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Conceptual study of photonic 

crystal-based diplexer 

Due to their peculiar optical properties,

photonic crystals allow the control of 

light on the scale of its wavelength. Dense

optical integration and new compact

photonic systems including passive and 

active devices will become feasible.

This study of an ultra-small photonic-crystal

diplexer is based on a careful group-

velocity matching at small and large wave-

lengths between the upper (input) 

and left and right branches, respectively.

1 µm
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TECH NOLOGY FOR TH E EXPLORATION
OF LIMITS

Micro- and Nanotechnology has a proliferating and strategic im-

pact on the progress in many fields of modern physics, elec-

tronics, optics, micromechanics, materials, chemistry and biology.

Many current trends in Micro- and Nanoscience depend on

smaller, faster and denser devices with new physical effects and

functions compared to “classical” technology drivers such as

tele-/data-communication, computers and data-storage. New

technologies and applications are based on the physical effects

of emerging micro- and nanostructures:

• single-particle devices (electrons, photons)

• ultra-fast optical and electronic devices

• faster and more functional micromachines and mechanics

• integrated microsensors and nanostructured 

functional surfaces

• bioinspired and biocompatible devices and functions

Turning novel ideas into working devices and applications for 

a creative industry requires substantial innovations and com-

petent know-how at the technological forefront. These talents

for innovation and “not business as usual” will be critical in

further advancing Micro- and Nanotechnology in Switzerland

and in realizing new concepts and processes for 

the emerging field of nanoscience and technology.

In response to these changes the strategic research planning of

ETH Zurich (Executive Board of ETH Zurich and ETH-Board)

defined Micro- and Nanotechnology as a strategic research topic

with high funding priority for the period 2000–2003.

To transfer this strategy into action and to establish scientific

targets, the initial group of researchers at ETH defined the

following technological requirements as a prerequisite for suc-

cessful research projects in Micro- and Nanoscience:

• a shared technological infrastructure

• a sustained technological competence 

• long-term technological and financial support by ETH,

national and international funding agencies, as well as by 

Swiss industry

Building up FIRST was the response to the challenge pushed

forward by several institutes from four departments (Infor-

mation Technology and Electrical Engineering, Materials,

Mechanical and Process Engineering, and Physics). This cooper-

ative approach was intended to realize benefits in:

• interdisciplinary synergy, cooperation and critical mass to 

sustain demanding new technology

• interdepartmental technological projects

• increase of education in Micro- and Nanoscience in the 

departments

• efficient transfer of concepts into technology by shared 

infrastructure and technological processes



Research

FIRST builds upon a successful tradition of technologically

oriented research and accomplishments at ETH on objects

measured in fractions of a micrometer and functional dynamics

taking place on the femto-second time scale.

“smaller” and “faster” requires new paradigms in miniaturiza-

tion down to the nanometer and molecular scale and three-

dimensional nm-structuring. Finally, it requires the synthesis of

these devices, materials and systems from nanoscale building

blocks.

Interdisciplinary solutions are pursued in FIRST by the utili-

sation of joint efforts based on the synergy between electronics,

mechanics, chemistry, physics, biology or other disciplines.

Chain of innovation

Solving the challenges in materials and processing technology

and mastering the “whole” innovation-chain: concept–tech-

nology–devices–systems–applications, FIRST enables“hands-on”

participation combined with a significant level of autonomy 

in research and learning potential.

Based on that successful interplay between material and device

development, the new opportunities for faster and smaller

devices, higher densities of information and data rates, higher

complexity and diversity of systems, or more compact func-

tions will form the basis of tomorrow’s high-tech industries.

Education

The most important and longest-term benefit for science and

industry is the education and technological training of students

and researchers.
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FI RST AS 
A SCI ENTI FIC PROGRAM  

Training in technology

Students will be educated and trained in FIRST on state-of-the-

art and exploratory equipment and introduced to the latest

processes in Micro- and Nanotechnology. Thus equipped, they

will be able to translate existing know-how into innovations.

