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FIRST: Introduction for the 2004 report 
 
 
 
Equipment 
In 2004 a high-end electron beam lithography system was installed in 
FIRST. It is used for many projects including photonic crystals, 
quantum dots and carbon nanotubes. At this point it is operated all 
weekdays and in addition many nights and weekends indicating the 
increasing demands from users in FIRST. A novel atomic force 
microscope with entirely digital control electronics serves FIRST for 
imaging and also for nano-lithography. These two machines strongly 
enforce the capabilities in FIRST to fabricate and manipulate samples 
at the nanoscale.  
 
 
 

 
Materials 
FIRST-lab contains a chain of pieces of equipment for fabricating 
semiconductor nanostructures of various kinds and for numerous 
scientific goals. Sophisticated layer sequences are grown by MBE and 
MOCVD mostly for optical devices. Lately carbon nanotubes have 
become an important part of FIRST research. They are produced in a 
newly installed LPCVD oven and contacted using an atomic force 
microscope and electron beam lithography. 
 
 

 
 
Users 
The number of ETH research groups which are strongly involved in FIRST-related 
research and are responsible for the management of the lab has increased to 9, with 
three groups each from physics and mechanical engineering, 2 groups from electrical 
engineering and 1 group from materials science. Also many other groups from within 
and outside ETH Zurich have used the technological facilities made available by 
FIRST lab. The general FIRST-concept, that each user is trained on the required 
equipment and produces his/her own samples has proven successful.  
 
 
 
Thank you 
Overall FIRST-lab has seen a terrific expansion of its activities in 2004. I thank the FIRST staff who kept the 
lab running and dealt with the numerous user requests. The general support of the involved departments, in 
particular the accessibility of the infrastructure of the chemistry and physics departments has contributed 
significantly to a smooth running of FIRST lab. The financial support from the board of ETH Zurich is gratefully 
acknowledged. It is a pleasure to be part of the FIRST team and to conquer jointly the scientific frontiers of 
nanoscience. 
 
 
 
 
 
Klaus Ensslin 
 
FIRST-lab coordinator 
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FIRST: New Members and Projects 
 
New Members 
 
Brad Nelson joined the FIRST management team. He is Professor of Robotics and Intelligent Systems at ETH 
Zurich 

 
New Projects of the Lab 
 
Nanowhiskers 
Klaus Ensslin / Atac Imamoglu  
Solid state physics and Institut for Quantum Optics, ETH Zurich 
 
Quantum dots embedded in nano-whiskers are equally well suited for optical and transport experiments. This 
gives us the unique opportunity to study one and the same structure by different experimental techniques. We 
will explore the optical manipulation of quantum states which are read-out by transport currents. This will bring 
the potentially high time resolution of optics to transport experiments. Along the same lines the gating 
techniques which are generally used to manipulate electrically driven quantum dots, will be developed in 
combination with optical access to the sample 
 
Microresonators  
Prof. Günter 
Institut for Quantum Optics, ETH Zurich 
 
Micro-ring resonators and large index contrast optical wave guides are the building blocks of future integrated 
optical circuits. In this project it is attempted to create large index contrast wave guides using electro-optic 
crystals. Following the fabrication of thin films of electro-optic crystals with large index contrast we will make 
micro-resonator and other structures. The project can be devided into the following parts: 

• Fabrication of thin films of electro-optic crystals 
• Waveguiding in thin films of electro-optic crystals 
• Simple Mach-Zehnder modulator using these thin films 
• Fabrication of Micro-resonators and more complicated structurs 

 
Room temperature, ultra-low threshold, continuous wave quantum cascade lasers for gas 
spectroscopy 
Prof J. Faist 
University of Neuchatel 
 
The goal of this project is to achieve another step in the performance improvements of quantum cascade 
lasers. To this end, we will systematically study the wave guide growth and technology, use the latest etching 
techniques of the FIRST lab to enable the fabrication of very narrow ridges with very high control as well as 
extremely low wave guide losses. The end deliverable of the project is a device with very low threshold 
current, single mode operation operating at room temperature. 
 
Substrate fabrication for optical transport studies in nuclear pore complexes 
Prof. V. Sandoghdar 
Physical Chemistry, ETH Zurich 
 
For optical and atomic force transport studies on biological nuclear pore complexes a special glass substrate 
has to be fabricated which allows for the preparation of the biological membrane in between two liquid 
compartments. We plan to use various lithography and etching techniques at the micrometer scale to allow 
small pores to be integrated between two compartments. 
 
Carbon Nanotubes 
Prof. A. Imamoglu 
Institut for Quantum Optics, ETH Zurich 
 
Carbon Nanotubes Optical properties of semiconducting Single-Wall Carbon Nanotubes (SWCNs) recently 
have been subject of the intensive research. However, detailed quantum optical studies on these systems are 
still lacking. Quantum optical investigation of the quantum dots formed by SWCNs would provide completely 
new angle for understanding the properties and potential applications of this material. In this respect, we 
purpose several decisive quantum optical experiments on Carbon Nanotube Quantum Dots (CNQDs): 
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detection and characterization of the excitons in CNQD, demonstration of photon antibunching from a single 
CNQD. In addition, we intend to explore electron-phonon interaction in these systems. 
 
Physics of Superconducting Thin Films and Nanostructures and Applications as Single-Photon 
Detectors 
Dr. Andreas Engel, Prof. Dr. Andreas Schilling 
Physics Institute of the University of Zurich 
 
We develop and investigate the properties of a novel superconducting single photon detector for optical and 
near-infrared photons. The detection mechanism utilizes the combined action of a hot-spot formation after 
photon absorption and a high bias current only slightly less than the superconducting critical current. In order 
for the detection mechanism to be efficient a nm-thick superconducting film has to be structured into a 
meander line approximately 100 nm wide. We propose to use the facilities at FIRST to perform the 
nanostructuring and subsequent characterization of these films. 
 
Miniature Solid Oxide Fuel Cell 
Prof. Gaukler  
Nonmetallic Inorganic Materials, ETH Zurich 
 
To reduce the costs and increase the lifetime of Solid Oxide Fuel Cells (SOFC), reduction of operating 
temperature is an important issue, together with miniaturization, new applications for SOFCs can be found. 
The goal of the project is to build a micro Solid Oxide Fuel Cell (μSOFC) operating at unusual low 
temperatures (550 °C) with high power output (180 mW / cm

2
). Therefore materials like Silicon and Foturan (a 

photostructurable glass), which will be used as substrates, have to be micro structured. Thin film deposition of 
the required functional ceramic layer that are needed for the fuel cell can be performed within the Nonmetallic 
Material laboratories.  
 
Small Gap Devices  
Prof. Bradley Nelson 
Arbeitsgruppe Mechatronik , ETH Zurich 
 
Intelligent microrobotic systems have the potential to change the way in which biological cells are studied and 
manipulated by enabling complex biomanipulation techniques. The primary objective of this effort is to build 
force sensors that would form a part of such systems to explore manipulation of biological cells, between 1 
and 100 microns in diameter. Miniature structures in the nano / micro scale embedded with Carbon Nanotubes 
(CNTs) will be investigated for use in force sensing mechanisms with enhanced efficiencies in performance 
and size. Multi – axis force sensors capable of sensing forces in the 100 pN to 0.1 mN will be realized to study 
injection as well as tangential forces generated during cell manipulation / injection. In another part of the 
project, suitably designed nanostructures with the same architecture as the force sensors will be used to 
realize actuators for biological particle detection and identification. 
 
Development of delayering methods on silicon wafer for failure analysis 
Dr.Gerd Rössler 
EMPA, Dept. Electronics / Metrology, Dübendorf 
 
In the failure analysis of semiconductor circuits the layer laid down on the top of the silicon substrate are 
gradually removed again in order to determine the technological structure or to reach a specific point (‘reverse 
engineering’). Only the desired layer of material should be removed in each step. An attack on other layers or 
an underetching of remaining structures are undesirable, otherwise artefacts (changes, new faults) may lead 
to errors or alter the sought for fault point. In highly-integrated circuits this is complicated by the following 
features: 

• several wiring layers of metal (tungsten, AlSiCu-alloy or copper), metal nitride (TiN ARC layer, TiN 
barrier layer), polysilicon, or metal silicides (TiSi, WSi) may of another 

• the width of the strips (intraconnection lines) is often less than 0.5 m 
• differently doped inter-metal oxide dielectrics are used (PSG-Phosphor-Silicate glass, BPSG-Bor-

Phosphor-Silicate Glass), which are usually found deeper down, are etched more rapidly down than 
undoped oxides covering them 

• organic layers, mostly polyimide 
• strong topographic structuring can lead to variations in thickness within a layer and to differences in 

consistency  between vertical and horizontal surface 
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FIRST: Visits and Public Relations 
 
There were about 40 visitors or visiting groups to FIRST lab over the year. Beside a lot of visitors from 
different companies we had several visits of Swiss pupils and from students and groups of ETH. Additionally, 
we were visited by international delegations or members from foreign and Swiss  research institutions and 
from news magazines. We want to mention the following visits specifically:: 

• The Focus magazine for a report (14.-15.01.04), published 29.03.04 
• Björn Stigson, President, World Business Council for Sustainable Development, 11.03. 
• Visit of the head of EMPA, Prof. Schlapbach, 01.06. 
• Delegation from Brasilia with members from the  Ministry of Science and Technology, from Brazilian 

industry and research institutes,16.09. 
• Photo session with a reporter from the keystone agency 
• Delegation from China lead by the president of the Chinese academy of science, 13.12. 
 

 

FIRST: Education and use of the lab 
 
In 2004 we had 13 Seminars for users of FIRST, including introduction seminars (7), safety (2) and technical 
trainings, education of the staff in charge of emergency procedures and a user meeting.  
Additionally, there were different meetings of user groups like a regular MBE-meeting, and seminar meetings 
for dry etching, HEMT-processing or Sb containing materials 
81 new users were trained for the lab. That increases the amount of trained people to 191. About a 100 users 
have actually access to the lab and ca. 60 - 80 of them were regular users of the lab in projects during the 
year. 
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FIRST: Scientific Equipment 
 
To serve its scientific users, FIRST operates a large amount of scientific and technological equipment, ranging 
from tools for epitaxy, lithography and vacuum systems for thin film deposition and etching, to precise analysis 
equipment for the control and verification of material parameters and processes. 
 
 
Molecular beam epitaxy (Veeco-Applied EPI Gen-III MBE system) 
• Epitaxial growth of phosphides, arsenides, antimonides and nitrides on up to 4-inch substrates with Si- or 

Be-doping 
• Two growth chambers,with diffuse reflectance spectroscopy (DRS) and reflection high-energy electron 

diffraction (RHEED) for in-situ growth monitoring 
• Analysis chamber with X-ray photoelectron spectroscopy (XPS) and Auger electron spectroscopy (AES) 

including an argon sputter source for depth profiling 
• Fluoride MBE system for growing GaAs, AlGaAs and CaF2 on 2-inch substrates 
 
Metal-organic vapor phase epitaxy (AIX 200/4) 
• Growth of phosphides, arsenides and antimonides on 
• InP and GaAs substrates with zinc or carbon for p-type and silicon or tellurium for 

n-type doping 
• EpiRAS in-situ growth monitoring 
 
Thin film deposition and etching 
• Plasmalab 80+D plasma deposition (PECVD) of SiNx and SiOx films (Oxford Instruments) 
• Electron beam evaporation of metals and dielectric materials 
• Rapid thermal annealing system with N2 and N2/H2 gas supply 
 

Materials characterization 
• Four-crystal, high resolution, X-ray diffraction system (Seifert 3003 

PTS-HR) 
• Rapid photoluminescence mapping system (Accent RPM 2000) 
• Optical cryostat for liquid nitrogen and liquid helium photoluminescence 
• Digital scanning electron microscope (Zeiss) 
• CV semiconductor doping profiler (Dage) 
• Hall-effect measurement system 
• Spectroscopic ellipsometer (Sentech SE850) 
• Alpha-step 500 surface profiler 
• Atomic force microscopes 
• Optical microscopes 
 

Optical lithography 
• Karl Süss MJB3 manual contact mask aligner, also suited for backside alignment. It uses 405 nm UV-light. 

Optical resolution is approximately 0.5 m 
• Karl Süss MA56 semi-automatic contact printing mask aligner with split field optics. 

Currently configured for 2-inch substrates. It uses 365 nm and 405 nm wide-band UV-light.  
Optical resolution is approximately 0.5 m 

• Photo resist spinners, furnaces and hot plates, wet processing area 
 
Electron beam lithography 
• Electron beam lithography system (Raith 150), control software environment. Thermal Schottky field 

emitter source, with 2 nm resolution, and with up to 30 keV beam energy. Maximum sample size is 4-inch, 
unstitched writing fields are typically 400 m to 1mm 

 
AFM lithography 
• Atomic force tip oxidation of Ti films, using a scanning force microscope in atmospheric conditions.Write 

fields are approx. 100 m, and sub-micron to nm line widths have been obtained 
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Wet and dry etching 
• 20m

2
 wet benches with ultrasonic baths, dry spinner, heater/chiller, solvents, 

acids, base liquid handling 
• 2 Plasmalab 80 RIE systems (Oxford Instruments): 

1. CH4/H2 chemistry for III-V semiconductors 
2. Fluorine based chemistry for dielectrics 

• Plasmalab 180 ICP system (Oxford Instruments): Chlorine based chemistry, 
13.56 MHz RIE and synchronous ICP power sources, load lock 

• Technics Plasma 100E down-stream microwave asher 
 
 

FIRST: New Scientific Equipment  
 
Infrastructure upgrades 
• We purchased a new He-leak detector from Adixxen GmbH, which will help us to 

find leaks in high-vacuum and UHV-system. Also, a new mass-spectrometer was 
purchased from Pfeiffer AG, and will allow us to do rest-gas analysis on our 
vacuum systems. 

• Toxic gas absorbers were installed for our PECVD, ICP, P-MBE and LPCVD 
systems, reducing the emission of toxic and flammable gases into the exhaust air. 

• The dead-person’s monitoring system from Cerberus/Siemens is was taken into 
operation at the beginning of the year, and allows lab users to work alone in the lab 
outside the regular opening hours. It is connected to the ETH alarm systems. 

• The return of He-gas from our liquid-He cryostat is now possible due to the 
installation of a He-recovery line. He-gas from the cryostat is now returned to the 
He-refrigeration systems on the Hönggerberg campus. 

• 7 new gas sensors have been installed around the new LPCVD deposition system 
(see below), monitoring H2, B2H6 and SiH4 gas. 

• We have installed a new chemical flow hood and a 500 kg crane in the service area, allowing us to do e.g. 
maintenance work on contaminated pumps of our etching and deposition systems in a safe way. Also, a 
new wetbench was installed close to the electrochemical CV-profiler, allowing for the preparation of 
electrolytes and the cleaning of wafers and system components. 

• The electronic entrance control system was upgraded from a badge systems to a RF-ID system. It is more 
reliable for the users. Software upgrades will allow FIRST to monitor the access and presence times from 
users. 

• FIRST can now monitor the particulate contents in every room inside the laboratory. A new particle 
counter continuously monitors the amount of dust particles in the air of each cleanroom cabine. 

 
New research systems 
• A new low pressure chemical vapor deposition (LPCVD ) system for carbon nanotubes (CNTs) and poly-

silicon from ATV GmbH has been installed and is now producing single- and multi-wall CNTs. 
• The Raith150 electron beam lithography system was moved from the ETH Zentrum campus to FIRST and 

is in full operation. 
• We have installed and programmed the Delta 35 mask cleaning system from Süss Microtech, which 

allows the photolithography users to clean their photomasks. 
• A new UV-lightsource was purchased from Lot Oriel for the exposure of photosensitive ceramics. 
• A new EPIR system was purchased for our MBE systems, and will allow the realtime monitoring of 

compositition and growthrate of complex semiconductor thin film structures. 
• A small electroplating facility was built to enable electrochemical deposition of thick gold layers from 

electrolytic solutions. 
 
System upgrades 
• Our MA56 contact printing mask-aligner was replaced with a modern MA6 system from Süss Microtech. 

The MA6 was upgraded with several new waferchucks and maskholders, and allows exposures of small 
substrates and wafers upto 4” diameter. 

• One of the photoresist spinners was replaced with a Delta 10-BM spinner from Süss Microtech, and now 
allows the spin-on application of photochemicals on substrates upto 4”x4” in size. 

• The Logitech lapping/polishing system received a pair of stereo binoculars, to allow for precise and careful 
mounting of small samples on a goniometer chuck. 

• The wire-bonder was upgraded with a 2 inch spool mount for Pt-wire. Pt wire is dedicated for electrical 
high temperature connections in fuel cells.  
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• The ICP semiconductor etching system from Oxford Instruments was upgraded with a heating stage and 

can now be used at substrate temperatures up to 400 °C. This facilitates the anisotropic etching of 
complex heterostructure materials such as InGaAsP and InAlAs. Also, a liquid nitrogen supply was 
purchased in order to provide rapid electrode cooling as well as low-temperature capabilities.  

• The EPIRAS monitoring system on our MOVPE system was upgraded with a TT (TrueTemp) module to 
monitor the exact temperature of the substrate during epitaxial growth. The sensitivity spectrum was 
expanded into the infrared region. The MOVPE system was also upgraded with an AsH3 dilution line, 
giving it a larger dynamic range in AsH3 supply. 

• The As-MBE system was upgraded with a CBr4 gas supply line to allow p-type C-doping of As-based 
semiconductors. Also a new digital RHEED camera with special image analysis software was installed and 
allows the evaluation of electron diffraction patterns for in-situ growth-rate measurements during epitaxial 
growth. 
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FIRST: The Team operating the Lab 
 
 

 

 
Prof. K. Ensslin 
 
FIRST Coordinator 
 
2004 - 2006 

 
Maria Leibinger (50%) 

 
FIRST Technical Team 

 
Photo Lithography  

e-Beam Lithography  
CV-Profiling  

 
 
 

   

 

 

 
Dr. Otte Homan 
 
FIRST Operational Team 
 
Thin Film Technology 
Safety 
 

 
Christoph Widmeier (50%) 

 
FIRST Technical Team 

 
Thin Film Technology 

 
 
 

   

 

 
Dr. Emilio Gini 
 
FIRST Operational Team 
 
MOVPE 
Infrastructure 
Finances 

 
Martin Ebnöther 

 
FIRST Technical Team 

 
MOVPE Support 

Laboratory Supplies 

 

 
 
 

   

 

 
Dr. Dirk Ebling 
 
FIRST Operational Team 
 
MBE 
Public Relations 
Projects 

 
Hansjakob Rusterholz 

 
FIRST Technical Team 

 
MBE Vacuum Technology  

Wire Bonding 
Assembly of Chips  

Web / Picture Editing  

 
 
 

FIRST: The Management Team  
 
Prof. Dr. W. Bächtold Microwave Electronics http://www.ifh.ee.ethz.ch/Microwave 
Prof. Dr. J. Dual Mechanics and Experimental Dynamics  http://www.ifm.ethz.ch 
Prof. Dr. K. Ensslin Nanophysics, FIRST Coordinator 2004–2006  http://www.nanophys.ethz.ch 
Prof. Dr. C. Hierold Micro- and Nanosystems  http://www.micro.mavt.ethz.ch 
Prof. Dr. A. Imamoglu Quantum Photonics  http://www.iqe.ethz.ch/quantumphotonics 
Prof. Dr. H. Jäckel High-Speed Electronics and Photonics  http://www.ife.ee.ethz.ch 
Prof. Dr. U. Keller Ultrafast Laser Physics  http://www.iqe.ethz.ch/ultrafast 
Prof. Dr. B. Nelson Robotics and Intelligent Systems  http://www.iris.ethz.ch 
Prof. Dr. N. D. Spencer Laboratory for Surface Science and Technology  http://www.surface.mat.ethz.ch
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FIRST: Publications 2004 

  

F. Brunner, E. Innerhofer, S. V. Marchese, T. Südmeyer, R. Paschotta, T. Usami, H. Ito, S. Kurimura, K. 
Kitamura, G. Arisholm, U. Keller: 
 “Powerful RGB laser source pumped with a mode-locked thin disk laser”, 
Optics Letters, vol. 29, pp. 1921-1923, 2004 

 P. Cristea, Y. Fedoryshyn, and H. Jäckel: 
"Growth of AlAsSb/InGaAs MBE-layers for all-optical switches", 
13th Int. Conf. Molecular Beam Epitaxy, August 22-27, Edinburgh, Scotland, 2004.  

L. Dong, F. Arai, T. Fukuda, and B. J. Nelson: 
”Field Emission of Telescoping Multi-Walled Carbon Nanotubes”, 
Proc. of the 4th IEEE Int. Conf. on Nanotechnology (IEEE-NANO2004), Aug.17-19, Munich, Germany 
(2004) 

A. Dorn, E. Bieri T. Ihn, K. Ensslin, D. D. Driscoll, and A.C. Gossard: 
“AFM-defined antidot lattices with top- and back-gate tunability”, 
Physica E 22, 749 (2004)  

A. Dorn, T. Ihn, K. Ensslin, W. Wegscheider, and M. Bichler: 
“Electronic transport through a quantum dot network”, 
Phys. Rev. B. 70, 205306 (2004), cond-mat/0411300  

A. Dorn, M. Peter, S. Kicin, T. Ihn, K. Ensslin, D. D. Driscoll, and A. C. Gossard: 
”Charging effects of ErAs islands embedded in AlGaAs heterostructures“, 
Physica E 21, 426 (2004)  

 J. Dual, G. Simons, J. Villain, J. Vollmann, Ch. Weippert: 
“Mechanical properties of MEMS structures”,  
ICEM12 – 12

th
 Int. Conf. on Exp. Mech., Politecnico di Bari, Italy, Aug 29 - Sept 2, 2004 

D. Erni and F. Robin: 
"Dicht integrierte Optik - Der planare photonische Kristall als Medium der engen Lichtführung in 
photonischen Chips", 
Bulletin SEV/VSE, vol. 95, no. 11, pp. 9-16, 2004.  

