measurements were performed in the vacuum, unusual voltage 
spikes were absent (Fig.2). It is possible that the fast processes in gas environments during light on event are due 
to the charge exchange with intrinsic surface states. The slower process may be due to the charge transfer to the 
adsorbed gas atoms or molecules. This kind of slow charge transfer process is also reported for wide bandgap ma-
terials [3].The absence of slower process in vacuum could be due to the desorption of gas atoms or molecules from 
the surface. 

3. CONCLUSIONS
We studied the charge dynamics of nano-porous silicon and Ni-filled nano-porous silicon in different gas ambients
and vacuum. We found that SPV transients for both types of samples in gaseous environments showed the non-
trivial behavior (anomalous voltage spikes) during light on and light off events. However, same samples in vacu-
um showed a behavior without anomalous voltage spikes. It is possible that the unusual behavior is related to
charge exchange between the semiconductor surface and adsorbed gas species.
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TUNNELING TIMES OF ACOUSTIC PHONON PACKETS THROUGH A 
DISTRIBUTED BRAGG REFLECTOR  

Z. LAZCANO1, P. L. VALDES NEGRÍN2, D. VILLEGAS1,2, J. ARRIAGA1 , AND R. PÉREZ-ÁLVAREZ3

1Instituto de Física, Benemérita Universidad Autónoma de Puebla. A.P. J-48, Puebla CP  72570, México. 
2Universidad Central “Marta Abreu” de Las Villas, Santa Clara, CP 54830, Cuba.

3Universidad Autónoma del Estado de Morelos, Ave. Universidad 1001, 62209 Cuernavaca, México.
E-mail:  arriaga@ifuap.buap.mx   

SUMMARY
The longwave phenomenological model is used to make simple and precise calculations of various physical 
quantities such as the vibrational energy density, the vibrational energy, the relative mechanical displacement, 
the one-dimensional stress tensor, and the generalized acoustic impedance for a distributed Bragg reflector. 
From general principles such as invariance under time reversal, invariance under space reflection, and 
conservation of energy density flux, the equivalence of the tunneling times for both transmission and 
reflection is demonstrated. Here, we report the possibility that a phenomenon called Hartman effect appears in 
porous silicon multilayers structures.

INTRODUCTION
The formal equivalence between the equations describing light and sound propagation has been the basis for
the conception of phononic crystals in which the acoustic impedance is artificially modulated as the refractive 
index is modulated in photonic crystals. Acoustic nanocavities display localized acoustic states similar to the 
confined electronic levels in atoms and quantum wells. Typically, a phenomenon of the quantum mechanics 
such as resonant tunneling and the Hartman [1] effect has been revisited using acoustic waves [2]. 

THE MODEL
For the sake of completeness we describe here the model. For high symmetry directions of the Diamond 
structure, like the [001] and [111] directions, the harmonic phonon equations of motion decouple into one
longitudinal and two degenerated transversal oscillations, which are described by a linear chain model. 
Phonons with wave vectors close to the center of the Brillouin zone do not feel the discrete nature of the 
atomic structure, and for them the long-wavelength approximation is valid. We formulate the problem with 
the help of its one-dimensional energy density [3], 

= 12 + 12 | | + 14 +  
The first term represents the kinetic energy density, and the second represents the strain energy density that 
accounts for the dispersive character of the oscillations. These terms depend on the atomic relative 
displacements u, the linear mass density , the one-dimensional strain tensor , and the stress tensor ,
which is equal to =  being  the parameter that accounts for the behavior bulk phonon 
dispersion relation. 
The continuity equation for the energy density is equal to + = 0, where the energy density 
flux j, is written as = 1 2 ( + ). In order to obtain the equation for acoustic phonons we 
need to set to zero the constant and replace, , where , is the sound velocity.

RESULTS AND DISCUSSIONS
We study a distributed Bragg reflector (DBR) based on porous silicon (pSi), with a finite number of periods, 
N. DBR consists of periodic sequence of alternate A and B constituent layers with different porosity.  The 
thicknesses of the A and B layers are denoted by  and , respectively. The acoustic impedance  of any 
layer is given by  = . In pSi, the density and the velocity of the waves are related to the porosity [4]. In 
Fig.1a the transmission coefficient in dB as a function of the phonon frequency given in GHz is depicted for 
acoustic phonons. The inset shows some details of the transmission coefficient around the second stop band. 
In Fig.1b the transmission time in ns as function of the phonon frequency in GHz is plotted for acoustic 
phonons. For reference we also show the free time in which the peak of a free wave packet travels the
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distance  = ( + ). This is defined as = / , where  is the sound velocity in the substrate. 
Transmission time for long-wavelength phonons tunneling through a nonpolar material is defined [5] as= ( ) + where is the phase of the transmission amplitude and  and  are spatial coordinates.
We observe that the transmission time become smaller than the free time, i.e., the equivalent to the Hartman 
effect for electrons. From general principles, as invariance under time reversal, invariance under space 
reflection, and conservation of the energy density flux is demonstrated that, = . 
In Fig.2 the vibrational energy density , the relative mechanical displacement , and the one-dimensional 
stress tensor in arb. units are plotted as a function of the normalized distance. We can observe for the 
frequency fr=1.35 GHz (second order acoustic stop band center) that the mode does not propagates through 
the DBR.  

Fig.1 a) Transmission coefficient in dB as function of 
the phonon frequency in GHz is depicted for acoustic 
phonons. b) Transmission time in ns as function of 
the phonon frequency in GHz is plotted for acoustic
phonons. The number of periods in the DBR is N=6 
(N=12).

Fig.2 Vibrational energy density (a), the one-
dimensional stress tensor (b), and the relative 
mechanical displacement (c) in arb. units are plotted 
as a function of the  normalized distance. 

CONCLUSIONS
The longwave phenomenological model enables us to predict the behavior of a distributed Bragg reflector
constructed by porous silicon. We can predict that a phenomenon analogous to the Hartman effect can occurs
in this system. 
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Fe EFFECT IN POROUS TiO2 SUPPORTED ON SiO2 OPALS

SUMMARY

1. INTRODUCTION

2. EXPERIMENTAL RESULTS AND DISCUSSIONS
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Purification of the Tunisian phosphate rock porous powder via Chemical attack followed 
by Thermal treatment and guettering effect 
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SUMMARY
In the present work, we have fabricated porous phosphate rock (PPR) by etching vapor process (EVP) method. 
Our objective is to eliminate all impurities from Tunisian phosphate. Purified phosphate has many applications; we 
will focus on its application in photovoltaic field where we can diffuse phosphorus in solar cells. The characteriza-
tion of the different samples before and after purification by IR, RDX, Raman and EDX techniques allows us to 
determinate the porosity and the purification rate. 
1. INTRODUCTION

Tunisia is one of the largest phosphate producers in the world (more than 10 million tons per year since the
earlnineties). The importance of the effect of phosphate rock depends on the chemical form of phosphorus in 
which this element is combined, the use of phosphate rocks (PR) may cause environmental hazards because 
they can contain potentially toxic elements, such as U, Th, REE ( rare earth elements), Cd, As, Sn, V, Cr, 
Zn, Cu, Ni, etc…, the presence of these metals [1,2], both in corps and in plants, depends largely on the soil 
chemistry and on the chemical from or speciation of the metal.

Porous phosphate with high surface area, large pore volume and tailored components has received much 
attention because of their wide application as biomaterials, absorbents, catalysts. Among them, porous 
phosphate increasingly capture researchers attention due to its outstanding properties such as chemical 
stability, bioactivity, good ion-exchange properties and affinity for organic [3]. 
In this work, we intend to make the phosphate purified byphysico-chemical method. The phosphate was ini-
tially made porous. The EVP consists of exposing the phosphate to acid vapors issued from an acid mixture 
composed of HF and HNO3 with different volume ratios. After that, a thermal treatment had made at 900°c
by infrared furnance and followed by four stripping in the appropriate conditions. 

2. EXPERIMENTAL RESULTSAND DISCUSSIONS
Experimental:
The phosphate crude were first grinding and sieving, and then two different kinds of samples were prepared
The porous phosphate by the etching vapor process technique using an HF/HNO3 solution. The phosphate without 
chemical treatment: these samples were dipping in a HNO3/HCL solution (1M) and leaching subsequent. Then, 
the samples were filtration and pre-drying at 100 °C.

Results: 

Fig.1: IR spectra of Tunisian rock phosphate before (ST) and after (P900D4) purification 
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Fig.2: Raman spectra of Tunisian rock phosphate Fig. 3: XRD patterns of 
Tunisian rock phosphate before and after purification

before and after purification 
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Fig. 4: Energy dispersive X-ray analysis (EDAX) 
spetrum

5. Conclusions

In this work, we have eliminated heavy metals from 
Tunisian phosphate by thermal and chemical treat-
ment (Guettering). From the different characteriza-
tion, we demonstrate the efficacy of this method to 
recover many useful metals in different field espe-
cially in Energy.

P900D4
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SPECTROELLIPSOMETRIC STUDY OF DIFFERENT MICROSTRUCTURES OF 
POROUS SILICON LAYERS
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SUMARY

We report the Uv-Vis-NIR optical behavior of porous silicon layers studied by Spectroscopic Ellipsometry. 
The samples were prepared with and without a polyoxometalate during the electrochemical etching in order to 
tune the luminiscence. The role of the polyoxometalate on the optical properties was analyzed by two optical 
models based on the microstructure observed: the gradual and the anisotropic approaches. Our results suggest 
that the anisotropic model produces a better approximation when the porosity is high, irrespective to the 
microstructure. On the other hand, the gradual model reproduces better the optical behaviour with porosity
that changes along the pores. The optical and structural parameters determined from the spectroellipsometric 
analysis could have a significant impact on the design of luminiscent-photonic structures of porous silicon. 

1. INTRODUCTION

Current research on porous silicon (pSi) is concerned with the construction of complex structures with tunable
and luminescent properties. Such is the case of using polyoxometalates (POM) in the electrochemical etching
to control the thickness of the pore walls to produce luminescence and photonic properties in a same pSi 
structure 1. The design parameters, like the refractive index, are of great importance for building such 
structures. Spectroscopic Ellipsometry (SE) is a nondestructive and indirect optical characterization technique 
that has been extensively applied for the study and determination of optical and structural properties of pSi. It 
is well known that the microstructure and the optical properties of pSi have a complex relationship and a 
systematic method for the determination of these properties must consider the main factors that affect the 
optical response to reproduce the actual properties. These factors have been already identified and include: the 
general characteristics of the heterogeneous mixture between crystalline Silicon (c-Si) and air (effective 
medium theories); the microscopic column-like structure is also considered and it has been observed that can 
lead to morphological anisotropy; the surface coverage of the c-Si pore walls also plays an important role and 
is regarded as the native oxide unless otherwise is indicated; finally, the quantum confinement effect must be 
considered for skeleton sizes less than 3 nm approximately 2. 

The main goal pursued in this work is to understand the effect of the POM content in the electrolyte, on the 
microstructure of pSi samples evaluated through the refractive index determined from SE measurements, 
comparing with samples without POM in their production process. The analysis was made with models that 
closely represent the particular structure of each sort of sample. Independent reflectance (R) measurement 
serves to validate the models. The study of the optical properties determined from the ellipsometric analysis 
can help us to understand of the complex relationship between the microstructure and the optical response of 
pSi. These efforts could have a significant impact in the design of special structures based on pSi.   

2. EXPERIMENTAL, RESULTS AND DISCUSSION

Two sets of pSi samples of different porosity were prepared by electrochemical etching. c-Si substrates with 
electrical resistivity 0.01-0.02 -cm were used. All the samples were prepared under almost the same 
conditions except for the electrolyte composition. The first electrolyte was composed for HF, ethanol and 
glycerol in a volume ratio of 3:7:1. In the second electrolyte one part of ethanol was replaced by a POM 
solution in ethanol and H2O2. The applied electrical current is in the range of 8 to 100 mA/cm2. SE 
measurements were carried out in a phase modulated ellipsometer at an incidence angle of 70°, in an energy 
range of 1.5 to 5.0 eV and the software DeltaPsi 2® was used for the fitting process. The R spectra were taken 
at normal incidence with a FilmTek 3000™ in a wavelength range of 240 to 840 nm. Cross-section images 
were obtained from a Hitachi Scanning Electron Microscope (SEM) S-550 in order to determine the thickness 
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and the general microstructure. Moreover, the SEM micrographs served as a reference to select the model for
SE. Figure 1 is a SEM image showing two typical microstructures of pSi produced under these 
electrochemical conditions.  

Figure 1.pSi: a) medium and b) high porosity.

Figure 2. The two applied models: a) Gradual model and b) Anisotropic model.

In spite of the difficulty to construct a general model to describe the optical response due to the great variety 
of pSi structures produced with electrochemical etching, most of the cases fall into the scope of the proposed 
models. Figure 3 shows the ellipsometric spectra and the fitted parameters of pSi samples prepared with and 
without POM. The applied current was 90 mA/cm2. It can be seen that SE is sensitive to the differences in the 
microstructure caused by the POM and the model yields parameters to determine optical and structural 
properties.  

Figure 3. Ellipsometric spectra ( & ) and model details of pSi samples a) with POM and b) without POM.

5. CONCLUSIONS

Throughout the analysis of the pSi ellipsometric data we obtained good approximations of the Uv-Vis-NIR 
optical properties of samples prepared with and without POM and correlate such properties with the particular 
microstructure of each sample. These results help us to understand the action of POM in the production 
process can be used as design parameters for the development of complex structures based on pSi.  
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SUMMARY

We present the forming of a diode-like behavior in porous silicon devices with symmetrical aluminum contacts. The 
effect was observable after applied an electric field for larges times and we found that the forward diode polarization 
coincides with the field direction. In addition, we found that it is possible to switch the diode polarization changing 
the direction of the applied electric field. The results show that although the studied devices have symmetrical Al/PS
contacts, the results show that the electric field induces asymmetric modifications in the contact barriers. 

1. INTRODUCTION
A switchable diode effect controlled by high electric field pulses has been reported for ferroelectric materials.1
This effect has been associated to the generation of space charge regions in contact/ferroelectric interfaces. The 
reversible migration of oxygen vacancies from a contact interface to the opposite one due to ferroelectric polariza-
tion has been associated with spaces charge generated.2 This charge migration, produce the imbalance of the barri-
er energy and generates a diode-like behaviour. Recently, we report the switchable diode effect in porous silicon 
devices and propose as a possible mechanism the electromigration of adsorbed species on porous silicon surface.3
We propose the measurement of the refractive index near the electrode/porous silicon interface in function of ap-
plied electric field and experiments at different temperatures in order to test this mechanism.

2. EXPERIMENTAL RESULTS AND DISCUSSIONS

The PS films were fabricated by electrochemical anodization of crystalline p-Si ( = 2 – 4 m ·cm) with <100> 
orientation. The crystalline silicon wafers were etched in a solution of HF (50%):ethanol 1:2  with a current den-
sity of 20 mA/cm2 . The anodization times were adjusted to obtain PS films with thicknesses of 750 nm. The PS 
films were separated from the silicon substrate by etching in a 1:7 HF (50%):ethanol solution using a short pulse 
of high current density (360 mA/cm2). The free-standing PS films were transferred to aluminium coated glass 
slices. The transferred layers were dried under N2 flow, forming mechanical Al/SP back contacts. Top contacts 
were made by vacuum evaporation of aluminium. The as-prepared devices were placed in a vacuum chamber at 5 
x 10-5 Torr remaining under vacuum during 8 hours to degas the porous network before starting the experiments. 
Constant voltages were applied to the devices during a given time. After that, I-V curves were measured ranging 
from -1 to +1 V in order to characterize electrical response. The IV curves were measured following a voltage 
sweep: 0 V 1 V  - 1 V 0 V. The positive sign refers to the polarization of top contacts. The inversion grade 
(IG) was defined as the absolute value of the ratio between the current measured at +1 V and the current measured 
at -1 V.
When the Al/PS/Al devices was polarized with + 5 V after 100 seconds, the I-V curve showed a symmetrical 
change of current as observed in Figure 1(a) , we observed a monotonic increment of current at constant applied 
voltage, as well as an increment of current after applying a greater voltage. Maintaining the applied voltage, the I-
V curve gradually loss symmetry showing a diode-like behaviour. In Figure 1(a) it is shown the I-V curve meas-
ured after the bias of + 5 V during 3000 s. We found that the inversion grade increased with the polarization time. 
In addition, the diode polarization showed dependence with the direction of the electric field. In Figure 1(b) is 
shown the I-V curve after applied – 5 V for 3000 s, where the diode polarity reversal is evident.

.

Figure 1. (a) I-V curves after 
applying +5 V during 100 s 
(squares), and after applying 
5 V during 3000 s (circles). 
(b) ) I-V curves after apply-
ing -5 V during 3000 s.
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These results show the existence of a mechanism that changes the energy barriers Al/SP preferentially and reversi-
bly after the application of a forming electric field for large times.

We study this effect by measuring the changes in reflectance spectrum after applying an electric field in a specific 
direction and the opposite one. For this it is necessary to use a transparent electrode configuration SnO2/SP/Al and 
illuminate through SnO2/SP interface, as shown in Figure 2. Given that dominant mechanism for the appearance 
of the diode effect is effectively the electromigration, it must produces changes in the refraction index for the dif-
ferent directions of electric field. Simulated experiments showed that a small migration of hydrogen to the inter-
face, changes distinctlythe reflectance spectrum. 

5. CONCLUSIONS

The switchable diode effect in porous silicon devices was showed. To observe the effect, it is necessary to apply a
steady electric field during long times. The times involved in the switching process support the hypothesis of elec-
tromigration because generally the mobilities of the species related to these phenomena are small at room tempera-
ture.
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Figure 2. (a) Reflectance experiment 
proposed to study the forming and 
switching diode effect. (1) Source 
white light (2) spectrophotometer. 



A STUDY OF THE OPTICAL PROPERTIES OF POROUS SILICON MULTILAYER 
SYSTEMS BY USING A SUMMATION TECHNIQUE
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SUMMARY

An adaptable method for computing the optical constants of multilayer systems is implemented for the study of porous 
silicon multilayer systems (PS). This scheme is based on an efficient rule for accounting for the addition and 
subtraction of arbitrary thickness layers.  Applying this method we are able to identify the effect of the interface 
formed between PS layers that has not been taken into account by previous works. We also achieve an exact 
subtraction of the substrate from reflectance measurements.

1. INTRODUCTION

When studying multilayer systems, one finds the problem of separating the optical properties of single layers from 
those of the full multilayer system (and substrate). This separation is usually achieved by using some of the standard 
summation techniques. Multilayer PS systems have non-trivial optical properties that can be achieved by careful 
design of the morphological properties and thickness of each separate layer.  In the existing works, the interface 
between separate PS layers is usually taken as infinitely thin. However, a careful study of the real optical constants and 
finite thickness of the interface provides valuable optical information.

2. EXPERIMENTAL RESULTS AND DISCUSSION

We use a MATHEMATICA code based on the summation method derived by Mazilu et al. We are able to model the 
optical properties of the interface and adjust its thickness and morphological parameters to produce the reflectance 
spectrum. Using information provided by SEM images, we can verify the validity of our results.  

The reflectance spectrum of a multilayer system provides valuable information about optical properties of the whole 
system, such as its complex index of refraction.  The index of refraction results from the specific morphological 
parameters of the sample such as porous size and thickness. Usually, a unique   sample for reflectance is taken as 
reference which assumes a uniform carrier distribution along the sample. Using our method we are able to separate the 
effect of the real substrate from the optical system under study, allowing for a clean set up for modelling optical 
constants. A thin but finite-thickness absorptive layer is incorporated in the modelling of multilayer PS structures.
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Figure 1shows a multilayer system of porous silicon. 

Figure 2 shows a modeled reflectance of a two layer system of PS 
with infinitely thin layer (green curve) versus the reflectance 
obtained by using a finite thickness highly absorptive interface (red 
curve).   

3. CONCLUSIONS

The interface between PS layers in multilayer systems has a non-negligible influence on the optical properties of 
multilayer systems. By implementing a precise summation method we are able to model the effect of this interface and
fit to reflectance spectrum. Having the optical properties of the interface, we obtain information about its morphology.
We  are able to accurately subtract the effect of the substrate without making assumptions about the carrier 
distribution.
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Processes of paramagnetic center recharge in nitrogen-doped porous titanium dioxide
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SUMMARY

1. INTRODUCTION

2. EXPERIMENTAL RESULTS AND DISCUSSIONS
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3. CONCLUSIONS
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TRIPLET MODES
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SUMMARY 

We report on optical properties of Fabry-Pérot (FP) resonator based on Si-air one-dimensional photonic crystal (1D 
PC) with coupled triple-cavity modes (or defects). These defects obtained by infiltration of the air-cavity with the 
filler of tunable refractive index. The coupled FP resonators design is CMOS compatible and has potential for appli-
cation in tuning an individual transmission bands in wave-division multiplexing systems. 

1. INTRODUCTION

The development of the integrated compact multi-channel filters for different applications, such as, communica-
tion systems, multifunctional sensing and microwave antennas has been important and active area of research in 
the field of photonic integration for the last decade [1].  The required characteristics are the high quality factor (Q), 
high selectivity, high out of band rejection, low power and possibly low insertion. In this regard, multi-resonance 
based devices, such as coupled microring resonators, coupled travelling-wave resonators and coupled microcavity 
resonators, are the most promising solutions. One of the successful attempts in realization of wide tuning capabil-
ity of the coupled resonators was presented in [2,3], where authors demonstrated their solution for an integrated 
platform using thermo-tuning approach. In our recent work [4] we have demonstrated an electro-tuning approach 
for multi-channel Si-liquid crystal filter with fine tuning capability of individual channels. The present work is 
devoted to the detailed analysis of the optical properties of Si-air 1D PC using a combination of possible refractive 
index variations in three coupled FP cavity channels. The electro-optical effect is demonstrated for triple-cavity 
device fabricated based on one of the suggested designs.  

2. EXPERIMENTAL RESULTS AND DISCUSSIONS

In this work we investigated the optical properties of 1D PC based on Si-air structure with triple optical defects, 
obtained after infiltration of three central air channels with a nematic liquid crystal (LC) of tunable refractive index
n. This structure forms three coupled FP resonators with corresponding triple-defect modes within the photonic
stop bands (SBs) (see Fig. 1a-c). The optical properties of these structures were estimated using a transfer matrix 
method (TMM). 
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Figure 1. (a-c) Schematic of n tuning in one of the triple cavities of FP resonator. The tuning of triple defect 
modes at variation of n of LC from 1.5 to 1.7 in the central cavity demonstrate the effect of triplet splitting 
into the doublet and a single peak (d-f) in the 1st SB and (g-i) in the 3rd SB. The numbers beside the peaks 
correspond to n of the filler in the resonator cavities.   