FIRST enables technology-oriented PhD-research by means of:

• education in technology of PhD- and master-students 

• semester- and diploma-theses for undergraduate students

• technology-courses and workshops 

Transfer of technology

technologically educated students will:

• transfer know-how and innovation in Micro- and

Nanotechnology

• transfer research goals with industrial impact

• facilitate the set-up of spin-offs

Industry

Innovation and vitalization

Advancing Micro- and Nanoscience is an essential step and

investment for building a competitive and innovative foundation

for the next stage in high technology. Networking, synergy 

and local collaboration with other academic centers on the one

hand and the industrial companies and spin-offs from the 

ETH on the other will be crucial in terms of the dissemination 

of expertise and the transfer of know-how.

Industrial transfer and collaboration

FIRST wants to contribute to the progress and revitalization of

Swiss industry. Intended as an interdepartmental undertaking,

FIRST encourages collaboration and new exciting projects in

micro- and nanoscience for joint university-industry and con-

tract research.
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FI RST AS A TOOL
FOR SCI ENTI FIC PROGRESS

FIRST is a technology and cleanroom facility for advanced 

Micro- and Nanotechnology located at the ETH in Zurich on the

Hönggerberg. It is a sophisticated high-tech tool for science 

and education to be used and operated jointly by several

departments and their institutes. The technical core of FIRST 

is a laboratory building with 860 m2 of floor space, incorpo-

rating a clean room, which provides about 400 m2 of class

10–10 000 processing environment for the necessary state-of-

the-art processing infrastructure and equipment.

Technological focus of FIRST:

• Advanced epitaxial growth techniques for III/V-compound 

semiconductors and new materials 

• nanoscale and quantum transport devices

• micro- and nanomechanical devices and microsensors 

• nanostructuring of materials and surfaces 

• advanced electronic and photonic devices, circuits and ICs

Key technological equipment of FIRST:

• molecular beam epitaxy and metal organic vapor 

phase epitaxy 

• high-resolution e-beam, AFM, and optical (UV) lithography 

• dry and wet etching and deposition of semiconductors,

dielectrics and metals

• materials characterization 

• complete device and IC-processing chain
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ORGAN IZATIONAL STRUCTURE OF FI RST

FIRST is a central scientific facility of the ETH that reports

directly to the vice-president of research and is financially sup-

ported by the ETH Zurich.

Its founding members (6 professors from 4 departments) have

formed the FIRST Management Team (FMT). The FMT deter-

mines the scientific and strategic directions of the FIRST lab.

The FIRST coordinator is chosen out of the FMT on a rotational

basis for a 3-year period. He represents FIRST to the Executive

Board of ETH Zurich and he supervises the FIRST Operation 

Team (FOT).

The FOT consists of 3 academic employees that are supported

by 3 technicians. These positions are permanent and financed

directly by the ETH. The FOT is responsible for the management

of the facility operation, the development and maintenance 

of processes, the evaluation and installation of new equipment

and the training of the users.

Apart from the FIRST positions mentioned above, the laborato-

ries of the FMT members are obliged to supply additional

manpower to FIRST. This manpower is managed by the FOT.

FIRST is open to all institutes of ETH, to external research

laboratories and also to industry. In order to work within FIRST,

a future user has to propose his project to the FMT. If the

proposal fulfills the requirements in terms of scientific content,

equipment capacity, process compatibility and funding, the

new users of FIRST will undergo a general training and 

a thorough introduction into the necessary equipment. The

door to exciting research is now fully open!

Organigram FIRST

Executive Board of ETH Zurich
Vice President Research
and Industry Relations

FOT
FIRST Operation Team

3 Academics
supported by 3 Technicians

FIRST Users
more than 100 introduced users from ETH,

external research institutions and industrial companies

FMT
FIRST Management Team

8 Professors

FMT-Staff
additional support from

FMT professorship

FIRST Coordinator
Member of FMT
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FI RST: FROM CONSTRUCTION 
TO OPERATION

The big event for FIRST was in January 2002: the inauguration of

an empty clean room to be filled with high-tech equipment.