C. Erny, G. J. Spühler, L. Krainer, R. Paschotta, K. J. Weingarten, U. Keller: 
 “Simple repetition rate tunable picosecond pulse-generating 10-GHz laser”, 
Electronics Letters, vol. 40, No. 14, pp. 877-878, 2004 

D. Falconnet, A. Koenig, T. Assi, M. Textor: 
“A combined photolithographic and molecular-assembly approach to produce  functional micropatterns for 
applications in the biosciences”, 
Advanced Functional Materials, vol. 14(8), pp.749-756, 2004 

S. Fasel, D. Erni, N. Gisin, E. Moreno, F. Robin, and H. Zbinden: 
"Entanglement involving photons and plasmons", 
Bull. SPG/SSP, vol. 21, Swiss Physical Society (SPS) Annual Meeting, Neuchâtel, 880, p. 152, 2004.  

A. Fuhrer, T. Ihn, K. Ensslin, W. Wegscheider, and M. Bichler: 
“Kondo Effect in a Many-Electron Quantum Ring”, 
Phys. Rev. Lett. 93, 176803 (2004), cond-mat/0406247  

A. Fuhrer, M. Sigrist, L. Meier, T. Ihn, K. Ensslin, W. Wegscheider and M. Bichler: 
“Quantum Rings as Phase Coherent Detectors”, 
Physica E 25, 303 (2004) 

 T. Fukuda, F. Arai, L. Dong, and B. J. Nelson: 
”Nanotube-based Nanomechatronics”, 
Japan– Korea Workshop (JKW2004), Tokyo (2004).  

R. Grange, O. Ostinelli, M. Haiml, L. Krainer, G. J. Spühler, M. Ebnöther, E. Gini, S. Schön, U. Keller: 
 “Novel antimonide  semiconductor saturable absorber for 1.5 m”, 
 Electronics Letters, vol. 40, Nr. 22, pp. 1414-1415, 2004 
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B. Grbic, C. Ellenberger, T. Ihn, K. Ensslin, D. Reuter, and A. D. Wieck: 
“Magnetotransport in C-doped AlGaAs heterostructures”, 
Appl. Phys. Lett. 85, 2277 (2004), cond-mat/0406417  

A. Haake, J. Dual: 
“Positioning of Small Particles by an Ultrasound Field Excited by Surface waves”,  
Ultrasonics, Vol. 42, pp. 75-80, 2004 

M. Haiml, R. Grange, U. Keller: 
 “Optical characterization of semiconductor saturable absorbers”, 
Appl. Phys. B, vol. 79, pp. 331-339, 2004 

C. Hierold: 
”From micro- to nanosystems: Mechanical sensors go nano”,  
J. Micromech. Microeng., vol.14, pp.1-11,  2004  

 E. Innerhofer, F. Brunner, S. V. Marchese, R. Paschotta, U. Keller: 
“RGB Source Powers Up:  Laser Projection Displays”, 
Photonics Spectra, pp. 50-54, June 2004 

H. Jäckel, W. Bächtold, and U. Keller: 
"FIRST: Center for Micro- and Nanoscience - Besichtigung eines Nano-Hotspots", 
ETH Bulletin, vol. 292, pp. 37-41, February 2004. 

U. Keller: 
 “Ultrafast solid-state lasers”, 
Progress in Optics, vol. 46, pp. 1-115, 2004 (ISBN 0 444 51468 6, Elsevier, 2004) 

S. Kicin, A. Pioda, T. Ihn, K. Ensslin, D. C. Driscoll, and A. C. Gossard: 
„Backscattering in the Quantum Hall Regime“, 
Phys. Rev. B 70, 205302 (2004)  

S. Kicin, A. Pioda, T. Ihn, K. Ensslin, D. D. Driscoll, and A. C. Gossard: 
„Scanning gate measurement in the quantum Hall regime at 300 mK“, 
Physica E 21, 708 (2004)  

 D.H. Kim, A. Haake, Y. Sun, A.P. Neild, J.E. Ihm, J. Dual, J.A. Hubbell, B.K. Ju, B.J. Nelson: 
“High-Throughput Cell Manipulation Using Ultrasound Fields“, 
Proc. 26th Ann. Int. Conf IEEE EMBS, San Francisco, CA, USA, Sept 1-5, 2004 

L. Krainer, D. Nodop, G. J. Spühler, S. Lecomte. M. Golling, R. Paschotta, D. Ebling, T. Ohgoh, T. 
Hayakawa, K. J. Weingarten, U. Keller: 
“Compact 10-GHz Nd:GdV04 laser with 0.5 W average output power and low timing jitter”, 
Optics Letters, vol. 29, pp. 2629-2631, 2004 

S. Lecomte, R. Paschotta, M. Golling, D. Ebling, U. Keller: 
“Synchronously pumped optical parametric oscillators in the 1.5- m spectral region with a repetition rate of 
10 GHz”, 
J. Opt. Soc. Am. B, vol. 21, pp. 844-850, 2004 

R. Leturcq, D. Graf, T. Ihn, K. Ensslin, D. Driscoll, and A. C. Gossard: 
„Multi-terminal transport through quantum dots“, 
Europhys. Lett. 67, 439 (2004), cond-mat/0406046  

R. Limacher, M. Auf der Maur, H. Meier, A. Megej, A. Orzati, and W. Bächtold: 
”4 - 12 GHz InP HEMT-based MMIC low-noise amplifier”, 
Proc. Indium Phosphide and Related Materials IPRM, pp. 28-31, Kagoshima, Japan, 2004. 

R. Limacher, A. Megej, L. Scoca, T. Zaugg, H. Meier, A. Orzati, and W. Bächtold: 
”Broadband low-noise amplifiers for K- and Q-bands using 0.2 m InP HEMT MMIC technology”, 
Proc. CSIC Symposium, pp. 305-308, Monterey, California, USA, 2004. 

V. Liverini, S. Schön, R. Grange, M. Haiml, S. C. Zeller, U. Keller: 
“A low-loss and low-saturation-fluence GaInNAs SESAM for ultrafast 1.3- m solid-state lasers”, 
Appl. Phys. Lett., vol. 84, pp. 4002-4004, 2004 

H.-J. Lohe, R. Scollo, W. Vogt, E. Gini, F. Robin, D. Erni, and H. Jäckel: 
"A Process for integrated InPGaAs mode locked laser diodes with different structures for gain, absorber 
and passive waveguide", 
Bull. SPG/SSP, vol. 21, Swiss Physical Society (SPS) Annual Meeting, Neuchâtel, 826, p. 138, 2004.  
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D. Lorenser, H. J. Unold, D. J. H. C. Maas, A. Aschwanden, R. Grange, R. Paschotta, D. Ebling, E. Gini, 
U. Keller: 
“Towards wafer-scale integration of high repetition rate passively modelocked surface-emitting 
semiconductor lasers”, 
 Appl. Phys. B, vol. 79, Nr. 8, pp. 927-932, 2004 

J. Martz, L. Zuppiroli, F. Nüesch, B. Wild, B. Lombardet, A. Dunbar, R. Ferrini, R. Houdré, M. Ilegems, and 
F. Robin: 
"Infiltration of  planar photonic crystals with liquid crystals", 
Bull. SPG/SSP, vol. 21, Swiss Physical Society (SPS) Annual Meeting, Neuchâtel, 845, p. 143, 2004.  

L. Meier, A. Fuhrer, T. Ihn, K. Ensslin, W. Wegscheider, and M. Bichler: 
“Single-Electron Effects in a Coupled Dot–Ring System”, 
Phys. Rev. B 69, 241302 (2004), cond-mat/0406118  

D. Müller, A. Giesen, R. Paschotta, U. Keller: 
“Ultrashort pulse thin-disk lasers and amplifiers”, 
Chapter in Femtosecond Technology for Technical and Medical Applications, Editors: F. Dausinger, F. 
Lichtner, H. Lubatschowski, Springer Verlag, pp. 55-72, 2004, ISBN 3-540-20114-9 

O. Ostinelli, G. Almuneau, M. Ebnöther, E. Gini, M. Haiml, and W. Bächtold: 
"MOVPE growth of long wavelength AlGaAsSb/InP Bragg mirrors", 
Electronics Letters, vol. 40, no. 15, pp. 940-942, 2004.  

O. Ostinelli, G. Almuneau, M. Ebnöther, E. Gini, M. Moser, K.-H. Gulden, H. Jäckel, and W. Bächtold: 
"Growth of AlGaAsSb/InP Bragg-mirror structures", 
Bull. SPG/SSP, vol. 21, Swiss Physical Society (SPS) Annual Meeting, Neuchâtel, 824, p. 137, 2004.  

R. Paschotta, L. Krainer, S. Lecomte, G.J. Spühler, S. C. Zeller, A. Aschwanden, D. Lorenser, H. J. Unold, 
K. J. Weingarten, U. Keller: 
 "Picosecond pulse sources with multi-GHz repetition rates and high output power",  
 New Journal of Physics, Focus Issue on 'Optoelectronics and Ultrafast Optics' (Markus Pessa and Ian 
White), vol. 6, paper 174 (13 pages), 2004 

Pioda, S. Kicin, T. Ihn, M. Sigrist, A. Fuhrer, K. Ensslin, A. Weichselbaum, S. E. Ulloa, M. Reinwald and 
W. Wegscheider: 
„Spatially resolved manipulation of single electrons in quantum dots using a scanned probe“, 
Phys. Rev. Lett. 93, 216801 (2004), cond-mat/0411264 

 D.M. Profunser, J. Vollmann, J. Dual: 
“Determination of the material properties of microstructures by laser based ultrasound”, 
Ultrasonics, Vol. 42, pp. 641-646, 2004 

K. Rauscher, D. Erni, F. Robin, J. Smajic, C. Hafner, R. Ferrini, and W. Bächtold: 
"Tapers in planar GaAs photonic crystals", 
Bull. SPG/SSP, vol. 21, Swiss Physical Society (SPS) Annual Meeting, Neuchâtel, 841, p. 142, 2004.  

K. Rauscher, D. Erni, P. Strasser, R. Wüeest, F. Robin, W. Bächtold: 
"Realistic 2D models for planar 3D photonic crystal devices", 
Optics East - Nanophotonics for Communication: Materials and Devices, Oct. 25-28, Session 1/5597-04, 
pp. 47, Philadelphia, PA, USA, 2004.  

K. Rauscher, J.-R. van Look, R. Harbers, D. Erni, P. Strasser, R. Wüest, F. Robin, W. Bächtold: 
"Realistic two-dimensional models for planar photonic crystal devices", 
Proc. SPIE vol. 5597, pp. 20-29, 2004. 

F. Robin, E. Moreno: 
"Analysis of fitness functions for electron-beam lithography simulation and volutionary optimization", 
IEEE Trans. Evolutionary Comput., vol. 8, no. 5, pp. 506-511, 2004. 

J.M. Ruiz-Palmero and H. Jäckel: 
"Impact of Surface Traps on Downscaled InP/InGaAs DHBTs", 
IEEE the 7th International Conference on Solid-State and Integrated-Circuit Technology, Beijing, China, 
pp. 1003-1006, 2004. 

J.M. Ruiz-Palmero, I. Schnyder and H. Jäckel: 
"Hydrodynamic 2D Simulation of InP/InGaAs DHBT", 
IEEE Bipolar/BiCMOS Circuits and Technology Meeting 2004, Montreal, pp. 152-155, 2004,  
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A. Schlatter, S. C. Zeller, R. Grange, R. Paschotta, U. Keller: 
 “Pulse energy dynamics of passively modelocked solid-state lasers above the Q-switching threshold “, 
J. Opt. Soc. Am. B, vol. 21, pp. 1469-1478, 2004 

R. Schleser, E. Ruh, T. Ihn, K. Ensslin, D. C. Driscoll and A. C. Gossard: 
“Time-Resolved Detection of Individual Electrons in a Quantum Dot”, 
Appl. Phys. Lett. 85, 2005 (2004), cond-mat/0406568  

R. Scollo, H.-J. Lohe, F. Robin, D. Erni, W. Vogt, E. Gini, and H. Jäckel: 
"Design and measurement of an ultrafast absorber for monolithically integrated InGaAsP/InP mode-locked 
laser diodes", 
Int. Conf. Numerical Simul. of Semicond. Optoelectron. Dev. '04, Santa Barbara, CA, USA, pp. 99-100, 
2004.  

R. Scollo, H.-J. Lohe, W. Vogt, E. Gini, F. Robin, D. Erni, and H. Jäckel: 
"An ultrafast absorber for monolithically integrated modelocked InGaAs/InP laser diodes", 
Bull. SPG/SSP, vol. 21, Swiss Physical Society (SPS) Annual Meeting, Neuchâtel, 823, p. 137, 2004.  

M. Sigrist, A. Fuhrer, T. Ihn, K. Ensslin, D. D. Driscoll, and A. C. Gossard: 
“Multiple layer local oxidation for fabricating semiconductor nanostructures”, 
Appl. Phys. Lett. 85, 3558 (2004), cond-mat/0411129  

M. Sigrist, A. Fuhrer, T. Ihn, K. Ensslin, S. E. Ulloa, W. Wegscheider, and M. Bichler: 
“Magnetic field dependent transmission phase of a double dot system in a quantum ring”, 
Phys. Rev. Lett. 93, 66802 (2004), cond-mat/0308223  

M. Sigrist, A. Fuhrer, T.Ihn, K.Ensslin, W.Wegscheider, and M.Bichler: 
„Transmission Phase Through Two Quantum Dots Embedded in a Four-Terminal Quantum Ring“, 
Physica E 22, 530 (2004), cond-mat/0307269  

G. J. Spühler, L. Krainer, S. Lecomte, S. C. Zeller, K. J. Weingarten, R. Paschotta, U. Keller: 
“Novel 10 to 40 GHz telecom pulse generating sources with high average power”, 
Chapter in Ultrafast Optics IV, Editors: F. Krausz, G. Korn, P. Corkum, I. A. Walmsley, Springer Verlag, 
pp. 23-36, 2004, ISBN 0-387-40091-5 

B. Städler, D. Falconnet, I. Pfeiffer, F. Höök, J. Vörös: 
“Micropatterning of DNA-tagged vesicles”, 
Langmuir, vol. 20, pp. 11348-11354, 2004 

C. Stampfer, A. Jungen, C. Hierold: 
”Fabrication of discrete carbon nanotube based nanoscaled force sensors”, 
Proc. IEEE Sensors 2004, Vienna, Oct 24-27, 2004 

P. Strasser, R. Wüest, F. Robin, D. Erni, and H. Jäckel: 
"Process optimization for the fabrication of photonic crystals in InP/InGaAsP", 
Bull. SPG/SSP, vol. 21, Swiss Physical Society (SPS) Annual Meeting, Neuchâtel, 871, p. 149, 2004. 

P. Strasser, R. Wüest, F. Robin, C. Widmeier, D. Erni, and H. Jäckel: 
"Process optimization for dry etching of InP/InGaAsP-based  photonic crystals with a Cl2/CH4/H2 mixture 
on an ICP-RIE", 
16th Int. Conf. Indium Phosphide Related Materials, Kagoshima, Japan, pp. 175-178, 2004. 

T. Südmeyer, E. Innerhofer, F. Brunner, R. Paschotta, T. Usami, H. Ito, S. Kurimura, K. Kitamura, D. C. 
Hanna, U. Keller: 
“High power femtosecond fiber-feedback OPO based on periodically poled stoichiometric LiTaO3”, 
Optics Letters, vol.  29, pp. 1111-1113, 2004 

 J. Vollmann, D.M. Profunser, A.H. Meier, J. Dual: 
“Pulse laser acoustics for the characterization of inhomogeneities at interfaces of microstructures”, 
Ultrasonics, Vol. 42, pp. 657-663, 2004 

R. Wüest, C. Hunziker, F. Robin, P. Strasser, D. Erni, and H. Jäckel: 
"Limitations of proximity-effect correction for electron-beam patterning of photonic crystals", 
Bull. SPG/SSP, vol. 21, Swiss Physical Society (SPS) Annual Meeting, Neuchâtel, 842, p.142, 2004. 

S. C. Zeller, L. Krainer, G. J. Spühler, R. Paschotta, M. Golling, D. Ebling, K. J. Weingarten, U. Keller: 
 “Passively mode-locked 50-GHz Er:Yb:glass laser”, 
Electronics Letters, vol. 40, No. 14, pp. 875-876, 2004 
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26 Projects in FIRST from 8 Institutes of ETH Zurich 
 
 
 

Department of Information Technology and Electrical Engineering 
 
Laboratory for Electromagnetic Fields and Microwave Electronics: Microwave Electronics (W. 
Bächtold) 
• Monolithically Integrated Long Wavelength VCSELs 
• InP HEMT Devices for Radio Astronomy and Deep Space Communication 
• Modeling of passive and active photonic crystal devices 
• Plasmon-assisted transmission of entangled biphotons 
 
Electronics Laboratory: High-Speed Electronics and Photonics (H. Jäckel) 
• Planar InP-based photonic crystals for ultra-dense optical integrated circuits, supported by SNF NCCR 

Quantum Photonics  
• Monolithically integrated mode-locked InP-based diode lasers with sub-ps pulses, supported by SNF 

NCCR Quantum Photonics 
• Ultrafast InP-Double Heterojunction Bipolar Transistors for >100 Gb/s Integrated Circuits 
• Ultrafast integrated All-Optical Switches based Intersubband Transitions in Coupled Multi-Quantum Wells, 

supported by SNF NCCR Quantum Photonics 
 
 
Department of Physics 
 
Institute of Quantum Electronics: Quantum Photonics (A. Imamoglu) 
• Quantum Dots in a Nano-Cavity 
• Controlled Doping of a Single Quantum Dot, supported by SNF NCCR 
• Quantum optics using carbon nanotubes 
 
Institute of Quantum Electronics: Ultrafast Laser Physics (U. Keller) 
• Passively modelocked VCSELs 
• Ultrafast diode-pumped solid-state lasers 
• Diluted Nitrides for 1.3 and 1.5 m, supported by SNF NCCR QP/KTI 
 
Laboratory for Solid State Physics: Nanophysics (K. Ensslin) 
• Spin Effects in Nanostructures, supported by SNF NCCR /Inst. 
• Manipulation and Spectroscopy of Quantum Dots, supported by EU/BBW 
• Local Spectroscopy of Quantum Dots 
 
 
Department of Materials 
 
Laboratory for Surface Science and Technology (N.D. Spencer) 
• Micro- and Nanopatterned Surfaces for Biological and Tribological 
• Creating Protein and Vesicle Arrays Using Designated Surface Chemistry in Combination with a Novel 

Microfluidic Pattering Device 
• Self-Assembled Colloidal Nano-Arrays on Structured Surfaces 
 
 
Department of Mechanical and Process Engineering 
 
Institute of Mechanical Systems: Mechanics and Experimental Dynamics (J.Dual) 
• Micromanipulation of cell and particles using ultrasound 
• Nanosonic; elastodynamic wave propagation in functionally graded micro- and nanostructures 
• 3-D MEMS Gyroscope Realized on a Single Chip 
• Fatigue Testing of Resonating Microstructures 
 
Micro- and Nanosystems (C.Hierold) 
• Nano Electro Mechanical Transducers (NEMS) based on Carbon Nanotubes 
• Development of a LPCVD Growth Technology for Carbon Nanotubes and Boron In-Situ Doped Polysilicon 
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Further Cooperations 
 
• FIRST collaborates with institutes within ETH (Prof. Günter IQE, Prof.Batlogg IFP, Prof.Guekos IQE, 

Prof.Textor LSST, Prof. Sandoghdar LPC, Prof. Schönfeld IAP, Prof. Gauckler NONMET, Prof Baiker ICB) 
• FIRST cooperates with other universities by performing contract work or in common projects (Uni 

Neuchatel, Uni Duisburg, Uni Kaiserslautern, Fraunhofer IPM Freiburg, EPFL Lausanne, EMPA, Uni 
Zürich, PSI, CSEM, Uni Basel) 

• FIRST performs collaborations with industry by offering lab space, performing contract work or in 
committed research projects (Avalon Photonics, Alpeslaser, Exalos, IBM, Laytec, Oxford, Veeco, SUV-
Detectors) 

 



                                               

 

 
 

Microwave Electronics Group 
Laboratory for Electromagnetic Fields and 

Microwave Electronics  
 

Head of the Group: Prof. Dr. W. Bächtold 
 

Laboratory for Electromagnetic Fields and Microwave Electronics (IFH), Gloriastrasse 35,  
ETH Zentrum, ETZ K85, CH-8092 Zürich  

FIRST Center for Micro- and Nanoscience, ETH Hönggerberg, HCI D 121, CH-8093 Zürich 

Vision and Focus of the Laboratory 

Since 15 years the research activities of the 
Microwave Electronics Group has been focussed 
on the technology and circuit design of 
microwave semiconductor devices and integrated 
circuits as well as on optical components and 
integrated optics for communications.    

The market for wireless communication has 
greatly withstood the economic slowdown in the 
communication industry of the past years. The 
activities in industry and academia in the design 
of RF frontends and baseband chips are 
intensive. From the point of view of the industry, 
the extension of wireless communication to 
higher frequencies, mm-waves and beyond, is a 
long term goal. Today the frequency range 100 
GHz – 100 THz has little technical applications 
and the vast unexplored frequency range will 
remain a focus for research. 

In optical communication the emphasis today is 
on short distance and in particular on a 
replacement of electrical interconnects on 
modules and backplanes in processors and 
processor systems aiming at higher data rates 
and smaller crosstalk.  

The Microwave Electronics Group contributes to 
the development of semiconductor device and 
circuit design and technology for applications in 
microwave communication and sensing and in 
optical interconnect technology.  Of particular 
interest are  

• The design of monolithic microwave 
integrated circuits in the frequency range 
1 – 100 GHz.  