For calculations we use various combinations of n in FP-resonator cavities with parallel and cross-tuning in the 
range 1.5 – 1.7.  For parallel refractive index tuning, where n varies equally in all three cavities of FP resonators, 
we observe a simultaneous shift of four triple-modes without their intersection for the 1st SB and up to nine triple-
modes for the 3rd SB. The total range of modes tuning (for n variation up to 0.01n) is tun/0.01n = 4.1 cm-1/0.01n
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for the 1st SB and 16.7 cm-1/0.01n for the 2nd SB. For the cross-tuning of n (where n varies in opposite directions in 
different cavities of FP resonator) we obtained the following options: 1) stable central mode and tunable side-
modes in transmission, 2)  stable side modes and tunable central mode, 3) stable central mode and suppression of 
the amplitude of the side-modes to the minimum transmission for the 1st SB (or their total disappearance for the 3rd

SB). In addition to that, at certain conditions, we observed a splitting of triple-mode into a doublet and a single 
peak (see Fig. 1d-i) with a very high Q (up to ~ 22000 in the 3rd SB).   
 It is worth mentioning that all aforementioned options of mode variations can be realized on the same struc-
ture with specific filler, and a certain type of tuning can be achieved by a particular set of the refractive index 
changes in each of three coupled FP resonators. The use of the FP resonances and SBs of the high order allows 
extending the range of functionality of the fabricated structure. For example, the tuning of triplet in the 1st SB al-
lows to obtain up to 12 transmission bands at different frequencies, while for the 3rd SB up to 27 transmission 
bands.   
       To experimentally demonstrate the proposed idea, the triple-channel resonator device was fabricated on 
<100> p-type SOI wafer with silicon device layer thickness of 4.5 m, and a 1 m thick buried oxide layer (Fig. 
2a). The design parameters of the 1D PC structures were selected from the calculations using TMM and gap map 
approach (see [5] for details) for one of the selected type of tuning discussed above. Electron-Beam Lithography 
followed by the plasma etching was used to fabricate the nano-scale structures with the lattice constant A up to 
1000 nm based on the first and second order SBs operating in the telecommunication wavelength range. The elec-
trical-isolation of the 2nd, 4th and 6th grooves of 1D PC is achieved by dry-etching of the micro-channels across the 
chip. A cone-shape cavity is designed for the easy infiltration of these grooves with LC E7. For the contacts a 500 
nm layer of Aluminum is deposited by sputtering. By independent application of the voltage to the Aluminum con-
tact pads different orientations of the LC molecules can be achieved in the individual grooves, allowing a variety 
of manipulations of the transmission channels. This was demonstrated by electro-optical effect observed using 
polarized optical microscopy (POM) and shown in Fig. 2b,c as an example for the case of application of electric 
field of 0 V and 10 V to two of the three channels.  

Figure 2. (a) SEM image of the fabricated defect-free 1D PC with three channels connected to 2nd, 4th, and 6th

grooves. POM images showing a top view on the channels (b) without applied electric field (0 V) and (c) 
under applied electric field of 10 V to the bottom and central channels.

3. CONCLUSIONS
Different options for position control of individual transmission channels in a triple-cavity resonator device are 
discussed. The resonator design is based on Si-air 1D PC. By filling of the particular air grooves in this structure 
with nematic LC, an efficient coupled Fabry-Pérot resonator can be realized in which a wide stop band is used for 
broad frequency channel separation. By random tuning of the refractive index in all coupled cavities, a continuous 
individual tuning of the central channel (or edge channels) up to 25% of the total channel spacing is demonstrated. 
Based on the proposed design, a prototype triple-channel filter was fabricated on SOI platform and electro-tuning 
effect was demonstrated. 
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SUMMARY

This work reports on the synthesis and electrical properties of different intrinsically conducting polymers based on 
PEDOT (poly(3,4-ethylenedioxythiophene) doped with several counter-ions: PEDOT:ClO4, PEDOT:PF6 and 
PEDOT:bis(trifluoromethylsulfonyl)imide, showing that they are promising candidates for electronic applications. 
The results indicate that the size of counter-ion influences the surface morphology and  the transport properties
such as the electrical conductivity .   

1. INTRODUCTION

Conducting polymers have attracted considerable attention in the last years in electronic applications. Conducting 
polymers like polythiophene, polypyrrol and polyaniline have been the most used since the initial discovery of 
doped polyacetylene in the late 1970s [1]. These polymers are semiconductors that provide a reasonable electronic 
conductivity after doping with suitable dopants. They have been extensively studied for their numerous 
applications like light-emitting diodes, sensors, photovoltaic cells and thermoelectric devices. In these applications 
it is important to control the electronic properties of the material. Particularly in poly(3,4-ethylenedioxythiophene), 
PEDOT, the doping level is easy to control by chemical reduction [2].  A secondary doping is also possible in 
conducting polymers. This secondary doping is due to a change in the polymers chains conformation. The 
extended chains promote better electrical conductivity than the coil conformation. This effect produces a change in 
the surface morphology and porosity of the material. 

2. EXPERIMENTAL RESULTS AND DISCUSSIONS

The films of PEDOT:ClO4, PEDOT:PF6 and PEDOT:bis(trifluoromethylsulfonyl)imide (PEDOT:BTI) were syn-
thesized through electrochemical polymerization on a gold surface (20 nm) previously deposited on a glass sub-
strate by metal evaporation. The gold layer was, at the same time, the working electrode.  The PEDOT:ClO4, 
PEDOT:PF6 and PEDOT:BTI were polymerized starting from a 0.01 M solution of EDOT and LiClO4 0.1 M, 1-
Butyl-3-methylimidazolium hexafluorophosphate 0.01 M, 1-Ethyl-3-methylimidazolium BIT 0.01 M, respective-
ly, in acetonitrile at -3 mA versus a Ag/AgCl reference electrode. The gold layer was removed with an acid solu-
tion (HNO3:HCl ratio 1:3). The PEDOT derivatives thin films (110-120 nm thick) were washed several times with 
water and ethanol. The resulting films of PEDOT:ClO4, PEDOT:PF6 and PEDOT:BTI were reduced  by contact 
with hydrazine (N2H4) vapor during several seconds. 

Figure 1. Scheme of the sample preparation sequence. 
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Figure 2. SEM images and electrical conductivity of PEDOT:ClO4, PEDOT:PF6 and PEDOT:BIT

After chemical reduction, the electrical conductivity 
changes from 753 S/cm to 230 S/cm for 
PEDOT:ClO4, from 1000 S/cm to 312 S/cm in the 
case of PEDOT:PF6 and from 2074 S/cm to 708 
S/cm for PEDOT:BTI. All the films appear to be 
homogeneous and compact with different roughness 
degree. The PEDOT:ClO4 shows a very rough sur-
face, with well distinguished globules at higher 
magnification, homogeneously distributed all over 
the surface. This film resembles compact with or-
dered arrangements of cauliflowers-shaped granules. 
This granular form is typical for the electro-
synthesized films when the amount of precursor is 
enough to form the film. On the other hand, the 
PEDOT:PF6 and PEDOT:BTI films depict a 
smoother surface of nearly interconnected polymer 
chains and voids in between.

A smoother, more homogeneous and compact poly-
mer film will clearly improve the electrical conduc-
tivity and the electron transfer capability between 
chains due to a more stretched polymer structure.

5. CONCLUSIONS

Intrinsically conducting polymers with high electri-
cal conductivity have been prepared using a very 
simple technique: electro-polymerization. Depend-
ing the type of counter-ions used in polymer synthe-
sis, the surface of the samples show different mor-
phologies, as observed in the SEM images. The elec-
trical conductivity decreases with the reduction time
and increases with the counter-ion size.
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3. Conclusion

References: 

Fig. 1.a. SEM and AFM images of pyramid 5min

Fig.2.a Reflectance spectra of silicon (a) native (b) textured pyramids Fig.2.b Reflectance spectra of silicon (d) textured porous 
pyramids with silane, (e) porous textured pyramids with silane 
and carbon nanotube

Fig. 1.b. AFM top view of NaOH-textured surface 5min
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SUMMARY

We have fabricated micro supercapacitors using a porous silicon layer with TiN coating done by atomic layer depo-
sition (ALD). Devices exhibit almost ideal double layer capacitor characteristics with electrode volumetric capaci-
tance of 7.3 F/cm3. Several orders of magnitude increase in power and energy density is obtained comparing to un-
coated porous silicon electrodes. Good stability of devices is confirmed by performing over 5 000 charge/discharge
cycles.

1. INTRODUCTION

Electrochemical double layer capacitor (EDLC), commonly called as supercapacitor, offer an option for short term
high power storage [1] and could be adopted in many on-chip applications. High surface area carbon materials
(such as activated carbon) are typically used as supercapacitor electrodes, but those materials are complicated to
integrate on chip. Silicon based structures could be an optimal solution here, and there are numbers of reports deal-
ing with silicon nanowires and similar structures [2]. However, they show relatively low capacitance. Porous sili-
con (PS) can be a very good candidate due to ease of fabrication and integration possibility, but its conductivity is
relatively low and surface suffers from high reactivity in contact with electrolyte resulting in low capacitance and
poor stability [3, 4]. Coating of PS surface could solve these problems and in this work we have used atomic layer
deposition (ALD) technique to get a conformal and stable coating on porous silicon surface. TiN coated PS elec-
trodes were used for micro supercapacitor fabrication. Charge/discharge, cyclic voltammetry (CV) and electro-
chemical impedance spectroscopy (EIS) techniques were applied to test device performance and long term stabil-
ity.

2. EXPERIMENTAL RESULTS AND DISCUSSIONS

Porous silicon was prepared by electrochemical etching of highly-boron-doped silicon wafers (1-4 m -cm) in a
1:4 solution of 50% aqueous-HF and ethanol. A whole 150 mm diameter wafer with a patterned silicon nitride
mask was processed resulting in 20 identical porous areas 1.5 cm2 each. About 6 m thick porous layer was pre-
pared during 30 min. anodization at 5.3 mA/cm2 current density. Porosity of the layer was about 88% as evaluated
from gravimetrical measurements. Pore diameter was about 50 nm, as seen from figure 1a.

TiN layer was deposited by ALD using TiCl and ammonia as precursors and nitrogen as carrier and purging gas.
Process was performed at 425oC temperature keeping about 5 Tor pressure inside the reactor. As seen from figure
1b, TiN layer thickness is about 20 nm, and very good conformality is achieved.

      (a) (b)

Figure 1. SEM pictures of bottom part of (a) as
prepared porous silicon layer and (b) layer with
TiN coating.

Supercapacitor cells were prepared by joining two identical chips containing PS layer, putting a layer of polydime-
thylsiloxane (PDMS) between them. A 2mm thick layer of PDMS with a hole in the centre served as a separator
and as a reservoir for electrolyte. 0.5 M of tetraethyl-tetrafluoroborate in propylene carbonate (TEABF4/PC) was
used as an electrolyte. Electrolyte preparation and filling steps were performed in a glove box under nitrogen at-
mosphere, protecting the electrolyte from humidity.

A galvanostatic charge/discharge of the supercapacitor at constant current are shown in Fig. 2a. Almost symmetric
triangular shape of voltage pulses indicate good performance as an EDL capacitor. Some deviations approaching
the maximum voltage at lower charging current can be caused by growth of leakage current. This can be due to not
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ideal conformality of the TiN coating (small areas of pristine porous silicon). The efficiency of the cell is about
82%. Evaluated capacitance is 3.9 mF and 3.1 mF for lower and larger charge current, respectively.

            (a)                                                             (b)

Figure 2. Galvanostatic charge/dis-
charge (a) at 1.1 A/cm3 (a) and Nyquist
plot of EIS measurement (b). Inset
shows a high frequency part, with knee
frequency indicated (200 Hz).

Electrochemical impedance spectroscopy (EIS) was used to examine the frequency characteristics of our devices.
Almost vertical shape of the curve of imaginary and real part of complex impedance (Nyquist plot, shown in fig-
ure 2c) confirms capacitance type of behavior. Evaluated frequency limit for capacitive behaviour is 200 Hz (Fig.
2b inset), which indicates fast operation of the device. Evaluated equivalent series resistance (ESR) of the devices
was about 18 Ohms, what is very close to the values obtained from charge-discharge measurements (17 Ohm).
ESR arises mainly from the bulk of the electrolyte, because the electrode separation was 2 mm (corresponding to
the PDMS layer thickness). This indicates that further improvement can be obtained by cell optimization.

Good performance as EDL capacitor was confirmed also by cyclic voltammetry (CV) measurements. The CV
curves (Fig. 3a) exhibit almost ideal rectangular shape, that has not been obtained before for porous silicon based
devices [3, 4]. This indicates very low ESR values of our electrodes, meaning good conductive coating. The cur-
rent increase approaching ±2 V (as seen in Fig. 3a) can be caused by some moisture present in organic electrolyte
or by not ideal coating of porous silicon surface by TiN layer (as mentioned earlier). Therefore CV measurements
were performed within ±2 V window.

(a) (b)

Figure 3. Cyclic voltammetry and ca-
pacitance retention. (a) CV curves dur-
ing 5500 cycles show almost ideal
EDLC performance and stability
(curves at some cycles are presented),
(b) capacitance retention during 5500
cycles.

Capacitance retention curve (Fig. 3b) evaluated from CV measurements shows good stability. Initial drop during
first 200-300 cycles can be caused by some charging effects at TiN/PS interface. Further capacitance values slow-
ly approaches the initial value.

To compare our devices with other results, the volumetric values of specific energy and specific power were calcu-
lated, taking into account total porous volume of both electrodes. Our obtained energy (1 mWh/cm3) and power
(7.3 W/cm3) densities are comparable with the best results for on-chip capacitors. The power density is at least
order of magnitude larger than previously reported for silicon (and porous silicon) based supercapacitors and com-
petes with the best results obtained from graphene microsupercapacitors [5].

5. CONCLUSIONS

As prepared porous silicon cannot be used as electrode material in supercapacitor due too large reactivity of the
surface and high overall resistance. TiN coating done by ALD greatly improves the electrode action, increasing the
conductivity and passivating the surface. Fabricated supercapacitors show good figures of merit: electrode specific
volumetric capacitance of up to 5.8 F/cm3, power density of 7.3 W/cm3 and energy density of 1 mWh/cm3. Those
are very attractive values for on-chip applications.
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SUMMARY

Si microwire array anodes have been prepared by an economical, microelectronics compatible method based on pore 
etching of macropores. In the present report, evidence of the scalability of the process is presented. Preparing anodes 
with larger areas or with longer wires does not demerit their mechanical or charge-cycling stability, but allows for 
larger total and areal capacities respectively. The presented anodes have record areal capacities for Si-based anodes. 

1. INTRODUCTION

Silicon as anode material for Li ion batteries has a theoretical capacity of 4200 mAh/g, more than ten times the 
capacity of standard graphite anodes. Microstructured Si in wire-shape overcomes problems caused by its four-
fold volume expansion during its lithiation, allowing capacity stability over hundreds of cycles1. 

The authors of the present work have developed a new concept of Si anodes that consists of an array of Si 
microwires embedded at one end in a Cu current collector2. The fabrication process is based in the electrochemical 
etching of macropores. The capacity of the anodes is very stable over 100 cycles3, and breaks all the records when 
considering the capacity per area (areal capacity)4. As will become clear in the following lines, the production pro-
cess is scalable, and consequently, the capacity of the anodes.

2. EXPERIMENTAL RESULTS AND DISCUSSIONS

The production process of the Si microwire anodes, depicted in Figure 1, consists of 4 main steps: (a) Electro-
chemical etching of macropores with modulated diameters. Sections with narrower diameters are created in order 
to produce (two) stabilization planes in the final wires. The starting material are Si wafers with a structure of pits 
defined by contact lithography. (b) Chemical over-etching in KOH-based solutions of the pore walls; this step is 
done until the pores merge and wires remain. Commonly, the wires are produced with a diameter of around 1 μm. 
(c) Electroless deposition of a Cu seed layer until certain depth. (d) Electrochemical deposition of Cu on the Cu 
seed layer to create a current collector of the final anode. After this step, the anode is separated from the Si sub-
strate by pulling from the Cu layer. Additional information of the fabrication process can be found in ref. 2.

(a) (c)

(b) (d)

Figure 1. Steps for the production of Si microwire 
anodes: (a) Electrochemical etching of macropores; 
(b) Chemical over-etching of the pore walls to create 
wires; (c) electroless deposition of a Cu seed layer; 
(d) Electrochemical deposition of a Cu current col-
lector.

The Si microwires can be prepared easily in different lengths. The main parameter to be changed is the electro-
chemical etching time between the two narrow sections of the pores. It is clear that additionally the current density 
has to be reduced in depth in order to take into account the diffusion limitation of etchant. Si microwire arrays of 
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lengths of 80 and 130 μm are shown in Figure 2 (a) and (b) respectively. To produce anodes of different areas, 
also the main parameter to be varied is the etching current; it has to be multiplied by a constant factor scaled ac-
cording to the desired size of the anode. Especial care has to be taken about the temperature of the etching system 
when etching for large anodes, since a big portion of the consumed power is transformed into heat. Two examples 
of anodes of different sizes are shown in Figure 2 (c). The rest of the steps for the production of anodes remains 
unaltered for longer/shorter anodes or for up/down scaling. Just the current for the electrochemical deposition of 
Cu has also to be scaled up/down when scaling the anodes. The capacity of the anodes is also scalable, but their 
electrical properties change when doing so, at least for the first cycles. In Figure 3 the delithiation potential of an-
odes of different lengths versus gravimetric capacity during the first delithiation cycle is shown. It can be observed 
that a higher delithiation capacity is reached with shorter wires. This can be attributed to the larger amount of Li 
that is necessary for SEI when the wires are longer. Nevertheless, after some cycles the gravimetric capacity 
reaches 3150 mAh/g, the capacity limit introduced for safe cycling, independently of the length of the wires. 

(a) (b)

(c)

Figure 2 (a) and (b) Si microwire arrays of different 
lengths. (c) Si microwire anodes of different areas.

Figure 3 Delithiation potential versus gravimetric 
capacity of anodes with Si microwires of different 
lengths.

3. CONCLUSIONS

Producing Si microwire anodes out of macroporous 
Si is a fully scalable process. Mainly the current for 
the electrochemical processes have to be scaled ac-
cording to the desired area of the anodes. Having 
longer wires enables the storage of larger amount of 
charge per area (areal capacity), while larger anode 
areas represent larger amounts of active material, 
and thus, higher total capacities. 
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SUMMARY

For preparing flexible thin film silicon based anodes, macroporous or mesoporous silicon layers are transferred 
onto a copper current collector. These new anode materials lay on facile, low-cost and industrial-scalable 
procedures of fabrication. Electrochemical characterizations (galvanostatic cycling, cyclic voltammetry and 
impedance spectroscopy) demonstrate that the resulting macro- or mesoporous silicon films are suitable for 
lithium-ion microbatteries.

1. INTRODUCTION

Due to its high theoretical gravimetric capacity of 
3579 mAh/g at room temperature, silicon (Si) is a 
candidate to replace carbon in lithium-ion batteries. 
Bulk single crystalline silicon wafers are not 
suitable for a reliable negative electrode material 
because of strong volume changes that Si undergo 
during lithiation and delithiation reactions [1]. 
Nanostructured Si materials would be stable 
towards volumetric expansion and would limit 
crackings and pulverization during cycling, and 
hence improve the capacity retention [2]. We 
present an inexpensive and industrially scalable 
procedure to prepare porous silicon (pSi) based 
anodes. Meso or macroporous Si is prepared by 
electrochemical etching of a Si wafer to form a pSi 
layer, which is then simultaneous peeled-off and 
transferred onto a metallic current collector. Free 
standing and flexible films of porous silicon are
thus achieved. Morphological characterizations of 
the pSi surface is achieved by scanning electron 
microscopy (SEM), Energy-Dispersing X-ray 
spectroscopy (EDX) to monitor the impregnation of 
the electrolyte through the porous layer, and 
electrochemical characterizations are performed 
using cyclic voltammetry (CV), galvanostatic 
cycling and electrochemical impedance 
spectroscopy (EIS).

Figure 1: Macroporous Si integration process and 
electrochemical characterizations.
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2. EXPERIMENTAL RESULTS AND
DISCUSSIONS

Transferring a macroporous silicon layer onto a 
copper current collector follows these steps : 1) 
Electrochemical etching of Si wafer to achieve 
pores (Fig.1a) 2) Copper nanoparticles seeding by 
electroless deposition (Fig.1b) 3) Electroplating of 
a copper film 4) Mechanical peeling-off of the 
pSi/Cu film. SEM observation after peeling shows 
that the obtained pSi/Cu film surface is 
homogeneous (Fig.1c) and at higher magnification 
it is possible to descry the Cu seeding film at the 
bottom of the pores (inset of Fig.1c). The 
photograph of the final device (Fig.1d) shows, at a 
macroscopic scale, the homogeneity of the 
integrated pSi on the Cu current collector and the 
flexibility of the pSi/Cu film. Electrochemical 
impedance spectroscopy measurements showed that 
the Cu seeding stage ensures a good electrical 
contact between the pSi and the Cu current 
collector. Galvanostatic cycles (Fig.1e) show a 
stable behavior at a current density of 0.2 A/g 
(C/20). The first cycle leads to discharge capacity 
of 1350 mAh/g. At higher current densities, 0.4, 0.7 
and 1.8 A/g (respectively C/10, C/5 and C/2), stable 
capacities are recorded with respective values of 
1200, 1000 and 750 mAh/g. A strong decrease is 
observed for an applied current density of 3.6 A/g. 
This behavior at the highest rate may be due to the 
limitation of solid-state ion diffusion in the Si that 
cannot permit Li to alloy the Si material in depth.  

Volumetric changes of Si during lithiation and 
delithiation reactions can be controlled by limiting 
the insertion and deinsertion of Li in pSi. For 
example, on mesoporous silicon based anodes, we 
observed that the lower cut-off has a strong effect 
on the capacity retention. We compared the stability 
of pSi anodes in setting the lower cut-off voltage to 
70 mV in a first case and setting to 100 mV in a 
second case. Galvanostatic profiles are presented in 
Fig.2a. In the first case, we observed the capacity 
quickly reaches a high value close to 2480 mAh/g
after 30 charge-discharge cycles. This high value of 
capacity cannot be kept through increasing the 
number of cycles and a fading behavior is observed 
for the subsequent 100 cycles, until to reach 
296 mAh/g at the 135th cycle. Post-mortem SEM 
observations were achieved and we observed at low 
magnification that the mesoporous layer presents a 
huge amount of cracks (Fig.2b). At a higher 
magnification (Fig.2c), we observed that a major 
part of the porous layer seems to remain unbroken, 
whereas a part of the layer on the top peels off. In 
the second case, when the lower cut-off voltage is 
set to 100 mV, the capacity is 1910 mAh/g for the 
10th cycle and remains quite stable to the 70th 
cycle with a capacity of 1860 mAh/g, so a capacity 
retention above 97%. Cycling farther, the capacity 
retention drops with a specific capacity of 1485 

mAh/g for the 150th cycle. Fig.2d and Fig.2c
display post-mortem SEM observation of a sample 
cycled after 150 cycles at 300 μA cm-2. The 
integrity of the mesoporous Si is preserved from 
mechanical damages.