What followed was a year of hard work: evaluating, ordering,

and hooking-up equipment for research in Micro- and Nano-

science. But it was also a time of high expectations and enthu-

siasm: working in a motivated team, eager to get things 

done. The build-up phase was a challenge for everybody, from 

PhD-students and the FIRST Operation Team to the respon-

sible professors: everybody had their share of frustrations and

delays but finally also a sense of accomplishment.

In the period of middle-to-end of 2002 a substantial amount of

equipment was ready for operation and we could start setting

up the various technological processes in the new equipment –

research finally started to take off.

Now, toward the end of 2003, most processes are successfully

installed and tested. FIRST is now “up and running” and pro-

ducing significant scientific results.

Looking back on 2003, we see FIRST as operational and produc-

tive: we have some twenty scientific projects in progress, in

which about 40 PhD-students are working energetically toward

their degrees. Publications are coming out and the original

team of professors has increased from six to eight. FIRST is healthy

and growing. Despite a tight financial situation we have

operated FIRST without budget overruns or major delays and

setbacks.

This impressive progress was of course only possible due to:

• the exemplary and unbureaucratic support of the Executive 

Board of ETH Zurich,

• the technical competence and engagement of the FIRST 

Operation Team,

• our PhD-students and members of the institutes taking 

responsibility and providing help in the construction 

and operation of the equipment, on top of their own scien-

tific work,

• and finally the team spirit and problem-solving attitude of 

the FIRST Management Team, formed by the professors 

who are active in FIRST.

From the view of the first FIRST Coordinator, what remains to be

said: FIRST was not always an easy and simple task, but the

challenge and the result was worth the effort – to have seen

FIRST growing from an idea to reality has been a rewarding 

experience.

Maintaining our “just do it”-approach in the years to come 

will make FIRST one of the foremost technology facilities for

challenging and exciting science in the future.

Heinz Jäckel, FIRST Coordinator (until 2003)
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RESEARCH AREAS AN D TOPICS I N FI RST

Electronics

• 100 Gb/s- and mm-wave-electronics

• quantum transport devices

• materials for ultra-high-speed electronics

Photonics

• Terabit/s-all-optical communication

• photonic nanostructures and crystals

• optoelectronic integrated circuits

Ultrafast Lasers

• ultra-short pulse generation

• nonlinear optical devices

• coherent control and spectroscopy

Nanoscience

• nanoscale materials

• quantum devices

• manipulation on nm-scale

New Materials

• nanostructured surfaces for biosensors

• nanoscale mechanical contacts/friction

• Sb-, N-based III-V-semiconductors 

Micro-/Nanomechanics

• micromachines/transducers 

• nanorobotics and nanotools

• high frequency acoustic devices

Photonics

FIRST
Ultrafast

Micro
Mechatronics

New Materials
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PEOPLE I N FI RST: FMT

FIRST would never have been come into existence 

without the effort and the persistence of the 6 professors

who initiated the foundation of FIRST. With Prof. Jäckel 

as coordinator, they brought FIRST into being with such 

a success, that within one year the FIRST Management Team

could welcome two new professors.

The different backgrounds and scientific orientations 

of the professors typifies for the interdisciplinarity of FIRST.

FIRST founders

Prof. Dr. H. Jäckel, High-Speed Electronics and Photonics,

FIRST Coordinator 2000–2003

Prof. Dr. K. Ensslin, Nanophysics, FIRST Coordinator

2004–2006

Prof. Dr. W. Bächtold, Microwave Electronics

Prof. Dr. J. Dual, Mechanics and Experimental Dynamics

Prof. Dr. U. Keller, Ultrafast Laser Physics

Prof. Dr. N. D. Spencer, Laboratory for Surface Science 

and Technology

Since April 2002

Prof. Dr. C. Hierold, Micro- and Nanosystems 

Since August 2003

Prof. Dr. A. Imamoglu, Quantum Photonics
 Heinz Jäckel
 Klaus Ensslin

 Werner Bächtold
 Jürg Dual

 Ursula Keller
 Nicolas D. Spencer

 Christofer Hierold
 Atac Imamoglu
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The success of a facility like FIRST strongly depends on 

a competent, well-organized and collaborative team.