 

 

• Device design and technology for 
highest performance in terms of noise 
and frequency range. 

• Analysis and design of integrated optical 
components for communication and 
optical interconnect. 

The Microwave Electronics Group (IFH) and 
the High Speed Electronics and Photonics 
Group (IfE) have joined all activities in 
optical communications in one project group 
"Optical Communications". 

All Ph.D. student projects are funded by 
external sources. Beside ETH internal 
project funding the funding institutions are: - 
CTI (Commission for Technology and 
Innovation, Swiss Government – NCCR  
 

 
Fig. 1: Cryogenic cooled low noise 4 – 8 GHz 
amplifier for the HERSCHEL Radio astronomy 
satellite. The used Indium Phosphide based 
HEMT devices show superior  performance to all 
other amplifying devices at microwave 
frequencies. 

(NSF Priority Program) – ESA-Prodex -  IST 
(European Union) and the companies IBM 
and Nokia.   



Projects in FIRST 
 

• Design and technology of HEMTs (High 
Electron Mobility Transistors) on the basis 
of Indium-Phosphide for applications in 
cryogenically cooled amplifiers for radio 
astronomy and space communications. 

• Development of the MOCVD process for 
long wave length VCSELs  (1.3 – 1.55 
µm) 

 

 
Fig. 2: 60 GHz SSB Downconverter MMIC. This circuit 
converts an incoming RF signal in the range from 50 
to 65 GHz to an IF signal below 1 GHz. Rejection of 
the image response in excess of 40 dB is achieved by 
operating two mixers in quadrature (phasing method) 
and by using on-chip electronically variable 
attenuators and phase shifters to compensate for 
amplitude and phase errors. Chip size: 2.5 x 1.5 mm2. 
Technology: 0.12 um GaAs pHEMT, Fraunhofer 
Institute for Applied Solid State Physics, Freiburg, 
Germany. 
 

Education 
 
The Group contributes to the graduate program 
with the lectures on 

• Transmission lines and analog filters 
• High frequency and microwave 

electronics. 
• Optical communications 

The doctoral student projects provide the 
opportunities and the resources for 

• research projects on design, modelling, 
technology and characterization of 
devices and integrated components. 

 

• cooperation with other academic and 
industrial groups  

• getting familiar with advanced design 
tools, clean room and characterization 
equipment 

 
 
Publications (last 3 Years) 
 
[1] M. Jungo, F. Monti di Sopra, D. Erni, and 
W. Bächtold. Scaling effects on vertical-cavity 
surface-emitting lasers static and dynamic behavior. 
Journal of Applied Physics, 91(9):5550-5557, May 
2002. 
 
[2] F. Ellinger and W. Bächtold. Novel principle for 
vector modulator based phase shifter operating with 
one control voltage. IEEE Journal of Solid-State 
Circuits, 37(10):1256-1259, Oct. 2002. 
 
[3] F. Beffa, R. Vogt, W. Bächtold, E. Zellweger, and 
U. Lott. A 6.5 mW receiver front-end for Bluetooth in 
0.18 micron CMOS. In IEEE Radio Frequency 
Integrated Circuits (RFIC) Symposium, pages 391-
394, July 2002. 
 
[4] F. Robin, A. Orzati, E. Moreno, O. J Homan, and 
W. Bächtold. Simulation and evolutionary 
optimization of electron-beam lithography with 
genetic and simplex-downhill algorithms. IEEE 
Transactions on Evolutionary Computation, 7(1):69-
82, February 2003. 
 
[5] A. Orzati, D. M. M.-P. Schreurs, L. Pergola, 
H. Benedikter, F. Robin, O. J. Homan, and 
W. Bächtold. A 110-GHz large-signal lookup-table 
model for InP HEMTs including impact ionization 
effects. IEEE Transaction on Microwave Theory and 
Technique, 51(1):468-474, February 2003. 
 
[6] T.Brauner, R.Vogt, and W.Bächtold. A differential 
active patch antenna element for array applications. 
IEEE Microwave and Wireless Component Letters, 
13(4):161-163, April 2003. 

[7] D.M. Treyer, W. Bächtold, A Self-Calibration 
Technique for SSB Modulators, European 
Microwave Conference EuMC, October 2004, 
Amsterdam, The Netherlands. 
 
[8] M. Stadler, W. Bächtold, Calculation and 
Reduction of Low Frequency Noise Upconversion in 
LC Oscillators, International Conference on Signals 
and Electronics Systems ICSES, 13th to 15th 
September 2004, Poznan, Poland. 
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Introduction  

Long-wavelength vertical cavity surface emitting 
lasers (LW-VCSELs) at 1.31-1.55 µm on InP 
have recently been implemented in commercial 
applications, including metro optical links (fiber-
to-the-home) and gas sensing. The growth of LW-
VCSELs with Bragg mirrors has already been 
demonstrated by molecular beam epitaxy (MBE). 
The MBE growth process compared to that of 
metal-organic vapor-phase epitaxy (MOVPE), is a 
higher cost technique and has a limited growth 
rate. For these reasons, MOVPE is extensively 
used today in the III-V semiconductor industry for 
low cost, large volume production capacities. The 
aim of this project is the development of the 
MOVPE growth for the fabrication of VCSELs 
emitting at 1.55 µm. The materials AlGaAsSb 
together with InP were chosen to build the DBR, 
since they have a sufficiently high refractive index 
contrast. 

Achievements 

The growth of (Al)GaAsSb on InP has been 
optimized to ensure composition stability and fulfil 
the lattice-match condition on InP. Moreover, the 
high number of defects appearing on the wafer 
surface during the growth was reduced to almost 
zero. Further, the antimony (Sb) quantity, which 
diffuses into the InP layer after the growth of 
AlGaAsSb, was decreased, and layers free of 
crosshatch were obtained. These improvements 
enabled the growth of the first DBRs composed of 
10, 12 and 21 AlGaAsSb/InP periods1. The 
reflectivity of the 21 pairs DBR showed a 
reflectivity of 97% at 1.6 µm, which is about 2% 
below the values expected from calculations. The 
reflectivity losses were attributed to the 
absorption of the quaternary material, due to the 
insufficient 4-5% aluminium (Al) concentration. 
For these reasons the incorporation behaviour of 
Al in AlGaAsSb was investigated. It was observed 

that the absorption of Al into the bulk depends 
on the group V source flow and the gas 
velocities. A slight increase of the group V 
source and decrease of the gas velocity 
allowed Al concentrations up to 13-14% to be 
achieved. At this maximum concentration the 
band gap of the quaternary material is 1 eV 
(1.24 µm). By fixing the concentration of the 
quaternary material at 7% a new DBR structure 
composed of 24 AlGaAsSb/InP periods was 
grown at 570°C and 160 mbar on a 2 inch InP 
substrate. The reflectivity of the DBR is 
illustrated in Fig. 1. In the center the maximum 
reflectivity (Rmax) and the stopband width (SBW) 
are 99.54% and 157 nm, respectively. At 12-13 
mm from the center Rmax is 99.51% and the 
SBW 153 nm. Near the wafer edge the 
reflectivity is still above 99%. The shape of the 
stopband proves that no absorption edge is 
present, which is not the case below 1.47 µm, 
where the oscillation amplitude becomes 
damped. This proves that the concentration of 
Al is just enough to ensure no absorption of the 
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Fig. 1: Absolute reflectivity of DBR composed of 
24 AlGaAsSb/InP pairs, measured in the wafer 
center (red line), and at 12-13 mm from the 
center (blue line). 
 
 



quaternary material in the stopband. Nonlinear 
reflectivity measurements proved that valence-to-
conduction band absorption is lower than 0.1%. 
From transmission measurements it was deduced 
that additional losses of 0-0.3%, have to be 
allocated for inaccuracies in the transmission 
measurement, the absorption in the substrate 
(not detrimental to the DBR), free carrier 
absorption, scattering losses in the DBR, or 
additional nonsaturable defect absorption. As a 
consequence, a higher number of AlGaAsSb/InP 
periods should increase the reflectivity. However, 
the achieved reflectivity of the current structure is 
high enough to be used for LW-VCSELs. Fig. 2 
shows the distribution of the stopband center 
(SBC) wavelength over the 2 inch wafer. From 
the center to the edge of the wafer the SBC is 
blue-shifted by about 90 nm, which is a 
consequence of the decrease of the optical length 
due to layer thickness decrease. In fact the 
refractive index does not change, because the 
variation of the composition over the wafer is only 
1-2% for both Al and As.  

Normally the current is injected through the DBRs 
in VCSELs. For this reason, both the AlGaAsSb 
and InP layers have to be doped. Since the band 
offsets of the valence bands at the interface 
between InP and the quaternary material is much 
higher compared to that of the conduction band 
only n-doped material is allowed. Doping 
experiments were performed with silane (SiH4). It 
is important to limit the carrier concentration to 
1E18 cm-3, otherwise the reflectivity will be 
affected by free carrier absorption. The doping of 
the AlGaAsSb is also challenging, because the 
background p-doping caused by the carbon of the 
gas sources is as high as about 1E17 cm-3. 
Further, near the wafer edge on samples where 

the thickness of AlGaAsSb exceeds 200 nm a 
switch from n- to p-type was observed. 
However, for both λ/4 AlGaAsSb (100 nm) and 
λ/4 InP (120 nm) a Si n-doping between 5E17 
cm-3 and 1E18 cm-3 was achieved. The n-
doping of the quaternary material has the effect 
of red-shifting the photoluminescence peak and 
decreasing the intensity. It is not clear yet, 
whether the concentration of the Al decreases, 
which will cause absorption, or a donor-to-
acceptor transition occurs when SiH4 is used as 
dopand. 

       
Fig. 2: Mapping of the stopband center (SBC) 
wavelength of the DBR over the 2 inch wafer. 
 
 

Further work 
 
The next step will be the growth of a highly 
reflective, n-doped DBR, having the required 
electrical properties for VCSELs.  
The growth of active regions with the material 
InGaAsP will be optimized for 1.55 µm. The 
growth temperature will probably be above 
600°C to avoid impurity incorporation, affecting 
the efficiency of the active region. At the same 
time, however, the temperature must be kept as 
low as possible to avoid damage to the 
AlGaAsSb layers in the DBR. 
The material system InGaAsP and InP will be 
used for the p-DBR. Since the refractive index 
of InGaAsP and InP is very low, only 3-4 
periods will be used for the current injection. 
The high reflectivity of the top mirror for the 
VCSEL will be achieved with a dielectric mirror.  
Finally, the feasibility of processing the 
complete structure will be considered in all its 
aspects.  
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Introduction  
The InP HEMT Technology group at the ETH 
Zurich has been active for over a decade in the 
fields of technology, design, and characterization 
of InP HEMT devices and integrated circuits.  
At present, the group is composed by two post-
doctoral fellows, a PhD student, two clean room 
technicians, and a diploma student.  
During the past year, our team was involved in a 
broad spectrum of activities, ranging from III-V 
technology issues to cryogenic measurements 
and to monolithic circuit design. 

InP HEMTs Process Transfer  
Starting from March 2003, the group has been 
very active in transferring its InP HEMT process 
from the old clean room facilities located in the 
ETZ-ETHZ building to the premises at FIRST. 
The process transfer was financed in the frame of 
a research project in collaboration with ESOC 
(European Space Agency Operation Center) and 
with CAY (Centro Astronomico de Yebes, Spain). 
Goal of the project is to improve the state-of-the-
art of low-noise InP HEMT technology in Europe. 
At the end of the year, it can be said that 90% of 
the transfer has been completed, and devices 
with outstanding performance have been 
successfully demonstrated.  

Low-Noise Optimization of InP HEMTs 
The group efforts in this field are aimed to the 
development of new InP HEMT structures with 
improved gain and noise characteristics.  
Particular attention is given to the cryogenic 
performance of the fabricated devices. For this 
purpose, a cryogenic on-wafer measurement 
system has been set up, which allows DC and RF 
characterization of devices and complete circuits 
down to 10K. A schematic representation of the 
measurement system is depicted in Fig. 1. 
Devices with different vertical structures have 
been investigated, fabricated, and measured both 
at room and at cryogenic temperatures.  
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Figure 1: schematic representation of the 
cryogenic on-wafer measurement system. 

The attention has been focused on the 
difference between lattice-matched and 
strained channel InP HEMTs [1, 4]. 
It has been shown that the peak 
transconductance of strained-channel devices, 
with 70% Indium content in the channel, is 40% 
higher than that of lattice-matched devices. 
Moreover, their cutoff frequency has shown a 
more pronounced enhancement at cryogenic 
than at room temperatures (Fig. 2). Finally, it 
has been noticed that in strained-channel 
devices noise is also reduced.  
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Figure 2: Room-temperature and cryogenic DC 
Transconductance of an InP HEMT 

Future work will be focused on investigating 
new structures with modified Si-δ doping and 
Cap layers. From these modifications, a 
reduction in the devices parasitic resistances is 



expected, which will be beneficial for both gain 
and noise performance.  

MMIC LNAs for Radio Astronomy 
In parallel with device optimization, monolithically 
integrated low-noise amplifiers for radio 
astronomy applications are currently under 
development in our laboratories. Goals of this 
work are both providing circuit implementation of 
the developed low-noise technology, and 
investigating monolithically integrated alternatives 
to hybrid ultra low-noise receiver front ends, both 
at room and at cryogenic temperatures [2,3]. 
The design of such amplifiers represents a very 
challenging task for a monolithic process, 
because of the very strict specifications in terms 
of noise, gain, bandwidth, and matching. 
 

 
Figure 3: Microphotograph of the Fabricated Q-
band LNA 

Two monolithically integrated low-noise 
amplifiers, in the K- and in the Q-band, 
respectively, have been designed and fabricated 
on our 0.2 µm InP HEMT coplanar process. 
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Figure 4: Measured room-temperature and 
cryogenic gain of the fabricated amplifiers. 
 

As shown in Fig. 4, the two amplifiers 
continuously cover the band from 16 up to 49 
GHz. Measurements at room temperature show 
a gain higher than 14.5 dB and 11 dB and a 
corresponding mean noise temperature of 208 
K and 235 K within the K- and Q-bands, 
respectively. Operated at the temperature of 10 
K, the amplifiers exhibit a gain of higher than 
13.5 dB and 10 dB within the frequency bands 
of 16–26 GHz and 23–44 GHz, respectively. 
This makes them suitable for radio astronomy 
applications.  
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Introduction  
Photonic crystal (PhC) structures offer a powerful 
scheme for the realization of ultra-compact and 
multi-functional devices for high-density integrated 
optics [1]. It is well known that simple line defects 
in such PhC structures consisting of, e.g. vacan-
cies or substitutional defects (i.e. lattice sites with 
modified shape or different material properties), 
form very effective optical waveguide channels 
that provide extremely narrow waveguide bends 
with almost perfect power transmission. Up to 
now, most of the PhC research has emphasized 
more the underlying physics than the emerging 
technological potential. In order to exploit this new 
key technology we have, however, to follow an 
explicit engineering approach where successful 
design concepts are tracked down along structural 
optimization scenarios [2] and may discharge into 
realistic models that are prone to envisage all the 
particular features of «real world» PhC devices. 

Research Objectives  
The modeling of «real world» PhC devices en-
compasses two aspects: (i) Device concepts are 
explored using efficient 2D computational optics 

tools such as e.g. the multiple multipole method 
(MMP) where promising PhC device topologies 
emerge from 2D structural optimizations. Here, 
corresponding 2D phenomenological models (the 
background refractive index corresponds to the 
effective index of the vertical light confinement 
and the out-of-plane scattering is assigned as a 
loss contribution to the air holes) of the underlying 
PhC have proven to be best suited to bridge the 
gap between a realistic (planar 3D) PhC structure 
and its proper 2D representation. (ii) The 
simulation of realistic PhC devices requires true 
3D modeling capabilities that are numerically 
much more demanding. Emergent planar PhC 
device topologies are thus evaluated using the 
advanced 3D-FDTD tool SEMCAD. The photonic 
band gap (PBG), wherein the operation wave-
length is supposed to lie, has to be retrieved from 
prior band structure analysis using either 2D-
MMP or the 3D plane wave expansion tool MPB.  

Achievements  
Passive PhCs: Our investigations have revealed 
that the 2D simulation of e.g. PhC waveguide 
bends using the aforementioned phenomenology-

 

Fig.1: InP PhC device simulation of the transversal H-field for TE excitation from below (i.e. from the input waveguide). Optimized 
60°-bend using (a) 2D-MMP and (b) 3D-FDTD; and optimized power splitter simulated with (c) 2D-MMP and (d) 3D-FDTD. 
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 The mode coupling within organic 
PhC lasers is enhanced by a thin PhC layer that 
consists of a high-index material (Fig.3). Using e.g. 
TiO2 increases the index contrast, the confinement 
in the waveguide layer and thus the mode coupling. 
Using such a PhC gives rise to new design criteria. 
We have investigated these criteria, and employed 
them in the optimization of an organic PhC laser. 
Simulating eigenfields within the PhC have shown 
that the high-index material yields much larger 
coupling constants and thus smaller devices [4]. 

 
Fig.2: Band diagram (a) including the corresponding density of 
states (DOS) for the organic PhC laser structure as depicted 
in Fig.3. High-symmetry points (a) are assigned to the PhC’s 
eigenmodes (b)-(d). Band edge lasing occurs at Γ1 for second-
order modes as sketched at the right side in (b)-(d). 

 
Fig.3: Active PhC laser structure consisting of a TiO2 layer 
onto SiO2 covered with an active organic polymer (above). 
First demonstration of organic lasing was achieved through 
optical pumping at room temperature (below). 

Further Work  
Our ongoing investigations include the develop-
ment of passive filter cavities and standardized 
test structures for characterization purposes. 
Furthermore an estimation of the lasing treshold 
will become available to confirm the achieved data. 
This work is supported by the priority program 
«NCCR Quantum Photonics» of the Swiss 
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Introduction  
Recent experiments have shown that (polarization) 
entangled photons remain entangled after trans-
mission through sub-wavelength hole arrays within 
a thin metallic film. The extraordinary high optical 
transmission through the hole array is attributed to 
the excitation of surface plasmons (SPs), which 
tunnel through the holes and reradiate on the other 
side. SPs are a collective motion of roughly 1010 
electrons that are associated to a mode travelling 
along the surface of the metal film. Thus, the 
preservation of a quantum state, which is mediated 
by a classical macroscopic object is worth to be 
explored on its very own. 

Research Achievements  
Extraordinary transmission enhancement: The extra-
ordinary optical transmission through sub-wave-
length hole arrays is still subject to an ongoing 
controversy. For example it has been shown that 
drilling holes in materials, which do not ordinarily 
support surface plasmons (i.e. the artificially perfect 
electric conductor) still causes them to «spoof» 
the plasmon effect. Therefore, prior to the experi-
ment with non-classical (entangled) biphotons is 

the design and characterization of the samples 
under illumination with classical light. For 
experimental reasons, two wavelength ranges 
have been chosen (1535 nm and 810 nm). In 
order to determine the optimal periodicity and 
hole radius for maximal transmittance enhance-
ment various simulations were performed 
employing a modal expansion method in con-
nection with surface impedance boundary 
conditions on the metal interfaces, and perfect 
metal boundary conditions in the hole walls. 
Comparing Fig.1 (b) and (c) both simulations 
and experiments for the first wavelength range 
are in excellent agreement, if one considers the 
slightly different lattice periods. To underpin the 
«spoof» plasmon hypothesis – i.e. that only the 
presence of (resonant) surface states is consti-
tutive to the transmission enhancement – a 
reference model with surface waves along the 
boundary edge of a photonic crystal (PhC) has 
been analyzed [1]. Based on this reference model 
and the preliminary measurements as described 
before we can unequivocally conclude that SPs 
are indeed the physical mechanism responsible 
for the extraordinary transmission in our experi-
mental setting. 

  

Fig.1: (a) Perforated, 200 nm thick gold film on a glass substrate (hole diameter 200 nm). (b) Simulation of the transmittance spectra 
through the perforated metal film based on the modal expansion method. Influence of the hole diameter. (c) Corresponding
measurements of the transmittance spectra. 



Multimode theory: We have developed a theory 
for polarization-entangled biphotons where the 
entanglement degradation in the focused case is 
explained in the framework of a fully multimode 
model [2]. The degradation is a consequence of 
the polarization-selective filtering behavior of the 
metallic nanostructured film. It is also shown that 
the «which-way» labels that degrade entangle-
ment are not located in the degrees of freedom of 
the metallic film but rather in the spatial degrees 
of freedom of the photon field. The prominent 
outcome of the model consists of the biphoton 
fringe visibility within the entanglement experiment 
[2] as a function of both the focusing telescope’s 
semi-aperture and a potential tilt of the metallic 
film with respect to the optical axis. 
Energy-time entanglement: We have used the two 
aforementioned gold subwavelength nanostructu-
res within a Franson-type interferometric experi-
ment as displayed in Fig.2. Within this setup we 
have measured the strength of non-local quantum 
correlations involving photons from entangled 
pairs for the case that both photons go directly to 
the interferometers, and in the case that one 
member of the entangled pair undergoes a 
plasmon conversion before reaching its interfero-
meter. The strength of the quantum correlation is 
quantified by means of the visibility of inter-
ferences fringes, recorded in both cases. The 
output depicted in Fig.3 demonstrates that no 
visibility reduction is observed. We have therefore 
presented evidence for the first time [3], [4] that 
energy-time entanglement also survives this photon–
plasmon–photon conversion involving photons at 
telecom wavelength [4].  
The preservation of this kind of entanglement 
implies that SPs are coherently created by photons 
being in a superposition of two different incoming 

 

Fig.2: Schematic of the experimental setup. NL: non-linear 
crystal; DM: dichroic mirror; PC: polarization controller; a: 
lattice periodicity, d: hole diameters (see [5]). 