3. CONCLUSION

Silicon-based flexible negative electrodes with a
new design were achieved from a porous silicon 
wafer. The preparation is low cost (inexpensive 
materials, reusability of the wafer) and low time-
consuming and, therefore, is industrial friendly. We 
demonstrate that macro or mesoporous silicon are 
suitable as anode materials for lithium-ion 
microbatteries. Capacity fading during cycling is 
strongly diminished when voltage cut-offs limit the 
amount of Li inserted or deinserted in pSi and 
hence minimize volumetric changes of the pSi layer 
drive. Reducing the mechanical damages of the pSi, 
capacities are shown stable over 100 cycles.
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SUMMARY

Based on the latest scientific publications on the nanostructured silicon materials for Li-ion batteries we review in a 
present report the entire structure of the device called the electrical battery and illustrate the role of the nanostruc-
tured materials in a full system. We bring attention to the intrinsic problems of the reversible, stable and durable 
functioning of such a system that could lay in many components of the device including the binder and the electro-
lyte used, as well as in its overall design. Comparison of a battery with a fuel cell makes feasible putting forward a
battery design similar to that used in cells with the Electrodes Membrane Assembly. We proposed, describe and 
discuss this new design attempted to release the accumulated stresses and to prevent the capacity fading problems. 

INTRODUCTION

Energy storage within electrical battery is based on the electrochemical concept of usage of two half cells (anode
and cathode) with different electrochemical potentials. Those potentials are formed by the electrochemical processes 
(RedOx reactions) between the components presented in/on the electrodes and in the surrounding electrolytes. Both 
half-cells are put together in a way that the two electrical passes are formed, electronic and ionic, spatially separated 
one from another. In this way electrons needed for electrochemical RedOx reactions are moved through the elec-
tronic conductors (electrodes, collectors and external wiring, electronic pathway) while ions consumed in the same 
processes are moved through the electrolyte or the ion-conductive membrane (ionic pathway). The last must also 
physically separate the two baths to avoid shortcuts; see Figure1A 
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Figure 1 A - Schematic of the electrochemical concept of the electrical battery; B – Comparative schematics of the 
battery (closed space, no external feeding) and the fuel cell (open space, available for external feeding) designs. 

The processes developed in the electrodes in the Li-ion batteries during the charging step are:

At the ANODE (Li-ion reduction to Li atom): Li+ + e = Li (1)

At the CATHODE (Li atom oxidation to Li-ion): Li = Li+ + e (2)

Materials used for both anode and cathode allow intercalation/de-intercalation of Li-ions/Li-atoms into their lattices
and thus trap them in reversibly. The electrolyte where the electrodes are immersed is in fact a simple Li-ion pool 
that assures a separation of electrons and ions movements in the designed spacial arrangement.

Among many chemical elements and compounds, silicon is considered as the most promising anode material as it 
can be lithiated up to Li4.4Si composition. The well-known drawback of the silicon anode is its huge volume expan-
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sion under lithiation and consequent mechanical instability that lead to a pulverization, lost of the electrical contact 
with the current collector and a fast capacity fade under cycling. The nano-structuring of silicon, similarly to what 
has been proposed with respect to the bulk carbon anodes helps solving this problem. Many scientific papers and 
technical patents were published on this subject. Although in the actual literature there is no consent about the max-
imal dimensions/sizes of individual Si nano-structures that would not suffer from the mechanical stress and thus 
conserve their integrity under lithiation, the values form 50 to 350 nm have been proposed based on different origi-
nal experimental works. In any way, structuring of Si material used in the anode further implies the two important 
issues into the entire design of the battery. These are interfaces of the anode with 1.-the current collector and 2.-the 
Li+-ion containing electrolyte. Both of these interfaces must assure the two different electrical pathways in the bat-
tery, ionic and electronic and are analyzed in details in this report.

DISCUSSIONS

The most evident solution for making an electrical contact to the nanostructured electrode is using the fine powder 
of metal or carbon and mixing both components together in a composite electrode. In this case the continuity of the 
net electrical path in a final electrode material is good but not completely assured. Recovering each particulate of the 
active electrode material by a thin continuous layer of carbon can improve it drastically. Various ideas have been 
proposed: a direct carbon vacuum deposition, a polymer deposition from solution with subsequent thermal carboni-
zation or in-situ polymerization of conducting polymers on the surface of the active material.  In any case all these 
methods can assure only the continuity of the electronic pathway in the nanostructured electrode.

Another, the net ionic electrical path is needed for the correct functioning of the battery. It extends over the electro-
lyte and the ionic membrane, and ends on the anode/ and cathode/ electrolyte interfaces, which are the most complex 
parts of any electrochemical system. The charge transfer process is realized here, determines the electrochemical 
kinetics and thus all the electrical parameters of a battery. In case of the Si anode (for Li-ion batteries) it is not a
solely electron transfer from the electrode to Li+ -ion in solution, eq. (1) above. A deposited Li metal must be dis-
solved in the Si electrode and form a phase different from that of the initial material. The general terminology used 
in a battery-related field is intercalation/de-intercalation (of Li), which brings much more attention to the diffusion 
like process of penetration of Li-atoms into the anode material than to a true electrochemical one, the electron trans-
fer at the electrode/electrolyte interface. In case of composite electrodes, carbon and silicon are both conductive, so 
the two possibilities for a charge transfer reaction can exist, one at the carbon interface and another at the silicon 
interface. The rates for these two processes will determine the most probable Li+-ion reduction route and also, indi-
cate a space where the Solid Electrolyte Interface SEI will be preferrently formed and grown. 

The SEI formation concept is actively present in most publications but still very poorly developed. The SEI for-
mation has been pointed out as the factor that drastically affects the performance of the battery decreases its charge 
capacities, and eventually leads to the battery fade. A number of recent works elucidated that it used to contain the 
two parts and its chemical composition can include all the components of the system: from the very surface layer of 
the electrodes themselves, the electrolyte and even any additives used in the fabrication process. More theoretical 
considerations of this issue lead to a hypothesis that the denser SEI part formed closer to the electrode surface have 
to be permeable only for the Li+-ions where they move through a Grotthuss-like hopping mechanism. It is also be-
lieved that only a naked Li+-ion (without any solvation sheath) can accept the electron, be reduced and then interca-
lated into the solid electrode. The outer SEI part closer to the electrolyte is the place where the desolvation of the 
Li+-ions occurs. Therefore, the denser SEI layer performs as an ion exchange membrane. This opens the possibility 
to reduce a number of the components in the battery and arrange the remains, only the necessary ones, in a more 
accurate manner. We propose and discuss such a new design, see Figure 1B, where the battery consists of the Li+-
ion conductive membrane with two electrodes (anode and cathode) deposited on its opposite sides and submerged 
into the solvent that helps swelling the membrane and maintaining it conductive under charging/ discharging condi-
tions. 

CONCLUSIONS

Analyzed publications on the silicon anode used in the Li-ion batteries permit formulations of the next four topics
that are of great interest for the further progresses in the Li-ion batteries with the nanostructured Si anode: 

techniques for the scalable production of silicon nanostructured materials; 

surface chemistry control in those materials over the all fabrication processes; 

usage the Li-ion exchange membranes and development the techniques for its processing in non-water solvents 
to impart them a sufficient conductivity as well as the techniques for covering the nanostructures with these 
ionomers; 

new designs of the whole battery
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SUMMARY

Diminishing fossil fuel vectors and increasing carbon dioxide levels in the atmosphere are major drivers for re-
search into renewable energy sources. The study focuses on generating hydrogen using porous silicon, quantum 
dots and an inexpensive iron catalyst. 

1. INTRODUCTION

In artificial photosynthesis, solar energy is converted into chemical energy by following the blueprint of natural 
photosynthesis. Recently, Oh et al., investigated the photocurrent efficiency of porous silicon (pSi) loaded with 
platinum by electroless deposition1. More recently, Ott et al.,2 fabricated a p-type silicon/molecular electro-catalyst 
junction using a dithiolate-bridged [FeFe] motif, a derivative of the Fe2S2(CO)6 hydrogenase analogue used in our 
earlier work3. We assembled a hierarchical nanoarchitecture, starting with a robust inorganic base material p-type 
pSi, decorated this material with colloidal indium phosphide (InP) QDs, and finally attached Fe2S2(CO)6 as 
catalyst. Our strategy resulted in a photocathode with superior performance yielding a quantum efficiency of 
0.63%, and showing the evolution of hydrogen gas4. 

2. EXPERIMENTAL METHODS AND RESULTS

Silicon wafers were etched by electrochemical anodisation in 1:1 ratio of 48% hydrofluoric acid: absolute ethanol 
with a constant current density of 57 mA/cm2 for 8 minutes. Hydride-terminated pSi was capped with a methyl 
layer by electrografting 5 to protect the surface from oxidation. InP QDs were synthesized based on the procedure 
described by Reiss et al. 6. InP QDs were loaded into the pores of the pSi by physisorption. Figure 1 B and D show 
the top and cross sectional scanning electron microscopy (SEM) images after loading the electrografted pSi with 
InP QDs and Fe2S2(CO)6. Figure 1 E and F show the cross sectional images of time of flight secondary ion mass 
spectrometry (ToF-SIMS) of bare pSi and pSi loaded with InP QDs and Fe2S2(CO)6. The red, green and blue col-
ours correspond to silicon, indium and iron, respectively. 

Figure 1: A and B show the SEM top-view images of 
bare pSi and pSi loaded with QDs and catalyst. C and D 
show the corresponding cross-sectional SEM images. E 
and F show the corresponding cross-sectional ToF-SIMS 
ion maps (red, blue, and green representing Si+, In+ and 
Fe+). Image F shows also individual colour channels for 
clarity, where I) merged, II)-IV) Si, Fe and In signals, 
respectively.

32



Figures 2 and 3 show the photocurrents and hydrogen analyzed for the electrografted pSi loaded with InP QDs and 
Fe2S2(CO)6.The ABPE (Applied Bias Photo-to-current Efficiency) of the fully assembled photocathode was cal-
culated as follows7: 

ABPE = (1) 

in which j (mA cm-2) is the measured photocurrent density, Vb is the bias between the working electrode, Pt coun-
ter electrode and Ag | AgCl 3M KCl reference electrode vs. NHE, and Pi is the incident light intensity (100 mW 
cm-2).

Figure 2: shows the increase in photocurrents by 
ramping up the bias potential in steps of -100 mV 
for electrografted pSi loaded with InP and 
Fe2S2(CO)6 catalyst vs. Ag|AgCl in 0.1M H2SO4
as electrolyte. The inset shows the photocurrents 
measured using the assembled photocathode at a 
bias potential of -500 mV over two light-dark cy-
cles. It showed a stable photocurrent of -1.2
mA/cm2 with a significant amount of hydrogen 
bubbles produced.

Figure 3: Gas chromatogram showing the presence 
of hydrogen gas. The hydrogen gas corresponds to 
the electrografted pSi loaded with InP QDs and 
[Fe2S2(CO)6] catalyst. And the measured photocur-
rent was about -1.2mA/cm2 at a bias potential of -
500 mV over two light-dark cycles. The cell was ir-
radiated with a calibrated light intensity of 100 
mW/cm2 under air mass (AM) 1.5 condition. 

3. CONCLUSION

We report here the first example of sensitizing a pSi electrode to produce hydrogen in an aqueous electrolyte using 
a combination of InP QDs and Fe2S2(CO)6 catalyst with a quantum efficiency of 0.63%.
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SUMMARY
We have developed a method to locally isolate epitaxial silicon using a buried layer of oxidized porous silicon. The 
method is particularly useful for developing vertical multi-junction p-i-n diodes for high-voltage photovoltaic solar 
cell applications.  In this method, numerous micrometer-sized photovoltaic diodes are connected in series and are
isolated from each other and from the underlying Si substrate by a buried layer of oxidized porous silicon. This 
technology eliminates the requirement of using expensive silicon-on-insulator (SOI) wafers, thus substantially re-
duces the overall cost of fabrication. The technology can be exploited for numerous applications, primarily in solar 
recharging of batteries, in high concentration photovoltaics where large photocurrents generate Ohmic losses and in
other MEMS applications. 

1. INTRODUCTION
The use of porous silicon (PSi) and particularly oxidized PSi (OPSi) for electrical isolation between microelec-

tronic devices on a given Si chip was extensively studied during the 70's and the 80's of the past century. OPSi was 
considered as an alternative to the 'local oxidation of Si' (LOCOS) technology [1-2] but the excellent interfaces, 
superb isolation and ease of fabrication that can be achieved with LOCOS, make this technology the dominant 
one.  Another example was the FIPOS (full isolation by porous silicon) technology [3- 4] that was quite successful 
in silicon-on-isolator (SOI) applications. However, here again alternative SOI technologies took over since they 
offered better interfaces with the buried oxide and improved electrical isolation. The use of FIPOS remained lim-
ited to applications where deep oxide regions are required (e.g. in power transistors).

Here we report on a novel, FIPOS-like, isolation technique we call: "Local Isolation by buried Oxidized PSi" 
(LISOP) and it's utilization for photovoltaic (PV) applications. The LISOP technology differs from other local-
isolation techniques by (i) using specially engineered epitaxial silicon films; (ii) advanced etch and oxidation pro-
cesses, (iii) special device layouts enabling ease of fabrication and efficient device's configurations. In particular, 
this method can eliminate the use of costly SOI wafers by substituting these wafers with the much cheaper stand-
ard Si wafers in applications where only local isolation is required. This technique is especially useful for high-
voltage photovoltaic (HV-PV) solar cells where vertical-junction PV diodes (where the current flow direction is 
vertical to the direction of the absorbed light; see Fig.1) are connected in series to create a vertical multi-junction 
(VMJ) solar cell that operates at high-voltages and at much smaller photocurrents. The technology can be exploit-
ed for numerous applications, primarily in solar recharging of batteries, in high concentration photovoltaics where 
large currents generate substantial Ohmic losses and in other MEMS applications [5-6]. 

Figure 1: (left) Schematics of the vertical p-i-n junc-
tion with the side trenches used to isolate along the 
strips and the buried OPSi (in red) that locally isolate 
the diodes from the heavily doped substrate. (right) 
Schematics of the VMJ PV-diode with the blue arrows 
showing the direction of illumination and the yellow 
arrow the direction of current flow [5]. 
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Figure 2: Cross-section SEM images of the mushroom-like, buried PSi layers created at the bottom of the trench-
es. (a) EC etching at a current density of 2 mA/cm2 for 150 seconds showing that the mushrooms have merged to 
create complete isolation. (b) GV etching for 10 minutes creating 30 m deep buried PSi. 

2. EXPERIMENTAL RESULTS & DISCUSSION
Heavily doped p+ Si wafers (0.01-0.02 ohm cm) with top (4 μm thick) lightly doped epi-Si film (p-type, 1-10

ohm cm), were patterned by deep RIE to create long strips, isolated from each other by 4 μm deep trenches. A pre-
patterned substrate was placed in hydro-fluoric (HF) acid solution to activate a selective etching process that cre-
ates buried PSi at the bottom of the trenches (see Fig. 2). Two distinct processes were tested: electrochemical (EC)
and galvanic (GV) etching. Figure 2 presents SEM cross-section images showing connected, mushroom-like 
shaped, buried PSi. Notice that in both cases (EC and GV) PSi was created in the heavily doped substrate but not 
in the lightly doped epi-Si film. Complete electrical isolation has been achieved (for both EC and GV etched sam-
ples) after 10 min of EC oxidation using 1M sulfuric acid solution at a current density of 20 mA/cm2. Both EC and 
GV etched PSi samples were oxidized under essentially the same conditions.  

Finally, I-V measurements were carried out to determine the resistivity of the buried PSi layers. Measurements 
were performed on 5, 8 and 12 m wide strips. The results indicate that after complete PSi etching (but before EC 
oxidation) the resistivity of the samples increase from 102-103 cm (in a reference sample with no buried PSi) up
to 106-107 cm (connected buried PSi). Measurements after EC oxidation showed further increase in resistivity to 
the range of 109-1010 cm.  Higher levels of resistivity are above the resolution of our experimental setup. This 
level of electrical isolation is sufficient for most applications, particularly for HV-PV. 

3. CONCLUSIONS
Simple etching techniques to create buried insulating layers of oxidized porous silicon have been developed

and demonstrated. The conditions to achieve complete electrical isolation between the top epi-Si strips and the 
underlying heavily doped Si substrate were investigated.  Resistivity measurements confirmed that the buried 
OPSi layers are highly insulating. The above LISOP method can be exploited for HV-PV applications where a set 
of p-i-n junctions are defined along the strip and are connected in series to obtain high-voltage PV cells.  In this 
case, the buried OPSi eliminates electrical shortcuts between the top diodes due to the high-conductivity of the Si 
substrate. The above technique is expected to cut down the production costs in those applications where expensive 
SOI wafers are currently utilized. 
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SUMMARY
Hybrid structures of conjugated photoconductive polymers and porous silicon (PSi) have been fabricated by elec-
trochemical polymerization of monomers inside a meso-PSi matrix, creating two complementary networks of PSi 
and nanowires array of the polymer. This structure of two complementary columnar networks is particularly suita-
ble for photovoltaic (PV) applications as the kind of polymer and the depth of the columnar matrix can be de-
signed and adjusted for absorbing most of the sun light while the (average) distance between the poymer/PSi inter-
faces can be tuned to match the diffusion length of the excited carriers. Here, we describe a two steps fabrication 
process of the PSi matrix followed by electrochemical polymerization of monomers inside the pores. More specif-
ically, a composite structure of (n-type) meso-PSi and poly-thieno-thiophene (PTT) network of nanowires were 
fabricated. Optical absorption measurements revealed a red-shift of the array of PTT nanowires relative to that of 
the bulk polymer, thus extending the absorption edge from the green (bulk polymer) to the red (array of nan-
owires). PV measurements indicated a significant improvement in the short circuit current (Isc) after annealing of 
the organic/inorganic composite structure. 

1. INTRODUCTION
Organic-inorganic interfaces and particularly hybrid structures of PSi and conjugated polymers have attracted in-
creasing attention lately, mainly due to the appearance of unique and unconventional properties of the hybrids that 
are unmatched by the individual components (PSi and conjugated polymers). These properties can be utilized for a 
variety of fields and applications such as OLED's, photodiodes and PV solar cells. Examples include PSi-
polyaniline (PAN) [1], PSi-PVK [2], PSi-PPV and more [3].  The active layer of these devices is at the organ-
ic/inorganic interface where optically generated charge carriers move across the junction toward the electrodes. 
Furthermore, scaling down to the nano-scales changes some of the properties of these composite structures, for 
example, creating strain which, in turn, changes the optical properties of the polymer. 

In this work we show how variations in the PSi and the polymer morphology affect their properties. We demon-
strate enhancement of the PV characteristics due to changes in the morphology of the hybrid structures. 

Figure 1: (left) Current density - voltage characteristics of the hybrid structure under illumination before (blue
line) and after annealing at 100°C for 30 minutes (red line). Jsc and the fill factor increase by a factor of ~30 and
by 7% respectively after the annealing. The overall power conversion efficiency has increased by about 25 after 
annealing. (right) Absorption spectra of bulk PTT (blue line) and PTT nanowires (red line) indicating a red-shift of 
the PTT nanowires spectrum. 
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2. EXPERIMENTAL
Following previous reports on infiltrating conjugated polymers into meso-PSi matrices [1-2] we have successfully 
infiltrated polythieno(3,2-b)thiophene (PTT) into a PSi matrix. Thus, creating a junction of two complementary 
columnar networks of silicon meso-pores and nanowires of polymer; see reference [2] for more details about the 
fabrication of PSi host matrices and about galvanostatic polymerization [4]. In brief, through galvanostatic electro 
polymerization of monomers inside the PSi matrix, we homogenously infiltrate the monomers and polymerize 
them inside the entire volume of the pores. Similar to previous works on PVK and PEDOT, the PTT-PSi (n-type)
interface creates a type-II band alignment which enables the photovoltaic effect [1-2]. Throughout these processes 
we have fabricated a variety of hybrid structures having different pore diameters, pore depths and wall thicknesses. 
This has been accomplished by using a two steps, PSi electrochemical (EC) etching technique. At first we apply a 
high EC current which determines the nucleation points of the pores. Next, we apply a smaller EC current which 
creates smaller pores (and thicker walls) from these nucleation points. Using this method we could control the pore 
sizes, their distribution and the (average) silicon wall thickness.  In addition, by using the galvanostatic polymeri-
zation technique we could control the polymer growth both inside and on top of the pores. Therefore, we created a 
thin PTT film, of about 50 nm in thickness, on the top of the PSi/PTT hybrid structure to enable a direct contact to 
the PTT network (and yet, this film is thin enough to avoid substantial absorption of the incident light). Finally,
ITO contacts were defined to the top PTT film by sputtering. Photovoltaic measurements of the hybrid structures 
were conducted under AM 1.5, 1 sun illumination. The effect of the pore morphology on the PV characteristics 
has also been investigated. Both the size and the depth of the pores affect the efficiency of the PV cell. The short 
circuit current turns out to considerably increase as the depth of the pores is decreasing while the open circuit volt-
age shows the opposite trend. Absorption measurements of the hybrid structure have also been conducted showing 
a clear red shift of the PTT nanowires spectrum (inside the pores) compared to the spectrum of bulk PTT polymer-
ized on ITO as can be seen in Fig.1 (right). For measuring the absorption of the hybrid structure we etched a deep 
hole in the backside silicon substrate by RIE, creating a transparent window for measuring the PSi-PTT absorption 
spectrum. Thermal annealing of the device in nitrogen atmosphere, at a temperature of 100oC for 30 minutes, gives
rise to a significant improvement in the PV characteristics of the hybrid device, particularly an improvement by a 
factor of 30 in the short-circuit current (ISC) of the device, see Fig.1(left).  

3. DISCUSSION
PV measurements of various PSi/conjugated-polymer hybrid structures have indicated that the optical and the PV 
characteristics of these structures depend on the structural morphologies of these hybrid devices. At first, the for-
mation of a connected network of PTT nanowires has a significant impact on the optical properties of the polymer; 
particularly giving rise to a red shift of the absorption spectrum. This could be explained as due to the arrangement 
of the confined nanowires in the porous matrix. In this case, the red-shift of the absorption gives rise to a better 
overlap of the polymer's absorption (across the visible range of the spectrum) with the solar spectrum. In addition, 
we have found that the short circuit current increases with the decreasing pore depth, apparently due to more uni-
form illumination of the entire volume of the pores (where in deep pores, the polymer at the bottom of the pores is 
not exposed to the blue part of the solar spectrum). Annealing has proved to be a very effective way to improve the 
PV performances, apparently due to a release of strain and recombination defects and a formation of more ordered 
packing of the polymer chains, which give rise to a better mobility of the charged carriers, overall resulting in
higher short-circuit current and fill factor [5]. 

4. CONCLUSION
We have shown that the morphology of the PSi-PTT structure affects the optical and the PV characteristics of the 
hybrid device. In particular, we have demonstrated a red-shift of the optical absorption and improvement of the
short circuit current under annealing. Overall these phenomena give rise to improved PV performances, particular-
ly higher conversion efficiency of the hybrid PV cell. 
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SUMMARY

Thanks to diblock copolymers self-assembly, it is possible to propagate periodic polymeric nanostructures on large 
area to silicon dioxide and silicon by Reactive Ion Etching or Metal Assisted Etching, obtaining ordered mesoporous 
silicon with pore size ranging from 50 to 10 nanometers an less. The two different propagation methods are com-
pared in this work.