Most members of the FIRST Operation Team were already

involved in the very early planning phase of FIRST.

They actively participated in the design and building of

their future working place. The team consists of Dr. E. Gini,

Dr. O. J. Homan and Dr. D. G. Ebling (since August 2001).

They manage the cleanroom infrastructure, define safety

rules and procedures, and evaluate and install new equip-

ment. An important function is the development and

maintenance of process know-how, including the training

of the FIRST users.

The administrative burden is quite significant: finances and

book keeping, negotiations with possible future partners,

introductory courses and the maintenance of the computer

network are just examples.

The FIRST Operation Team has been supported by 

Dr. W. Vogt (temporally, since August 2003) and the tech-

nicians P. Burkard (October 2002–September 2003),

M. Ebnöther (since October 2000), M. Leibinger (since

August 2002), H. Rusterholz (since October 2003),

C. Widmeier (since September 2003), and R. Widmer

(February 2001–September 2003). These individuals take

care of the maintenance of the technical infrastructure

and equipment as well as the daily supply of consumables.

PEOPLE I N FI RST: FOT

 Dirk G. Ebling
 Emilio Gini

 Otte J. Homan
 Werner Vogt

Christoph WidmeierMaria Leibinger Hansjakob Rusterholz

 Petra Burkard
 Roland Widmer

  

Martin Ebnöther 
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FI RST I N FRASTRUCTURE

There is a lot of power behind the walls of FIRST.

A total area of 860 m2 contains 10 cleanroom cabins with an

area of 400 m2 of class 10–10 000. The air in the cabins is

controlled and monitored with respect to particle concentra-

tion, temperature and humidity and is exchanged about

once per minute. Various loops with different water qualities

are installed. Over 20 different fluids are distributed through-

out FIRST, from gaseous and liquid nitrogen to arsine. Several

kilometers of cables distribute electrical power and collect

data from controllers and sensors. An automatic surveillance

system with over 800 datapoints monitors the status of 

the facility including the very important safety infrastructure.

Expressed in numbers:

• fresh air input: 45 000 m3/hour

• maximum cooling power: 650 kW

• installed electrical power: 350 kW

• liquid nitrogen consumption: 120 000 liters/year

• 27 toxic gas sensors

As long as the infrastructure works well, hardly anyone will

notice its complexity. We are confident of maintaining this

flawless record in the future.

From top to bottom:
Ultra pure water preparation, backside of wet benches,
one out of four air conditioner, Layout of FIRST
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FI RST LAB: SCI ENTI FIC EQU I PMENT

1 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

2 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

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.

1 2
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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 µm

• 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 µm

• Photo resist spinners, furnaces and hotplates, wet
processing area
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Electron beam lithography
• Electron beam lithography system (Raith 150),with 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 µm to 1 mm

AFM lithography
• Atomic force tip oxidation of Ti films, using a scanning 

force microscope in atmospheric conditions. Write fields 
are approx. 100 µm, and sub-micron to nm line widths 
have been obtained

Wet and dry etching
• 20 m2 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
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PROCESSES AN D PROCESSI NG I N FI RST

FIRST offers for general use a wide variety of generic tech-

nology processes, such as epitaxial growth, thin-film technolo-

gies and micro- and nanostructuring. These have been 

derived from more complex device technology developments

of the different research groups working in FIRST, and are

combined, to the benefit of all projects in FIRST, into a wide

variety of new processes for optical and electronic devices.

Epitaxial crystal growth

In FIRST, we offer MBE and MOVPE technology for the growth 

of binary, ternary and quaternary III-V compound semi-

conductor materials such as GaAs, InP, AlxGa1-xAs, InxGa1-xAsyP1-y,

InxGa1-xNyAs1-y and AlxGa1-xAsySb1-y, with different composition,

doping and lattice matched to InP or GaAs. Processes include

simple and complex layer structures, as well as overgrowth 

and selective area growth of structured substrates. Layer struc-

tures are grown for diode lasers, HBT- and HEMT-transistors,

waveguide structures, SESAMs, wideband optical mirrors, and

complete VCSEL and VECSEL structures, etc.