 

Fig.3: Interference fringes with gold film samples in the 
path of the photons. The dashed horizontal line is the 
noise level. The displayed visibilities are net value (for 
further information see [5]). 

times, separated by several nanoseconds, 
while the SPs lifetime in our experiment should 
be much less than picoseconds (i.e. the time of 
flight through the sample thickness). Therefore 
the only SP quantum state compatible with the 
above results is a superposition of a single SP 
existing at two times that are separated by a 
duration thousand times longer than its own 
lifetime. Addressing Schrödinger’s prominent 
example for the paradox that may emerge at a 
macroscopic level the physical fact stated 
above becomes tantamount to a «Schrödinger 
cat» living at two epochs, which differ by much 
more than a cat’s lifetime. 
This work is supported by the priority program 
«NCCR Quantum Photonics» of the Swiss 
National Science Foundation. 
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Research Focus 

The potential of semiconductor materials and 
devices and the development of pervasive 

information technologies drive a further tremen-
dous performance increase of electronic and 

photonic devices and systems over the next two 

decades. 
Progress in gigascale integration, teraflop com-

puting and terabit communication technologies 

for innovative electronic and photonic systems 

and its impact in national and global economies 
and social infrastructures requires intensive 

research and matching educational activities as 

well as industrial collaborations. Advanced 
electronics and photonics, will form the base of 

future highly complex ultrafast communication 

systems, which are vital for the data highways of 

the modern information society. This synergy 
between electronics and photonics in areas such 

as Tb/s-communication networks, parallel Tb/s-

intra-computer communication and Tb/s-signal-
processing is emphasized by the slogan of 

“harnessing the light”. 

The Electronics Laboratory aims to achieve 
excellence in two complementary fields :              
 

(1) innovative ultrafast electronic devices, IC-

design and device technology and  
 

(2) in photonic devices for Tb/s-signal-

processing, as an alternative to the foreseeable 
saturation of conventional transistor technology 

due to speed limitations. 
 

We will pursue this twofold goal in research as 
well as in education by advancing progress in 

selected, strategic areas. 

Research Objectives 

Our objectives are threefold, two of them are 

based on III-V semiconductor technologies: 
 

• Exploration of technology and devices for 
electronic systems beyond 100Gb/s. 

 

 
• Advancement of device concepts and 

technologies for all-optical Tb/s-signal 

generation, processing and logic. 
 

• Circuit design for high-speed 5-60 GH/z 

ICs using deep-sub-μm CMOS and SiGe 

processes in framework of the joint IBM-

ETHZ CASE project 
   (http://www.ifh.ee.ethz.ch/Microwave/case/CASE_description.htm). 
 

The critical mass in photonics increased with a 

joint operation by the Microwave Electronics 
Group (Prof. W. Bächtold) and the High Speed 

Electronics and Photonics Group (Prof. H. Jäckel) 

of the Communication Photonics Project Group 
(http://www.photonics.ee.ethz.ch/). 

Projects in FIRST 

Our major research projects include technology 

from epi-layer growth to backend-of-the-line 

processing. 
 

• Ultrafast InP-based Double Heterojunction 
Bipolar Transistors (DHBT) for +100Gb/s-ICs 

 

 

 

 

 
 

 

 

 
 

 
 

    40 Gb/s MUX-IC built with InP-based DHBTs 

 

• Monolithically integrated InP-based mode-
locked laser diodes (MLLD) for sub-ps 

pulse generation 

 



• Photonic Crystal Engineering for Dense 

Optical Integrated Circuits (OICs) 

InGaAsP Photonic Crystal membrane on InP-substrate 

• Ultrafast All-Optical Switches based on 

Intersubband-Transitions in Coupled Multi-

Quantum Wells 

Education 

The research group is active in education by: 
 

• teaching students concepts, theory and 
methods for electronic and photonic design 

with the lectures: 

 Network Theory and Circuits II (2.Sem) 

 Optoelectronic and Optical Communication (6.Sem) 

 Integrated Circuits for High-Speed Communication 
(7.Sem) 

 

• providing opportunities for doctoral research 
 

• teaming doctoral students of the Electronics 

Laboratory and partners from industry and 
research in joint projects 

 

• technology-transfer in industrial collaboration 

Examples of Research Projects 

Most of our research projects are based on in-

house III-V-technology in FIRST-Lab, and are 
described in detail in the following project reports. 

Our CMOS-related projects focus on IC-design 

and device characterization and are based on 
external advanced industrial processes. 

 

Deep Sub-μm CMOS for High Speed ICs: 

In this project, we explore the potential of 
advanced CMOS-technologies from IBM in the 

frame-work of the IBM-ETHZ CASE collaboration. 

The applications are in analog RF-communication 
in the frequency range of a few GHz up to about 

60 GHz and in fiberoptic digital communication at 

40 Gb/s. In this speed performance category 

CMOS starts to compete directly with traditionally 
III-V electronics based solutions, but with the 

advantage of VLSI-capability, making system-

on-chip solutions feasible. 

 
 

 

 
 

 

 

 
 

 

 
 

 
      Deep sub-μm CMOS-Mixer-IC for 30-40 GHz 

Major Characterization Equipment 
- S-Parameter characterization up to 120 GHz 
- Time-domain measurements (50 GHz) 
- Electrical spectral analysis (  - 75 GHz) 
 

- 100 fs optical pump-probe-characterization 
- Optical spectral analysis 
- Opto-Lab with standard characterization tools 
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Introduction 

Photonics and optoelectronics offer inherently 
tremendous bandwidth and new functionalities, 
but compared to electronics suffer from a low 
integration density. Planar photonic crystals (PhC) 
provide the possibility to manipulate and guide light 
on the wavelength scale. Such artificially engi-
neered periodic dielectric materials, which inhibit 
light propagation within a certain wavelength 
band (the photonic bandgap, i.e. the PBG) can be 
perturbed by e.g. a linear array of vacancies in 
order to confine light guiding along such a defect 
channel. 
Our PhC activity is based on an InP technology 
that allows the integration of passive and active 
devices for the telecommunication wavelength 
(1.55 μm). We use an InP/InGaAsP/InP slab 
waveguide for vertical light confinement, which 
offers poor vertical index contrast and guiding, but 
allows current injection and heat management in 
active PhC-based devices. The periodic permittivity 
modulation in the plane is given by the etching of 
3 μm deep holes (Ø 200 nm) in the slab waveguide. 

Research Objectives 

The constraints imposed by the planar InP-based 
PhCs direct our technological efforts: 

• The fabrication of PhCs with deep sub-μm di-
mensions require substrate patterning with nm-
scale accuracy in order to achieve the targeted 
device functionality. 

 

Fig.1: Process flow for the fabrication of InP-based PhCs: (a) 
verti-cal structure, (b) resist patterning with EBL, (c) mask 
etching with RIE, (d) InP etching with ICP. 

We employ highly accurate electron-beam litho-
graphy (EBL) to pattern a PMMA-based e-
beam resist and subsequently use it as a 
mask etching of the SiNx hard mask for the 
processing steps shown in Fig.1. 

• The weak vertical light confinement requires 
deep holes etching to minimize out-of-plane 
scattering losses. 

Achievements  

Patterning with nm-scale resolution: We have 
designed and developed a versatile tool to 
correct for proximity effects that arise during the 
electron irradiation. Proximity effects result from 
the backscattered electrons that influence the 
exposure of neighboring structures over a range 
of several μm. The implementation of our PhC 
specific correction code [1] in standard C++ 
resulted in a very versatile tool to correct any 
kind of nm-scaled structures (see Fig.2). The 
PEC tool called «Nanopecs» will be introduced 
into the standard software package of EBL 
equipment manufacturer Raith GmbH. The high 
structural density of PhCs makes them extremely 
sensitive to proximity effects and consequently 

 

Fig.2: Proximity-effects correction of a structure showing 
the world map. It shows the flexibility and accuracy for 
complicated and irregular structures that was gained by 
the C++ implementation. 

 



a uniform hole patterning is a very difficult task. 
We have investigated the performance of several 
PEC methods applied to photonic crystal structures 
and analyzed their impact on accuracy and process 
latitude. A method that inherently accounts for 
beam broadening has proven to be superior in all 
respects [1]. 

 

Fig.3: Deeply etched holes in InP/InGaAsP with a hole diameter 
of 150 nm and a hole depth of 2.4 μm. 

Deep dry etching of holes: «Drilling» holes with a 
diameter of 200-500 nm and a depth of several 
μm is the most challenging task. A SiNx inter-
mediate mask patterned with CHF3-based 
reactive ion etching (RIE) is used to etch the 
semiconductor slab waveguide. We employ 
inductively coupled plasma (ICP) RIE with a 
Cl2/Ar/N2 chemistry to etch holes in the 
InP/InGaAsP/InP waveguide structure. The hole 
shape can be controlled with the N2 content of the 
plasma. Fig.3 shows a typical etched structure in 
InP [2]. Holes of a depth larger than 3 μm at 
250 nm diameter have been already demonstrated. 
Optical characterization using the internal light 
source technique (ILS) are on the way. 

Mix & match technology: An important issue when 
considering PhCs for integrated optics is the 
connection of such tiny structures to conventional 
waveguide techniques. We have developed a 
mix & match technology to place EBL written PhC 
structures very accurately between the conventional 
accessing ridge waveguides which are made by 
optical lithography (see Fig.4). In this way fast 
and reproducible fabrication is combined with 
simple and reliable accessibility for optical 
characterization like the end-fire (EF) method 

Optical near-field analysis: In collaboration with the 
Nano-Optics Group at ETHZ (Prof. V. Sandoghdar), 
our PhC devices are characterized using scanning 
near-field optical microscopy (SNOM) techniques. 
In Fig.5, we show SNOM images of two possible 
designs to connect a W3 with a W1 waveguide: 
either by butt coupling or with a taper consisting of 
continuously increasing hole diameters. A clear 
channelling effect within the taper design can be 
observed [3]. 

 

Fig.4: Optical microscopy image of a e-beam written PhC 
fabry perot cavity connected to 3 mm long conventional 
optical ridge waveguides fabricated by optical lithography. 

 

Fig.5: Topography (above) and optical intensity images 
(below) obtained from SNOM measurements of two PhC 
designs for waveguide coupling interfaces. 

Further Work  

The technology activities in the FIRST-Lab for our 
passive PhC devices are closely related to PhC 
modelling activities (see report Prof. Bächtold), 
where full-wave 2D and 3D simulation tools are 
combined with optical characterization techniques 
which allow us to address several key issues 
regarding losses in PhC devices: (i) optimiza-
tion of the vertical structure; (ii) impact of side-
wall roughness; and (iii) the design of a device 
topology-dependent model for out-of-plane 
scattering losses. The fabrication technology for 
active PhCs will be addressed in the near future. 
We acknowledge the support of the Swiss 
National Science Foundation within the priority 
program «NCCR Quantum Photonics». 

References  
[1] R. Wüest, C. Hunziker, F. Robin, P. Strasser, D. Erni, 

and H. Jäckel, "Limitations of proximity-effect correction 
for electron-beam patterning of photonic crystals," Proc. 

SPIE Vol. 5277, SPIE’s International Symposium on 
Microelectronics, MEMS, and Nanotechnology 2003, 
Dec. 10-12, Perth, Australia, 2003. 

[2]  P. Strasser, R. Wüest, F. Robin, D. Erni, and H. Jäckel 
"Process optimization for dry etching of InP/InGaAsP-
based photonic crystals with a Cl2/CH4/H2 mixture on 
an ICP-RIE," 16

th
 International Conference on Indium 

Phosphide and Related Materials (IPRM’04), May 31–
June 4, pp. 175-175, Kagoshima, Japan, 2004. 

[3] R. Wüest, B. Buchler, K. Rauscher, P. Strasser, F. 
Robin, D. Erni, V. Sandoghdar, H. Jäckel, "Near-field 
optical microscopy of light propagation through pho-
tonic crystal waveguide tapers," submitted to SPIE’s 
International Symposium on Microtechnologies for the 
New Millenium 2005, May 9-11, Sevilla, Spain, 2005. 

 

PhC-FP 

ridge waveguide 



                                                         

High-Speed Electronics and Photonics Group 
Communication Photonics 

 

Monolithically integrated InP/InGAsP Mode-locked 
Laser Diodes for sub-ps pulse generation 

 

H. J. Lohe a, R. Scollo a, E. Gini b, F. Robin a, D. Erni c, W. Vogt b, A. Neiger a, H. Jäckel a 
 

a Electronics Laboratory, Gloriastrasse 35, CH-8092 Zürich 
b
 FIRST Center for Micro- and Nanoscience, ETH Hönggerberg, HCI D 121, CH-8093 Zürich 

c
 Laboratory for Electromagnetic Fields and Microwave Electronics, Gloriastrasse 35, CH-8092 Zürich 

  

Introduction  

The quest for higher data rates is one of the key 

challenges of modern and future fiberoptic 

lightwave communication systems. Driven by the 
explosive growth of the demand for bandwidth in 

applications like the Internet and mobile 

communication the 40 Gb/s fiberoptic systems 

are increasingly becoming the standard. 
The tremendous bandwidth of optical fibers as 

the transmission medium of choice provides 

leverage for data rates up to 10 Tb/s. However, 
the TDM- transmission of Tb/s data rates requires 

the generation of ultrashort optical pulses with a 

duration of only a few 100 fs. Therefore the cost 

effective and compact generation of such fs-
pulses with pulse repetition rates ranging from 10 

to ~80 GHz by monolithically integrated Mode-

Locked Laser Diodes (MLLD) is a key issue.  

Research Objectives 

Our exploration of device concepts, designs and 

fabrication technology of InP-based, monolithi-

cally integrated MLLD at 1.55μm (Fig.1) encom-

passes the following objectives: 
 

• generation of sub-ps pulses with 40-80 GHz 

repetition rates using ultrafast absorbers to 

counteract detrimental fast SOA-transients 

• integration of a fast absorbers based on UTC 
structures (recovery time <2ps) 

• development of monolithic butt-coupling tech-
niques for SOA-, UTC-absorber and passive 

waveguide sections 

• multi-quantum well gain media for SOA with 

low parameters and pulse chirping  

• approaching the Fourier-Transform limit of 
the SOA-gain resulting in ~60 fs pulse 

duration 

 

 

 

 

 

 

Fig.1 cross-section and layer-stack of a MLLD based on a 5-
step MOCVD regrowth technology 

Scientific Achievements  

From our previous experimental and theoretical 

work on MLLD with relatively slow absorbers 
(reverse biased SOA-sections with 5-10 ps recovery time) 

an experimental saturation of the optical pulse 

width ~2 ps was observed. Simulations of the 
MLLD, based on a distributed model, showed 

that the origin of the large pulse width are 

instabilities in the long net-gain-window caused 
by ultrafast gain recovery transients in the SOA 

(carrier heating, two-photon absorption). To counteract 

these limiting transients we have to implement 

a fast ab-sorber resulting in simulated clean 
pulses down to about 500 fs (Fig.2).  

A suitable ultrafast absorber structure, based 

only on the fast transport dynamics of photo-
generated electrons is the Uni-Travelling 

Carrier (UTC) absorber shown in Fig.3. The UTC 

absorber requires however at least a second 

MOCVD-regrowth step in addition to first one 
for the passive-section regrowth (Fig.1). 

According to our extensive 2D simulations the 

UTC structure should allow an absorption 
recovery within less than 800fs even at high 

optical pulse intensities. 
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Fig.2  Dynamics of light intensity (a) and net-gain (b) in MLLD 
 

 
 

Fig.3 Basic UTC Layer structure and operation principle 

 

The UTC absorber (Fig.3) consists of a reverse-

biased PIN-diode containing a thin (50 nm) highly 
p-doped InGaAs absorbing layer with diffusive 

electron- and hole-transport, followed by an un-

doped 160nm thick InGaAsP electron-drift-region. 
Initial fs-Pump-Probe (PP) measurements of a 

realized UTC absorber (30μm long UTC-Absorber with 

passive waveguide) confirmed the working principle 
and demonstrated a recovery time of 0.8 ps at 1V 

reverse bias (Fig.4) in good agreement with our 

simulation value. 

 
 

 

 
 

 

 
 
 
 

Fig.4 Simulated (left) electron density transient and measured  
(rigt) absorption  recovery time of a UTC absorber. 

 

Technology development: 

We had to develop a new MOCVD regrowth 

process to include the UTC structure with a 
MQW-gain structure and a passive waveguide in 

a single device. The major challenge was the 

control of the regrowth artefacts of the butt-
coupling transition between the three MLLD-

sections. Figure 5 shows an example of the 

cross sections between waveguide and MQW-

SOA (right) and waveguide and UTC (left). A new 
16 masks set for MLLD-process was finished 

and first MLLD wafers with UTC absorber and 

MQW gain section were processed. A top-view 

of a completed MLLD-device is shown in Fig.6. 
 

 

 
 

 

 
 

 

 

 
 

 

 
Fig.5 cross section of MQW-SOA - waveguide and UTC-wave-

guide coupling 
 

 

 

 
 

Fig.6 Micrograph of a 4mm long 10 GHz MLLD chip with 4 
lasers of different lateral geometries. 

Perspectives 

There are still some regrowth and etching 

problems to be improved for achieving higher 

process yield. Expected first experimental 
results in the 1.Q 2005, will provide feedback 

for an optimization of the MLLD and test our 

simulation results. The work was supported by 
the Swiss National Science Foundation within 

the priority program «NCCR 

Quantum Photonics». 
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Fig.9a: SEM of butt-coupling UTC-WG Fig.9b: SEM of butt-coupling SOA-WG 
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Introduction  

Fiberoptic high-speed communication, defense 

and measurement systems are the major drivers 
for the quest for higher speed of transistor-based 

electronics. In particular Ultrahigh-speed Tb/s-

communication systems would benefit from an 
increase of channel data rates from presently 40 

to 80 and ultimately 160 Gb/s. 

Although 80–100 Gb/s electronics is feasible, 160 

Gb/s could stretch the current transistor 
electronics beyond its physical or practical limits. 
 

This research project focuses on the exploration 

of the speed limits of advanced transistor con-

cepts. In particular, we investigate InP/InGaAs 
Double-Heterojunction Bipolartransistors (DHBTs), 

as one of the candidates for the fastest electronic 

transistor devices.  
As a performance-oriented project, the major 

challenge is the need for all parameters, from 

materials to device structure and circuit design, to 
be pushed simultaneously to their limits. 

Research Objectives 

The strategy to achieve +100Gb/s data rates is 

the aggressive lateral and vertical scaling of the 
DHBT-structure, using the well controlled InP-

based material system, although low-bandgap 

materials could offer faster carrier transport. The 
major challenges are: 
 

• Lateral scaling of the DHBT structure toward 

~0.2μm emitter width and minimizing the 

collector width and external parasitics 

• Vertical scaling of the DHBT structure, in 

particular the InP-based composite collector 
for optimal carrier transport using velocity- 

overshoot and -modulation effects 

• Implementation of new materials for the base 
layer, such as GaAsSb, for higher doping 

densities and a simpler type-II base-collector 
interface 

• Investigation of the operation of DHBTs at 
current densities up to 1MA/cm2 

• Development and experimental verification 
of 2D DHBT models including non-

stationary carrier transport and thermal 

effects at high current densities 

• Demonstration of circuit performance 

above 100 Gb/s by realizing circuits such 
as ring-oscillators and frequency-dividers 

Scientific Results 

Process transfer into FIRST was completed for 
the MOVPE growth of the DHBT layer struc-

tures and also for device and circuit processing. 

Our new DHBT process exhibits an optimized 

lateral transistor geometry (Fig.1) for minimized 
parasitic base collector capacitance. 
 

 

B 

C 
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Fig.1 SEM front-view of a DHBT with an active emitter area of 
1.2 x 2  m2 and collector undercut. 

Measurement results 

The measured characteristics of the DHBTs 

show excellent DC and RF behaviour: For 

devices with a 200nm thick collector and an 
active emitter area of 0.7 x 4 μm2 DC current 

gains  over 100 were measured and S-

parameter characterization up to 120 GHz 
demonstrated a transit frequency fT of 233 GHz 

@ jC = 520 kA/cm2  and a maximum frequency 

of oscillation fmax of 240 GHz @ VCE = 2 V. We 
successfully demonstrated 80 Gb/s operation of 

1μm 



a multiplexer circuit (Fig.2) with an output voltage 

swing of 1Vpp at 50 . 
 

 

 

Fig.2 Chip photograph of the 80Gb/s multiplexer with measured 
80Gb/s eye diagram (2.5ps/div, 200mV/div). 

 

In addition various device driver circuits were 

characterized up to 40 Gb/s (Fig.3) and we 

achieved toggle rates of up to 46 GHz for static 
frequency dividers. Further, implemented ring 

oscillators exhibited a gate delay of 4.7 ps. 
 

 

Fig.3 Output buffer-stage of a 40Gb/s differential digital driver with 
3Vpp output swing @ 50   

 

Simulation and Modelling 

In parallel, the group advances the HBT-

simulation using a 2-dimensional non-stationary 
transport device simulator DESSIS  (in collaboration 

with the Integrated Systems Laboratory, IIS). In this 

project we go beyond the development of sophi-
sticated CAD-tools (Fig.4) for HBT-design, 

towards the verification and benchmarking of the 

quality of the physical models. The simulations 
will be based on measured material parameters 

and structurally well characterized HBTs as 

shown as an example in Fig. 5. 
A further objective is the derivation of a scalable 

HBT-circuit-model from the physics-based simu-

lations for efficient circuit design. 

    
Fig.4 Simulated conduction band in an InP/InGaAs/InP DHBT 
 

 

 
 

Fig.5 Measured and simulated AC characteristics of a DHBT for 

different collector current densities and VV
CE

3= . 