1. INTRODUCTION

In recent years an increasing interest has been devoted from the scientific and industrial community to self-
assembly process at nanoscale. Polymer spherical nano-particles, where repulsive forces generate typically hex-
agonal structures [1], as well as block copolymers thin films, in which the incompatible block components segre-
gate into a wide range of microphases, have been demonstrated to be a viable solution for the fabrication of nanos-
tructured templates with dimension below 50 nm. The International Technology Roadmap of Semiconductors 
[http://www.itrs.net] indicates the directed self-assembly based on diblock copolymers (BCP) as a consistent low-
cost alternative to immersion extreme UV lithography for the 32 nanometer node and for large area 
nanostructuration. Coupling diblock copolymers self-assembly with dry and liquid etching, it is possible to propa-
gate the ordered microphase to any large area substrates, in particular Silicon and silicon dioxide. Reactive Ion 
Etching is the straightforward technique industrially compatible, and preliminary results of cylinders and lamellas 
propagation will be shown in the framework of this work, as a part of a wider European Metrology Project devoted 
to the realization of probe microscopy standards (EMRP s17 CRYSTAL). The other approach under study is Met-
al Assisted Etching, since its discovery in fact, [2] it has been clear that the surface metal patterning was the prin-
cipal responsible of the final pore morphology. In this kind of electroless etching the predominant parameters are 
the redox potential of the surface metal respect to silicon, the metal thickness and its distribution on the surface, 
and the HF to H2O2 ratio in solution [3]. Metal nanopatterning of a silicon wafer surface can be obtained in sever-
al ways, such as optical lithography and nanolithography. However, both techniques present limits, as the latter 
that, although pushing down resolution to tens of nanometer, is time-consuming in order to achieve square milli-
meters of printed area, since the electron beam lithography is essentially a sequential process. In a previous work, 
we demonstrated the feasibility of a metal patterning process based on polystyrene nanosphere self-assembly and 
propagation to the bulk silicon by MAE [4] on the macro porosity range, but the same approach failed trying to 
extend it to the mesoscale. In this work, the metal patterning by means of a mask of Block Copolymers (BC) al-
lows for the formation of regular mesopores on any type of silicon substrates and with holes diameter less than 50
nm.

2. EXPERIMENTAL RESULTS AND DISCUSSIONS

Self-assembled structures in form of PMMA cylinders embedded in a PS matrix with a diameter of 20 nm and a 
pitch of 33 nm have been obtained by diblock copolymers polystyrene-b-poly(methylmethacrylate) (PS-b-PMMA) 
with a styrene fraction of 0.71, Mn=67100 and PDI 1.09 . When deposited in the form of thin film, these BC natu-
rally self-organize upon annealing, and form a PS matrix with hexagonally close-packed PMMA cylinders per-
pendicularly oriented with respect to the substrate, if a layer of random composition of PS and PMMA is spun in 
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Figure 1. Diblock copolymer mask (PS-b-PMMA) 
after PMMA removal. The vertical cylinders are 
around 17 nm.

Figure 2. The BC mask and the propagated cylin-
drical morphology onto the silicon substrate after 
RIE.

order to decouple the successive blocks form the substrate [5]. After PMMA removal by UV exposure, acetic acid 
immersion and RIE in O2 for random layer removal, the samples have been divided in two groups, the first was 
exposed to RIE of CF4+O2, 200 W for 80 seconds, resulting in a mesoporous array as shown in Fig. 2, on the se-
cond, a gold layer of 1-2 nm has been deposited by means of e-gun evaporation onto the BC mask and into the 
cylinders, reaching the silicon substrate. Metal Assisted Etching (MAE) has been performed with times ranging 
from 30 s to 1 min at 60° C in a solution of HF:H2O2:H2O 22%:9%:69% in volume [3] . Ordered and regular 
pores of diameters around 20 nm have been obtained with good uniformity, in some cases, when the gold particles 
are sufficiently isolated and separated by the PS mask, the pore present high aspect ratios, comparable to Deep 
RIE etching. The surface finishing of the original wafer is maintained after the MAE thanks to the BC passivation.

Figure 3. The BC mask after Au 1 nm E-gun deposi-
tion.

Figure 4. The propagated cylindrical morphology to 
the silicon substrate after few seconds MAE and 60
minutes of piranha for BC mask removal.  

3. CONCLUSIONS
A comparison between two propagation methods, dry and liquid, has been performed using a diblock copolymers 
of PS-b-PMMA on silicon substrate. This promising process opens the way to a new method for large area 
mesoporous materials fabrication.
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SUMMARY 
Nanoporous Si spheres were prepared by the electrochemical etching of Si particles using two types of etching 
processes.  The geometrical structures of the obtained porous Si spheres could be controlled based on the etching 
conditions.  The process shown in the present report allows the high-throughput preparation of nanoporous Si 
spheres with controlled geometrical structures. 
1. INTRODUCTION
Fabrication of Si small spheres with nanoporous structures has attracted much interest due to their applicability to 
various application fields1,2.  For example, porous Si spheres are expected to be used as anode materials in the Li ion 
batteries with improved charge-discharge cycling properties.  Usually the porous Si spheres with controlled geo-
metrical structures are prepared through the anode etching of single crystal Si wafers followed by the mechanical 
fracture.  This process is the difficult in effective preparation of the porous Si spheres due to the necessity of the 
single crystal Si wafers.  In the present report, we describe the fabrication of the nanoporous Si small spheres based 
on the electrochemical etching of Si small particles in HF containing electrolyte.  This process allows the high- 
throughput preparation of porous Si spheres and contributes to the expansion of the application fields of the porous 
Si spheres. 
2. EXPERIMENTAL RESULTS
For the preparation of porous Si spheres, two types of anode etching processes have been employed; electrochemical 
etching process using closed packed Si particles, and the barrel etching process.  The electrochemical etching pro-
cess using closed packed Si particles was performed by similar process reported previously3,4.  The Si particles were 
set in a cylindrical holder with electrode to ensure the electrical contact to the particle.  The electrochemical etching 
was carried out in an organic electrolyte containing 10 wt. % HF under constant current condition.  After the etching, 
the porous Si spheres were separated (Fig.1).  In the case of the barrel etching process, the Si particles were elec-
trochemically etched using a barrel with a conducting electrode in it.  The geometrical structures of the sample were 
observed by scanning electron microscopy. 

Figure 2 shows the typical SEM images of porous Si particles obtained by the electrochemical etching using 
closed packed Si particles.  From the low-magnification image shown in Fig. 2, it can be confirmed that the spherical 
and uniform sized porous Si spheres were obtained after the electrochemical etching, and the inset SEM image 
revealed the formation of the nanoporous structure on the surface of the particles.  In the case of the sample shown in 
Fig. 2, the average diameter of the pores was 60 nm.  The pore sizes in porous Si spheres were dependent on the 
electrochemical etching conditions.  Among them, the HF concentration, and current density were the main factors. 
The pore size in porous Si spheres increased with increase of HF concentration or current density.   From the cross 
sectional SEM observation, it could be confirmed that straight pores were formed perpendicular to the surface.  The 
depth of the pores was dependent on the anode etching time.  

The use of the barrel electrochemical etching process also generated the nanoporous Si spheres after the 
electrochemical etching (Fig. 3).  This process allows the higher-throughput for the formation of the porous Si 
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spheres due to the unnecessity of making the closed packing of the particles.  Figure 4 shows the SEM images of the 
nanoporous Si particles prepared by the barrel electrochemical etching process.  From Fig.4, formation of the na-
noporous structure on the Si particles less than 100 m could be confirmed.   
5. CONCLUSIONS

Si spheres with nanoporous structures on the surfaces were obtained by electrochemical etching of Si particles.  The 
geometrical structures of the obtained porous Si spheres could be controlled by changing the electrochemical 
etching conditions.  The present process allows the high-throughput preparation of porous Si spheres with controlled 
surface geometrical structures.  The obtained porous Si spheres are expected to be useful for various applications 
fields.
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Figure 2.  SEM images of porous Si spheres 

Figure 3.  Schematic drawing of the 
barrel electrochemical etching process 

Figure 4.  SEM image of porous Si particles 

Figure 1.  Electrochemical etching process 
using closed packed Si spheres 
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SUMMARY

We present a novel technique to fabricate nanoporous silicon nitride (NPN) membranes.  A porous nanocrystalline 
silicon (pnc-Si) layer is formed directly on top of a silicon nitride film and a reactive ion etch (RIE) process is used 
to transfer the pores from the pnc-Si “mask” into the SiN film.  The resulting membranes are 50 nm thick, 30 % po-
rous, and have effective pore diameters ~60 nm.

1. INTRODUCTION
In 2007, Striemer et al. introduced pnc-Si as an alternative material for ultrafiltration membranes.  Pnc-Si mem-
branes have the advantage of pores with aspect ratios close to 1 while still maintaining remarkable strength over 
large areas of freestanding material.  These characteristics set the pnc-Si membranes apart from porous membranes
by reducing transmembrane thickness while also reducing the pore size distribution (van den Berg, 2007).  In this 
work we extend the advantages of pnc-Si by transferring the pores into a silicon nitride film.  While pnc-Si porosi-
ty is inherently linked to the thickness of the initial a-Si film, the thickness of the SiN film is independent of the 
masking pnc-Si layer.  Also, by altering the RIE conditions we explore additional control over the pore size and 
porosity of the NPN membrane. Furthermore, SiN is a robust material that can withstand high temperatures and 
exposure to harsh chemical environments.

2. EXPERIMENTAL RESULTS AND DISCUSSIONS

Previously reported pnc-Si membranes had a maximum thickness of 30 nm.  Our preliminary tests were aimed at
determining if we could create a thicker pnc-Si layer that would behave as a more robust masking layer.  To that 
end, we attempted a pnc-Si membrane with an initial thickness of 40 nm.  Figure 1 (a) is an STEM micrograph of 
a typical 40 nm pnc-Si film. Figure 1 (b) is an SEM micrograph looking at the cross-section of the membrane in a 
region over the supporting substrate.  From left to right is the supporting Si substrate, a 25 nm SiO2 layer, and fi-
nally the top layer of 40 nm pnc-Si.  Using image analysis we found the average effective pore size to be 43 nm
and the porosity to be 8 %.  Figure 1 (c) is a histogram showing the pore size distribution.

Figure 1. (a) An STEM micrograph of 40 nm thick 
pnc-Si.  The white spots indicate pores while the 
dark regions are nanocrystalline silicon.  (b) An 
SEM micrograph of the cross-section of 40 nm pnc-
Si still supported by Si substrate.  The SiO2 has been 
partially removed near the pore opening by the BOE 
etch step that completely removed the top oxide lay-
er. The white scale bar represents 100 nm and cor-
responds to (a) and (b).  (c) A histogram showing a 
representative distribution of pore diameters.

(a) (b)

(c)
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Figure 2. A process flow for fabrication of NPN 
membranes. (a) A 200 μm thick Si wafer with 50 nm 
of LPCVD SiN on both the front and back has 40 
nm of a-Si followed by 20 nm SiO2 sputtered on the 
top. (b) The wafer undergoes a rapid thermal process 
which induces crystallization of the a-Si leading to 
pore formation. (c) The oxide is removed from the 
front surface of the wafer and the backside SiN is 
lithographically patterned to define the chip and 
window dimensions. (d) RIE is used to transfer the 
pores from the pnc-Si into the SiN layer.  (e) The 
frontside of the wafer is coated with a protective 
layer of PECVD TEOS oxide to temporarily close 
off all pores and the backside is etched using EDP.  
(f)  The TEOS is removed with a buffered oxide etch
and the membranes are ready for use.  

Next, we transferred the pores of the 40 nm pnc-Si into a SiN film using the steps detailed in Figure 2.  A TEM 
micrograph of the resulting NPN membrane is presented in Figure 3.  The transfer process results in an increase in 
average effective pore diameter up to approximately 60 nm and a porosity of 30 %.  The exposed windows in this 
particular case are 0.1 x 3.0 mm.  These membranes have a permeance of 59,000 cc/cm2/min/bar, a hydraulic per-
meability of 47 cc/cm2/min/bar and are able to withstand pressures up to 17 psi.

Figure 3. TEM micrograph of NPN film where the 
lighter gray circular regions are pores and the darker 
areas are the SiN film with some thin amount of
pnc-Si mask that has not been etched away com-
pletely by the RIE.  The inset is a higher magnifica-
tion image of a pore.  The scale bar for the larger 
image is 200 nm and the scale bar for the inset is 20 
nm.  

5. CONCLUSIONS
We have demonstrated that pores can be successfully transferred from a 40 nm pnc-Si film to a 50 nm SiN film
using a standard RIE process. The created NPN membranes have larger pores and higher porosity while maintain-
ing high strengths and are ideal candidates for ultrafiltration of materials with sub-100 nm dimensions.  
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SUMMARY

We report an optofluidic technique for local and instantaneous determination of pore opening during dissolution of 
barrier oxide layer in nanoporous anodic alumina membrane. The reflected light from a focused laser on the sample 
can be used to monitor the capillary imbibition of the etching solution. Since the etching rate increase with the tem-
perature, the same laser used to measure the pore opening process can be used to control the area of the sample were 
the pore opening occurs first.

1. INTRODUCTION

Nanoporous anodic alumina membranes (NAAM) formed by anodization of aluminum have proven useful in a wide 
range of application in nanotechnology. The typical structure of a NAAM is represented in Fig. 1. As a result of the 
anodization process, an hexagonal array of straight cylindrical nanopores is obtained. The bottom of each nanopore 
is closed by a thin barrier oxide layer. For most applications of NAAM, removal of this barrier is required. This pro-
cess, known as pore opening (PO), can be performed by wet-chemical etching from the closed side of the pores. 
Once the thin barrier oxide layer is dissolved, the etching of inner walls of the pores begins. This process is called 
pore widening (PW). It is crucial to determine precisely the pore opening point in order to separate both process. 
The usual technique for monitoring the PO process involves measuring the conductivity through the NAAM [1]. 
This method has been recently improved measuring the current at only one side of the membrane [2]. Nevertheless, 
both methods obtain a response that is function of the pore open condition on the whole membrane and necessary 
adds a delay because require the diffusion in the liquid in order to detect the pore opening. In a recent work, an 
optofluidic technique [3] for the characterization of nanoporous membranes has been proposed. Here, we apply this 
technique to determine if a NAAM has open or closed pores. Based on this, we propose a similar experimental setup 
to monitor and at the same time control the PO process. We demonstrate that PO point can be determinate accurately 
in-situ by imbibition of the NAAM by the etching solution. 

2. EXPERIMENTAL RESULTS AND DISCUSSIONS

The NAAM was fabricated by the usual two-step anodization process [4]. First, 99.998% aluminum foils were 
electropolished. The first anodization step was performed in oxalic acid at 40V during 20 hours. The obtained alu-
minum oxide film with disordered pores was dissolved by wet chemical etching. Next, the second anodization step 
was started under the same anodization conditions during 20 hours. Finally, the remaining aluminum substrate was 
removed from the bottom side by wet chemical etching with cooper chloride. In this way a free-standing NAAM 
with oxide barrier layer was obtained.  

Figure 1. NAAM fabrication process. (a)
Electropolishing (b) First anodization
step (oxalic acid, 40V, 20 hours) (c) Re-
moval of disordered pores (d) Second 
anodization step (e) Removal of remain-
ing aluminum substrate.

Experimental setup used for optofluidic measurement is shown in Fig. 2. A laser beam is focused on the membrane 
and reflected light intensity as a function of time is measured after a liquid drop impinges over the membrane. The 
measured light intensity is the result of the interference of light reflected from the two fixed interfaces [3]. We ob-
tain reflectance of NAAM in function of time. For membrane without PO treatment, measurement for filling from 
top and bottom are shown in Fig. 4a and 4b, respectively (for 0t the membrane is dry). The reflectance fall when 
liquid reach the surface. Next, in first case, oscillations in reflectance occur as a result of constructive and destruc-
tive interference when the effective optical thickness of the membrane is increased by the liquid intake. In second 
case, there are not oscillations, indicating that liquid does not penetrate. After wet-chemical etching, the filling from 
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bottom side is repeated (Fig. 4c). In this case, the oscillations prove the liquid imbibition confirming removal of the 
barrier oxide layer. It is worth to note that the measure is performed only on the illuminated area of the sample (a 
bundle of hundred pores can be inspected).In order to monitor the wet-chemical etching at real time, we adapted the 
optofluidic technique. The membrane was put in contact directly with the etching solution (phosphoric acid 5% 
w/w) and the reflected light intensity was measured as a function of time from the bottom. The experiment was car-
ried out at 30 ºC. The reflectance measured during PO process is shown in Fig. 3. At 0t the drop of etching solu-
tion was released. A fall in reflectance is observed similar to Fig. 4b. Near 55t min a series of oscillations are 
observed indicating the penetration of the liquid and the PO point.The wet-etching process has a strong temperature 
dependence. Higher temperatures will shorten PO time. This fact can be exploited in the experimental setup in order 
to control the PO process. By controlling the power and focus of the laser we can create a small region of increased 
temperature and could increase the etching rate at that specific point of the membrane.

Figure 2. (Left) Experimental setup of the 
optofluidic measurement system. (Right) Schematic 
representation of the NAAM and imbibition process.

Figure 3. Reflectance measured during PO process 
using the optofluidic technique proposed. The PO 
point near 55t min is indicated.

Figure 4. Optofluidic measurements. Reflectance of NAAM in function of time for filling from top (a) and bottom 
(b) side of the membrane without PO process. Measurement for filling from bottom side was repeated after wet-
chemical etching (c).
3. CONCLUSIONS

We demonstrated that the optofluidic technique developed previously [3] can be used to study the PO process. 
Optofluidic measurement can be employed to determinate the presence of a barrier oxide layer in a NAAM sam-
ple. Moreover, the measurement can be performed simultaneously with the PO process to determinate the PO 
point. Finally, this technique could be used to control the process increasing locally the temperature with the same 
laser used to monitor the process. 
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SUMMARY

We describe here a simple electrochemical method for a scalable production of mesoporous silicon particulates with 
controlled thickness and porosity. The method is based on a 3-steps electrochemical regime which cyclically applied 
to a silicon wafer in a HF based electrolyte. The obtained porous silicon material possesses multiples individual lay-
ers of a controlled thickness each stacked together. The meso-porous particulates are further produced either me-
chanically (first with a help of a sharp blade and then in a mortar, dry route) or ultrasonically (in a suitable solvent 
or electrolyte, wet route). The method has been proved in a treatment of the entire 2 inches silicon wafer. Up to 300
cycles have been applied in a sole treatment that allowed a nearly 200 microns in-depth etching with a total yield of 
meso-porous silicon material up to 150-200 milligrams in a batch. 

INTRODUCTION

Nowadays meso-porous silicon material attracts growing attention in Pharmacy and Nano-Medicine where it of-
fers large advantages over a number of other biocompatible nanostructures. Those materials are mostly used as 
vehicles for encapsulation of different drugs, additives or medical markers that are targeted to a specific place in a 
hampered organism. Meso-porous silicon is a universal carrier because it can be fabricated in different forms and 
its structural parameters can be tailored for each particular system. For example, the pore size can be varied from 2 
to 50 nm that perfectly fit all the sizes of the active molecules, proteins and even more complex substances used in 
pharmacology. The huge possibilities to functionalize the inner and inter porous surfaces of such a vehicle can 
provide it necessary properties and improve the total load, targeting abilities and kinetics of a drug release. One of 
the real challenges in a way of the industrial application of any new nano-material is its scalable production where 
the precise control on nanostructuring parameters and chemical composition assure a reproducibility of the func-
tional properties in the industrially fabricated material. We believe that the insufficient rapidity of a technology 
transfer from the academia to the industry in a field of porous silicon (medical) applications is mostly caused by 
the time-consuming procedures of preparations of this material in the academic ambient. It has traditionally been 
made through electrochemical etching of the Si wafer in a depth of only very few microns. In this work we de-
scribe the method that will enable a uniform in-depth treatment of the entire wafer up to hundreds of microns [1]. 

EXPERIMENTAL METHODS, RESULTS AND DISCUSSIONS

The proposed electrochemical regime is depicted in Figure1A. It consisted of three different levels of current den-
sity, or three main steps, cyclically applied to the Si wafer: work, cut and relaxation. To facilitate a lift up of the 
porous material the additional lift-up step is needed: a current density equal or upper of that used in the cut step for 
20-30 seconds. The highly doped <100> 0.010-0.020 Ohm·cm p-Si wafers of 2 inches diameter and 1500 micron 
thickness were used and the electrochemical cell let opened the 5 cm2 area for the treatment. 

A B C 

Figure 1: A – The 3-step electrochemical regime with N cycles. The working level 1 determines the porosity and 
the thickness of the individual layer. The cut level 2 introduces very thin porous layers where the breaks emerge in 
a crashing procedure. The relaxation level 3 allows the electrode electrically and mechanically relaxing, and also
permits the gases to be removed from the pores and the electrolyte inside them to be renewed. B – The 2 inches Si 
wafer after treatment; all the produced material is stacked on it. C – Dry porous silicon material and its suspension 
in a solvent.  
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The number of applied cycles varied in this work from few to 300 depending on the intending thicknesses of the 
individual stacked layers and the total in-depth etching. 50 ml of the fresh 1:1 HF(48%): EtOH(96%) electrolyte
was used for each treatment. Neither temperature control nor pumping of the electrolyte was applied. After treat-
ment the electrolyte was removed and the wafer was washed in the cell with the 1:1 mixture of water and iso-
propanol, cromasolv. No spontaneous crashing was observed at this moment, Figure 1B. Porous Si material was 
then obtained or by a gentle mechanical lifting of the lamellae with the help of a blade, Figure  1C; or by ultrason-
ic 15 minutes treatment in cromasolv, the entire wafer was put into the solvent. Obtained suspensions were then 
used for the particulates size distribution analyses and for the scanning electron microscopy visualization. 

In Figure 2 the SEM photos of the materials fabricated in three different 3-steps regimes are presented. Completely 
planar flacks of meso-porous Si of different lateral sizes are appreciated. The pores propagate the entire flack thus 
make its inner volume better available for any fluid in a further adsorption process (of drugs load). The pore sizes 
and the porosity (app.70% for all the samples shown in Figure 2) are controlled by the current density applied at 
the working step as well as by the composition of the used HF electrolyte. The thickness of the flacks directly cor-
relates with the duration of the working step. Thicknesses of the particulates in Figure 2 are 4600 (C), 750 (A, B) 
and 900nm (D) as a result of the 180 (C), 15 (A, B) or 20 seconds (D) working steps at the same current density of 
50mA/cm2 used. A total separation of the stacked porous layers achieved in the ultrasound treatment, as evident 
from the photos, is probably due to the well selected cut step, which always was 100mA/cm2 for 2 or 3 seconds in
these experiments. The total number of cycles employed varied from 30 (C) to 200 (D) and 300 (A, B). The total 
amounts of meso-porous silicon collected were app. 80mg and the treated depth of the Si wafer varied from120
to150 microns. More than 2 hours were needed to complete the correspondent cyclic electrochemical programs. 
As to a particulates size distribution, it was found to center at 20-40 microns for all the samples, but rather large 
(particulate of 80-100 microns lateral sizes were always presented) and, probably, dependent on the thickness of 
the individual flacks: as thinner the flacks as more shifted the whole distribution to smaller individual particulates. 