Thin films for optics and electronics

SiOx, SiOxNy and SiNx are deposited using PECVD for surface

passivation, for electrical insulation, or for thin film MIM-capaci-

tors. PECVD SiNx can be used as a hard mask for ICP etching 

or as a mask for MOVPE re-growth of III-V layers on structured

substrates. Metals, such as Ge, Ni, Au, Ti, Cr and Pt for ohmic and

Schottky-contacts or interconnect metallization are evaporated.

For instance, these metals produce very low resistance contacts

to electronic devices. Layer thicknesses between a few nm and

several µm can be achieved with reproducible homogeneities of

approximately 1% over a 2-inch substrate.

Micro- and nanolithography

Micro- and nanolithography using optical printing and electron-

beam methods are used to define structures with feature 

sizes down to 80 nm. FIRST offers various positive- and negative-

tone photo resists and developer systems for UV- and for

electron beam lithography. With electron-beam lithography, we

define e.g. 100 nm T-gates, or 250 nm holes on a 500 nm grid.

Atomic force microscope (AFM) lithography is used to define ex-

tremely narrow line widths of approximately 10 nm in thin

Titanium films on top of semiconductor materials. This uses 

the humidity of the air in a bias-dependent local oxidation

process. This technology is used to define quantum Coulomb

blockade devices and single-electron transistors.

Structuring of layers and devices

Wet-chemical etching or plasma etching can be used to transfer

structures into dielectric or polymer materials. RIE and ICP

plasma etching are also available to etch semiconductors. Deep

sub-µm holes with diameters down to 300 nm and etch depths

up to 1.5 µm have been etched successfully in InP. This kind 

of structuring is important for optical devices such as photonic

crystals, etched mirrors, optical waveguides and gratings,

electronic devices such as bipolar and field-effect transistors,

are plasma etched too.

Combining technologies into processes

All of these processes are available to the users. However, FIRST

staff does not provide complete device technology as a service.

But specific training on the equipment enables a user to 

design, develop and apply a process on various materials. When

combined in the proper sequence, these processes can be

concatenated to produce new devices, ranging from quantum

spin devices, transistors, photo-detectors, wide-band optical

mirrors, or lasers to light emitting diodes, photo-diodes and in-

tegrated circuits.
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20 PROJ ECTS I N FI RST FROM 
8 I NSTITUTIONS OF ETH

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

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 µm, 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

Further Cooperations

• FIRST collaborates with institutes within ETH (Prof. Günter IQE,
Prof. Batlogg IFP, Prof. Guekos IQE, Prof. Textor LSST, Prof. Sandoghdar LPC) 

• Diploma Theses were performed in FIRST partly supported by industry 
(Opto Speed) 

• FIRST cooperates with other universities by performing contract work 
or in common projects (Uni Neuchatel, Uni Duisburg, Uni Kaiserslautern,
Fraunhofer IPM Freiburg, EPFL Lausanne)

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

Department of Information Technology 
and Electrical Engineering

Laboratory for Electromagnetic Fields and Microwave Electronics:
Microwave Electronics (W. Bächtold)
• Monolithically Integrated Longwave VCSELs, supported by SNF NCCR 

Quantum Photonics
• MBE-InGaAs/InAlAs HEMT layers for cryogenically cooled amplifiers
• InP HEMT Devices for Radio Astronomy and Deep Space Communication
• Plasmon-assisted Transmission of Entangled Photons

Electronics Laboratory: High-Speed Electronics and Photonics (H. Jäckel)
• Photonic-Bandgap Engineering for Dense Optical Integration,

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 integrated All-Optical Switches based Intersubband 

Transitions in Coupled Multi-Quantum Wells, supported by SNF NCCR 
Quantum Photonics

• Ultrafast InP-Double Heterojunction Bipolar Transistors for >100 Gb/s 
Integrated Circuits

Department of Materials

Laboratory for Surface Science and Technology (N. D. Spencer)
• Micro- and Nanopatterned Surfaces for Biological and Tribological 