Perspectives 

For +100Gb/s scaled DHBTs, we address next 

year the following issues: 
 

• Reduction of collector thickness 

• Increase base doping, introduce a GaAsSb-

base 

• Development of a completely self-aligned 

HBT-process with e-beam emitter patterning 

• Hydrodynamic HBT simulations of static and 

dynamic small- and large-signal operation 
 

The work is funded by an ETH Research Grant. 
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Introduction  

All-optical signal processing in future Terabit/s 
communication systems is a critical and 

necessary requirement because it is questionable 

that transistor electronics can be scaled down to 
sub-ps switching times. A possible and flexible 

solution is the usage of all-optical switches (AOS) 

based on intersubband transitions (ISBT) tuned to 

1.3 and 1.55 μm in highly doped multiple-
quantum- well structures (MQWs). 

InGaAs/AlAsSb MQWs grown lattice matched to 

InP substrates have attracted much attention due 
to their large conduction band offset of 1.6 eV 

and the ultra-fast relaxation times in the sub-ps 

range of the ISBT. An ultra-fast absorption 
response of 685 fs at 1.55 μm in highly Si-doped 

coupled double-QWs has already been reported 

[1]. All optical switching requiring a relative high 

control pulse energy of ~27 pJ has also been 
demonstrated [2]. Switching time and saturation 

energy still need to be reduced substantially for 

practical applications. 
In the field of AOS, the group was previously 

mainly active in characterizing and exploring the 

speed limits of SOA-based Mach-Zehnder-
interferometer switches. Switching-times down to 

500fs were successfully demonstrated and 

analyzed by fs-pump-probe (PP) techniques [3-4]. 

Research Objectives 

The first objective of this project was to establish 

the Molecular-Beam Epitaxy (MBE) of highly Si-

doped (up to 1019cm–3) In0.53Ga0.47As quantum 

well and undoped AlAs0.56Sb0.44 barrier layers 

lattice matched to the InP substrate. The major 

challenge for the epitaxy is to prevent 1) 

inhomogeneities within the ultra-thin ( 2.5nm) 

layers, 2) intermixing at interfaces and 3) to 

simul-taneously improving the required square-

like character of the potential well in MQW 

structures. The next step towards the 

investigation of ISBTs at 1.5 μm is the design 

and simulation of MQW structures [5]. The next 

step is to adjust the ISBT to the desired 1.5 μm 

wavelength by variation of the ultra-thin QW-

thickness from 3 to 10 monolayers and optimize 

the switching-time and -energy (below a pJ). 
Tailoring the intersubband energy is 

challenging, because simple monolayer 

fluctuations of the thin QW´s as well as slight 

segregation and intermixing phenomena lead to 
unacceptable QW-energy-shifts and absorption 

broadening.  

Experimental verification of the modeling results 
by fs-PP techniques is critical for optimizing the 

epitaxial process and laying the foundations for 

predictive device models and device design.  
After this initial - mainly material oriented - 

activity, we will incorporate relatively thick 

stacks ( 100 periods) of these InGaAs/AlAsSb-

MQWs into the core of a planar ridge 
waveguide, as a basic building block for more 

complex device configurations. 

By fs-PP characterization of the AO-switch in 
terms of saturation energy and switching-

speed, we will extract the necessary design 

parameters for more complex switch con-
figurations. 

Scientific Results 

Si-doped AlAsSb/InGaAs QWs capped with 

undoped InP layers were grown by MBE on InP 
substrates at 490°C using As2, Sb2 and P2 

species and characterized by X-ray diffraction 

(XRD), transmission electron microscopy 
(TEM), photoluminescence (PL) and absorption 

measurements. It is known that In and Sb tend 

to segregate to the growing surface. In order to 

compensate this phenomenon and thus 



 
 

Fig.1 TEM picture of 4 nm thick InGaAs-wells 
separated by 15 nm thick AlAsSb barriers 
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Fig.2 Intersubband absorption measurement at RT  
         of 120 periods of 5 ML thick InGaAs wells 
         separated by 5 nm of AlAsSb barriers. 
 

increase the interface sharpness, the growth of 

the InGaAs-wells was started with 0.7 mono-
layers (ML) of InAs and stopped with the same 

thickness of GaAs. For the compensation of Sb 

the growth of the AlAsSb-barriers was finished 
with 2 ML of AlAs. Additionally, we interrupted the 

growth at each interface for 1 minute and 

smoothed out under As2 flow. With this interface 

treatment the relative PL-linewidth /  at room-

temperature (RT) of the interband-transition (IBT 

at 1.3μm) was decreased from 0.105 to 0.063. Si 

doping of the InGaAs-wells was performed either 
by co-deposition or delta doping, up to a 

concentration of 1 1019 cm-3. 

TEM- (Fig.1) and XRD-measurements of an 
AlAsSb/InGaAs structure with 10 periods of 4 nm 

thick InGaAs-wells and 15 nm thick AlAsSb-

barriers revealed a highly crystalline quality of the 
layers. No dislocations were seen in TEM 

pictures. The transition from InGaAs to AlAsSb is 

very sharp with a roughness of about 1 ML, while 

the lower InGaAs interface is not as sharply 
defined. Here the interface roughness is in the 

range of 4 ML which is attributed to Sb diffusion 

from the AlAsSb-barrier into the InGaAs-well. 
Further improvement by increasing the thickness 

of the AlAs layer is needed. 

Figure 2 shows the intersubband absorption of 

TM polarized light at RT [6]. The structure 
contains 120 periods of InGaAs wells with a 

thickness of 5 ML separated by 5 nm AlAsSb 

barriers. The wells were Si doped to a 

concentration of 3 10
18 cm-3. Measurements were 

performed in the 450 multireflection geometry with 

a 10 mm long and 350 μm thick sample (inset of 
Fig.2). At RT the absorption peak is centered at 

1.9 μm and has a relative full width at half 

maximum (FWHM) /  of 0.35 (226 meV). Low 

temperature measurements showed a 100 nm 

blue shift of the peak but no temperature 

dependence of the FWHM was observed. The 

large absorption width  is most likely due to the 

still large variation of the QW thickness in the 

growth direction over 120 QW periods or to 
spatial thickness fluctuations over the wafer. 

Perspectives 

By further decreasing the InGaAs-well thick-

ness and improving the interface quality of the 
MQW-structures we plan to improve the quality 

of the material and the operation of the device. 

Transmission-absorption spectral measure-
ments will be used to study the locations and 

widths of the absorption peaks, with the overall 

goal being the formation of narrow ISBTs at 1.5 

μm. Subsequently, the dynamic behavior of the 

ISBTs is analyzed by our fs time-resolved 

measurement set-up. The use of the PP 

analysis enables us to study the different 
relaxation constants and optimize the ultrafast 

switching characteristics of the device. 

We acknowledge the support of the Swiss 
National Science Foundation within the priority 

program «NCCR Quantum Photonics». 
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Vision of the Institute 

While the optical properties of atoms and 
molecules are well understood, this is far from 
being the case for low-dimensional 
semiconductors and nanostructures such as 
quantum dots. Even though they are referred to 
as artificial atoms, the physics of quantum dots 
differ considerably from those of atoms, for 
example due to the central role played by 
quantized lattice vibrations, and the qualitatively 
different nature of hyperfine interactions.  

In the newly established quantum photonics 
group, we investigate quantum optics of solid-
state zero dimensional emitters, such as quantum 
dots or defects, embedded in photonic nano-
structures. We are particularly interested in 
understanding the above-mentioned physical 
properties that distinguish these solid-state 
systems from their atomic counterparts. 
Controlling quantum dynamics of quantum dot 
spins for applications in quantum information 
processing is one of our principal goals.  

In parallel to these efforts, we pursue generation 
of non-classical states of light by these solid-state 
zero dimensional emitters. We are particularly 
interested in utilizing indistinguishable single-
photon-pulses and/or entangled photon-pairs in 
quantum communication protocols, such as 
teleportation.   

Research Goals 
• The exploration of new quantum dot 

systems for applications in quantum 
photonics. 

• Development of processing technology 
that will allow for fabrication of 
nanostructures that confine photons 
and/or phonons, with the goal of 
enhancing our control over electron-
photon and electron-phonon interactions. 

 
• Experimental realization of  

o cavity quantum-electrodynamics 
effects in quantum dots, 

o indistinguishable single photon 
sources, 

o single-spin measurements, 
o optical manipulation of single 

spins, 
o entanglement of two distant 

quantum dot spins. 
o Optically active quantum dots in 

carbon nanotubes. 
o photon-antibunching from 

quantum dots defined in 
semiconductor nanowires. 

 

Projects in FIRST 

• Quantum dots in a nano-cavity. 
• Controlled doping of a single quantum 

dot. 
• Quantum optics using carbon nanotubes 

Education 

• educating students in concepts, 
methods and tools of quantum optics, 
quantum dots, and quantum information,  

• providing the opportunity for doctoral 
research projects, especially within the 
framework of the newly established 
centre for “Quantum Systems for 
Information Technology” (QSIT). 
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Introduction  
In this project, our goal is to study cavity quantum-
electrodynamics (QED) effects using a single 
semiconductor quantum dot (QD) embedded in a 
nano-cavity structure. Our specific objectives include 
the demonstration of the so-called strong-coupling 
regime of cavity-QED where the QD-(single) photon 
coupling frequency exceeds the spontaneous 
emission and cavity photon loss rates. We will also 
pursue the achievement of a high cavity enhancement 
(Purcell) factor for the radiative decay of the QD 
exciton, with the eventual goal of realizing collection 
efficiencies exceeding 10% for nearly indistinguishable 
photons. 

 Work plan  
 
To achieve these goals, we need to grow single 
spontaneous emission broadened QDs that emit in the 
wavelength range suitable for single-photon detection, 
and to embed such a QD in a high-quality-factor nano-
cavity structure. The development of the InAs/GaAs 
QD growth will be strongly focused on achieving 
narrow linewidths, high brightness, and large oscillator 
strengths, for QDs with fundamental exciton emission 
in the 900 – 950 nm range. The tools for measuring 
QD exciton linewidth will be Fabry-Perot or Michelson 
interferometers. The brightness and dipole moment of 
different states will be compared to samples from other 
sources. Samples with the accompanying 
heterostructure necessary for fabrication of 
microcavities, will be grown containing a low density of 
QDs enabling fabrication of microcavities with only one 
quantum dot inside the cavity. For the fabrication of 
nano-cavity structures, we will focus on microdisk, 
micropillar, and two-dimensional photonic band-gap 
defect structures. Nanowhiskers - thin needles realized 
by catalysed growth at the interface between a metal 
nanoparticle and the semiconductor - can be tailored 
by the growth parameters as well as the size of the 
metal catalyst. By compositional modulation during the 
growth, nanowhiskers containing a single quantum dot 
will be grown. We intend to grow nanowhiskers with a 
focus on fabricating optically active quantum dots and 
investigate the possibility of incorporating these in 
microcavities. 

 
The principal milestones for this project are: 
 

• growth of single spontaneous emission 
broadened quantum dots that emit in the 
wavelength range suitable for single-photon 
detection,  

• fabrication of nano-cavities with high-quality 
factors, or equivalently, long photon storage 
times with single QDs positioned inside the 
cavities to maximize dipole coupling, 

• fabrication of QD structures that maximize 
collection efficiency without a cavity. 
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Introduction  
 
In this project, we propose to study a QD having a 
single (excess) conduction band electron using 
quantum optical techniques. The principal scientific 
objectives of this project are the realization of an all-
optical spin measurement, demonstration of a spin-flip 
Raman transition, and generation of non-deterministic 
entanglement of two quantum dots. If successful, all 
three of these sub-projects will constitute milestones in 
solid-state quantum information processing.  

 Work plan  
 
Among the proposed sub-projects, single-spin 
measurement plays a special role since it can also be 
viewed as an enabling technology for the other two 
experiments. The method we propose to realize all-
optical single-spin measurement exploits Pauli-
blocking and is motivated by the successful 
demonstration of state-dependent quantum jump 
method in trapped ions. Presence or absence of 
resonance fluorescence photons under excitation by a 
σ+ resonant laser field directly yields information about 
the electron spin orientation. Even if photon detection 
efficiency is well below unity, the spin-state can be 
measured with accuracy approaching unity, as has 
been shown for trapped ions. However, photon 
collection efficiency does play a crucial role in the 
success of the proposed experiments, since the spin 
measurement has to be completed within a spin-flip 
time. We estimate that we need an overall photon 
detection efficiency exceeding 0.1% to be able to 
complete the measurement within an expected spin-
flip time of 10 µsec. If the quantum dot (trion) transition 
is coupled to a cavity-mode, then the Purcell effect can 
be used to increase the number of scattered photons 
and to increase the photon collection efficiency at the 
same time. 
 
From the processing point-of-view, the basic element 
in this project is the realization of a single QD doped 
with a single conduction band electron. To achieve 
electron injection deterministically, we plan to use QDs 
placed between a highly doped n-GaAs layer (the 
back contact) and a Schottky gate on the surface. It 

has been demonstrated that such a structure under 
bias can be used to inject electrons one by one into 
QDs, thanks to the ultra-small capacitance of the 
QDs. The change in the injected electron number 
can be monitored from the shift in QD emission in 
non-resonant photoluminescence experiments. The 
samples for this experiment will be provided by the 
group of Prof. P. Petroff at UCSB.  
 
Enhancement of photon collection efficiency for a 
QD coupled to electrical contacts presents a bigger 
challenge. To this end, it is important to introduce 
and contact a n-doped layer in between the QD 
layer and the back DBR-mirror. Enhancement of the 
transparency of the Schottky contact is also crucial.   
 
We have already reached the first goal of electrical 
control of injection of electrons one-by-one into a 
single QD. We have also succeeded in 
demonstrating Pauli-blockade of optical absorption 
in a singly-charged QD. The next specific milestones 
are: 
 

• Fast laser absorption measurements carried 
out in 10 microsecond timescale 

• Electron-spin control using spin-flip Raman 
transitions. 
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Introduction  
In this project, our goal is to study the quantum optical 
properties of single semiconducting single-walled 
carbon nanotubes (CN). Quantum optical investigation 
of the quantum dots formed by SWCNs would provide 
completely new angle for understanding the properties 
and potential applications of this material. In this 
respect, we purpose several decisive quantum optical 
experiments on Carbon Nanotube Quantum Dots 
(CNQDs): detection and characterization of the 
excitons in CNQD, demonstration of photon 
antibunching from a single CNQD. In addition, we 
intend to explore electron-phonon interaction in these 
systems. 
  
Work plan  
As a starting point we will study photoluminescence 
(PL) and photoluminescence excitation (PLE) in 
SWCNs from room to low temperature. These 
experiments will enable us to fully characterize 
SWCNs (diameter and chirality). It is well known from 
the electrical transport measurements that defects in 
semiconducting SWCNs effectively break the tube in a 
multi-dot system. Relying on this natural source, we 
will perform identification and characterization of the 
excitons in CNQDs. For this purpose we will perform 
time resolved measurements. These measurements 
will provide essential information on exciton life-time 
and radiative efficiency of NTQDs. Furthermore 
characterization will be enhanced by magneto-optical 
measurements to identify the exciton fine-structure of 
NTQDs. Our principal goal is to demonstrate the 
photon antibunching using Hanbury-Brown Twiss 
(HBT) type photon auto/cross correlation 
measurements. This kind of measurements would 
prove that an observed PL line originates from a single 
NTQD. This would have great potential for 
implementation of active quantum optical devices 
based on SWCNs and further applications, such as in 
quantum information processing.   
 
In our studies we will use two different sources of the 
samples (SWCNs): One set of the samples will be 
provided by Prof. Forro group from EPFL. On the other 
hand, SWCNs will be grown by the chemical vapor 
deposition (CVD) method, at the FIRST lab facility at 

ETHZ. Both sources will require extensive 
processing of the samples. For example, the 
suspension of SWCNs from Prof. Forro will need 
rigorous ultrasonic and chemical treatments to 
reduce the bundling and eliminate surfactants and 
catalysts. We intend to grow or deposit samples 
over the structured slits Si/SiO2 and Si/SiO2/Si3N4 
wafers. For this purpose we plan extensively to use 
electron beam and optical lithography, reactive ion 
etching which are available in the FIRST lab. A priori 
to the measurements samples will be characterized 
by scanning electron and atomic force microscope.  
 
To achieve our research goals, we need to reach the 
following specific milestones: 
 

• Growth and processing of SWCNTs 
• Patterning and structuring the wafers 

o Optical and electro-beam 
lithography 

o Reactive ion etching 
• Characterization of SWCNTs 

o AFM and SEM 
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Focus on ultrafast lasers 
The group of Prof. Keller has made key contributions to the 

performance of ultrafast lasers and their improvement 

through the invention and development of semiconductor 

saturable absorbers mirrors (SESAMs), a novel family of 

optical devices that allow for very simple, self-starting 

passive modelocking of ultrafast solid-state lasers.  The 

SESAM is based on the nanotechnology of epitaxial 

material deposition, allowing control of layers of material 

down to the sub-nanometer accuracy.  This allows for very 

precise optical devices with practically complete control of 

the key design parameters.  The multi-disciplinary work 

involving key understanding of both semiconductor and 

solid-state laser physics has resulted in new unprecedented 

performance improvements in terms of pulse widths, 

average power, and repetition rates in these lasers.  These 

performance improvements and the implementation of the 

SESAM device also has allowed for many new practical 

application and commercialization of these lasers, 

increasing their use not only in R&D environments but also 

in medical, industrial, and communications applications. 

Projects in FIRST 

1) Ultrafast diode-pumped solid-state lasers 

2) Passively modelocked VECSELs 

3) Dilute nitrides for 1.3 m and 1.5 m 

Research Goals 

1) Ultrafast diode-pumped solid-state lasers 

Ultrafast diode-pumped solid-state lasers – nearly ideal 

optical pulse generators in the picosecond (10
-12

 sec) and 

femtosecond (10
-15

 sec) regime – have progressed over the 

last decade from complicated and specialized laboratory 

systems to compact, reliable instruments.  Key technical 

improvements allowing for these new performance 

standards include semiconductor lasers for optical pumping, 

and new types of fast optical saturable absorbers, based on 

either semiconductor devices or the optical nonlinear Kerr 

effect.  The improving performance features of ultrafast 

lasers allow for pushing new frontiers in applications of 

extremely short temporal resolution (<30 fs), high average 

power (>100 W) and high pulse repetition rates (>40 GHz).  

The goal of this project is to push all these frontiers forward 

for different applications.  The key enabling technology 

requirement from FIRST is the growth and further 

optimization of SESAMs. 

High average power 

Diode-pumped continuous-wave lasers started to generate 

enormous powers of hundreds of watts or even kilowatts 

in the early 1990s, however the output power of mode-

locked diode-pumped lasers was still limited to the order 

of 100 mW.  Only in recent years, our group increased 

this limit to several tens of watts – currently up to 80 W in 

femtosecond pulses, which allows us to target several new 

applications. 

High pulse repetition rate 

Q-switching instabilities also have limited the highest 

pulse repetition rates in passively modelocked diode-

pumped solid-state lasers to 1 GHz for a long time. With 

SESAM design optimization this limitation was overcome 

and we have demonstrated picosecond pulses up to 160 

GHz with fundamental passive modelocking.  Further 

improvements in average output power, higher pulse 

repetition rates, broader tunability and extention to 

femtosecond pulses are still required.  Different solid-state 

lasers materials such as Er:Yb:glass, Nd:YVO4, 

Nd:GdVO4, Nd:YLF, Ti:sapphire, Cr:LiSAF are being 

investigated. 

Ultrashort pulse duration 

Pulse duration below about 30 fs at a center wavelength of 

800 nm cannot be supported with GaAs/AlGaAs Bragg 

mirrors because of their limited reflection bandwidth.  We 

have demonstrated the first ultrabroadband monolithically 

grown AlGaAs/CaF2 SESAM that covers the entire 

spectrum of a Ti:sapphire lasers.  However, we still 

observe reliability issues which needs further 

investigations. 

2) Passively modelocked VECSELs 

Modelocked vertical external cavity surface-emitting 

lasers (VECSELs) potentially offer better beam quality, 

higher average output power and lower timing jitter 

compared to in-plane edge-emitting diode lasers.  So far, 

we have demonstrated passively modelocked optically 

pumped VECSELs with up to 1.9 W of average power 

using external semiconductor saturable absorber mirrors 

(SESAMs) at a center wavelength at around 950 nm.  

Recently, we achieved significantly shorter pulses with 

strongly reduced chirp, and also made significant progress 

towards very high pulse repetition rates (so far up to 

30 GHz).  Next steps are the integration of a saturable 

absorber into a VECSEL gain structure and electrical 



pumping of passively modelocked VECSELs.  Pulse 

repetition rates of 5 to 100 GHz should be demonstrated for 

different applications. 

3) Dilute nitrides for 1.3 m and 1.5 m 

We are investigating the fundamental material issues of 

GaInNAs in order to fabricate SESAMs and later on also 

VECSELs operating at wavelengths of 1.3 μm and 1.55 μm.  

On one hand, defects are a prerequisite for the operation of 

the SESAM, since they allow for fast carrier trapping, and 

therefore we are working on well-defined defect 

engineering during epitaxial growth.  On the other hand, 

defects introduced by the growth technique need to be 

avoided in optically or electrically pumped VECSEL 

(vertical-external-cavity surface-emitting laser) and VCSEL 

(vertical-cavity surface-emitting laser) devices to prevent 

from high threshold currents.   
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Introduction  

As microprocessor clock frequencies continue to 
rise, the request on skew and jitter of the 

distributed clock signal increases proportionally.  

It appears to be appealing to use optical clocks 

and to optically distribute the signal to the main 
nodes.  Mode-locked lasers can offer pulse trains 

with very high repetition rate and low jitter.  

Clocking lasers need to be powerful, efficient, 
compact, and robust. The passively mode-locked 

vertical-external-cavity surface-emitting laser 

(VECSEL) is a promising candidate for fulfilling 

these criteria.  