A B 

C D 

Figure 2: SEM photos of the 
porous silicon materials pre-
pared in the 3-steps electro-
chemical regime with 
J1=50mA/cm2, 
J2=100mA/cm2, J3=0mA/cm2. 
A, B – t1=15s, t2=2s, t3=13s, 
N=300.
C – t1=180s, t2=3s, t3=37s, 
N=30.
D – t1=20s, t2=3s, t3=17s, 
N=200.

More data on variations of the working current density, cut and relaxation steps and the electrolyte composition 
will be presented at the conference. Discussion of the possibility of fabrication of the particulates with an embed-
ded and controlled optical response, optical tags, will be offered.

CONCLUSIONS

We have demonstrated a simple method for uniform electrochemical treatment of the entire Si wafer in-depth of
more than 200 microns in a sole procedure though application of the 3-step electrical regime. A scalable produc-
tion of meso-porous silicon flacks with controlled porosity and thickness is then enabled and can provide this ma-
terial in a sufficient quantity required for pharmaceutical and medical assays. Development of the proposed meth-
od is essential for setting up the production platform for industrial fabrication of meso-porous silicon material.  
REFERENCE
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SUMMARY In the present work, we study the modifying effect of VUV radiation on porous methyl-
doped silicon dioxide layers. Using adsorption ellipsometric porosimetry, we investigated the kinetics 
of pore sealing (passivation).  

1 INTRODUCTION The materials with low dielectric constant (low-k materials) are used as the 
inter-layer dielectrics in the fabrication of microelectronics devices. These dielectrics are characterized 
by the low RC time constant for better signal propagation. One of the examples of these low-k
materials is porous SiO2 with hydrophobic methyl groups (–CH3); thus the pores have –SiOCHx
groups. To decrease the reactivity of these porous materials, the methods of their stabilization and 
passivation are developed. Plasma treatment is used for this purpose most frequently [1-3]. For 
example, plasma treatment [2, 3] causes pore sealing, which decreases the reactivity of these layers. It 
was demonstrated that the UV radiation passivates the surface of layers with microporous structure, 
while a mesoporous film is not passivated under the same conditions [4]. On the basis of simulation 
results, a model was proposed in [5] to describe the mechanism of pore sealing. In the present work we 
consider the effect of VUV radiation on surface modification and follow the kinetics of pore sealing.

2 RESULTS AND DISCUSSION

2.1 EXPERIMENTAL We use He, Ar plasma and the mercury lamp as the sources of UV radiation. 
The Oxford PlasmaLab-80 set-up includes RIE and ICP processes. We used only the ICP channel 
(remote plasma) to carry out the UV treatment. Pressure in the chamber was 3 mTorr, the ICP power 
was 400 to 600 W. The sample was placed in the manner excluding the action of ions from the ICP 
source on the sample. For this purpose, a net and a mirror were built into the chamber; the sample was 
shadowed from the ICP source). 

2.2 RESULTS We used low-k layers with different pore size (mesopores). Layer porosity was 30-
50%. Porosity was determined on the basis of refractive index using Clausius-Mossotti equation. Pore 
size distribution was determined before and after irradiation. Pore size changed after irradiation: the 
pores of smaller size appeared. With an increase in irradiation time, the number of smaller pores 
increased, while the number of larger pores decreased. The plot for the film with the initial pore radius 
around 8 nm is shown in Figure 1. Calculation was made on the basis of the desorption branch of 
adsorption-desorption isotherm. Toluene was used as adsorbate. 

The rate of the process of film modification depends on the energy of VUV radiation and has a 
reversible character at short times (1 to 5 minutes, depending on power). At loner times (more than 10 
minutes) irreversible changes occur in the film. For instance, pore size is completely recovered for 
layers with pores 2-3 nm in radius and irradiation time 2 minutes, while irreversible decrease in pore 
radius occurs with pores 5-10 nm in radius after long-term treatment (longer than 10 minutes) in 
Helium plasma. The UV radiation with the energy of 4.5 eV does not cause noticeable changes in the 
film. 
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The mechanism of pore sealing under the action of VUV radiation was simulated by means of 
semiempirical calculations. Simulation results provided a reasonable explanation of experimental 
observations. 

Figure 1 Pore size distribution: continuous line – before irradiation, dotted line – after VUV 
irradiation (10 eV) for 2 minutes. 

3. CONCLUSION The kinetics of modification of the low-k layers under the action of VUV radiation
was investigated. The mechanism of pore sealing was proposed. 
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SUMMARY

A new anodisation cell has been developed for porosification of 200-mm silicon P++ wafers in HF electrolytes. 
Special attention during the development of the cell has been paid to minimize safety hazards with respect to the 
large quantity of HF fluid. A first prototype, manufactured with conventional methods and materials, demonstrates 
the safety and user-friendliness of the new tool.  

1. INTRODUCTION

Electrochemical porosification of silicon is a demanding anodisation process. Not only does it require strict control 
over a wide span of parameters (e.g. wafer doping, electrolyte composition, illumination conditions, contact re-
sistance, etc.), but it also takes place in a demanding environment of hydrofluoric acid (HF), usually mixed with
alcohol. This acid is in fact extremely aggressive towards metals and even lethal to living tissues. Combined in the 
presence of high electrical currents with a potentially flammable liquid and an explosive gas, such as ethanol and
H2 (which bubbles are generated during the reaction), it imposes strong restrictions on the choice of materials and 
procedures in order to avoid any leakage, spillage, or contamination of the porous layers with foreign elements. 
Therefore it is a real challenge to non-experts to design an anodisation cell that meets the end-user’s needs, which 
are particularly diverse for semiconductor porosification (including various wafer resistivities, illumination condi-
tions, uniformity requirements, wafer dimensions, etched area etc.). Furthermore, since difficulties scale-up with
the size of the wafer, custom electrochemical cells for large wafers of 150 mm or 200 mm are particularly difficult 
to fabricate. Anodisation of large wafers results in fact in much larger HF quantities, a heavier tool, higher cur-
rents, and larger gas volume to be exhausted. As a result, commercially-available tools are usually the first solu-
tion, but the complexity of these tools also leads to a high price.  

The purpose of this contribution is to share with the community an experience in designing and manufacturing a 
custom lab-scale tool for porosification of 200-mm wafers. The main objective in the first attempt was the realiza-
tion of a leak-free and easy-to-handle tool that can be fully manufactured in a conventional machine workshop. A 
brief description of the tool is given below.

2. TOOL DESCRIPTION

The anodisation cell is a O-ring multi-body vessel
design [1], with a lower part that holds the anode
wafer chuck, and an upper part that holds a cathode 
of adjustable height (Fig. 1). The design “corner-
stone” is the sealing method between the two indi-
vidual vessel parts. This O-ring based sealing 
method will guarantee a leak-tight seal by manually 
tightening an innovative lock-screw mechanism.
The design, with upward horizontal position of the 
wafer, allows the operator to keep an eye on the 
process and eases the H2 bubble evolution. With a 
diameter of 250 mm and a height of 230 mm, the 
vessel is small enough to be located temporarily 
inside a wet-bench during operations and it does 
not require a dedicated work area.

Figure 1. Assembled anodisation cell prototype made of HDPE
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The material chosen for the vessel body is high-density polyethylene (HDPE), which has a good resistance to con-
centrated HF and other acids (e.g. concentrated nitric acid, which is employed to clean the tool from metal con-
taminants), and it can be machined through conventional turning and milling techniques. Contrarily to PTFE,
HDPE is also light weight and widely available in different sizes, which makes it an excellent candidate material 
for the porosification vessel. The wafer chuck, which is also the anode contact, is made out of stainless steel, 
which offers a good electrical conductivity and a higher resistance to HF than aluminum or copper. The cathode is 
a spot-welded Pt wire, whose distance to the wafer can be adjusted as desired with an adjustment knob on top of 
the vessel. Depending on this height, up to 2 L of electrolyte can be poured in from the top. Emptying of the vessel 
is performed by tilting the setup, whereby the electrolyte is drained through a pouring nozzle in the top part. This 
operation is still easily controllable thanks to the relative low weight of the assembly (4 kg). The loading proce-
dure is illustrated in Figure 2.

Figure 2. Wafer loading procedure: the wafer is positioned on the stainless steel chuck (1), the upper vessel part is 
positioned on top of it and aligned with pins present on the bottom part (2). The vessel is then closed with the 
lock-screw (3). Afterwards, the cathode is positioned, the electrolyte is poured (3), and the power supply can be 
connected and turned on (4).

An optimum cathode design is still under discussion, 
which aims at optimising the wafer uniformity and 
enabling proper heat evacuation, while keeping a low 
consumption of platinum. A non-optimised mesh cathode 
was used so far to anodize a batch of wafers to evaluate 
the safety of the tool during anodization (Fig. 3).

Figure 3. Triple porous layer anodized in the new cell 
(SEM).

3. CONCLUSIONS

A custom table-top anodisation cell has been developed and manufactured for porosification of 200-mm silicon
wafers. The prototype proves to be leak-free, easy to handle, and can be manufactured with standard machining 
tools. The design and material choices raised various questions, which will be addressed in our final contribution
with an evaluation of the pros and cons.  

This work was funded by the SBO project SiLaSol ("New Silicon Materials for Solar Applications") funded by the 
Flemish government.
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SUMMARY

We report the growth of zinc oxide nanowires by anodization of polycrystalline zinc foil in potassium bicarbonate-
containing electrolyte. The technique enabled the homogeneous growth on large surface of hexagonal nanowires 
with aspect ratio up to 500. 

1. INTRODUCTION

The growth of semiconductor nanostructures – nanowires included – is one of the most investigated topics of the 
last two decades by the scientific community. Among the large variety of semiconductor materials, zinc oxide 
(ZnO) is one of the most widely studied [1]. ZnO nanostructures are good candidates for energy harvesting 
solutions [2], solar cells [3] or supercapacitor applications [4]. ZnO nanowires are usually prepared either by 
chemical vapor deposition (CVD) [5,6] or by liquid phase (aqueous or organic) chemical way [7]. 

In this abstract, the growth of the ZnO nanowires was performed by zinc foil anodization into a potassium 
bicarbonate-containing solution. Unlike CVD technique [6], Zn anodization enables the growth of ZnO 
nanostructures at low temperature (we will see later that a short annealing post-anodization treatment is required to
obtain ZnO structures). Moreover, as compared to liquid phase chemical route that requires hours to grow few 
micrometers, anodization is a fast way to achieve high aspect ratio structures [8]. The early growth steps as well as 
the nanowire morphology (shape, length, and diameter) were observed by Scanning electron microscopy (SEM). 

2. EXPERIMENTAL RESULTS AND DISCUSSIONS

Before anodization, zinc foils (250 μm thick – 99.9%) were successively cleaned into acetone and deionized water
and then dried under N2 flow to remove organic species. Then, the substrates were immersed into a 5 mM 
electrolyte of potassium bicarbonate (KHCO3). KHCO3 is used to buffer the pH around 8.5 during the 
electrochemical etching of zinc [8]. Anodization experiments were conducted under potentiostatic conditions 
(5 to 50 V) from 0.5 to 60 minutes. After anodization, the substrates were rinsed into deionized water and dried on 
a hot plate (100°C – 5 minutes). At this step, only zinc hydroxide (Zn(OH)2) nanowires are observed. To obtain 
ZnO nanowires, the samples were annealed at 300°C for 30 minutes under ambient atmosphere [8]. 

Figure 1 illustrates the evolution of ZnO nanowires with anodization duration. The first step is the local dissolution
of zinc substrate (see fig. 1 after 30 s. and 1 min. of anodization). The local etching of zinc seems to be random, 
and after few minutes, the formed cavities act as initiation sites for the Zn(OH)2 nanowire growth (cf. fig. 1 – 
5 min.). The nanowires develop from center of the cavity in every direction, which leads to a flower-like shape of 
the structures during the early stages. The length of the nanowires as well as the initiation site density increases 
with anodization duration (cf. fig. 1 – 10 and 15 minutes). After few tens of minutes, the surface is covered with a 
thick, homogeneous carpet of nanowires.

Figure 1: SEM images of the polycristalline zinc foil before and after anodization into KHCO3 (5 mM) under 10 V 
during 30 seconds to 15 minutes leading to zinc hydroxide nanowires growth. The scale bar represents 50 μm.
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After electrochemical etching and annealing steps, the dimensions of the nanostructures were determined by SEM 
analyses. First, ZnO nanowire diameters were measured. The nanowires present heterogeneous diameters values, 
even at the micrometer scale. Figure 2a illustrates this heterogeneity in wire diameter on a small surface. One can 
see that the lower half of the image represents nanowires where the diameter is about hundreds of nm while fine
wires (few tens of nm) are observed on the upper half of the image. Indeed, on the same sample, ZnO nanowires 
present diameters from 15 to 400 nm. Figure 2b, shows an agglomerate of nanowires with a mean diameter equals 
to 120 nm. Note that the nanowires also present a hexagonal shape. This distinctive shape suggests the crystallinity
of the ZnO nanowires.

Figure 2: SEM images of ZnO nanowires after anodization into KHCO3 (5 mM) under 50 V during 30 minutes.  
(a) top view of nanowire carpet showing two different wire diameter populations. (b) High magnification view of 

the wire tips, exhibiting the hexagonal shape of these structures.

The length of the nanowires has also been evaluated; this value mainly depends on anodization duration. After 
30 minutes, 36 μm-long wires were observed. For higher anodization times, the homogeneous carpet splits. These 
cracks are imputed to the competition between substrate dissolution and initiation sites size and density. For the 
longest nanowires obtained (before cracks), a mean aspect ratio was calculated around 300.

At the anode, metallic zinc oxidation occurs, leading to Zn2+ ions formation. Zn(II) ions react with hydroxide ions 
in solution to form Zn(OH)2. Around pH 8.5, the solubility of this compound is the lowest and it precipitates on 
the zinc electrode. The one-dimensional shape of zinc hydroxide nanowires can be explained by a catalytic 
precipitation of Zn(OH)2 at the wire tip rather than on the sidewalls that remain inert [9]. The high local 
concentration of Zn(OH)2 produced by Zn anodization near the surface combined with catalytic behavior of the 
nanowire tips make this technique much faster than the standard chemical route [7]. When the anodization stops, 
the remaining Zn(II) ions are consumed and the growth reaction slows down.

3. CONCLUSION

High aspect ratio, high density ZnO nanowires were produced using a one-step anodization of polycrystalline zinc 
foils. Anodizations with various durations were performed to determine the growth steps leading to the formation 
of a homogeneous ZnO nanowire carpet. High magnification SEM images enabled the determination of the mean 
nanowire diameter as well as the hexagonal shape of these structures.
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SUMMARY AND INTRODUCTION

In the past decade, anodically formed self-organized TiO2 nanotube layers (as shown in Fig. 1) and other self-
organized metal-oxide structures attracted considerable scientific interest (see e.g. reviews [1,2]). This is mainly 
due to the fact that these layers combine the defined nanotubular geometry with a broad range of functional 
features inherent to TiO2. Except for solar cell [3,4] or biomedical applications [5-9], a focus is on photocatalytic 
features of TiO2 [10-13]. In the present work we introduce the latest generation of tubes, that is so-called TiO2
nanotube stumps, with an extremely high order and various applications such as ideal nanoscale photocatalytic 
reactors and dewetting templates.

Figure 1. SEM top-view and cross-section of TiO2 nanotubes formed self-organizing electrochemical anodization.

RESULTS

The presentation demonstrates approaches to achieve electrochemical fabrication of such self-organized titanium 
oxide layers with robust meso-scale feature sizes. A highly promising geometry, TiO2 nanotube stumps as shown 
in Fig 2 has recently been developed [14-16].
We discuss means to influence the degree of self-organization, tube length, diameter and crystal structure of the 
tubes. We will introduce specific nanoscale morphologies that can be achieved show tools to influence electronic 
and ionic properties (band-gap engineering, doping. Finally, we give examples of using these nanotube structures 
in various devices and applications.

Figure 2. SEM top-view and cross-section of “TiO2 nanotube stumps”. 

100 nm100 nm
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Applications of TiO2 nanotube stumps usually exploit a significant enhancement of some reaction or transport 
rates that is obtained by using small scale dimensions (large surface area, short diffusion path, size confinement 
effects). Tubes grown on a metal substrate are vertically aligned to a back contact, i.e., a direction for charge trans-
fer towards the electrode is established. Nanotube layers provide very defined top openings and thus are suitable 
for size selective application or for templating secondary material. The inside volume is very defined and regular, 
thus applications, such as, in memristic devices are promising. Moreover the presentation will show the virtually 
ideal photocatalytic geometry that is provided by these tubes. 
TiO2 is inherently not only the most photocatalytically active material known to achieve decomposition of organic 
materials (e.g., used for degradation of organic pollutants) but still is the basis for a lot of hydrogen generation 
devices.
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SUMMARY

Cells interactions with implant materials are dependent on the focal complex formation on adherent cells which can 
be modulated by the specific nanoscale. Cells interactions with nanoscale surfaces are size dependent and 15nm was 
shown to induce the maximum cell activity, whereas diameters larger than 50nm lead to reduced cellular activity.

1. INTRODUCTION

In recent years, surface topographies at the nanoscale have received an increasing interest from the biomedical 
field [1]. This focus was due to the discovery that surface structures at these dimensions have a strong influence on 
cell adhesion, proliferation and differentiation [1, 2]. Besides, a range of new approaches to obtain and manipulate 
defined topological features in the sub-100nm range have been developed, thus enabling investigations of cell be-
havior in response to this length scale. One of these new approaches is electrochemical anodization and can be 
used for obtaining self-aligned TiO2 nanotube layers on titanium or titanium alloys. The morphology of nanotubes 
(diameter, length, degree of order, etc.) is severely influenced by the anodization parameters (applied potential, 
time, electrolyte, etc.) [3] – nevertheless, there is a good control over the process and it can be adjusted over large 
surface areas with high precision.

Most of the studies using TiO2 nanostructures are performed on nanotubular structures, however most of the time 
only one type of nanotubular structure is used and not several diameters in the sub-100nm range. In the current and 
previous studies we have used TiO2 nanotubes with diameters in the range of 15-100nm (15nm, 30nm, 50nm, etc.)
and their influence on cell activity was evaluated.

2. EXPERIMENTAL RESULTS AND DISCUSSIONS

Between nanotube diameter and interactions with cells (e.g. mesenchymal stem cells, osteoblasts, osteoclasts)
there is a direct relationship, based on a pure geometric diameter-dependence of the cell activity (dominating over 
the chemical nature of the substrate) [2, 4]. 

Is it obvious that TiO2  nanotubular structures have an interesting and significant effect on the interaction with
cells. TiO2 nanotubes can be easily grown by electrochemical anodization and examples of the used nanotubular 
structures are presented in Figure 1 (TiO2 nanotubes were obtained by anodization in a 1M NaH2PO4 and 0.12M 
HF electrolyte, at anodization potentials between 1V-20V for an anodization time of 2h). 

Cell adhesion and cell proliferation tests for mesenchymal stem cells were performed and an example for 15nm, 
50nm and 100nm nanotubes is presented in Figure 2. It is obvious that 15nm nanotubular structures present a max-
imal cell activity compared to the other nanotube diameter.

Moreover, it was observed that the effect of 15 nm diameter nanotubular layers is of a universal nature leading to a 
cell stimulating influence [2, 4]. The explanation for the size effects of TiO2 nanotubes is related to the integrin 
clustering in the cell membrane leading to a focal adhesion complex with a size of about 10nm in diameter, thus 
being a perfect fit to the tube openings of about 15nm [4]. At the same time, increasing the size of the nanotubes 
will result in a smaller surface area for attachment with larger spacing, which may disrupt the formation of focal 
adhesions. For example, 15 nm diameter nanotubes were shown to strongly promote cell adhesion, proliferation 
and differentiation whereas 100 nm diameter nanotubes were found to be detrimental, inducing programmed cell 
death (apoptosis).  
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Figure 1 Top view SEM images and of TiO2
nanostructures with diameters of 15nm, 50nm and 
100nm
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Figure 2 Example of cell densities of adherent cells 
on TiO2 nanotubes under fluorescence microscope 
(GFP-labeled mesenchymal stem cells) after 24h 
adhesion and 3 days proliferation. 

The high extent of focal contact formation usually seen on nanotubes with diameters smaller than 30 nm indicates
activation of integrin-mediated signaling pathways controlling cell proliferation, migration, differentiation, and 
cell survival [4]. In order to put into evidence the focal contacts, immunogold staining of integrin present in the 
cell membrane was performed. Figure 3 presents an example of SEM image of cell membrane with immunogold 
staining for 15nm nanotubes, showing an increased number of integrins.

Figure 3 Example of immunogold staining of integ-
rin in cell membrane for cells grown on 15nm nano-
tubes (scale bar in SEM image: 500nm)

In a recent work [5] we have shown that by additional coating of the nanotubular structures with bioactive mole-
cules (EGF, BMP-2) it is possible to control the differentiation of mesenchymal stem cells to chondrogenic or 
osteogenic differentiation as a function of the nanotube diameter. 

5. CONCLUSIONS

In the present work we have investigated the behavior of mesenchymal stem cells on different diameters TiO2
nanotubes grown by electrochemical anodization. Small diameter nanotubes (15nm diameter) have shown a max-
imal cell adhesion and proliferation compared to other nanotubes dimensions. Moreover, a higher degree of integ-
rin activation was observed for smaller diameter nanotubes. 
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SUMMARY

Silicon accumulator plants serve as a viable ecofriendly route for fabricating porous silicon (pSi); at the same time, 
if the selected plant leaf components contain medicinally-active species as well, then the single substance can 
provide not only the nanoscale high surface area drug delivery carrier, but the drug itself. With this idea in mind, 
porous silicon was fabricated from the silicon accumulator plant Tabasheer (Bambuseae) and loaded with an 
antibacterial extract originating from leaves of the same plant. Preparation of porous silicon from Tabasheer 
includes extraction of biogenic silica from the grounded plant by calcination, followed by reduction with magnesium 
in the presence of sodium chloride, thereby acting as a thermal moderator which helps to retain the mesoporous 
structure of the feedstock. The purified product was characterized by a combination of scanning electron microscopy 
(SEM), energy dispersive X-ray analysis (EDX), X-ray diffraction (XRD), Raman spectroscopy, transmission 
electron microscopy (TEM), and low temperature nitrogen gas adsorption measurements.  Antimicrobial activity and 
minimum inhibitory concentration of a leaf extract of the silicon accumulator plant (Bambuseae) was tested against
the bacteria Escherichia Coli (E. Coli) and Staphylococcus aureus (S. Aureus), along with the fungus Candida 
albicans (C. Albicans). A S. aureus active ethanolic leaf extract was loaded into the above Tabasheer-derived porous 
silicon. Initial studies indicate sustained in vitro antibacterial activity of the extract-loaded plant derived pSi (25 
wt%, TGA), as measured by disk diffusion inhibitory zone assays.