Applications, supported by TopNano 21/KTI/TH/SNF

Department of Mechanical and Process Engineering

Institute of Mechanical Systems: Mechanics and Experimental 
Dynamics (J. Dual)
• Mechanical structures for Nanosonics, Mechanical testing and 

Resonators
• Piezoelectric Layers on Silicon and Transparent Substrates

Micro- and Nanosystems (C. Hierold)
• Development and Evaluation of Nanosystem Transducers
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SELECTED FI RST PU BLICATIONS

2002

A. Aschwanden, R.Häring, R. Paschotta, E. Gini, U. Keller:
“Passively modelocked surface-emitting semiconductor laser with nearly 
1 W average power”
CLEO 2002, talk CThY2, Long Beach, 2002

A. Aschwanden, D. Lorenser, R. Häring, R. Paschotta, E. Gini, F. Morier-Genoud,
U. Keller:
“Passively modelocked surface-emitting semiconductor laser with nearly 
1 W average power”
29th Int. Symp. on Compound Semiconductors, Lausanne, 2002

M. Beck, D. Hofstetter, T. Aellen, J. Faist, U. Oesterle, M. Illegems, E. Gini,
H. Melchior:
“Continuous wave operation of a mid-infrared semiconductor laser at
room temperature”
Science, Vol. 295, pp. 301–305, 2002

R. Häring, R. Paschotta, A. Aschwanden, E. Gini, F. Morier-Genoud, U. Keller:
“High-power passively mode-locked semiconductor lasers”
IEEE Journal of Quantum Electronics, Vol. 38 (9), pp. 1268–1275,
September 2002

D. Hofstetter, M. Beck, T. Aellen, J. Faist, U. Oesterle, M. Illegems, E. Gini,
H. Melchior:
“Distributed-feedback quantum cascade lasers emitting in the 
9 µm band with InP top cladding layers”
IEEE Photonics Technology Letters, Vol. 14 (1), pp. 18–20, January 2002

*H. Jäckel, U. Hammer, J. Ruiz, I. Schnyder, V. Schwarz, A. Gaspar, D. Huber,
M. Rohner, A. Huber:
“High Speed InP-based HBTs and OEICs”
Electron Device Meeting, Digest, pp. 83–86, December 2002

A. Kiraz, S. Fälth, C. Becher, B. Gayral, W.V. Schoenfeld, P. M. Petroff,
L. Zhang, E. Hu, A. Imamoglu:
“Photon correlation spectroscopy of a single quantum dot”
Physical Review B, 161303 (4 pages), March 2002

S. Lindemann, T. Ihn, T. Heinzel, W. Zwerger, K. Ensslin, K. Maranowski,
A. C. Gossard:
“Stability of spin states in quantum dots”
Physical Review B, Vol. 66, 195314, 2002

A. Melikyan, H. Minassian, V.Truchin, E. Gini, G. Guekos:
“Nonlinear interband absorption of intense light wave in bulk InGaAsP”
Optics Communications, Vol. 202, pp. 183–190, October 2002

A. Orzati, F. Robin, H. P. Meier, O. J. Homan, W. Bächtold:
“A 48 GHz monolithically integrated frequency tripler with InP HEMTs”
Proc. Indium Phosphide and Related Materials IPRM, pages 447–450,
Stockholm, 2002

A. Orzati, F. Robin, H. P. Meier, W. Bächtold:
“A 16 GHz image-rejection resistive mixer with InP HEMTs”
Proc. GaAs IC Symposium, pp. 117–119, Monterey, October 2002

R. Paschotta, R. Häring, A. Garnache, S. Hoogland, A. C.Tropper, U. Keller:
“Soliton-like pulse shaping mechanism in passively mode-locked surface-
emitting seminconductor lasers”
Applied Physics B, Vol. 75, pp. 445–451, 2002

F. Robin, H. Meier, O. Homan, W. Bächtold:
“A novel asymmetric gate recess process for InP HEMTs”
Proc. Indium Phosphide and Related Materials IPRM, pp. 221–224,
Stockholm, May 2002