Mode-Locked VECSELs 

In the optically pumped VECSEL both the beam 

quality limitations of edge-emitting diode lasers 

and the power restrictions of electrically pumped 
surface-emitting lasers are overcome. The 

VECSEL structure consists of a bottom mirror, an 

active region, and an anti-reflective section. The 
mirror is designed for high reflectivity for the laser 

wavelength and the pump wavelength. The anti-

reflective section avoids coupled cavity effects 

and also optimizes the transmission of the pump 
light into the gain region. The gain region consists 

of a pump-absorbing GaAs layer with multiple 

In0.13Ga0.87As quantum wells placed in antinodes 
of the standing-wave pattern and strain-

compensating GaAs0.94P0.06 layers. The structure 

is grown upside down with metal-organic 
chemical vapor deposition (MOCVD). It is 

attached to a copper heat-sink and the substrate 

is etched away. 

Figure 1 depicts a typical cavity setup. A curved 

output coupler and a standard InGaAs/GaAs 
semiconductor saturable absorber mirror 

(SESAM) as end mirrors ensure cavity 

confinement. The gain structure represents a 

folding mirror. With such VECSELs we obtained 

record high mode-locked average power levels 

of up to 2.1 W at a repetition rate of up to 
4 GHz in 4.7-ps pulses [1] and 1.4 W at 10 GHz 

in 6.1-ps pulses [2].  The center wavelength is 

around 960 nm and laser output is diffraction 

limited. 

Towards SESAM Integration 

As the VECSEL gain chip and the SESAM 

absorber used for mode locking are made of 

similar semiconductor materials, integrating the 
two elements into a single device seems a 

natural development.  However, due to the 

similar saturation properties of gain and 

absorber, mode locking has so far only been 
possible by focusing the laser mode much more 

tightly on the SESAM chip.  Since the mode 

areas in an integrated device are invariably the 
same in gain and absorber sections, however, 

SESAMs need to be developed which allow 

mode locking with mode area ratios of 1.  

 

Figure 1: Cavity setup of a passively mode-locked 
VECSEL and transmission electron microscope 
image (red: gain region). 



Figure 2 shows a schematic representation of the 

envisaged integration scheme.  The reduction in 

saturation fluence required to achieve step b) in 
this figure can be obtained e.g. by reducing the 

dimensionality of the absorber material.  We have 

therefore developed self-assembled InAs 

quantum dot (QD) SESAMs, which have already 
enabled mode locking with a mode area ratio of 

close to 1 in an external cavity setup [3].  An 

additional benefit of the simplified cavity setup is 
the fact that repetition rate can be scaled easily 

by varying the cavity length, since the divergence 

of the laser mode is very small.   

Conclusions & Outlook 

In conclusion, we have successfully 
demonstrated mode locking of a VECSEL with a 

QD-SESAM at essentially identical mode areas.  

This experiment represents the main prerequisite 
for monolithic integration of the two devices, 

which promises ultra-compact, high-repetition-

rate laser devices suitable for cost-efficient high 

volume wafer-scale fabrication.   

Currently, our VECSEL structures are grown by 

MOVPE while the QD-SESAMs are fabricated 
with MBE.  The first attempt at an integrated 

device will therefore involve regrowth of a 

specially designed MOVPE-VECSEL structure 

with a QD absorber and DBR by MBE. 
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Figure 2:  Envisaged integration scheme, progressing 
from conventional mode locking with large mode area 
ratio (a) to mode locking with identical mode areas (b) 
and finally to monolithic integration (c). 
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Introduction  

Compact, efficient and reliable pulsed lasers are 
finding manifold applications in fields like material 
processing, high intensity physics, telecommuni-
cations, optical clocking and sampling, and 
medicine. The powerful tools of the FIRST lab 
allow us to efficiently develop new laser 
structures as well as saturable absorbers which 
are the key enabling devices to turn many kinds 
of lasers into pulsed sources. 

In this report we focus on lasers which are based 
on rare-earth-doped crystals and glasses and 
mode-locked with SESAMs (semiconductor 
saturable absorber mirrors) [1,2].  Another type of 
SESAM mode-locked lasers are VECSELs, which 
are discussed in a separate report. 

Mode-locked high power lasers 

A few years ago, passively mode-locked lasers 
could reach average output powers of typically a 
few hundred milliwatts and at most a few watts.  
As SESAM damage was sometimes observed 
even at moderate power levels, it seemed to 
many that average output powers well above 
10 W would never become possible with SESAM 
mode locking.  In the meantime, however, we 
have shown that this is not true.  Most notably, 
we have demonstrated SESAM mode-locked thin 
disk Yb:YAG lasers which have so far generated 
up to 80 W of average output power in 0.7-ps 
pulses [19].  The limit is currently set by thermal 
and nonlinear effects on intracavity dispersive 
mirrors and (to a smaller extent) by thermal 
aberrations in the gain medium, but not by the 
SESAM.  This progress is mostly due to 
optimization of the overall laser design, but also 
to some part to the development of low-loss 
SESAMs with relatively small modulation depth 
and appropriate saturation fluence, allowing 

operation with a large enough mode area to 
remove the dissipated power without excessive 
heating. 

The mode-locked high power lasers have also 
enabled us to do nonlinear frequency 
conversion at very high power levels.  The key 
result in this domain is the demonstration of an 
RGB (red-green-blue) laser source with very 
high powers and attractive features for practical 
applications [7]. 

Mode-locked lasers with multi-GHz 
repetition rates 

While optical clocking applications are normally 
based on lasers in the sub-1-�m wavelength 
regime, applications in the field of 
telecommunications require stable pulse 
sources in the 1.3- and 1.5-�m regime. For 
example, novel transmission systems with 
increased data rates often use pulsed lasers in 

 

Figure 1: Experimental setup for a 5-GHz Nd:YVO4 
laser operating at 1.064 µm. The actual laser cavity 
occupies only a minor part of the total volume. 



transmitters and receivers.  In any case, pulse 
repetition rates in the multi-GHz regime (often 
above 10 GHz) are required.  A few years ago, 
this was well outside the range of feasible 
parameters for passively mode-locked bulk 
lasers, at least with additional constraints 
concerning the need for practical, stable 
solutions. 

In recent years, we have demonstrated that 
SESAM mode-locked lasers can be operated in 
the multi-GHz regime with a single pulse 
circulating in a very short laser cavity.  We 
reached up to ≈160 GHz in the 1-µm region, 
10 GHz at 1.3-µm [13], and 50 GHz at 1.5-µm 
[10].  Fig. 1 shows a compact setup of a 5-GHz 
Nd:YVO4 laser.  The main challenge was not to 
build such short laser cavities (with length of a 
few millimetres or sometimes even below 1 mm), 
but to obtain stable operation without Q-switching 
instabilities.  This was achieved by a careful 
optimization of the overall laser design, with a 
particular emphasis on the parameters of the 
SESAM.  We even found a very pronounced roll-
over behaviour which greatly helped to realize 
high repetition rates with 1.5-µm Er:Yb:glass 
lasers [8,24] (see Fig. 2), because it suppresses 
the tendency for Q-switched mode locking.  More 
recently, we have started to investigate the 
potential of other absorber materials such as 
GaInNAs, which is further discussed in a 
separate report, and AlGaAsSb.  The GaInNAs 
SESAM has been successfully applied in a 10-
GHz 1.3-µm Nd:YVO4 laser [13]. 
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Figure 2: Saturation curves of  AlGaAsSb-based 
SESAMs for different pulse durations. For 190-fs 
pulses, there is a strong roll-over resulting from 
two-photon absorption (TPA). For longer pulses, 
the roll-over is significantly stronger than expected 
from TPA alone (picture taken from Ref. [24]) 
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Introduction  

Semiconductor saturable absorber mirrors 
(SESAMs) are passive devices to mode-lock 
solid-state lasers.  They rely on the operation of 
the saturable absorber layer as an all-optical 
switch that is based on changes of reflectivity due 
to absorption bleaching induced by a strong laser 
pulse.  Absorption recovery is obtained via non-
radiative defects.  Passive semiconductor devices 
such as saturable absorbers are still a great 
challenge for the wavelength range between 
1.3 µm and 1.5 µm due to a lack of a proper 
absorber material lattice-matched to a high-
contrast mirror.  InGaAs can provide a band gap 
in the requested wavelength range and can be 
grown nearly lattice-matched to InP.  However, 
InP-based distributed Bragg reflectors (DBRs) 
suffer from a small refractive index contrast and 
poor thermal properties.  1.5-µm InGaAs grown 
on high-contrast AlAs/GaAs DBRs, on the other 
side, is so strongly lattice-mismatched that mostly 
3D growth occurs that, in general, causes surface 
roughness and a high number of defects.  One 
recent solution to the absorber material problem 
is the quaternary compound GaInNAs (Fig. 1).  

Fig. 1: Bandgap vs. lattice constant for III-V 
semiconductor materials; �a - lattice constant 
difference between InGaAs and GaAs or InP. 

Here, only a small amount of nitrogen is alloyed 
to InGaAs addressing the two problems: (i) the 
nitrogen drastically decreases the bandgap of 
InGaAs to meet 1.3 µm and beyond with much 
less indium and (ii) the incorporation of nitrogen 
additionally shifts the lattice constant towards 
the one of GaAs and thereby strongly 
decreases the lattice mismatch.  GaInNAs is 
known to contain a high number of non-
radiative defects, which make this material 
attractive for the application as saturable 
absorber but holds the danger of high 
nonsaturable losses caused by additional 
absorption. This is particularly relevant for 1.5-
µm GaInNAs because the higher nitrogen 
concentration (more than 2%), which is 
necessary to match the required wavelength, 
comes with an increased defect concentration.  
Therefore, careful defect management is 
required during growth to manipulate the quality 
of the epitaxial layer so that it can be used as 
saturable absorber layer. 

Achievements 

Material growth and characterization:   
Different GaxIn1-xNyAs1-y absorber layers for 
1.3 µm and 1.5 µm with x = 0.65 and y = 0.016 
and y = 0.026, respectively, were successfully 
grown by molecular beam epitaxy in a VEECO 
GEN III system using a nitrogen RF plasma 
source. A growth temperature of about 450°C 
monitored by diffused reflectance spectroscopy 
(DRS) was applied. Reflection high energy 
electron diffraction (RHEED) was used to 
qualitatively evaluate in situ interface properties 
and growth mode. AlAs/GaAs Bragg mirrors 
necessary for SESAM fabrication were grown 
by MOCVD. X-ray rocking curve (XRC) and 
photoluminescence (PL) measurements at 
room temperature were carried out to verify 
stoichiometry, crystallinity and device design. 
Post-growth ex situ rapid thermal annealing 



(RTA) was applied to the samples at 600°C to 
800°C for 1 min under N2 flow to shift the PL 
emission wavelength to the desired wavelength 
range for laser testing, i.e. 1330 nm and 
1556 nm, respectively [1-3]. 

Nonlinear optical characterization:   Degenerate 
pump-probe experiments were performed at 
1314 nm and at 1534 nm to observe the time 
response of the SESAMs. Both 1.3-µm and 1.5-
µm GaInNAs SESAMs showed a similar temporal 
response of about 30 ps and 20 ps, respectively. 
Measurements of the nonlinear reflectivity and 
saturation fluence will provide information about 
suitability of the nonlinear optical parameters of 
the SESAM for mode-locking solid-state lasers. 
Extremely low nonsaturable losses of about 
0.04% were measured for the 1.3-µm SESAM 
and slightly higher for the 1.5-µm version, which 
is assumed to be caused by the higher nitrogen 
content of the absorber layer. Furthermore, a low 
saturation fluence of 11 µJ/cm2 and 20 µJ/cm2 
were observed for 1.3 µm and 1.5 µm, 
respectively. These parameters prove the 
SESAMs to be well suited for mode-locking solid-
state lasers [4]. 
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Fig. 2: (a) Normalized time response of resonant 
(solid line) and antiresonant (dashed lines) 
SESAMs at 1.3 µm; (b) nonlinear reflectivity vs. 
pulse fluence of resonant (left axis) and 
antiresonant (right axis) SESAMs at 1.3 µm 
measured with 280 fs pulses. Fit including 
induced absorption (solid line), fit without induced 
absorption for longer pulses (dashed line). 

Laser performance:                              
We have demonstrated for the first time stable 
self-starting passive cw mode locking of solid-
state lasers at about 1.3 µm and 1.5 µm using 
GaInNAs SESAMs. Pulse durations as short as 
6.7 ps at 1314 nm and 5 ps at 1534 nm fitted 
with a sech2 function were measured at 
117 Mhz and 61 MHz, respectively. These short 
pulses are well-suited for fast data transmission 
in 1.3-µm and 1.5-µm telecommunication 
systems [1-3]. Furthermore, we demonstrated 
diode-pumped, passively mode-locked 1.34-µm 
Nd:YVO4 lasers with repetition rates of 5 and 10 
GHz and low timing jitter using our novel 
GaInNAs-based SESAMs [5]. 
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Further work 
GaInNAs belongs to a new class of 
semiconductor alloys, in which bandgap 
engineering is achieved by strongly perturbing a 
host material (InGaAs) by incorporating a few 
percent of an isovalent trap (nitrogen) Isovalent 
traps are characterized by large differences in 
size and electronegativity compared to the 
anions, which they substitute.  Special 
properties arise allowing for immense potential 
of applications from high-efficiency solar cells to 
laser devices operating in the near infrared 
wavelength range.  However, GaInNAs is 
known to have a high number of non-radiative 
defects. These defects are responsible for low 
efficiencies in many optoelectronic devices.  
Therefore, next steps are focused on the defect 
identification and reduction to be able to grow 
low-defect material for active devices. 
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Vision of the Institute 

The control of individual charges in single 
electron transistors has been achieved in 

metallic, molecular and semiconductor systems. 

Flexible and tunable structures can be realized 
especially well in semiconductors based on the 

existing technology at hand. There many novel 

routes in nanotechnology which are explored in 

order to further shrink the device dimensions as 

well as to add additional electronic functionalities.  

Quantum effects become important once the 

devices are cooled to low temperatures below 

1K. There is an ongoing debate whether further 
miniaturized conventional devices can be 

operated in the quantum regime in a useful way.  

A completely different approach to information 

processing relies on using quantum bits (qubits) 

rather than classical bits. A qubit can be in a 
superposition of states “0” and “1”. On the 

experimental side several proposals based on 

NMR techniques, manipulation of cold atoms, ion 
traps, Josephson-junction based qubits are 

pursued. Of particular interest are ideas which 

can be implemented in a semiconductor 
environment, because in such systems the up-

scalability has been demonstrated already. 

Charge and spin qubits in quantum dots are 

among the hot candidates for such a scenario.  

The spin of an electron couples weakly to its 
environment, generally much weaker than the 

charge. This leads to long spin coherence times, 

one of the preconditions for the operation of a 
quantum computer. At the same time this weak 

coupling makes it experimentally challenging to 

manipulate and detect spin effects. 

The nanophysics group at ETH Zürich utilizes the 

possibilities offered by nanotechnology and 
implemented in FIRST lab. Our goal is to create 

semiconductor nanostructures, which are highly 

tunable in their geometry and electronic 
properties and which allow to manipulate and 

control the charge and spin degrees of freedom 

of complex quantum dot structures and circuits. 
The goal is to enhance our understanding of 

quantum effects and to develop experimental 

techniques for the controlled preparation and 

manipulation of quantum systems. 

Research Goals 

• Develop new approaches for 

nanolithography in order to create 

semiconductor nanostructures with a 

high degree of tunability and options for 
manipulation 

• Investigate the electronic properties of 

quantum structures in view of  
o Few-electron quantum dots 

o Spin manipulation in quantum 

dots 
o Explore spin-based quantum 

information processing 

o Coupled mesoscopic devices for 

processing and read-out 

Projects in FIRST 

• Spin effects in Nanostructures  

• Manipulation and Spectroscopy of 
quantum dots  

• Local spectroscopy of quantum dots  

• Electronic properties of nanowhiskers 

Education 

• educating students in basic 
semiconductor technology 

• educating students in the physics of 
quantum structures 

• providing the opportunity for doctoral 

research projects in an international 

envrionment 



• teaming doctoral students of the 

nanophysics laboratory with other groups 

in FIRST into joint projects, 
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Introduction  

Quantum dots realized in semiconductor 

nanostructures can be controlled on the single 
electron level. By suitable lithography the 

geometry of the confining potential can be 

defined leading to characteristic features in the 
energy spectrum. Concerning spin, the electronic 

g-factor of quantum dots has been determined 

and various experiments concerning the coupling 

of orbital and spin wave functions are underway. 
In this project we focus on the manipulation of 

orbital and spin degrees of freedom in quantum 

dots. 

 Achievements  

In the context of quantum information processing, 

spin-based qubits realized in quantum are 
promising candidates for the implementation of 

quantum information schemes in a solid-state 

environment. Central questions in this field are 

the read-out of information as well as the possible 
spin and charge decoherence arising due to the 

coupling between systems. We have investigated 

wavefunction and interaction effects in the 
addition spectrum of a Coulomb blockaded many 

electron quantum ring as a function of gate 

asymmetry and magnetic field. Contributions of 
the Hartree and exchange interaction at a 

crossing between a state with a more localized 

wavefunction and an extended state are 

quantitatively evaluated. In the vicinity of such a 
crossing a gate tunable singlet-triplet transition is 

investigated at zero magnetic field. 

Our results show that the preparation of a specific 

spin state by appropriate gate voltages and at low 
enough temperatures in a many electron ring is 

possible. The special geometry with two 

independently adjustable gates for each arm of 

the ring allows to tune the symmetry and relate 
the behavior of orbital states to properties of the 

corresponding wavefunctions and their 

respective fluctuations in the interaction terms. 

To our knowledge, such a detailed microscopic 
understanding is unique for our ring, in contrast 

to other many electron systems. 

 
 
Figure 1: 

Scanning force microscope image of the 

quantum ring. The structure was written by 
AFM lithography. 

Further Work  

In quantum dots strongly coupled to leads the 
Kondo-effect emerges as an enhanced zero-

bias conductance in the Coulomb-blockade if 

the dot has non-zero total spin. The effect can 

be attributed to the formation of a coherent spin 
state between the electrons in the leads and on 

the quantum dot. The relevant energy scale is 

given by the Kondo temperature. For 
temperatures much larger than the Kondo 

temperature the enhanced conductance 

disappears. The same is true if the source-drain 

bias is increased above the Kondo temperature 
This leads to the characteristic zero-bias 



anomaly in Coulomb-blockade diamonds, i.e., a 

line of enhanced conductance in the Coulomb-

blockade valley around zero bias.  A parallel 
magnetic field can be employed to lift the spin-

degeneracy of the unpaired spin via the Zeeman 

splitting. In the case of consecutive filling of each 

orbital with spin-up and -down, it is expected that 
the Kondo effect occurs for an odd number of 

electrons where one spin is unpaired. Close to an 

orbital crossing the occurrence of singlet-triplet 
transitions leads to new variants of the Kondo 

effect.  
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Introduction  

Resonant tunneling has become a powerful 
method to analyze and understand the intrinsic 

properties of quantum dots. Generally two 

terminals are connected to the quantum dots. An 

applied bias leads to current flow whose 
magnitude depends on the height and thickness 

of the tunnel barriers as well as the overlap of the 

wavefunction in the dot with the corresponding 
wavefunctions in source and drain. In order to 

disentangle the various contributions it is 

desirable to perform a multi-terminal tunneling 

experiment. While this is standard in the Ohmic 
regime, such an endeavor covers new ground in 

the tunneling regime. 

 Achievements  

Quantum dot samples have been fabricated on 
AlGaAs-GaAs heterostructures containing a two-

dimensional electron gas (2DEG) only 34 nm 

below the sample surface. The surface of the 
heterostructure was locally oxidized by applying a 

voltage between the conductive tip of an atomic 

force microscope (AFM) and the 2DEG. The 

electron gas is depleted below the oxide lines. 
Figure 1 shows the oxide lines defining the 

quantum dot. The quantum dot can be tuned into 

the quantum Coulomb blockade regime with the 
mean single-particle level spacing being much 

larger than the thermal energy kBT and the level 

broadening   h . A dc bias voltage of 10 V is 
applied to one terminal of the dot (e.g. Vbias1), 

while the two other terminals are grounded (e.g. 

Vbias2=Vbias3=0). Current-voltage converters are 

used to measure the currents through each 
terminal. Then, by applying the bias successively 

to each of the three terminals, this gives rise to 

nine different current values. Here we 
demonstrate that in the single-level tunneling 

regime of the Coulomb-blockade it is possible to 

deduce the individual coupling strengths from 

the dot to the leads if three or more terminals 

are connected to the dot. It is possible to 
determine the conductance matrix of the 

quantum dot, and to calculate the individual 

tunneling rates from the dot to each lead. For 
weak coupling, the magnitude of the tunnelling 

rates of a given terminal is found to vary 

independently of the two other tunneling rates, 
when the number of electrons in the dot is 

changed. This result can be related to the 

chaotic nature of the wave function in the dot. 

The fluctuation of the shape of the wave 
function in the dot due to quantum interference 

is directly observed from the magnetic field 

dependence of the coupling strengths. This set-
up allows then to tune the tunnelling rates from 

the dot into the three terminals individually. 

 
 

Figure 1: 
Scanning force microscope image of the 4-

terminal quantum dot. In this configuration 

terminal 1 is biased and all ingoing and 
outgoing currents are measured. 



Further Work  

Quantum rings have a regular energy level 

spectrum rather than a chaotic one, even for a 
large number of electrons. Multi-terminal 

transport through rings and other non-singly 

connected and possibly more complicated 
quantum dot geometries lends itself for the 

investigation of wave function patterns and the 

better understanding of the internal structure of 

quantum devices. In particular three-terminal 
devices are proposed to detect the Kondo density 

of states. 