1. INTRODUCTION
Porous silicon (pSi), with its nanoscale architecture, is a promising resorbable biomaterial for a broad 

variety of possible uses: in vivo biosensors,1 tissue engineering,2 and carrier for controlled drug delivery.3 The most 
conventional methods for preparing porous silicon are electrochemical etching and stain etching, but these require 
solid elemental crystalline silicon feed stocks, and the use of corrosive hydrofluoric acid and organic solvents. An
alternative source for manufacturing pSi is from silicon accumulator plants/agriculture waste, as many land-based
plants typically absorb bio-available silicon in the form of silicates such as monosilicic or orthosilicic acid.4 Among 
these plants, the bamboo herb Tabasheer is a well-known silicon accumulator with a relatively high percentage of 
organic silica (70%); it is also widely used as a folk medicine in Asia to alleviate selected medical ailments because 
of its phytomedical constituents.5 Phytomedicine, using drugs extracted from plants, continues to gain much 
attention as an ideal alternative to conventional therapeutics due to fewer side effects and concerns over an 
increasing presence of complications such as drug-resistant bacteria. With the advantage of bamboo being an 
excellent source for manufacturing porous silicon as well as the presence of the bioactive microbial agents, we have 
developed an ecofriendly route for the fabrication of pSi-based drug delivery vehicles from bamboo and 
incorporated antimicrobial-active leaf components extracted from the same plant into this matrix. 

2. EXPERIMENTAL RESULTS AND DISCUSSION

The dried plant (Bambuseae) was isolated as a fine powder by grinding, and washed with hydrochloric acid 
(10%) at a temperature of 100oC to remove any metallic residues introduced by the grinding process. Biogenic silica 
from the purified dry plant was extracted by calcination for 2 hours in the presence of oxygen at 500oC. The silica 
extracted from the plant was subsequently converted to elemental silicon by simple reduction using magnesium 
powder in the molar ratio of 1:2 (SiO2: Mg). Sodium chloride was added to the above reaction blend in the ratio of 
1:1 by weight. In a tube furnace, the above mixture was heated at 600oC for 2 hours in an argon atmosphere. 
Residual magnesium phases were removed by washing with hydrochloric acid (37%) at 70oC.  

Scanning electron microscopy (Fig. 1(a)) of a typical reaction product shows a microparticle morphology 
with a wide distribution of sizes (mean diameter of 24±15 μm). Such microparticles are comprised of an aggregate 
of small nanoparticles, as gauged by transmission electron microscopy (TEM, Fig. 1(b)). In turn, high resolution 
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TEM imaging reveals the presence of numerous small nanocrystals embedded in an amorphous matrix (Fig. 
1(c)); lattice spacings associated with the (111) plane are clearly evident. Complementary x-ray diffraction (XRD)
and Raman spectroscopy data confirm the presence of crystalline material, with XRD analysis showing peaks 
associated with the cubic Si (111), (220), and (311) reflections and Raman spectroscopic data exhibiting the 
expected Si phonon at 520 cm-1. The presence of a (Si-O-Si) stretching vibration at 1075 cm-1 (FT IR) is consistent 
with significant oxide content in the matrix. The magnesium reduced tabasheer (Bambuseae) has a surface area of 
178m2/g, a pore volume of 0.506ml/g, and pore diameter of 11 nm according to the nitrogen gas adsorption data.

Figure 1. pSi derived from Tabasheer: (a) SEM image (scale bar = 20 μm); (b) low and (c) high resolution TEM images (scale 
bar of (b) = 500 nm; (c) = 2 nm). 

Bambuseae leaves were shade dried for 2 days and coarsely powdered. The grounded leaves were extracted 
with 95% ethanol (1:10 ratio) in a Soxhlet apparatus. The antimicrobial activity of dried extract dissolved in 
dimethylsulfoxide was initially tested against S. aureus (ATCC 25923), E. coli (ATCC 25922), and the fungus C.
albicans (ATCC 10231) using a disc diffusion method to measure inhibition zones of the extract; minimum 
inhibitory concentration (MIC) of the extract was also determined by a micro-broth dilution technique with optical 
detection. The ethanolic leaf extract was loaded into porous silicon derived from the same plant by a wet loading 
method, which includes soaking porous silicon in a known concentration of extract dissolved in ethanol followed by 
heating the mixture at 70oC. Thermogravimetric analysis (TGA) showed a 25% loading (wt) of the extract into the 
Tabasheer-derived pSi carrier. Exposure of the extract and the extract-loaded into the plant-derived pSi shows 
measurable antibacterial activity versus S. aureus (confluent culture, 107 particles, 18 hr exposure). 

Material Tested
Disc diffusion assay, Inhibition zone 

(mm) 
Associated inhibitory

Concentration (μg/mL)
Bamboo leaf extract (1.8 mg/mL) 18 13 (minimum)

Extract loaded Tabasheer-derived pSi 13 9.4

Table 1. Antibacterial activity (against S. aureus) of bamboo extract and extract-loaded pSi from Tabasheer. 

3. CONCLUSION
We have demonstrated a single plant can yield both drug and biodegradable carrier matrix. Initial studies on loading 
capacity and antibacterial activity have shown a Tabasheer-derived pSi carrier loaded with 25 wt% Bambuseae
extract can inhibit the growth of S. aureus. Evaluation of the sustained nature of the antibacterial activity and 
identification of some of the major phytochemicals responsible for this bioactivity are currently under investigation.
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SUMMARY
A dry coating process utilizing plasma polymerization to modify the surface of mesoporous silicon (PSi) 
microparticles is described. Using a parallel plate plasma reactor, the PSi particles placed on shaking plate were 
coated with a layer of allylamine polymer resulting in a partially amine-terminated external surface.

1. INTRODUCTION

Biomedical applications of mesoporous inorganic carriers, such as PSi or silica, are based on the adsorption of 
drug molecules into the mesopores. This have been shown to enhance both dissolution and permeation of poorly 
water soluble drugs, as well as to protect more sensitive payloads, such as peptides from enzymatic degradation.1
For effective drug delivery, control over the carrier’s drug release rate and triggering conditions are often neces-
sary.   

Encapsulation of the carrier particles is a common choice for control over the properties of the particles’ external 
surface. Often the encapsulation method necessitates the exposure of the loaded carrier material to organic sol-
vents, which may lead to a partial loss of payload. Plasma polymerization provides an interesting alternative to 
solvent based methods due to its nature as a dry process and applicability to nearly any surface.2  

In this study, we describe the effect of plasma polymerized allylamine coating on the surface chemistry of thermal-
ly hydrocarbonized porous silicon (THCPSi). 

2. EXPERIMENTAL

PSi films were prepared from p+-type silicon <100> wafers with 0.01–0.02 cm resistivity by electrochemical 
anodization in a 1:1 (vol.) HF (38%)-ethanol solution using a current density of 50 mA/cm2. Microparticles of 25–
53 m of size were obtained by ball-milling and sieving the PSi films. Finally, the particles were thermally 
hydrocarbonized with acetylene at 500 C.1 Vapor phase plasma polymerization of allylamine was carried out in a 
custom made parallel plate reactor using a 13.56 MHz RF generator with a power of 40 W.3 The THCPSi 
microparticles were placed on a shaking plate inside the reactor in order to enhance the coverage of the polymer. 
The monomer vapor pressure was set to 21 Pa, and the duration of the process to 2 min. 

XPS spectra of the samples were obtained with SPECS SAGE spectrometer and diffuse reflectance FTIR spectra 
with Thermo Nicolet Avatar 370. The zeta potential of the microparticles in deionized water was determined with 
Malvern Zetasizer Nano ZS.

3. RESULTS AND DISCUSSION

The successfulness of the polymerization process in coating the microparticles was assessed with different spec-
trometric methods. XPS analysis of the bare THCPSi and poly(allylamine) coated THCPSi (pAA-THCPSi) 
microparticles show that the plasma process alters only slightly the underlying THCPSi surface. The Si(2p) core 
level spectra of the samples (Fig. 1) shows the initially clear silicon Si0 peak at 99.6 eV to attenuate considerably 
after the coating. This indicates the coating thickness to be at least several nanometers. Similarly, the N(1s) spectra 
shows the appearance of a new peak at 400.2 eV after the polymerization. The fragmentation of the allylamine 
monomer during the coating process leads to the presence of multiple nitrogen species, such as primary amines, 
but also amides and imines, explaining the broad nature of the peak.2

The FTIR spectra (Fig. 2) show also several differences between the bare and coated microparticles. The 
characteristic features of THCPSi, such as the vinyl CH2 stretching at 3060 cm-1 and the broad absorption band 
around 1000 cm-1 are visible after the coating. However, several amine-related bands are readily observable. These 
can be assigned to N-H stretching at 3360 cm-1, and symmetric and asymmetric deformation bands at 1530 cm-1

and 1625 cm-1, respectively. Although thermal hydrocarbonization is a highly effective PSi stabilization method, 
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some Si-H groups are retained after the thermal treatment. After the plasma polymerization, the Si-H band is 
accompanied by two weaker bands at 2180 cm-1 and 2240 cm-1, which could be related to different conjugated 
nitriles formed due to allylamine fragmentation. However, these bands coincide with OSi-H structures as well, 
preventing their unambiguous assignment.

The surface charge of particles in drug delivery plays also a considerable role. A positive surface charge may lead 
to closer attachment to cell membranes, and in oral drug delivery, possibly provide mucoadhesive properties. Due 
to the high hydrocarbon coverage in THCPSi microparticles, when dispersed in water the particles show no clear 
charge, resulting in a zeta potential close to zero. Confirming the presence of amine groups, the pAA-THCPSi 
shows marked increase of the zeta potential to +35 mV.

Figure 1. a) Si(2p) and b) N(1s) core level spectra of (i) THCPSi and (ii) pAA-THCPSi. The spectra have been vertically shifted for clarity.
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Figure 2. Diffuse reflectance FTIR spectra of (i) THCPSi and (ii) pAA-THCPSi. Spectra have been vertically shifted for clarity.

4. CONCLUSIONS

A dry coating method suitable for altering the properties of PSi microparticles was presented. Utilizing plasma 
polymerization, a thin poly(allylamine) layer was introduced on the external surface of THCPSi microparticles, 
providing them a functional layer suitable for further modifications in e.g. biosensing or drug release rate control-
ling.
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SUMMARY 

We have prepared colloidal solutions of luminescent porous silicon in methanol, water and Phosphate Buffered Sa-
line (PBS). By combination of ultrasonic treatment and filtration we have obtained two different silicon cluster sizes 
in methanol (120 and 525 nm) and three different cluster sizes (85, 210 and 1500 nm) in PBS. Porous silicon in PBS 
solutions can be further used for the studies on the biocompatibility of this material and may be potentially used as 
luminescent markers in living cells in biological research. 

1. INTRODUCTION

Luminescing porous silicon has been, together with other nanocrystalline silicon forms, widely studied for the last 
twenty years due to its potential use in silicon nanophotonics or solar energy conversion. Since silicon based mate-
rials show in general very good biocompatibility and low cytotoxicity, porous silicon can be very promising also 
in biological applications such as fluorescent labels, biological sensors or drug delivery systems. In the biological 
research, development of techniques for in vivo investigation of biological processes on subcellular or a single-
molecule level is a hot topic. However, the toxicity of porous silicon for the living cells neither has been suffi-
ciently determined yet, nor its potential to be used as luminescent markers has been evaluated. The aim of this 
work is to prepare colloidal solutions of luminescent silicon nanoclusters with several different and known cluster 
sizes of the order of tens to hundreds nanometers which can be further used for the studies of cytotoxicity. There-
fore, PBS was used as a preferred solvent because it is a non-toxic and isotonic buffer solution commonly used in 
biological research. By combination of ultrasonic treatment, filtration with the syringe filters and aging of the 
samples we obtained three suitable colloidal solutions of luminescing silicon clusters of the sizes of 85, 210 and 
1500 nm. 

2. EXPERIMENTAL RESULTS AND DISCUSSION

Two types of porous silicon powders were used for this study. The first, “standard” porous silicon was prepared by 
classical anodic electrochemical etching of a p-type silicon wafer in a 1:3 aqueous-HF (49%) solution in ethanol 
for 2 hours at current density 1.6 mA/cm2. During etching of the second type of porous silicon (denoted as “white” 
due to its color) a small amount of 30% hydrogen peroxide was added to the electrolyte and, moreover, the 
resultive porous silicon post- etched sample was then post-etched in a hydrogen peroxide bath for 16 min. Porous 
silicon powders were then mechanically scraped from the wafers and dissolved in methanol, water or PBS and 
ultrasonicated for 1 hour in order to break big cluster agglomerates. 

Figure 1 shows the TEM images of both types of porous silicon powders. Both exhibit a cauliflower structure of 
several-hundred-nanometer sized clusters composed of smaller – luminescent – silicon nanocrystals. 

a) b)
Figure 1. TEM images of the porous silicon 
nanoclusters used for dissolving in colloidal disper-
sions: a) standard porous silicon, b) “white” porous 
silicon.

Resulting properties of standard porous silicon in methanol dispersion are summarized in Fig. 2. By a straightfor-
ward (however, multiple) filtration of the solution with 1 μm syringe filters and gathering the sediment on the fil-
ter we could easily separate nanoclusters of two sizes: 120 and 525 nm. Both cluster sizes luminesce in the red 
spectral region at around 700 nm. 
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As standard porous silicon is well-known to be a hydrophobic material, however, it is soluble neither in water nor 
in PBS. In order to prepare silicon nanoclusters in water of PBS solution we used “white” porous silicon powder 
which is hydrophilic and can be dissolved also in water. In this case, however, the filtration did not appear to be an 
efficient manner to separate nanocrystals of different sizes, despite multiple filtrations a big fraction of the small-
est nanoclusters still did not pass through the filter. Another approach had to be chosen to obtain different sizes of 
nanoclusters, as discussed below; the results are common for both water and PBS solutions. 
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Fig 3 shows the results of DLS and photoluminescence experiments performed on three types of samples: i) solu-
tion filtered with a syringe filter, ii) sample ultrasonicated and aged for 7 days at ambient conditions, iii) agglom-
erated sample, where silicon nanoclusters merged into micron-sized clusters. Here, PBS firstly added to the meth-
anol solution of porous silicon and methanol was afterwards evaporated. The results of the DLS experiment in Fig. 
3a) clearly demonstrate that we have successfully obtained three different size distributions of silicon nanoclusters 
in PBS colloidal solution. All three types of samples exhibit strong visible photoluminescence which is, compared 
to standard porous silicon samples, blue shifted to the red-orange spectral region around 600 nm. 
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5. CONCLUSIONS

Colloidal dispersions of porous silicon nanocrystals in 
methanol, water and PBS show visible luminescence 
peaked in dependence on the etching conditions at 
around 700 (standard) and 600 nm (“white”). In meth-
anol solution, the nanoclusters can be easily separated 
by size using syringe filters, however, water and PBS 
dispersions require more sophisticated approach based 
on filtration, ultrasonication, ageing and combination 
of two solutants. Prepared PBS dispersions with three 
different cluster sizes (85, 210 and 1500 nm) can be 
further used for biological studies (cytotoxicity, fluo-
rescent label for single molecule detection in the cell).  
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SUMMARY

In this study, we evaluate the possibility of a wafer inspection system, classically used in industry for the bow and 
warp determination, to characterize the lateral homogeneity of porous silicon films on silicon wafers. For this, we 
have anodized a 6 inches silicon wafer with a lateral inhomogeneity of pore thickness by choosing a special ex-
perimental configuration, and then compared FTIR and SEM characterizations with the thickness mapping extrap-
olated from SEMDeX300® wafer inspection system measurements. Results show that SEMDeX® measurements
can be used to give information on thickness and porosity inhomogeneities, in addition to bow and warp infor-
mation. 

1. INTRODUCTION

Until now, the porous silicon is not yet introduced in the field of electronic component manufacturing. Chips 
manufacturers are still reluctant to invest in this technology. Indeed, acceptance of a new technology associated to a 
new equipment takes time. For example the deep reactive-ion etching took 20 years to reach an installed base of 
1000 chambers worldwide [1]. Robert Bosch GmbH is the only currently known big player company using porous 
silicon on an industrial scale for the production of pressure sensors [2]. For the sake of the porous silicon introduc-
tion in field of MEMS or passive and active integrated devices (IPAD) it is necessary to develop and validate reliable 
equipments and processes in terms of throughput but also in terms of homogeneous porous silicon properties at 
wafer level. 

In order to introduce porous silicon at industrial scale in MEMS and IPAD domains, it’s necessary to control the 
specifications of porous films at 6 and 8 inches wafer levels. Most of research studies on porous silicon were realized 
on small samples with small surface areas of a few square centimeters. The industrialization of porous silicon re-
quires the development of characterization techniques to follow the respect of the specifications of porous silicon 
layers of large surface areas. These techniques must be non-destructive, contactless and preferably already used as
characterization tools in chips manufacturing industries.  
In this paper, we propose to study the homogeneity of porous silicon films on 6 inches wafers by comparing SEM 
and FTIR results with the optical response measured with the wafer inspection system SEMDeX301® from ISIS 
Sentronics classically used in industry for the bow and warp determination.

2. EXPERIMENTAL RESULTS AND DISCUSSIONS
To produce porous silicon wafers, we used a semi-automated porosification pilot line equipment developed for the 
sake of the PRETTYPSI project on porosification, reliability and transfer of technology in partnership with the 
GREMAN Laboratory of the University of Tours, and the SiLiMiXT, SIL’TRONIX and Lay-Concept companies. 
This semi-automated equipment built by Lay-Concept integrates 4 manual AMMT® double tank cells able to 
process wafers up to 8 inches. All cells are independently and automatically fed, drained and rinsed with new or 
re-used electrolytes without any manual intervention for security and reliability. 
For this first study, we used 6 inches silicon wafers, p-type CZ (111), with a resistivity of 19-20 mOhms.cm. An 
electrolyte based on a HF (50%)/H2O/acetic acid mixture was set to produce a mesoporous layer. The 6 inches wafer 
was placed inside an 8 inches wafer compatible cell with large electrodes (anodized surface: 141 cm²). The larger 
cell compared to the wafer was chosen to induce a lateral inhomogeneity into the porous silicon layer, i.e. thicker at 
the periphery. 
For FTIR characterization, we use a Vertex 70V from Bruker® with a MappIR® accessory in order to realize 
mapping analyses. Usually, the FTIR is used to study the chemical bonds [3]. In our case, we used the reflectance 
spectrum to determine the thickness of the porous layer, at each measurement point. 
For comparison, we use the SEMDeX301® as second optical measuring equipment. Indeed, this equipment permits 
to measure the warp and the bow of wafers up to 12 inches and also the thickness of covering films. It allows 
thickness measurements from few micrometers to several hundred micrometers quickly. Unlike the FTIR spec-
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trometer, the SEMDeX301® works in the near infrared region. By choosing and adjusting an average refractive 
index value, the SEMDeX301® can produce directly a map in thickness values of the porous layer.
We have defined a map with 17 points as shown in Figure 1 (X marks) and proceeded on SEM, FTIR and
SEMDeX® measurements on each location point. To guarantee the location of each SEM measurement, a FIB cut 
has been realized before. To calibrate the SEMDeX® and FTIR data in thickness values, we used the layer thickness 
measured by SEM at the center of the wafer and determined a reference refractive index value of 2.63 to the 
SEMDeX® and 2.23 to the FTIR. All thickness values extrapolated from SEMDeX® and FTIR measurements, 
reported in Figure 2, are calculated by using respective index values. 

Figure 1 : Map of measurement points superimposed on 
6 inches anodized wafer.

Figure 2 : Thickness (μm) of the porous silicon layer 
measured by SEM, SEMDeX® and FTIR.

As we see the SEM thickness values measured on the center part (points 1 to 9), they are quasi-equal. As expected, 
the thickness values on the periphery of the wafer are higher than those located in the center part due to the higher 
anodization current density. The FTIR and SEMDeX® extrapolated thickness values vary similarly. These values 
are quite similar to the SEM thickness values measured in the center part of the wafer, indicating that the refractive 
index remains constant. However, they differ from the values extrapolated from FTIR and SEMDeX® measure-
ments made on the periphery of the wafer. This difference is related to a local variation of the refractive index. This 
variation can be easily determined at each position knowing the true thickness measured by SEM, or by proceeding 
a double optical measurement using the Spectroscopic Liquid Infiltration Method (SLIM), for example [4]. Besides 
this refractive index related variation, we see that SEMDeX® measurements give information similar to FTIR 
analyses and then can emphasize any lateral porous silicon layer inhomogeneity in addition to the bow/warp in-
formation. 

3. CONCLUSION

In this paper, we have evaluated the use of a SEMDeX300® wafer inspection system, classically used in industry for 
the bow and warp determination, to characterize the lateral homogeneity of porous silicon films on silicon wafers. 
For this, we prepared an inhomogenous porous silicon layer on a 6 inches wafer and then compared different 
thickness mappings from SEM, FTIR and SEMDeX® measurements. Results show that SEMDeX® measurements 
give information similar to FTIR analyses, useful to control any lateral porous silicon layer inhomogeneity in ad-
dition to bow and warp information. A deeper investigation must be done to check an eventual influence of the wafer 
curvature on the extrapolation of local porous silicon film thickness values.  
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SUMMARY

We use a photoacoustic electrochemical cell to perform an in situ study of the formation of porous silicon. In this 
setup, two different photoacoustic cells are used, the first one is used as a reference while the second one is used to for 
the porous material growth. With this configuration, two different channels provide information about the process:
amplitude and phase. Using these signals is possible to follow in situ the evolution of the electrochemical process for 
the porous formation. According to our results, the amplitude and phase signals exhibit a periodic shape.

1. INTRODUCTION

It is well known that the pore size and depth in porous silicon are dependent on the current, but it is also impossible to 
observe the end of the formation process of a simple layer (self-assembled). This fact complicates the production of 
new devices such as Bragg reflectors and Fabry-Perot cavities. Being able to observe in situ the growth of porous 
materials is important because it allows for the reproducibility of the samples, so far, there are no published results in
which a system can follow in real time the events of the electrochemical process.

2. EXPERIMENTAL RESULTS AND DISCUSSIONS

A modulated differential electro photoacoustic cell was developed to study in situ the formation of porous materials, 
(Fig. 1). This experiment is performed with a super bandgap laser (532 nm). The laser is divided by using a beam 
splitter (50/50), then each of the modulated  beams is focused into the photoacoustic cell. Using lock-in amplifiers we 
obtain the amplitude and phase signals. 

Figure 1 shows a diagram of the electro photoacoustic cell. An 
808nm is divided by the splitter and the signals are compared.
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Figure 2 shows characteristic PA amplitude and 
phase signals for porous silicon obtained using a 
Si-p 0.005 Ohm-cm, current of 1.5 ma and V= 10 
V. In this case 8 cycles were observed, each of 
these cycles corresponds to the self-assembled 
layer. As can be seen periodic signals for both 
amplitude and phase were obtained.  

3. CONCLUSIONS

Using the modulated differential electro photoacoustic system, it is possible to monitor in real time the growth process 
of porous silicon. This experimental results confirm that this process is periodic, making possible to control the size of 
the porous as well as the thickness of any layer.  
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SUMMARY

This work presents a generic integrated biosensing platform for real-time optical monitoring of heavy metal pollu-
tants in aqueous solutions by enzymatic activity inhibition. Preliminary optical studies exhibit high specificity and 
sensitivity towards three metal ions (Ag+>Pb2+>Cu2+), with a detection limit of 60 ppb. Additionally, we demon-
strate detection and quantification of metal pollutants in real water samples (e.g. surface and ground water) with 
results comparable with gold standard analytical techniques, such as: inductively coupled plasma atomic emission 
spectroscopy (ICP-AES). 