S. Schön, M. Haiml, L. Gallmann, U. Keller:
“Fluoride semiconductor saturable absorber mirror for ultrashort pulse
generation”
Optics Letters, Vol. 27, pp. 1845–1847, 2002

(*=invited)
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T. Aellen, S. Blaser, M. Beck, D. Hofstetter, J. Faist, E. Gini:
“Continuous-wave distributed-feedback quantum-cascade lasers 
on a Peltier cooler”
Applied Physics Letters, Vol. 83 (10), pp. 1929–1931, 2003

*A. Aschwanden, D. Lorenser, R. Häring, R. Paschotta, E. Gini, U. Keller:
“Mode-locked high-power surface-emitting semiconductor laser”
CLEO/Europe, Technical Digest paper CC1-1-MON, Munich, 2003

G. Csucs, T. Künzler, K. Feldman, F. Robin, N.D. Spencer:
“Microcontact printing of macromolecules with submicrometer resolution
by means of polyolefin stamps”
Langmuir, Vol. 19, (15), pp. 6104–6109, June 2003

A. Dorn, M. Peter, S. Kicin, T. Ihn, K. Ensslin, D. Driscoll, A.C. Gossard:
“Charge tunable ErAs islands for backgate isolation in AlGaAs 
heterostructures”
Applied Physics Letters, Vol. 82, pp. 2631–2633, 2003

A. Fuhrer, T. Ihn, K. Ensslin, W.Wegscheider, M. Bichler:
“Singlet-Triplet transition tuned by asymmetric gate voltages in 
a quantum ring”
Physical Review Letters, Vol. 91, 206802, 2003

*C. Hierold:
“Micro- and Nanosystems: Review and Outlook”
Proc. 14th MicroMechanics Europe Workshop (MME03), Delft, November 2–4,
to be published, 2003

*U. Keller, R. Paschotta, A. Aschwanden, D. Lorenser, E. Gini:
“Passively modelocked VECSELs”
20th Nordic Semiconductor Meeting, paper NSM 20, Tampere, 2003

S. Lecomte, R. Paschotta, M. Golling, D. Ebling, U. Keller:
“Synchronously pumped optical parametric oscillators in the 
1.5 µm spectral region with a repetition rate of 10 GHz”
Journal of the Optical Society of America B, submitted, 2003

R. Limacher, H.-P. Meier, A. Orzati, W. Bächtold:
“Comparison between lattice matched and strained channel InP HEMTs at
room and cryogenic temperature”
27th Workshop on Compound Semiconductor Devices and Integrated
Circuits (WOCSDICE’03), pp. 93–94, Zurich, May 2003

V. Liverini, S. Schön, R. Grange, M. Haiml, S. Zeller, M. Golling, U. Keller:
“1.3-µm GaInNAs saturable absorber passively mode locking a solid state
laser”
German MBE workshop, Munich, October 2003

D. Lorenser, A. Aschwanden, R. Häring, R. Paschotta, E. Gini, U. Keller:
“Mode-locked high-power surface-emitting semiconductor laser”
CLEO 2003, Technical Digest paper CThC6, Baltimore, 2003

(*=invited)

A. Orzati, D. M. M.-P. Schreurs, L. Pergola, H. Benedikter, F. Robin, O. J.Homan,
W. Bächtold:
“A 110-GHz large-signal lookup-table model for InP HEMTs including
impact ionization effects”
IEEE Transaction on Microwave Theory and Technique, Vol. 51 (1), pp.
468–474, February 2003.

A. Orzati, F. Robin, H. Meier, H. Benedikter, W. Bächtold:
“A V-band up-converting InP HEMT active mixer with low LO-power
requirements”
IEEE Microwave and Wireless Components Letters, Vol. 13 (6), pp. 202–204,
June 2003

*R. Paschotta, A. Aschwanden, D. Lorenser, E. Gini, U. Keller:
“High power passively mode-locked semiconductor lasers”
OSA Annual Meeting, Tucson, 2003

F. Robin, A. Orzati, E. Moreno, O. J. Homan, W. Bächtold:
“Simulation and evolutionary optimization of electron-beam lithography
with genetic and simplex-downhill algorithms”
IEEE Transactions on Evolutionary Computation, Vol. 7 (1), pp. 69–82,
February 2003