The implementation of spin-based quantum 

information processing with quantum dots 
requires more complex and coupled quantum 

systems. A three-terminal dot could be a step 

towards building an electronic entangler. For such 

devices the quantitative control of individual lead 
conductances and dot coupling will be a 

prerequisite for the desired functionality. The 

command over multi-terminal devices will be 
necessary for any circuit based on mesoscopic 

devices. 

To detect the spin and charge states of quantum 

dots requires high frequency access to such 
systems. This is necessary for electron-spin 

resonance of a single spin as well as for noise 

experiments in view of detecting entanglement in 

nanostructures. 
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Introduction  

Single-electron charging and tunneling are two 
fundamental phenomena essential in many 

nanoscale systems and materials ranging from 

man-made nanodevices down to single 

molecules and atoms. Semiconductor quantum 
dots offer the opportunity to study these quantum 

effects in a well controllable way, and they have 

been suggested as building blocks within 
quantum information processing schemes. They 

allow the manipulation of single electron charges, 

spins and orbital quantum states. Scanning probe 

techniques give local microscopic access to 
nanostructures. For example, using such 

methods branched electron flow and quantum 

interference past a quantum point contact were 
demonstrated. Here we show that in 

lithographically defined semiconductor quantum 

dots, single electrons on the dot can be controlled 
by moving the tip. Spatial images of conductance 

resonances lead directly to quantitative spatial 

maps of the interaction potential between the tip 

and individual electrons. 

 Achievements  

Experiments are performed with a SFM in a He 

cryostat with a base temperature of 300mK. The 

scanning sensor is a PtIr wire with an 
electrochemically sharpened tip (typical radius a 

few tens of nanometers) mounted on apiezo 

electric tuning fork.  Figure1    shows 
schematically the effect of the scanning tip on the 

system. A local potential is induced in the 2DEG. 

Its strength and sign depends on the tip bias 

voltage, its geometric shape and extent reflects 
the tip shape and the tip-sample separation. 

Moving the tip in the vicinity of the quantum do 

taffects its  conductance via the induced potential 
by changing the coupling strength to source and 

drain and by shifting the energy levels. Scanning 

gate images are maps of the dot’s conductance 

as a function of tip position. Electron flow 

between the tip and the electron gas is 
suppressed in the experiments due to the 

vacuum gap between tip and surface andt he 

34nm insulating barrier between surface and 

2DEG.  

 
 

Figure 1: 

Scanning gate image scanned in feedback at a 
distance of a few nanometers from the surface. 

The oxide lines defining the structure have 

been drawn as white lines. Regions (I) to (IV) 
mark regimes where the coupling between tip 

and dot successively decreases. 

Our scanning gate measurements on a 
semiconductor quantum dot demonstrate that 

single electrons can be manipulated one by one 
with a macroscopic scanning tip. Advanced 

experiments and setups promise that it may 

eventually be feasible to get a handle on the 
local quantum mechanical probability 

distributions of electronic states in quantum dot 

structures and coupled mesoscopic systems. 

 



Further Work  

Our experiment gives local access to reproducibly 

fabricated laterally defined quantum dots for 
which the source-drain coupling and the number 

of electrons can be tuned. The method therefore 

lends itself for a very controlled investigation of 
systems with different geometries, e.g., quantum 

rings, or even coupled quantum systems. Our tips 

can be regarded as perfect metallic gate 

electrodes with electric field lines directed normal 
to the surface. Our method of compensating the 

work function difference between the tip and the 

sample and keeping the net applied voltage small 
allowed stable operation of the sample over 

weeks with the tip scanning directly on the 

surface which enhances the spatial resolution. 
With advanced experimental techniques it might 

be possible to combine the spatial resolution 

achieved in this project with the time resolution in 

single-charge detection with a quantum point 

contact as a sensor. 
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Introduction  

The introduction of microarrays for genomics and 
recently also proteomics has immensely 
accelerated biological research and medical 
diagnosis. A similar development for cell 
biological research, aiming at reducing the 
volume of reagents and number of cells, 
automatising and downscaling cell experiments, 
is crucial to eliminate the current bottlenecks in 
drug development. Due to the inherent complexity 
of cellular systems great care has to be taken to 
control the microenvironment of the cells [1, 2].  

 
Figure 1: Scheme of the concept of A) conventional 2-D 
patterning of cells and B) micro-3D culturing of single 
cells. The surface of the microwells exhibits cell binding 
properties, while the plateau surface inhibits adsorption of 
proteins and attachment of cells. 

It is the goal of this work to create a new type of 
array system to study single cells in a local 3-
dimensional microenvironment, where both 
topography and surface chemistry can be tailored 
accordingly (Fig 1). It is well known that the 
shape and adhesion state of a cell has great 
influence on its fate and behavior [3], but model 
systems to have a more complete control of the 
cell shape in 3-dimensions are still missing [4]. 

Achievements  

We developed a route to fabricate polystyrene 
(PS) chips with wells of 5 to 50 µm size and 
adjustable depth, which have been hot-
embossed using a soft silicon rubber (PDMS) 
as the master. This master was replicated from 
a microstructured Si mold (Fig 2), produced by 
standard photolithography and dry etching 
using inductive coupled plasma (ICP).  

 
Figure 2: SEM images of a) dRIE structured Si showing an 
array of wells; b) replicated PDMS structures; c) hot-
embossed wells in PS. Tilt angle: 30°. All structures are 
approximately 13 µm in depth. 

By the use of a self-assembling graft-co-
polymer, poly-L-lysine grafted poly(ethylene 
glycol) (PLL-g-PEG) [5], the surface of oxygen 
plasma treated PS can be functionalized to be 
either protein repelling, thus resistant to cell 
adhesion, or carry a specific bio-functionality, 
such as cell binding peptide sequences (e.g. 
RGD) or biotin in any desired concentration [6].  
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Figure 3: Cartoon magnification of the local surface 
architecture: (PLL-g-PEG) on the plateau surface and 
spontaneous adsorption on the walls of the microwells of 
D1) fibrinogen or D2) functionalized PLL-g-PEG/PEG-biotin 
with subsequently bound streptavidin. 

 



Different routes to selectively functionalize the 
surface inside the wells and the surrounding 
plateau were investigated (Fig 3). An inverted 
microcontact printing method was applied 
successfully to inhibit protein adsorption on the 
plateau (Fig 4). 

 
Figure 4: CLSM fluorescence images (projected z-stack) 
after adsorption of fibrinogen-Alexa Fluor 488 on 
microstructured PS surface with wells of different 
diameters: a) Plasma-oxidized PS reference surface with 
fibrinogen covering the whole surface homogeneously; b) 
Plasma-oxidized PS surface, top surface stamped with 
PLL-g-PEG 4 times, fibrinogen adsorbed selectively on the 
walls of the microwells; c) and d) are the corresponding 
cross-sections along the white lines shown in a) and b), 
respectively. 

Cell experiments demonstrated the functionality 
of such a device to host single epithelial cells 
(MDCK II) inside the functionalized microwells 
and thus to control their 3-D shape. 

Further Work  

The main focus is now going towards more 
fundamental cell biological studies to investigate 
polarization of single, individual MDCK II cells in 
relation to their 3-D shape, thus allowing the 
separation of the influence of cell-cell contacts 
and spatial constraints.  

Another approach is to change the mechanical 
properties of the topographically structures 
substrate towards a more tissue like stiffness. 

 
Figure 5: Thin glass cover slips with bonded PDMS 
microwell structures to hold a collagen gel matrix with 
single epithelial cysts. 

In addition new devices are being developed with 
a similar approach to mimic the 3-D in vivo 
situation. For example microwell arrays, which 
allow the growth of 3-D cyst inside collagen gel 
with designed mechanical properties and also 

allows analysis using high-resolution optical 
microscopy (Fig 5).  

 
Figure 6: Casting of soft tissue like mechanical gels to 
host co-cultures of cells. For example to investigate 
microenvironmental influences on stem cell differentiation. 

These novel platforms are believed to be useful 
for a variety of fundamental cell-biological 
studies on single cells and also to investigate 
co-cultures of cells in fields like stem cell 
differentiation (Fig 6) and artificial organs and 
further applications in the area of high-
throughput cell-based screening and lab-on-a-
chip platforms. 
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Introduction  

Protein microarrays play a key-role in drug 
discovery, drug development and diagnostics by 
providing a highly sensitive, parallel analysis of 
the proteome of complex samples. The methods 
(e.g. spotting) that are currently available for the 
creation of DNA microarrays can not be directly 
used for proteins because they are subject to the 
loss of function upon contact with an ambient 
environment.  

Figure 1: Concept of using a crossed 
microfluidic device to activate individual rows by 
binding of a DNA-streptavidin complex and 
subsequently hybridize/bind vesicle-DNA 
complexes from a perpendicular flow direction. 

In this work, we present a novel way to create 
arrays of different proteins or vesicles using a 
microfluidic device. The concept relies on a 
designated surface chemistry, which allows 
activation for subsequent binding events, in 
combination with crossing microfluidic channels 

for the local functionalization by separated 
laminar streams. Besides its simplicity and cost 
efficiency, this concept has the major 
advantage that it keeps the proteins in a 
hydrated environment throughout the 
experiment (Fig 1). 

 Achievements  

The device consists of three main components, 
the chip created using Molecular Assembly 
Patterning by Lift-off (MAPL) [1], a PDMS flow 
cell and the surrounding parts (seals, pumps, 
tubes, valves, microscope etc.). The MAPL-chip 
is a Nb2O5 coated glass slide with a pre-
patterned surface consisting of a background of 
electrostatically adsorbed Poly(L-lysine)-
grafted-Poly(ethylene glycol) (PLL-g-PEG), 
which is resistant to nonspecific adsorption of 
proteins, and spots with PLL-g-PEG/biotin 
allowing for further specific binding of 
streptavidin. The PDMS flow cell is produced by 
standard photolithography and replica molding 
and is finally sealed to the MAPL-chip and the 
top part of the device containing the tube 
connections by pressure. 

Figure 2: A) Design of crossed microfluidic 
channels and B) Assembly of device on 
fluorescence microscope, connection to inlet 
and outlet valves. 

After filling the whole device, a first laminar 
stream of streptavidin/biotin-DNA1 solution is 
conducted over the chip. Thus streptavidin is 



binding to the surface of the middle row of spots 
(Fig 3A). Subsequently, after a rinse with buffer, 
the two outer rows are used to bind 
streptavidin/biotin-DNA2 (Fig 3B). Finally the flow 
direction is switched to perpendicular and three 
laminar streams of complementary DNA1- and 
DNA2-tagged vesicles are conducted over the 
chip to hybridize the corresponding DNAs onto 
the spots (Fig 3C). [2] 

Figure 3: Experimental procedure and results 
for the production of a chessboard patterns of 
two different DNA-tagged vesicles. Scale bar 
200 µm. 

Further Work  

Future work will be conducted towards the 
miniaturization of the microfluidic device enabling 
the further multiplexing of the system using 10 or 
more channels in each direction. The concept will 
also be extended towards the use of his-tagged 
antibody fragments used in proteomics 
applications and the arraying of individual cells 
into preformed micro-wells for single cell assays 
and toxicity tests. 
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Introduction  
The self-assembly of colloidal nano-particles on 
patterned or homogeneous substrates offers a 
convenient way of building nano-structures in an 
efficient way through a bottom-up approach.1 
Combining such self-assembly methods with 
conventional top-down micro- and nano-
fabrication methods may lead to new devices with 
a structural hierarchy ranging from the 
nano/molecular to the macroscopic level.  
The production of such hierarchical nano-
structures has become an increasingly relevant 
field of research in nanotechnology with 
widespread application potential in various fields 
of science (e.g. biotechnology, optics, 
electronics).2,3  
In this work, the self-assembly of nano-sized SiO2 
particles on differently structured substrates is 
studied. The produced colloidal-nano arrays show 
interesting potential for the use as signal-
enhancing spots in biosensor applications.  

Achievements  
Colloidal SiO2 suspensions (Clariant, France) 
with particles sizes of 12, 35 and 80nm were 
used to perform the adsorption experiments. 
These particles were characterized and their 
properties adjusted before further use as needed 
(pH, isoelectric point, size distribution, 
concentration). Chemical functionalization of the 
particles was performed to control the surface 
properties of the colloidal particles. 
 

As pre-patterning system, two different 
techniques were developed in our laboratory that 
are both able to pattern any 2D substrate in the 
micron range: a) Selective Molecular Assembly 
Patterning (SMAP)4 (selective assembly to pre-
patterned oxide surfaces), and b) Molecular 
Assembly by Lift-Off (MAPL)5 (a photoresist lift-off 
process). The advantage of these patterning 
processes lies in the possibility to chemically 

functionalize different metal oxide surfaces with 
different chemical species (alkane phosphate 
self-assembled monolayers (SAMs), poly-
electrolytes). We can therefore use these 
chemical patterns on the surface to guide the 
colloidal particles during the adsorption 
process. For further detail of the patterning 
techniques: see references below. 
 

Adsorption of the colloid suspension was then 
performed either by dip-coating in or by drop-
drying of the suspension on the patterned 
samples. 
 

 
Fig. 1: SEM image of 60µm squares (SiO2) covered with 
self-assembled 35nm SiO2 particles. The TiO2 background 
is modified with a hydrophobic alkane phosphate SAM and 
is particle free due to de-wetting during drying (SMAP 
process). See text for details 
 

With both presented patterning systems, we are 
able to produce colloidal nano arrays on distinct 
regions. However, the underlying mechanisms 
are different for the two techniques. 
Furthermore, we can alter the formation of 
these patterns by choosing appropriate 
adsorption conditions and – more important – 
suitable surface modifications.  



Two examples that illustrate the degree of control 
of these nano-patterns are shown in Fig. 1 and 2. 
In Fig. 1, the background is made particle-
resistant (i.e. after rinsing, no particles remain on 
the surface) by a highly hydrophobic alkane-
phosphate SAM. The squares in Fig.1 consist of 
hydrophilic SiO2, resulting in a high 
hydrophobicity contrast between squares and 
background. Since the interaction between silica 
particles and the pattern is relatively weak, the 
evolving organization of particles is caused 
predominantly by this wettability contrast. This 
results in de-wetting of the hydrophobic 
background so that the SiO2-colloids are dragged 
into the hydrophilic pattern by capillary forces. 
The inserts of Fig. 1 show the relatively good 
confinement of the particles in the pattern. 
However, some depletion effects (1c), that are 
hard to control, occur in the center region of the 
squares.  
 

 
Fig. 2: SEM images of colloidal nano-arrays 
produced by selectively binding biotinylated silica 
colloids (80nm) to biotin-containing regions of the 
surface pattern. This chemical pattern was produced 
using the MAPL method.5 

 

Similar patterns are also presented in Fig. 2, but 
in this case the mechanism for the formation of 
these colloidal nano-arrays is different. Here, the 
particle-substrate interaction forces are increased 
by specifically binding biotin-modified silica 
particles to the biotinylated regions of the surface 
pattern via a streptavidin linker. The particles are 

bound more strongly to the surface and we can 
achieve more constraint pattern geometries 
(Fig. 2). Again, capillary forces that occur during 
drying influence the pattern homogeneity 
considerably (Fig. 2d). 

Further Work  
Patterning of nano-colloidal (multi-)layers as 
presented here and the possibility to further 
functionalize the colloids and the surface, 
enables us to increase the surface area and to 
introduce specific interactions at desired spots. 
This might lead to improved sensitivity for 
protein and cell-sensing devices, which, e.g., 
use an evanescent field to detect surface bound 
fluorescence molecules on such micron-sized 
spots. 
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Vision of the Research Group 

The research of J. Dual’s group focuses on 
basic mechanics, mechanical wave propagation 
and vibrations in solids as well as micro- and 
nanosystem technology. It covers both basic 
research and applications in the areas of reso-
nating sensors (viscometry, angular rate 
sensors, force sensors, gated phase-locked loop 
systems..), non-destructive testing, mechanical 
characterization of microstructures and biologi-
cal materials as well as gravitational interaction 
of vibrating systems. The experiment is central, 
but is always embedded in corresponding analy-
tical and numerical modelling. As mechanics is a 
very basic science, it is particularly attractive to 
interact with neighbouring disciplines like bio-
engineering, materials science or micro- and 
nanosystem technology. As examples projects 
related to skiing, avalanche triggering, squealing 
noise in railway systems, DNA analysis systems 
using microfluidics, cell manipulation using ultra-
sonics and others are currently pursued in colla-
boration with  groups from inside and outside 
ETH and Switzerland. 
 

Research Goals 

• Understanding phenomena where 
mechanics aspects are key factors 

• Application of classical continuum 
mechanics on microscopic systems 
incorporating new effects 

• Probing the limits of continuum 
mechanics in terms of material 
behaviour, fracture mechanics and wave 
propagation at nanosonic wavelengths 

• a well-balanced combination between 
exploratory and application oriented  

      
      
      

      
      
       

research, mainly in:   
   
o experimental mechanics 
o quantitative non-destructive testing 
o sensors 
o gated phase locked loop systems 
o basic and application-oriented 

mechanics of biological and other 
systems 

 

Projects in FIRST 

• Nanosonic frequency dependent acoustic 
reflection in layered micro- and nano-
structures 

• Testing of mechanical behaviour of 
microstructures  

• 3D MEMS gyroscope realized on a single 
chip 

• Ultrasonic manipulation of particles in 
microfluidic systems 

 

Education 

• educating students in the basics of 
Mechanics: Statics, Strength of Materials, 
Dynamics 

• educating students in specialized 
subjects of Mechanics and Microsystem 
Technologies 

• providing the opportunity for doctoral 
research projects in interaction with other 
departments and institutions 

• teaming doctoral students of the 
Mechanics Laboratory and partners from 
industry and research into joint projects, 

• providing technology transfer in industrial 
collaboration. 
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Introduction  

A method has been demonstrated by which cells 
and micro-particles can be manipulated by forces 
arising from a standing ultrasound pressure field. 
The use of one-dimensional ultrasonic force fields 
set up by standing waves have previously been 
described for acoustic filtering. Here a more 
complicated sound field is used for cell 
manipulation. There are many advantages of 
handling particles or cells by using ultrasonic 
forces. Firstly, the particles or cells are not 
touched by solid instruments such as tweezers 
which could adhere to them. Secondly they are 
held by a pressure acting over the whole surface 
so delicate features on, for example, a micro-
fabricated particle are less likely to be damaged. 
Furthermore, many cells can be manipulated 
simultaneously by using the periodic structure of 
the vibrating plate and the sound field. 
 

Achievements 

A device has been developed for the purpose of 
proving the concept of particle and cell 
manipulation using ultrasound [1]. Shear piezo 
elements are used to cause a glass plate to 
vibrate (Figure 1). This vibration is coupled to the 
adjacent fluid layer containing the objects to be 
manipulated. This large scale device can position 
objects in points or lines. In addition the force 
field has been analytically calculated [2]. 
In Figure 2 HL60 cells have been positioned in 
lines (field of view shown is 11 x 11 mm) and 
clumps (field of view is 1.7 x 1.7 mm), in both 
cases the time elapsed from initial excitation of 
the device is 60 s. The voltage signal used to 
excite the piezoelectric elements was 20 V at 1.2 
MHz. In both cases the system was viewed in the 
positive y direction as shown in Figure 1, 
illumination was from beneath. 

 
 
 

 
Figure 1:  
Diagram of the Device being used to position cells in 
lines. 

 

  
Figure 2:  
Cells are positioned in lines (left) and in clumps (right) 
due to exposure to a 2-D and 3-D ultrasound field 
respectively 

Further Work 

Work is now focussed on miniaturising this 
system for a range of biotechnological and 
micro-engineering applications. 
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Motivation  

Short-pulse-laser-acoustic methods are used for 
the translation of micrometer-light-waves into 
mechanical waves length in the order of  less 
than 10 nanometers and vice versa, thus 
enabling real time tomography at the nanometer 
scale; a technological goal which corresponds 
with the demands of modern semiconductor 
industries. 
In order to handle the elastodynamic waves i.e. 
transversal and dilatational waves by means of 
focussing, guiding, polarizing, and frequency 
sensitive reflection and refraction, material 
systems having well defined graded mechanical 
properties are needed. 
 

Achievements 

As a first milestone the frequency sensitive 
reflection/transmission behaviour of elastic bulk  
waves propagating perpendicular through metallic 
thin film stacks has been demonstrated by 
numerical simulations and verified by short-pulse-
laser-acoustic measurements (60 fs) at the center 
of mechanics, ETHZ. 
Therefore the graded acoustic impedance change 
between two adjoining layers has been realized 
by thermally induced intermetallic diffusion and 
has been quantified by RBS measurements at the 
PSI/ETH Laboratory for Ion Beam Physics, Zürich 
[1], [2], [3]. 
 
 

 

Technological Goals  

The major technological goal lies in the 
realization of nanostructured materials having 
graded mechanical properties i.e. the Lamé 
constants µ and λ and the density over two or 
three dimensions within few times ten 
nanometes. Furthermore the two adjoining 
materials or phases should differ by means of 
their mechanical properties as much as 
possible.  
 

Further Work   

The realization of a nanostructured lens for 
focussing elastodynamic waves represents a 
next milestone.  
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Introduction  

The goal of this project is the manufacturing of a 
3D gyroscope [1] where the sensors for all three 
independent rotation axis lies in one plane, the 
device layer of a SOI wafer [2]. As driving elec-
tronics the patented [3] method for measuring the 
characteristics of an oscillating system will be 
adapted. This leads to reduced manufacturing 
costs by reducing the number of process steps 
and avoiding 3D mounting of the sensors. 
Therefore the needed space of the finished 
gyroscope can be reduced because the thickness 
of the whole sensor can be limited to 1-2mm. 
 