1. INTRODUCTION

Heavy metals are one of the most serious environmental pollution problems of our time, threatening global sus-
tainability as being non-biodegradable 1. Heavy metal exposure causes serious health effects, including reduced 
growth and development, cancer, organ damage, nervous system damage, and in extreme cases, death. Conse-
quently, growing environmental awareness has led to strict regulations on the maximum metal concentrations al-
lowed in natural waters. Traditional quantitative methods, such as atomic absorption/emission spectroscopy and
ICP-AES are extensively applied for the detection of these ions with high sensitivity. However, these techniques 
are expensive, require sophisticated instrumentation, and can only performed in a centralized lab. Thus, this re-
search aim is to develop a generic integrated biosensing platform for rapid and on site detection of heavy metal 
pollutants in water. We have designed and fabricated a simple optical biosensing platform based on porous Si
(PSi) that allows for real-time monitoring of metal pollutants by enzymatic activity inhibition. The concept is 
demonstrated for a model enzyme horseradish peroxidase (HRP), which is one of the most active peroxidases and 
often used as a powerful tool in biotechnology 2,3. 

2. EXPERIMENTAL RESULTS AND DISCUSSION

The PSi optical transducers are synthesized from a highly doped p-type single-crystal Si wafers by anodization at a 
constant current density of 385 mA cm-2 for 30 s. The resulting freshly-etched PSi nanostructures are then thermal-
ly oxidized to impart stability and hydrophilicity to the Si scaffold. The HRP enzyme is conjugated to the oxidized 
PSi (PSiO2) nanostructure by a three-step process. First, the PSiO2 is amino-silanized by 3-
aminopropyl(triethoxyl)silane, followed by functionalization with a homobifunctional cross-linker, bis(N-
succinimidyl)carbonate, to modulate a high surface coverage of the linking groups. Finally, the enzyme is an-
chored onto the modified surface. To confirm the attachment of the enzyme onto the PSiO2 we used fluorescence 
labeling and Fourier transform infrared spectroscopy.  

Figure 1. Optical response of HRP-anchored PSiO2 to different heavy metal ions concentrations. (a) The 
HRP-modified PSiO2 is pretreated with 0.8 mM 4-chloro-1-naphthol in HEPES buffer (pH 8.0) in addition 
with different standard silver ions (Ag+) solutions. The optical data acquisition starts after addition of H2O2 to 
the cycled solution. The biosensor is fixed in a custom-made flow cell, and the reflectivity spectra are record-
ed every 30 s. (b) The inhibition of HRP-modified PSiO2 biosensor by heavy metals: Pb2+, Ag+ and Cu2+.
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To assess the enzymatic activity of the anchored enzymes we used reflective interferometric Fourier transform 
spectroscopy (RIFTS). This technique is sensitive to small changes in the average refractive index of the thin-film 
induced by enzymatic activity products infiltrating the pores 4. Figure 1a depicts the normalized effective optical
thickness (EOT) changes of the HRP-modified nanostructure following the introduction of different concentrations 
of silver ions (Ag+). Control experiment with no metal-ions exhibited the highest increase (5.2%) in the normal-
ized EOT value. This increase is attributed to 4-chloro-1-naphtol oxidation in the presence of peroxidases into 4-
chloro-1-naphthon with no interfering element, e.g. heavy metal. The optical readout is decreased in correlation to 
Ag+ concentration, for example: less than 0.3% increase in the EOT value is shown for 60 μM Ag+, as all HRP 
forms are inhibited.  

Figure 1b depicts the specificity of the HRP-modified PSiO2 biosensor to three metal ions (Ag+>Pb2+>Cu2+). The 
HRP biosensor is sensitive in the range of 0.6-100 μM, with detection limits of 0.6 μM for Ag+ and Pb2+, and 1.7
μM for Cu2+. Additionally, the selectivity of this platform towards heavy metals is shown in Figure 2, only Ag+, 
Pb2+ and Cu2+ exhibit HRP inhibition. Whereas, exposure of the biosensor to other cations (Mg2+, Zn2+, Ca2+, Fe2+, 
Na+, K+) do not affect the enzymatic activity. We further investigate the potential of this platform to detect heavy 
metals in real water samples (e.g. lake water and wastewater) and compare the obtained results to that of ICP-
AES. Our results show excellent correlation between the readouts of the optical biosensor and the gold standard 
analytical technique. 

In case of a positive readout from this platform, indicating heavy metals are present, a tandem biosensor in added 
to this scheme. This biosensor can specifically identify the heavy metal ion. 

3. CONCLUSIONS

A biosensing platform was designed for detection and quantification of heavy metals in water. The system allows 
for sensitive, rapid and label-free analysis of water samples in the field by using a simple and portable setup. The 
generic design of the biosensor will potentially allow tailoring unlimited experimental setups for systematic analy-
sis of heavy metal pollutants in aqueous surroundings.
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Figure 2. The effect of different cations 
on the optical response of HRP-
modified PSiO2 biosensor. All cations 
are at 6μM concentration.
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SUMMARY
We introduce a novel type of label-free optical sensors, made of macro-porous silicon photonic phase gratings, 
which are suitable for rapid (real time) detection of large microorganisms. The versatility in designing the photon-
ic structure, down to the level of a single pore, is achieved by using either anodization under backside illumination 
or under dark conditions to get adjustable pore's size, shape and morphology and to obtain facile entrapment of 
bacteria cells inside the pores. Sensing is accomplished once the captured bacteria induce a change in the optical 
thickness of the pores, which is monitored using the zero-order diffraction of the reflected light (e.g., the backscat-
tered light) and is analyzed via reflective interferometric Fourier transform spectroscopy (RIFTS). The depth of 
the pores is optimized for the RIFTS technique to achieve optimal transduction of the biological interaction. Sens-
ing experiments using a line of E. coli cells demonstrate the detection capabilities of the structure where the en-
trapment process was verified by confocal laser scanning microscopy. 

INTRODUCTION
Porous silicon (PSi) based biosensors have been quite successful in detecting small biological analytes (such as 

DNA and proteins [1-2]), but not for sensing larger microorganisms such as bacteria and living cells. The reason 
has to do with the size of the pores that should be smaller than the optical wavelength of the light used for 
measuring the reflectivity spectrum (typically across the visible up to the near infrared wavelengths), otherwise 
strong light's scattering (due to the random nature of the pore's distribution) will screen the interference pattern. 
Recently, we have demonstrated a method to extend the sensing capabilities of PSi-based RIFTS sensors for large 
biological targets [3].  In brief, our approach is based on producing periodic structures of macro-PSi where the 
dimension of the pores can be adjusted to fit the size of specific bacteria. The structure should be considered as a 
photonic phase grating since the light impinges the surface of the structure at normal incidence. The term "phase 
grating" indicates that the depth of the pores is comparable to the optical wavelength. In this case, the reflected 
light (from the bottom of the pores) interfere either constructively or destructively with light reflected from the top 
of the grating to create a typical diffraction pattern. In particular, the zero-order reflectivity, which is the only 
portion of the reflected light that is collected in our experiment, presents a set of maxima and minima according to 
the optical thickness (OT) of the pores, defined as: OT=2nL, where L - is the depth of the pores and n - is the 
refractive index of the medium filling the pores. The OT can directly be measured via Fourier transform of the 
reflectivity as usually performed in ordinary RIFTS biosensors. Sensing is accomplished once bacteria/cells are 
trapped inside the pores as the refractive index of these targets differs from that of the surrounding buffer medium. 

Figure1: (left) Cross-section SEM image of a p-type (dark anodization) P3G structure following sens-
ing experiment, demonstrating the capture of E. coli cells within the pores. (right) Cross-section SEM 
image of n-type (anodization under backside illumination) P3G structure having larger top area and 
flatter pore's bottom.
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EXPERIMENTAL
Details of the PSi-based, photonic phase gratings (P3G) fabrication process in the dark (using p-type Si sub-

strates) can be found in [4]; see Fig.1 (left), while backside illuminated P3G (using n-type Si wafers [5]) have been 
used to create the pore profile shown in Fig. 1 (right).  In both cases, the opening of the pores have been adjusted 
to fit the size of E. coli K-12 cells and the V-shaped bottom of the pores is a result of pre-patterning of the original 
Si wafer. These structural profiles were found to support the entrapment of bacteria cells inside the pores. In addi-
tion, the larger top area of the n-type (backside-illuminated) P3G and the flatter pore's bottom that characterizes 
this structure (see Fig.1 right), gives rise to significantly better reflectivity and peak-to-valley ratio of the interfer-
ence spectrum.

Next, let us briefly describe a set of sensing experiments [3] using a suspension of E. coli cells in saline. At 
first, the freshly-etched P3G structure was chemically oxidized followed by silanization of the oxidized surface.
Next, modified P3G samples were exposed to E. coli cells suspension. Fig. 2 (right) shows results of a typical 
sensing experiment where both the OT shift and the OT intensity variation have been recorded. A rapid shift of the 
OT by ~ 45 nm and intensity change of ~ 3% were observed upon the introduction of 106 cells/mL, and were relat-
ed to direct-bacteria-capture in the pores and a minor light's scattering by these cells respectively.  The above con-
clusion has been verified by a confocal laser-scanning microscopy (CLSM) study, in which the samples were 
scanned immediately after the sensing experiment. For this experiment, E.coli-expressing green fluorescent pro-
teins (GFPs) have been used. The results, presented in Fig. 2 (left), show a CLSM image of bacteria cells (green 
fluorescence) entrapped inside the macro-PSi array, which is observed as a fluorescent blue grid originating from 
the oxidized surface of the macro-PSi.

CONCLUSIONS
In summary, we have described a method to extend the detection capabilities of RIFTS-based PSi sensors for 

large microorganisms such as bacteria and living cells. It has been demonstrated that the zero-order reflectivity 
from P3G structures can be exploited for RIFTS sensing using essentially the same setup of ordinary RIFTS sen-
sors. A label free, rapid optical detection of E.coli bacteria has been demonstrated. 
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Figure 2: (left) Top-view CLSM image of the P3G sen-
sor with a magnified image at the inset. (right) Results of 
a typical sensing experiment where both the OT shift 
(blue line) and the amplitude of the reflectivity (black 
line) were measured as a function of time.
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SUMMARY

A polar protic solvents sensor has been developed by the use of a layer of porous silicon. The detection procedure 
was based on the determination of DC and AC responses when the detector was submitted to a vapor phase device.
The results show discrimination of the sensor performance with protic solvent species.

1. INTRODUCTION

Gas sensing application using porous silicon (pSi), particularly for alcohol detection, is a topic reported in several 
studies [1-11]. These reports can be grouped into three main techniques: (a) optical measurements in wet 
environment [1], (b) optical measurements in vapor phase [2-7], and (c) electric carrier measurements in vapor 
phase [8-11]. The latter studies use DC-driven voltage or current for sensing purposes. In the present work, we 
compare the outcome of such a DC methodology with an AC impedance method in the detection of different 
protic species. The results are promising in the future development of alcohol vapor phase sensors for low level 
concentrations.

2. EXPERIMENTAL PROCEDURE

Porous silicon samples were produced by usual electrochemi-
cal etching procedure. Crystalline initial material: 1x1 cm2

(100) p-type, 20-50 .cm ; Etching parameters: 
[HF:H2O:EtOH] = 1:5:2 per volume, 54 mA/cm2 current 
density, 20 min etching time, exposed area of 0.13 cm2. The 
etching procedure was performed in a Teflon cell where the 
sample was located on the bottom part. Resulting parameters: 
70% gravimetric porosity, 40-50 m porosity layer thickness, 
mean pore diameter of  2 - 3 m [12]. After this process, two 
aluminium contacts were evaporated in high vacuum to 
opposite ends of the 4 mm diameter porous region. DC and 
AC voltage measurements were performed in the test system shown in Fig. 1. The samples were inserted in a 
confined chamber (with volume of about 10 cm3) with inlet and outlet gas ports. Flow rates of 400 sccm nitrogen 
carrier gas were stablished by the use of two digital mass flow controllers. Vapors of the organic liquids were 
generated by bubbling purified nitrogen gas through the liquids at ambient temperature. DC and AC voltages were
supplied directly to the samples using a RC circuit. The response voltages across an external resistor were
measured with the aid of a digital multimeter connected to a computerized system.

3. RESULTS

Fig. 2 shows at left side the DC
performance (measured as a 
change in the DC voltage with 
respect to that of pure nitrogen 
flow) of sensor in contact to 
different protic molecules 
(ethanol, methanol, isopropanol
and water). The sensor shows a 
different response for the same 
flux conditions of vapor (400 
sccm), indicating that it is capable 
to discriminate among the 
different cases. The plot at right 

Fig. 1: Experimental vapor test apparatus

Fig. 2. DC Sensor response for various protic vapor species. Left: responses in time 
for the set of species; Right: responses as function of dipole moments values. The 
responses lie in a straight line.
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side shows the maximum change 
in resistance for the runs sketched 
at left side as a function of dipole 
moment. The measurements for 
these protic species fit fairly well 
in a straight line (shown in the 
plot).

Fig. 3 depicts at left side the AC 
performance of the sensor
(measured as a change in rms 
voltage with respect to that of pure 
nitrogen flow). Again, the sensor 
is capable to discriminate among 
different species. The plot at right side shows the maximum change in resistance for the runs sketched at left side 
as a function of dipole moment. The measurements for these protic species fit in a better way than those of the DC 
mesurements in a straight line (shown in the plot).

5. CONCLUSIONS

A sensor based on porous silicon is capable to distinguish between protic species in vapor phase using two meth-
odologies: a DC and an AC. The AC sensor response permits a better way of discrimination among alcohol spe-
cies.   
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SUMMARY

Impurity doping in semiconductor nanowires, while increasingly well understood, is not yet controllable at a satis-
factory degree [1]. The large surface-to-volume area of these systems, however, suggests that adsorption of the 
appropriate molecular complexes on the wire sidewalls could be a viable alternative to conventional impurity dop-
ing.

1. NH3 and NO2 DOPING

In the first part of the presentation I will present first-principles electronic structure calculations to assess the pos-
sibility of n- and p-type doping of Si nanowires by exposure to NH3 and NO2. Besides providing a full rationaliza-
tion of the experimental results recently obtained in mesoporous Si, our calculations show that while NH3 is a 
shallow donor, NO2 yields p-doping only when passive surface segregated B atoms are present [2,3]. 

Figure 1. Adsorption of a NH3 (left) and a NO2 molecule (right) at a Si(111) surface on top of a sub-surface B site.

2. LEWIS BASES DOPING

In the second part of the presentation I will report combined experimental and theoretical evidence of the different 
mechanisms that lead to doping of Si nanowires upon molecular adsorption of two paradigmatic Lewis bases [4].
Pyridine genuinely dopes the nanowires by injecting charge carriers. Ethanol, on the other hand, simply modifies 
the dielectric screening conditions, allowing the reactivation of preexisting electrically passive impurities, and thus 
cannot control neither the nature (n- vs p-type) nor the concentration of the carriers
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Figure 2. Adsorption of a pyridine (left) and a ethanol molecule (right) at a Si(111) surface. 
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SUMMARY

Four nanoporous anodic alumina samples with the same pore length but different porosities have been prepared and 
studied by means of spectroscopy and Fabry-Pérot optical interferometry. The reflectance spectra are modified due 
to the changes in porosity and the post-treatment with deposition of two gold thicknesses, 10 and 20 nm of metal. 
This material capability is enormous for using it as an accurate and sensitive optical sensor, since gold owns a well- 
known surface chemistry. Theoretical simulations have been also carried out to corroborate experimental results.

1. INTRODUCTION

Nanoporous anodic alumina (NAA) is one of the smartest materials in which scientists have centered their re-
search with considerable interest in recent years1,2 due to their physico-chemical properties like thermal stability, 
environmental toughness or biocompatibility. The fabrication technology permits to obtain highly ordered and 
customized porous nanostructures that makes NAA very attractive for different applications such as nanomaterial 
synthesis3, photonics4 or sensors5. In particular, NAA has demonstrated its sensing capabilities by the measure-
ment of the oscillations in the reflectance spectrum produced by Fabry-Pérot (F-P) interferences6. The variation of 
these oscillations upon analyte detection is the sensing principle. It is well known that the fringe intensity (FI) of 
the F-P interference pattern depends on the internal reflectivity of the mirrors composing the F-P cavity. In this 
work a technique to improve this FI and consequently the sensitivity of NAA-based sensors is studied. For this 
purpose, we investigate the UV-Visible-IR spectra of different NAA thin films obtained with different pore diame-
ters (Dp) before and after the deposition of a thin gold layer on its surface. This gold layer increases the reflection 
coefficient at the NAA-medium interface and improves the FI. The measured spectra were compared with numeri-
cal simulation in order to establish a model based on the effective medium approximation to account for the po-
rous nature of the material7, and to obtain a tool for the evaluation of the structure sensitivity. 

2. EXPERIMENTAL RESULTS AND DISCUSSIONS

The NAA samples were fabricated by the well-known two-step anodization process8, using 0.3M oxalic acid as 
electrolyte and an anodization potential of 40 V. The pore diameter was modulated by applying a wet chemical 
etching after the anodization procedure in an aqueous solution of phosphoric acid (H3PO4) 5 wt % for 0, 6, 12, 
and 18 min. Figure 1 shows SEM top view images of four samples obtained with the specified pore widening 
times. Table 1 summarizes the geometric features of the samples and the corresponding optical properties relevant 
for the sensing process. The length of the pores in all cases is Lp=1700 nm. The pore diameter Dp has been esti-
mated from the SEM picture while the porosity is obtained from Dp and the average interpore distance, which was 
Dint = 102 nm for all samples. The refractive index is obtained from the effective medium approximation, consid-
ering a mixture of Al2O3 and air. Finally, the effective optical thickness (EOT) is obtained from the optical path 
difference expression in the F-P interferometer: EOT = 2nLp. 

Figure 1 SEM top view images of the four NAA samples a) 1, as-produced, tPW = 0 min.; b) 2, tPW = 6 min.; c) 3, 
tPW = 12 min. d) 4, tPW = 18 min. Scale bar represents 400 nm.

Figure 2, top, shows the obtained reflectance spectra for sample 1 in the visible (left) and in the near-IR (right). The solid 
curves correspond to the sample after the anodization procedure, while the dashed and dot-dashed lines correspond to the 
same sample after sputtering of gold on its surface, with a thickness of 10 nm and 20 nm respectively. It is worth noting
that the maxima positions and the number of oscillations are not altered, what indicates that gold is deposited on top 

a) b) c) d)
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and not inside the pores. The main effect of the gold layer is the increase in the oscillation amplitude and the re-
duction appearance of sharp valleys at the minima in the NIR range for the 20 nm case. Figure 2, bottom, shows 
the measured reflectance spectra (in the same wavelength ranges, dot-dashed curve) for sample 1 with 20 nm of 
gold together with the result of the numerical model (solid curve). A good agreement is obtained in the visible 
range, while in the NIR, the simulated spectrum predicts sharper valleys than the measured ones. In any case, the 
model is able to predict the position of the maxima and minima. This confirms its reliability in order to evaluate 
and optimize the sensitivity of the structures.

3. CONCLUSIONS

In this work we show that the deposition of a thin gold layer on top of NAA improves dramatically the contrast of 
the oscillations in the reflectance spectrum. By adequately tuning the gold thickness, sharp valleys in the reflec-
tance can be obtained in the NIR range that can further contribute to a sensitivity improvement. A model based on 
the effective medium approximation has shown a good agreement with experimental measurements, what demon-
strates its utility for optimizing the structure sensitivity.
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Table 1. Geometrical and optical characteristics of the four NAA samples produced
Pore widening 

time (tPW, min.) Label Dp (nm) P (%) n EOT (nm)

0 1 38.6 14.3 1.65 5610
6 2 51.2 23.1 1.58 5372

12 3 72.3 44.6 1.41 4794
18 4 90.9 71.2 1.20 4080

400 500 600 700 800
0

50

100

R 
(%

)

wavelength (nm)
800 1200 1600 2000
0

50

100

wavelength (nm)

R 
(%

)

400 500 600 700 800
0

50

100

wavelength (nm)

R 
(%

)

800 1200 1600 2000
0

50

100

R 
(%

)

wavelength (nm)

Figure 2. Top: reflectance spectra 
for the UV-visible and the NIR 
regions for Sample 1. The three 
curves correspond to the as-
produced sample (solid line) and to 
the same sample after sputtering of 
10nm (dashed line) and 20 nm 
(dot-dashed line) of gold. Bottom:
Comparison of the measured (dot-
dashed line) and the numerically 
simulated spectra (solid line) for 
the same sample with 20 nm gold 
thin film in the same spectral re-
gions.
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SUMMARY 
A porous silicon photonic film was coated with the pH-responsive polymer: poly(2-diethylaminoethyl acrylate). 
The composite demonstrated optical pH sensing capability visible by the unaided eye. 

1. INTRODUCTION
Chronic wounds do not heal within three months and are considered an important and costly medical issue in the 
world’s ageing societies, imposing considerable pain, reduced mobility and decreased quality of life on the 
sufferers.1 During the lengthy healing process, the wound is invariably exposed to bacteria, which can colonise the 
wound bed and form biofilms. This alters the wound metabolism and brings about a change of pH.2 There is a 
need to develop rapid and biocompatible pH sensors to monitor changes in the wound healing trajectory. 
Here, we present pSi-based photonic sensors to detect changes in pH. The originality of this sensor is to use a pH-
responsive polymer plug that would act as a barrier to prevent the water to penetrate inside the porous matrix at 
neutral pH. As the pH would decrease, the polymer would become hydrophilic, thus opening up the pores of the 
porous layer, and enabling water penetration. The water penetration will result in a conspicuous wavelength shift 
of the pSi reflector’s resonance, producing an optical signal visible to the unaided eye.
PSi is an attractive candidate to use as a sensor in contact with wound fluid because the material is highly 
biocompatible and well tolerated in vivo, even when implanted into the eye.3 As a pH-responsive polymer that 
could fulfill the above barrier criterion, poly(2-diethylaminoethyl acrylate) (pDEAEA) was chosen since the 
polymer’s pendant tertiary amine groups are deprotonated at pH > pKa and the polymer is hydrophobic. When the 
pH decreases, the polymer become quaternised and hydrophilic.4
Preliminary results of the hybrid psi-pDEAEA used to detect change of pH by the unaided eye are presented here. 

2. EXPERIMENTAL RESULTS
pSi preparation: 
pSi single films were prepared from single-crystal p-type silicon highly doped (Siltronix, France), (100)-
orientation, at a modulated current density with a sine wave (between 11.4 and 28.4 mA. cm-2, 19.8 s periodicity) 
for 415.5 s in a solution of 1:1 (48%) aqueous hydrofluoric acid and ethanol, to produce a rugate filter. After 
etching, the samples were thermally oxidise at 600˚C for 1h and then silanised with a solution of 4 % of (3-
aminopropyl)triethoxysilane (APTES, Sigma) in toluene for 1h to afford a hydrophilic and stable film in aqueous 
medium.5

pDEAEA synthesis:  
Reversible addition-fragmentation chain transfer (RAFT) polymerisation was used to synthesise the pDEAEA 
following a published procedure (Reaction 1).4 The RAFT agent l.2-propanoic acid butyl trithiocarbonate 
(PABTC), the monomer DEAEA and the radical initiator of the reaction 2,2 -azobisisobutyronitrile (AIBN) were 
mixed in toluene. The solution was deoxygenated and polymerised for 24 hours at 65 ˚C. The resulting polymer 
had a molecular weight of 4,380 g/mol, was determined by gel permeation chromatography (GPC) analysis.  