Achievements  

The analysis of the first prototype showed manu-
facturing irregularities and variations in compari-
son with the designed structures. Although the 
measured eigenfrequencies of the mechanical 
structures are close to the calculated values, 
some manufacturing steps have to be improved. 
The so called notching effect leads to an asym-
metric profile of the beams. In Fig. 1 the profile of 
a 5µm x 3µm beam is shown. Due to the notching 
effect the cross section area is reduced in an 
asymmetric way by about 10% which leads to 
asymmetry in the mechanical behaviour. Further-
more the dimensions of the structures are diffe-
rent from the model due to mask dependent 
underetching. Fig. 2 shows similar structures 
etched with the help of an SOI upgrade of our dry 
etching system. It can be seen that the notching 
is nearly disappeared at the SiO2 interface. 
 

Further Work  

Work is now focussed on adapting the SOI 
etching process to the 100µm thick device layer. 

 
 
 
Mechanical and electrical characterization of 
the sensors will be continued and a second, 
improved prototype will be manufactured. 

 
Figure 1:  
Notching effect on a Si beam near the SiO2 
burried oxide. 

 
Figure 2: 
5µm deep etch to buried oxide without 
notching effect . 
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Introduction  

MEMS devices like sensors, micro switches, 
resonators consist of µm-sized mechanical 
components. Their reliability and the optimization 
of their design can be achieved only if the 
mechanical properties of the MEMS materials are 
known. These properties must be inferred from 
experiments on µm-sized test pieces. The 
challenge thereby is in the handling and 
positioning of the samples, and in the 
measurement of tiny forces and deformations. 
The sensibility of PLL technique in detecting 
crack length and crack growth rate make this 
technique suitable for fatigue testing, especially 
for samples of microscopic size. The absolute 
resolution in crack length measurement is 
generally given in relation to the specimen size, 
more insight into the micro-mechanisms of fatigue 
initiation and near-threshold crack growth 
behaviour will be gained. 
 

Achievements 

The PLL technique fatigue test and a continuum 
mechanical model were developed and 
successfully applied on macro-dimension beams. 
In Figure 1 the setup for testing µm-sized 
samples is presented: A beam with two plates at 
the end is glued at one end on a stacked piezo 
column, which excites the sample in its vibrational 
bending mode. The displacement of the other end 
of the sample is measured by means of a laser 
interferometer and utilized to calculate the crack 
length and the stress intensity factor. 
As can be seen in Figure 2 a crack was initiated 
and grown at the notch‘s tip of the µm-sized 
beam. 
The dependence of mechanical behaviour on the 
size of the whole specimen and the metal 
properties are studied experimentally: Fatigue  
 

 
 
 
tests are performed on geometrically similar 
specimens of varying size. 

 

 
Figure 1:  
Experimental layout for fatigue of  µm-sized 
specimens 

 

 
Figure 2:  
Fatigue crack propagation at the notch’s tip in 
a µm-sized beam. 

Further Work   

Work is now focussed on designing and 
manufacturing a series of samples suitable to 
investigate the effect of the miniaturization on 
the material property. 
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INTRODUCTION  
 The Chair of Micro and Nanosystems was 
established in spring 2002 by Prof. Dr.-Ing. Christofer 
Hierold and has been growing to seven doctoral 
students and four post-doc researchers by the end of 
2004. The group initiated two projects within the 
FIRST Lab and successfully installed a LPCVD 
system for polysilicon deposition and carbon nanotube 
(CNT) growth in spring 2004. Seven PhD projects 
have been started utilizing the FIRST Lab and the 
shared cleanroom space established at ETH Zentrum 
within the CLA building (CLA Labs). All projects are 
still at early stages of development, however first 
results have been reported, published or submitted for 
publication. A brief overview of research focus, 
projects and the education focus is presented in the 
following sections. 
 
 

RESEARCH FOCUS 
 The actual research topics and interests covered 
by the Micro and Nanosystems Group can be 
expressed by four headlines: 
 

1. Micro and Nanotransducers based on 
• Electromechanical properties of CNTs 
• Microscale electrostatic bearings 
• Polymer and biocompatible materials for MEMS 

 

2. Microscale Power Generation 
• Thermoelectric microstructure arrays 

 

3. Micro and Nanostructuring 
• Polymer and polysilicon deposition and/or 

structuring 
• Growth and integration of nanotubes with 

microsystems  
 

4. Test Methodology and Characterization 
• Evaluation of micro and nano electromechanical 

systems and polymers 
• Material property evaluation 

 (viscoelastic effects, stress, aging, etc.) 
 
 

RESEARCH PROJECTS 
 Currently the Micro and Nanosystems group 
pursues seven research projects. The following 
sections briefly describe the details and progress of 
each project. 
 
 

CNT Electromechanical Transducers  
 An area of growing research interest and 
tremendous potential impact is in the use of CNTs as 
active elements in nano electromechanical systems 
(NEMS) [1]. In particular, the non linear change in 
resistance of CNTs undergoing mechanical strain 
potentially enables a multitude of nanosystem 
sensors. This TH-Project will use microsystem test 
stands to apply controlled stress and deformation to 
integrated CNT structures while monitoring the 
changes in resistance in order to study 
electromechanical transducer properties. Device 
fabrication uses techniques to randomly disperse 
CNTs, arbitrary distributed in an intermediate liquid 
suspension, onto a wafer surface. After the detection 
of suited CNTs with the AFM the process flow for 
creating tailored MEMS to the CNTs can be started. 
The first prototype of these nanotransducers was 
demonstrated [2]. 
 

Growth and alignment of CNTs 
 One major requirement and challenge for a 
successful NEMS technology is to gain control of the 
CNT properties which can be manipulated during 
CNT growth. This includes control of location, 
alignment, orientation, atomic structure, diameter, 
topology and length of the CNTs. Little or no post 
growth manipulation or assembly should be needed 
to integrate CNTs with test structures and surface 
micro-machined features. The growth of CNTs in 
CVD reactors not only provides for a greater degree 
of microsystem integration but also shows the 
potential to control CNT alignment by applied electric 
fields and directed growth of CNTs within micro and 
nanosystems. With the LPCVD reactors installed 
and operated within the FIRST and the CLA Labs 
(ETH Zentrum) CNT growth processes are installed 
successfully. 
 

Micromechanical electrostatic bearings for use 
in MEMS gyroscopes 
 The objective of this project is to design and 
evaluate a process flow for the fabrication of an 
electrostatic bearing for micromachined spinning 
discs using standard microsystem process steps. 
The feasibility of electrostatic levitation has already 
been proven by system simulation however the 
technology has not been transferred to the device 
level. Two remaining problems are the focus of this 



project. First, the spin-up phase (initial dislocation of 
the disc from rest-position to a levitated working state) 
with eminent sticking problems has to be understood 
and optimized. Second, control of the disc once in a 
levitated and working state is non-trivial due to 
nonlinear electrostatic forces. By investigating the pull-
off of the disc from the substrate, more information 
about the forces and velocities of the disc in the first 
instant of operation will be developed. Currently the 
adhesion forces are evaluated with first test structures. 
 

Micro thermoelectric generator 
 The development of energy sources for 
microsystems is the focus of a discipline called “Power 
MEMS”. In many applications microsystems are 
located near a heat source, for example a machine or 
a human body. The idea is to use the dissipated heat 
to generate energy for the microsystem. This can be 
done by means of a thermoelectric generator which is 
based on the Seebeck effect. The goal of this project 
is to evaluate the feasibility of miniaturized and 
integrated devices aiming at the power range of 
100µW/cm2 at ∆T=5K if Bismuth Tellurides are used 
as thermo-couples in polymer substrates. At the 
moment fabrication equipment and processes are 
being setup and tested to proof the concept and the 
process flow. The first prototype is to be built by 
electroplating Nickel and Copper into a structured SU-
8 mold. The fabrication costs of this process are 
expected to be low compared to a silicon process 
technology and the device will have a higher 
mechanical flexibility. 
 

Mechanical energy storage in MEMS: Evaluation of 
polymeric materials 
 The use of polymers as a MEMS structural 
material has caused great excitement in recent years 
throughout the MEMS community due to the potential 
for much lower processing costs. However despite 
increased interest, little experimental knowledge with 
respect to micro scale mechanical performance exists. 
The overall objective of this project is therefore an 
evaluation of the long term behavior of polymeric 
microstructured materials specifically with respect to 
their ability to store mechanical energy. It is desired to 
produce large arrays of test devices e.g. membranes 
using common microsystem production methods. 
Subsequent testing will be followed by a statistical 
evaluation. This will lead to a description of the 
material’s elastic limits and relaxation character when 
used in micro scale structures.  
Material properties will be analyzed with a automated 
bulge test measurement setup where the deflection of 
membranes will be characterized with a white light 
interferometer (ZYGO). 
 

Biocompatible materials for in situ measurement 
of mechanical loads 
 A detailed understanding of complex 
biomechanical motion sequences, forces and 
moments in the human body is needed for the 
development of sophisticated post-surgical therapies 
and the design of stability conserving implants, such 

as artificial hip-implants. The objective of this NCCR 
CO-ME project is to find and characterize a sensor 
system for wireless and passive in-vivo 
measurement of mechanical loads based on 
biocompatible, possibly biodegradable materials. 
The results potentially offer new approaches for 
pioneering minimally invasive biomechanical 
measurements. To generate reliable results, the 
elementary sensor material properties have to be 
understood and a parameterized model for function, 
reliability and life-time has to be developed. 
 

Mechanical properties of polymer materials 
under dynamic load 
 This SNF-project was started in July 2004 and 
will analyze the mechanical properties of polymer 
materials at the kilohertz and higher range 
associated with microsystem actuators and 
resonators. Parameters of interest include fatigue, 
time dependent deformation and memory and 
fabrication uniformity. In order to study these effects, 
arrays of electrostatic polymer test structures will be 
fabricated with the elastic response tested at 
different frequency ranges. Potential demonstrator 
devices for this research include arrays of polymer 
resonant micro fans. 
 
 

EDUCATION FOCUS  
 The Micro and Nanosystems Chair strives to 
give students a well rounded knowledge base in the 
design, analysis, fabrication and testing of micro and 
nano devices and systems. The following four 
courses have been designed to accomplish this task: 
• Micro and Nanosystem Innovations 
 Guest lectures introduce microsystem devices 
 with an emphasis on technology applications, 
 management methods and team processes. 
• Microsystem Technology 
 Students are introduced to the basics of 
 micromachining and the fabrication of CMOS 
 and microsystem devices. 
• Micro and Nanosystems basics in 
 understanding the technology, system design, 
 fabrication, characterization and performance. 
• Embedded MEMS Lab practical course where 
 students fabricate microsystem accelerometers. 
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INTRODUCTION  
 Carbon nanotubes (CNTs) are considered as 
very promising material and functional elements 
in nano electro mechanical systems (NEMS) for 
various “nano functional” devices and 
applications. Especially single wall (carbon) 
nanotubes (SWNTs) have unique electrical and 
mechanical properties e.g. they show high 
mechanical strength and high elasticity. The 
physical properties depend strongly on the 
structural symmetry. These properties make the 
CNTs very interesting as high sensitive functional 
elements in transducer and NEMS applications. 
For the successful integration of CNTs into 
NEMS we attach focus on three points: 

1. Catalyst deposition and CNT growth 
control 

2. NEMS design and integration 
3. Investigation of electromechanical proper-

ties  
 

APPROACH AND ACHIEVEMENTS 
a) Integration of SWNTs with MEMS 
 The fabrication technique (Fig. 1) involves 
dispersion of SWNT raw material in 1%wt SDS 
(sodium dodecyl sulfat) and the adsorption of 
SWNTs on SiO2 (1.5µm) substrates [1]. Pre-
patterned coordinate markers are used to align 
the device design to deposited SWNTs: Atomic 
force microscope (AFM) images are recorded to 
determine the spatial orientation of each discrete 
nano-scaled device. Electron beam (e-beam) 
lithography is subsequently used to pattern the 
metallic structures; thickness and deposition rate 
have been varied to study their influence on the 
mechanical response of released structures. 
Diluted HF etching (4%, t=5min) followed by 
critical-point-drying finalizes the device. Fig. 2b 
shows a side view of a CNT bridge based system 
where the under-etch can clearly be seen; the top 
view of the same structure is shown in Fig. 2a. 
The device is mechanically actuated by pushing 
down the freestanding cantilever with an AFM tip 

(k=5-20N/m). The result is a nanometer scaled 
deflection (up to 50nm) of the mechanical 
structure (beam and CNT). 

 
 

Fig. 1 Schematic process flow for a SWNT based nanosensor. (a) 
Si/SiO2 substrate; (b, c) PMMA layers and first e-beam step for 
the definition of the alignment markers; (d) after first metallization, 
lift off and surface functionalization SWNTs has been adsorbed 
form a SDS suspension; (e) AFM image recording followed by 
PMMA spin coating for second metallization; (f) second and third 
e-beam lithography and (g) electrode contacts after second 
metallization and lift-off; (h) final HF release to under etch the Au 
structures followed by critical point drying. 
 

 

Fig. 2 SEM image of a SWNT based force sensor. (a) Top view of 
the structure: The SWNT is indicated by the arrows, the dashed 
line indicates the anchor of the structure. (b) SEM image under an 
angle of 15° where the under etching can be seen (marked with 
arrows). 
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b) Characterization of CNT properties 
 To characterize the cantilever’s spring 

 

Fig. 3 Current-voltage characteristic of suspended SWNTs. The 
f a metallic and a semiconducting SWNT (fitted by 

 schematically in 

constant, force vs. deflection measurements with 
an AFM tip have been made. Semiconducting 
and metallic type SWNTs could be identified by 
electrical current-voltage measurements (Fig. 3). 
Resistances of R=1.8-5MΩ are measured. For 
metallic SWNTs the resistance R changed from 
5MΩ to 15MΩ by deflecting the cantilever 
(deflection 40nm). 
 

measurements o
a power law) are plotted. 
 

c) Growth of CNTs on MEMS 
 The process flow is shown
Fig. 4 [2]. 
 

 
 

Fig. 4. Process flow for growing CNTs on MEMS (see text). T  
®
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he
basic substrate is a multi-layer PolyMUMPs  chip with a Si 
substrate, a SiO2 sacrificial layer and a polysilicon layer. 
 

With e-beam lithography (Fig. 4a, b) (PMMA, 
d=800nm) spots of 2µm feature size are defined 
for catalyst deposition on top of the 2x2mm2 Poly-
MUMPs®-chip [3]. The catalyst based on iron 
nitride dissolved in methanol is spread over the 
chip and the solvent is evaporated. The lift-off 
process is completed by stripping PMMA in 
acetone with sonication (Fig. 4c). Spots of 
500x500nm2 with a minimal distance of 400nm 

can be defined with this process. Now the chips 
are ready for CNT growth in the LPCVD reactor 
(Fig. 4d). Methane (flux Φ=1000 sccm, 
p=100mbar) is introduced at T=900°C for 
t=10min into the quartz tube. Then electrical 
contacts (Cr/Au) are defined (e-beam 
lithography) and deposited (Fig. 4e). After 
sacrificial HF etching the MEMS chip is ready 
for actuation (Fig. 4f). 
 
 

FUTURE WORK 
 The evaluation 
investigation of the electromechanical 
behaviour will be continued. The contact 
resistance of the SWNT is still high compared to 
others [4] and we will investigate ways to 
reduce the contact resistance.  
The properties of CNTs are co
catalyst and the process parameters. The 
influence of gases, temperatures and pressure 
will be further studied as well as electrical 
biasing to align the CNTs. The catalyst is the 
key to control CNTs in location and diameter. 
Therefore investigations in optimizing the 
catalyst are needed.  
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INTRODUCTION  
 Polysilicon deposition for surface micro-
machining with oxide as sacrificial layer is a key 
technology for integrated micro electro-
mechanical systems (MEMS). Also, controlled 
growth and alignment of carbon nanotubes 
(CNTs) is a key technology for the integration of 
nano transducers or nano electro-mechanical 
systems (NEMS). Both unit processes - 
polysilicon deposition and CNT growth – are 
developed in a recently installed LPCVD furnace 
in FIRST. 
Important properties of polysilicon for MEMS are 
thickness, roughness, texture, residual stress 
(doping profile) and the conductivity. These 
properties and the process results can be well 
controlled by LPCVD.  
CNTs can be produced either in arc discharge, 
laser ablation or with LPCVD. The latter is 
proposed for the controlled and localized growth 
of CNTs [1]. It is therefore the most favourable 
method for integrated NEMS with CNTs. We 
decided to develop these two processes in one 
system.  
A versatile LPCVD system, which is compatible 
for the deposition of polysilicon as well as for 
CNT growth, was installed and hooked up 
successfully in spring 2004 in FIRST. To be 
compatible with foundry processes, wafers up to 
six inch can be processed. With this system 
switching process types (Polysilicon to CNT and 
vice versa) can be achieved within 30min. 
The objective of this project is the development, 
characterization and definition of LPCVD 
processes for a) the polysilicon deposition of 
highly conductive structural layers in the 
micrometer range with low residual stress for 
MEMS and for b) the localized growth of CNTs. 
 

INTENDED UTILIZATION 
 The LPCVD equipment is intended for use 
with several projects originating from the Micro 
and Nanosystems Chair and other groups. The 
FIRST project focusing on the study of carbon 
nanotube (CNT) growth will require the LPCVD 
system for the creation of nanosystem test 
stands and for growth and integration of carbon 
nanotubes. The LPCVD reactor will be also 
used for a practical course entitled “Embedded 
MEMS Lab” where students gain hands-on 
experience in the fabrication of a MEMS 
accelerometer based on a comb structure with 
movable seismic mass. In addition, the 
processes will also be offered to other FIRST 
users. 
 
 

APPROACH AND ACHIEVEMENTS FOR 
CNT GROWTH 
 We started growing CNTs on 4 inch silicon 
substrates covered with catalyst. For the 
characterization and improvement of the CNT 
growth, the major parameters (temperature, 
pressure and reactant gases) have been varied. 
A catalyst based on iron nitride dissolved in 
methanol [2] was spread on a 4 inch Si wafer 
with a thermally grown SiO2 layer 
(dSiO2≈ 200nm). After the solvent was 
evaporated the wafers were placed in the 
LPCVD reactor and CH4 (flux Φ=1000sccm, 
p=10-200mbar) was introduced at 
T=800-1000°C for t=1-15min. These 
experiments resulted in CNT growth with 
nanotubes of multiple diameters, lengths, 
structures and orientations. With SEM analysis 
CNT diameters from 3-40nm and lengths up to 
a few µm could be identified.  
The properties of the CNTs and growth 
conditions can be examined much better if the 
catalyst is defined locally. Si/SiO2 wafers were 
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processed with electron beam (e-beam) 
lithography to define the location, the shape and 
the spot size of the catalyst (Fig. 1, 2). A first 
investigation of the locally defined and directed 
growth of CNTs is shown in Fig. 1. CNTs were 
grown in between structured bars of catalyst. By 
e-beam processing minimum open areas of 
500x500nm2 with a minimal distance of 400nm 
were achieved (Fig. 2). [3].  
 

 
 

Fig. 1 Directed growth of CNTs between (locally defined) horizontal 
bars of catalyst on a Si/SiO2 wafer performed with CH4 
(Φ=1000sccm, p=100mbar) at T=900°C for t=10min. 
 

2 µm

 
 

Fig. 2 SEM image of CNTs grown on catalytic spots of various sizes 
defined by e-beam and lift-off. Minimum feature size is 500 nm for 
growth performed with CH4 (Φ=1000sccm, p=100mbar) at T=900°C 
for t=10min. 
 
 

FUTURE WORK 
 The successful integration of CNTs in MEMS 
needs further investigation in: 
 

1. Growth of CNTs 
The properties of CNTs are controlled by the 
catalyst and the process parameters. The 
influence of gases, temperatures and pressures 
will be further studied as well as electrical biasing 
to align the CNTs. The catalyst is the key to 
control CNT location and diameter. Therefore 
investigations in optimizing the catalyst are 
needed. 
 

2. Alignment 
For the integration of CNTs into NEMS [3] and 
the locally defined growth, the spot size of the 
catalyst has to be optimized. Additional 
techniques for simplifying catalyst deposition, like 
micro-contact printing, will be analyzed which 

allow controlled transfer of catalyst with a 
flat/structured stamp on elevated structures or 
flat substrates.  
 
 

APPROACH FOR POLYSILICON 
 To improve electrical (conductivity) and 
mechanical properties (low stress) polysilicon is 
preferably in-situ doped with Boron (10% B2H6 
in H2). We will characterize the influence of 
major process parameters on the properties of 
the resulting polysilicon layers. The process 
parameters are deposition temperature Tdep, 
deposition pressure pdep, mass flow ratio (MFR) 
of SiH4 and N2 as carrier gas, MFR of SiH4 and 
B2H6 for in situ doping and finally growth time 
tdep. They have great influence on: a) the growth 
rate, b) the texture of the resulting layer, c) the 
doping concentration, d) the doping profile, 
e) the conductivity and f) the intrinsic stress and 
the stress gradients. 
Polysilicon layers showing low residual stress, 
high conductivity and smooth surfaces can be 
achieved with Tdep below the transition 
temperature Ttrans and a post processing 
annealing step. Amorphous Si layers are 
deposited if Tdep<Ttrans. The annealing step will 
re-crystallize amorphous Si into polycrystalline 
Si and allows the adjustment of the residual 
stress.  
Adding diborane to silane at pdep=constant 
lowers Ttrans. A MFR=1:80 of diborane to silane 
and a deposition pressure of pdep=26 Pa results 
in Ttrans=530°C.  
Therefore polysilicon depositions at Tdep=520°C 
with annealing at Tanneal=850°C for t= 60min is 
proposed to result in Si layers with 
homogeneous doping profiles and low residual 
stress (σ=34MPa), stress gradients  and smooth 
surfaces [4].  
Finally, reproducibility and homogeneity, key 
measures of a good process, will be 
continuously monitored during use of the 
system. 
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