Polymer deposition on the pSi surface:
After the reaction, the polymer was deposited on the external surface of the pSi by spin coating, in a manner that 
the polymer acts as a barrier to prevent the water to ingress into the porous matrix. PDEAEA was dissolved in 
toluene (40 mg/ml), and was spin-cast in the pSi film at 3000 rpm for 1 min. Three depositions were done on the 
same sample in order to generated a thick layer of polymer. 
Interferometric reflectance spectroscopy:
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In order to test the reliability of using the optical properties of pSi 
rugate filters and the penetration of the polymer inside the pores, 
the white-light reflectance spectrum from the pDEAEA-covered 
pSi film modified with APTES was recorded and compared with a 
pSi film modified with APTES but without polymer. The spectrum 
obtained from pSi-APTES displays a sharp resonance at a 
wavelength of 540.0 nm (Figure 1, trace A). Figure 1 (trace B) 
shows the reflectance spectrum at exactly the same spot after spin 
coating of the polymer. The rugate peak is observed at a 
wavelength of 541.8 nm, very similar to the resonance observed 
for the control. The intensity of the reflectance spectrum of the 
sample modified with pDEAEA is slightly smaller (~ 1.3 times 
smaller) than the one observed for the control. Had the pores been 
filled with polymer during spin coating, the resonance peak would 
be expected to red shift significantly, by 111 nm according to a 
simulation using the transfer matrix method. We conclude from 
these observations that the presence of the pDEAEA does not 
obstruct the optical spectrum of the pSi reflector. 
The efficiency of the polymer to act as a barrier and the change of colour of the pH sensor were tested by placing a 
drop of water of different pH (pH 3 and pH 7) on the pSi-pDEAEA and the pSi-APTES surfaces. In air, both 
surfaces appeared green due to the position of the photonic resonance. Figure 2a shows the image of the samples 
underneath the water droplets over time. The control sample turned red very quickly after been exposed to the 
water. In contrast, the pSi-pDEAEA remains green to the water at pH 7, after 10 sec. The change of color 
observed for the control, can be explained by a variation of refractive index inside the porous matrix. At the 
beginning of the experiment, the pores are filled with 
air (nair=1) and the samples appear green. After the 
deposition of water droplet on the surface, the water 
(nwater=1.33) penetrates inside the pores and the 
position of the photonic resonance shifts toward the 
red. The green colour observed for the pSi-pDEAEA 
even after been exposed to the water, confirms the 
presence of the polymer on the external part of the 
surface. The pDEAEA acts as a barrier to prevent the 
water penetration inside the porous matrix.  
The shift of the colour from green to red for the pSi-
pDEAEA surface is shown in Figure 2b. The pSi-pDEAEA sample displays a red color at after 20 sec for 
exposition to water at pH 3. In contrast, at pH 7 the surface of the pSi-pDEAEA is still green. In acidic condition, 
pDEAEA is in expanded conformation, due to the quaternization of the tertiary amine groups. In this case, the 
pores of the pSi-DEAEA are open, and the water penetrates inside the pores and induces a change of color of the 
sample. 
3. CONCLUSIONS
Here, we have presented the preliminary result of an optical pH sensor on the pSi photonic structures. For this 
device, the pDEAEA was chosen as a pH-sensitive polymer, synthesized by RAFT polymerization, and spin-
casted on the porous layer. The interferometry reflectance spectroscopy was used to characterise the presence of 
the polymer at the external surface of the rugate filter. After exposing the pSi-pDEAEA to the water, the role of 
the polymer, as a barrier was demonstrated, and a slow penetration of the water into the porous layer, associated to 
a change of color of the sample was shown in acidic condition. This device would constitute in a future a faster 
diagnostic of the wound to practitioners and nurses.  
REFERENCES
1. Dargaville, T. R.; Farrugia, B. L.; Broadbent, J. A.; Pace, S.; Upton, Z.; Voelcker, N. H., Sensors and imaging for wound healing: A

review. Biosensors and Bioelectronics 2012, 41 (0), 30-42.
2. Schneider, L. A.; Korber, A.; Grabbe, S.; Dissemond, J., Influence of pH on wound-healing: a new perspective for wound-therapy?

Archives of Dermatological Research 2007, 298 (9), 413-420. 
3. Suet P. Low; Nicolas H. Voelcker; Leigh T. Canham; Williams, K. A., The biocompatibility of porous silicon in tissues of the eye.

biomaterials 2009, 30, 2873-2880.
4. Suchao-in, N.; Chirachanchai, S.; Perrier, S., pH- and thermo-multi-responsive fluorescent micelles from block copolymers via reversible

addition fragmentation chain transfer (RAFT) polymerization. Polymer 2009, 50 (17), 4151-4158.
5. (a) Emily J. Anglin; Lingyun Cheng; William R. Freeman; Sailor, M. J., Porous silicon in drug delivery devices and materialsÅô.

advanced drug delivery rewiews 2008, 60, 1266-1277; (b) Pace, S.; Vasani, R. B.; Cunin, F.; Voelcker, N. H., Study of the optical
properties of a thermoresponsive polymer grafted onto porous silicon scaffolds. New Journal of Chemistry 2013, 37 (1), 228-235.

Figure 2: Image of the pSi-APTES and pSi-pDEAEA surfaces 
exposed to water (a.) at pH 7 over time and (b.) at pH 3 and pH 7 
over the time.

Figure 1: Interference fringes of the oxidized pSi 
surface modified with APTES (A) and of the pSi - 
pDEAEA surface (B).
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SUMMARY

The effect of thermal oxidation conditions on the behavior of porous Si optical biosensors, for monitoring enzy-
matic activity, is studied. Greater optical stability and sensitivity of thermally oxidized porous Si (PSiO2)
nanostructures is demonstrated. We compare three oxidizing temperatures (400, 600, and 800°C) for intrinsic sta-
bilization of PSiO2 Fabry-Pérot thin films. PSiO2 oxidized at elevated temperature (800°C) exhibits stable optical 
readout in different buffers combined with superior biosensing performance. These results are attributed to higher 
surface coverage by the immobilized enzymes and are confirmed by confocal microscopy and thermal analysis.  

1. INTRODUCTION

Nanostructured porous Si (PSi) has emerged as an attractive and versatile material for optical biosensing applica-
tions due to its large internal surface area and tunable optical properties 1. Numerous biosensing schemes have 
been reported, demonstrating the advantages of these nanosystems over conventional bio-analytical techniques in 
terms of improved detection sensitivity, label-free, and real-time rapid analysis 1,2. However, a key challenge in 
designing PSi-based biosensors arises from the relative chemical instability of the Si scaffold in biologically-
relevant environments. Specifically, PSi oxidation and dissolution in aqueous environments lead to significant 
changes in its optical and electrical properties, e.g., luminescence, refractive index and absorption coefficient, and 
may ultimately result in the structural collapse of the matrix. Several chemical routes are used to enhance PSi sta-
bility, including thermal oxidation, hydrosilylation, electrochemical alkylation, and thermal hydrocarbonization 3,4.
Thermal oxidation is frequently utilized for PSi biosensors passivation, owing to the wide repertoire of chemical 
modifications available for Si oxide surfaces. The present work explores the effect of thermal oxidation conditions
on the stability and sensitivity of PSi-based optical biosensor for monitoring enzymatic activity. 

2. EXPERIMENTAL RESULTS AND DISCUSSION

Porous Si optical transducers are fabricated from a highly doped p-type single-crystal Si wafer by anodization at a 
constant current density of 385 mA cm-2 for 30 s. The resulting freshly-etched PSi films are then thermally oxi-
dized in air at three different temperatures (400, 600, and 800°C) to generate oxidized PSi scaffolds (PSiO2). En-
ergy-dispersive X-ray spectroscopy (EDS) coupled to a high-resolution scanning electron microscopy (HRSEM)
and thermal gravimetric analysis are employed in order to characterize the resulting oxide layers and the PSiO2
films. Figure 1a summarizes the elemental analysis results, expressed in terms of the relative atomic percentage of 
oxygen to Si, for the different PSiO2 layers. The oxygen to Si ratio is observed to significantly increase with the
oxidation temperature, indicative of a thicker and denser oxide layers. Figure 1b-d depicts EDS-HRSEM results 
for the PSiO2 films oxidized at 800°C.    

Next, PSiO2-based biosensors for monitoring the activity of a model enzyme, horseradish peroxidase (HRP), are
fabricated and effect of oxide layer on the biosensor optical stability and performance are investigated. The HRP is 
immobilized onto the porous nanostructure by standard silane chemistry. Successful attachment of the enzyme 
molecules onto the PSiO2 is confirmed by fluorescence labeling and Fourier transform infrared spectroscopy. 

In order to examine the stability of the PSiO2-based biosensors (prepared from PSi films oxidized at different 
temperatures) in biologically relevant media, HRP-modified PSiO2 samples are fixed in a flow cell setup and ex-
posed to aqueous buffers (e.g., HEPES buffer, pH 8). The optical spectra are monitored in real time and the degree 

Figure 1. Elemental analysis of the PSiO2 nanostructure oxi-
dized at different temperatures. (a) The ratio of atomic percent-
ages, obtained by EDS mapping, of oxygen to Si across the po-
rous layer, for films oxidized at different temperatures (400, 
600, 800°C). The error is less than ±0.004. (b) Cross-section 
HRSEM micrograph of PSiO2 oxidized at 800°C. (c) Oxide and 
(d) Si mapping of the corresponding layer (blue and red, respec-
tively).  
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of surface degradation can be monitored by the decrease in the effective optical thickness (EOT) as the porous 
matrix dissolves. Figure 2a depicts the changes in the relative EOT as function of time for the different HRP-
modified PSiO2 biosensors. PSiO2 oxidized at 800°C exhibits negligible EOT changes for a period of >4 h. On the 
contrary, PSiO2, oxidized at lower temperatures of 400 and 600°C, show significant and rapid decrease in the rela-
tive EOT. These profound changes are ascribed to time-dependent degradation and dissolution of the porous scaf-
fold. A similar trend is observed for neat PSiO2 (not enzyme) films, shown in Figure 2b. Thus, these results clearly 
demonstrate that the optical readout of the neat and the enzyme-modified PSiO2 are highly stable at elevated tem-
peratures (800°C) under aqueous conditions. The effect of oxide layer on the biosensors’ performance was as-
sessed by monitoring the enzymatic activity of the anchored enzymes using reflective interferometric Fourier 
transform spectroscopy (RIFTS). Figure 3 depicts the relative EOT change of the HRP-modified PSiO2 following 
the introduction of 4-chloro-1-naphtol (4CN), which is oxidized by HRP into an insoluble product (4-chloro-1-
naphthol, 4CNn). A rapid increase in the EOT values is observed after the introduction of H2O2 to the cycled solu-
tion for all oxidized surfaces (Figure 3II). This increase is attributed to the precipitation and accumulation of the 
enzymatic reaction product within the pores (as schematically illustrated in Figure 3). For higher oxidation tem-
peratures, rapid and greater EOT changes are observed. These results are ascribed to higher enzyme content within 
the different PSiO2 scaffolds. We confirm this assertion by different techniques including confocal microscopy 
and thermal gravimetric analysis.  

3. CONCLUSIONS

We demonstrate the effect of oxidation temperature on the chemical stability of PSiO2 optical transducers (Fabry-
Pérot thin films). Substantial oxide layer stabilizes the highly porous scaffold and thus retains its optical properties
in aqueous media. Importantly, we show that the thermal oxidation profoundly affects the biosensing performance 
in terms of greater optical sensitivity, by monitoring the catalytic activity of HRP-modified PSiO2. These results 
are correlated to enzyme content and surface coverage.

ACKNOWLEDGEMENTS

This work is partially supported by the Russell Berrie Nanotechnology Institute (RBNI) and the Lorry I. Lokey 
Interdisciplinary Center for Life Sciences and Engineering. 

REFERENCES

(1) Jane, A.; Dronov, R.; Hodges, A.; Voelcker, N. H. Trends Biotechnol. 2009, 27, 230.
(2) Massad-Ivanir, N.; Shtenberg, G.; Tzur, A.; Krepker, M. A.; Segal, E. Anal. Chem. 2011, 83, 3282.
(3) Jarvis, K. L.; Barnes, T. J.; Prestidge, C. A. Langmuir 2010, 26, 14316.
(4) Tsang, C. K.; Kelly, T. L.; Sailor, M. J.; Li, Y. Y. Acs Nano 2012, 6, 10546.  

Figure 2. Optical response of modified and non-
modified PSiO2 to aqueous solution. The 
nanostructures are washed with 0.1 M HEPES 
buffer solution (pH 8.0). (a) Three HRP modified
PSiO2 oxidized at three different temperatures 
(400, 600, 800°C). (b) Three neat PSiO2 oxidized 
at the same conditions. The PSiO2 biosensor is 
fixed in a custom made cell, and the reflectivity 
spectra are recorded every 30 s.

Figure 3. A schematic illustration of the optical 
response of HRP modified PSiO2 to enzymatic reac-
tion products infiltrating the nanostructure (red dots 
– 4CN, blue dots – 4CNn molecules). The HRP
modified nanostructures are pretreated with 0.1 M 
HEPES buffer solution (pH 8.0) to minimize non-
specific adsorption of enzymes. (I) Wash with 0.8
mM 4CN. (II) Addition of 0.16 M H2O2 to the cy-
cled solution. 
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SUMMARY 

We present the development of real-time and low-cost biosensors based on planar photonic bandgap (PBG) struc-
tures where their readout is done by means of a novel power-based readout technique where tunable lasers or spec-
trometers are avoided. This fact allows not only the reduction of the cost, size and weight of the final readout sys-
tem, but it also opens the door to the full integration of light sources and detectors within the same chip. 

1. INTRODUCTION

The development of fast and reliable sensing devices to be used for the detection, identification, and quantification 
of substances and biological material is currently one of the most important investigation fields. These sensing 
devices can find application in fields such as medical diagnostics, food safety control, or environmental control. 
Photonic technology is one of the main candidates for the development of these analysis devices due to several 
advantages such as high sensitivity, compactness, high integration level, shorter time to result, label-free detection, 
use of very low sample volumes, and low-cost when using CMOS-compatible fabrication [1]. However, most pho-
tonic sensing technologies, as those based on ring resonators or PBG structures, base the detection on the spectral 
tracking of the structure’s response, what requires the use of either a tunable laser or a spectrometer for the inter-
rogation, making the final system very high cost, bulky, heavy, and without a real-time response. 

In this work, we present experimental sensing results where a novel power-based readout technique for PBG-based 
sensing structures is used. This technique allows an indirect determination of the spectral shift of the sensing struc-
ture without the need of tunable lasers or spectrometers, what is translated into a significant reduction of the com-
plexity, the cost, the size and the weight of the final sensing system, as well as allowing a real-time monitoring. 
Finally, the fact that broadband light sources and detectors are simply needed for the readout, allows their direct 
integration with the photonic sensing structures. In this work, we propose the integration of porous silicon based 
light emitters/detectors that can be combined with photonic structures working in the visible wavelength range. 

2. DESCRIPTION OF THE READOUT TECHNIQUE AND EXPERIMENTAL RESULTS

The working principle of the proposed power-based sensing technique is schematically described in Fig. 1. This 
sensing technique is based in the use of photonic bandgap structures, which provide a high sensitivity due to the 
enhanced interaction between the optical field and the target analytes produced by the group velocity reduction on 
them. The PBG sensing structure is excited using a filtered broadband optical source, whose filtered spectrum is 
located within a PBG edge of the photonic sensing structure. The output power variation is directly used to per-
form the sensing without the need to obtain the transmission spectrum and allowing a true real-time sensing in 
order to observe any interaction taking place within the sensing device. 
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We have experimentally demonstrated this sensing technique using silicon-based 1D periodic photonic structures. 
Fig. 2a shows an AFM image of the photonic structure used for these experiments, and Fig. 2b shows the temporal 
evolution of the sensor’s response when fluids with different refractive indices were flowed over the sensor. 
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Figure 2. (a) AFM image of a 
silicon 1D periodic structure used 

for the power-based sensing ex-
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3. DEVELOPMENT OF POROUS SILICON BASED EMITTERS AND DETECTORS FOR FURTHER
INTEGRATION 

Avoiding the need for tunable elements for the readout of the photonic sensing structure also allows the integration 
of broadband optical sources and photodetectors with the sensing structure, hence providing an increase of the 
integration level and the compactness of the final photonic sensing system. Within the frame of the FP7-BELERA 
project we have been working in the creation of the technology required to achieve the full integration, where po-
rous silicon based light emitters/detectors and PGB-based photonic sensing structures in Si3N4 or Al2O3 are com-
bined. 

A standard technological method for the formation of high porosity nanostructured silicon as functional layer for 
light emitting devices is electrochemical etching in hydrofluoric acid solution [2]. But this method has some in-
conveniences such as short anodizing time, toxicity, and the fact that aggressive hydrofluoric acid can destroy 
aluminum interconnections. To avoid these inconveniences we propose to use a solution with low fluorine ions 
concentration [5]. In our experiments we use a NH4F:H3PO4:C2H5OH:H2O solution for the anodization. The addi-
tion of ethanol to this solution allows to moisten the hydrophobic silicon surface and to get more reproducible re-
sults. Moreover, the addition of H3PO4 allows to control the ions fluoride concentration and to obtain the needed 
uniformity of porous layers round the whole anodizing area. Fig. 3a shows NH4F concentration dependence of 
pores size in a NH4F:H3PO4:C2H5OH:H2O solution at current density of 0.1 mA/cm2. By changing the NH4F con-
centration or the current density, the pore size is controlled. Fabricated layers have sponge structure with porosity 
of 70-80 %. Fig. 3b shows the photoluminescence spectrum of 1 m porous silicon layer and single crystal silicon. 
As can be seen the emission peak corresponds to 460 nm (blue region). 
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4. CONCLUSIONS

We have proposed and experimentally demonstrated a novel power-based sensing technique where PBG sensing 
structures can be interrogated without the need of tunable elements, thus allowing for lower cost, lightweight, 
compact and real-time analysis systems. This approach also allows the full integration of the sensing structure with 
porous silicon based light emitters/detectors, so that high performance photonic sensing platforms that simply 
electrically accessed can be deployed. Forthcoming steps will be focused in the integration process between both 
technologies (light emitters/detectors + photonic sensing structures). 
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SUMMARY

Three etching method for the porous silicon are studied for sensing purposes, simple, current pulse and sacrificial 
layer etching. Furthermore, PSi sensors are thermally-carbonized prior to pre-oxidation of the sensing layers. Pre-
oxidation is done to distinguish effects on gold electrodes and overall performance of the sensors. This pre-oxidation 
is done either before gold electrode sputtering or after, and hence the effects on the surface of the samples of pre-
oxidation can be obtained. Study shows that current pulse and sacrificial layer etching enhances the performance of 
the sensor compared to simple etching, which is used previously. On the other hand, effects of pre-oxidation are 
indefinite.

1. INTRODUCTION
Thermally-carbonized porous silicon (TCPSi) has been used for several sensor applications [1-3]. Long term sta-
bility has been previously studied and found suitable for sensor applications [4 - 5]. Though hysteresis is quite 
large for typical PSi humidity sensors, the effective ways to overcome this attribute has been studied in ref. 6. 
Even TCPSi is rather stable in any environment the surface experiences slight oxidation. Furthermore, TCPSi can 
be oxidized with several methods [3]. Oxidation during sensors operation is unavoidable and therefore response of 
the sensor can change. To bypass the oxidation during operation or enhance the stability against oxidation few 
methods have been developed previously [6]. One method is to pre-oxidize the samples before actual operation as
a sensor and the other is to apply second thermal carbonization consecutive to typical carbonization.
In this study new etching processes for TCPSi sensors have been researched. Also, the new carbonization proce-
dure has been introduced. These new manufacturing methods for TCPSi sensors were measured alongside with 
reference sensors, which are equivalent to former sensors.

2. EXPERIMENTAL RESULTS AND DISCUSSION
Porous layers for etched to p+-type Si wafers with (100) orientation. Used electrolyte was mixture of HF(40 w-%) 
and ethanol in proportion of 1:1. Current density during etching was 50 mA/cm2 which results to porosity about 65
%. In two sets of samples either sacrificial etching or current peak etching was used. In the first case surface of the 
Si substrate was treated with NaOH (1 M): H2O solution in proportion of 1:9 for 10 min. to remove possible SiOx
–species from the surface. In latter case the etching was started with current pulse of 100 mA/cm2 to avoid ink
bottle type pores.
After etching the thermal carbonization took place. The carbonization process has been discussed in detail in refer-
ences [3]. Half of the samples were treated at 500 °C and 820 °C only. The other half had consecutive carboniza-
tion at 820 °C.
Prior to gold electrode sputtering, half of the each set of samples were pre-oxidized in ambient with 85 % RH for a 
month. On other half the gold electrodes were sputtered immediately after thermal carbonization and then pre-
oxidized.
In addition, the reference sensors were used to monitor effects that arise from different treatments. On reference 
sensors simple etching and either one fold thermal carbonization were applied.
Capacitance in dry air, sensitivity and hysteresis of the sensors were measured after pre-oxidation period and after
three months of storage in humid ambient. Sensitivity was determined with

S = ( C90 – C0 ) / C0 , 

where C0 is capacitance at 0 % RH and C90 is for measured capacitance at 90 % RH. Sensitivity is one key attrib-
ute to determine suitability of the sensor and therefore sensitivity change was determined after the storage of the 
sensors.
Measurements show that current pulse and sacrificial layer etching diminishes the hysteresis compared to refer-
ence sensors and sensors with simple etching. Some noticeable differences in sensitivity can be seen in different 
sensor groups depending on etching and pre-oxidation process. Summary of the sensors and the effects of the 
treatments are summarized in Table I.
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Etching type Carbonization Sensitivity [ % ] Hysteresis [ % ] Sensitivity change [ % ]
Simple One fold 370 – 720 5 – 8 / 14 – 32* 20 – 49 / 57 – 65*

Double 360 – 940 7 – 11 / 5* 17 – 52 / 50*
Current pulse One fold 830 – 1900 1 – 4 / 2* 32 – 40 / 61 – 66*

Double 630 – 2770 2 – 3 / 3 – 4* 57 – 65 / 57*
Sacrificial layer One fold 200 – 1240 3 / 3* 44 – 58 / 45 – 49*

Double 376 – 560 4 / 4 – 5* 35 – 57 / -7 – 7*
Reference 780 - 1300 3 - 4 8

3. CONCLUSIONS

Etching process with current pulse method, results to TCPSi sensors with rather minimal hysteresis and fast re-
sponse even after three months of storage. In addition, the sensitivity during storage remained at same level and 
only slight chances are noticeable. Both sacrificial layer etching and current peak etching enhanced the sensors 
characteristics at first. In long term, especially the sensitivity of the sensors made with tested methods seems to 
deviate from reference sensors corresponding sensitivity.
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Table I Summary of the measurements on sensors. Data marked with 
* are for sensors pre-oxidized before electrode sputtering
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