P. Strasser, R.Wüest, F. Robin, D. Erni, H. Jäckel:
“Deep dry etching of InP with a Cl2/CH4/H2 mixture on an ICP-RIE for
photonic crystals”
27th Workshop on Compound Semiconductor Devices & Integrated Circuits
in Europe, Fürigen, pp. 81–82, 2003

R.Wüest, C. Hunziker, F. Robin, P. Strasser, D. Erni, H. Jäckel:
“Limitations of proximity-effect correction for electron-beam patterning
of photonic crystals”
Proc. SPIE, Vol. 5277, 2003

D. A. Yarekha, M. Beck, S. Blaser, T. Aellen, E. Gini, D. Hofstetter, J. Faist:
“Continouous-wave operation of quantum cascade laser emitting 
near 5.6 µm”
Electronics Letters, Vol. 39 (15), pp. 1123–1125, 2003

Oral Presentations

Jäckel Heinz:
“FIRST Technologie für Explorationen an den Grenzen in Mikro- und Nano-
wissenschaft”
Opening Symposium of FIRST, Zurich, July 5, 2002

Ebling Dirk:
“FIRST Technology for Explorations at the Front in Micro- and
Nanoscience”
Nanofair, St. Gallen, September 11, 2003
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OUTLOOK AN D CHALLENGES AH EAD

FIRST has come a long way since its conception as a shared 

and jointly operated interdepartmental technology facility.

FIRST is producing results and a respectable number of scien-

tific projects have been started successfully. The concepts 

of technology sharing, critical mass and synergy between in-

stitutes seems to stand the test of practical implementation.

So what remains to be done? What is the next challenge ahead?

The past was devoted to the build-up of a joint research 

facility as a base for technology-oriented research – the next

step is almost obvious:

We will strive to use the excellent infrastructure on hand to

foster scientific excellence on the basis of collaborations and

joint projects.

Considering the interdisciplinarity in modern research in Micro-

and Nanoscience and the many research activities at different

departments and institutes there is enough overlap and

common interest in order to set up new research enterprises

and collaborations on a larger scale.

Beside the above larger scheme there remains a number of

smaller, but nevertheless important challenges ahead:

By setting up FIRST, the ETH has made a major commitment

towards technology-oriented research. With a considerable

annual running cost budget, FIRST represents also a financial

challenge in times when resources are limited. A situation

where Swiss funding agencies approve projects, where access to

FIRST is an integral part of the project, but refuse to share also

technology cost is not helpful and is in urgent need of a

constructive correction.

Sponsoring of FIRST by contributions from Swiss industry would

be highly appreciated. In the end it is one of the major goals 

of FIRST to educate the next generation of scientists, who will

transfer their technological know-how into industrial evolution

and revitalization.

Despite the financially tight situation, the FMT has nevertheless

succeeded in acquiring more than 420 kCHF in external funding

for technology costs, not counting the external funding of

research positions.

Keeping the momentum that has driven FIRST ahead techno-

logically, we see an exciting time ahead for joint science and

explorations in Micro- and Nanoscience.
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F I R ST
E X P LO R AT I O N  O F  L I M I T S

The progress of science and scientific discovery is driven by the 

fundamental human need to go to the limits and to explore what

is behind the ever-expanding horizon of our knowledge.

Throughout the history of science and science-based industry, new 

discoveries have been made by going to extremes: shorter time 

scales, higher data rates, lower temperatures, greater intensities, higher 

energies, smaller dimensions, and new materials and processes.

The acronym FIRST is a reference to this spirit of going to the extremes:

Frontiers In Research: Space and Time.

In addition, the name also signifies a goal for the ETH:

to maintain and expand our position among the leading institutions 

in the field of advanced micro- and nanoscience.

FIRST
Center for Micro- and 
Nanoscience 

ETH Hönggerberg
HCI D113/D121

CH-8093 Zurich

Coordinator:
Prof. K. Ensslin
Tel. +41 1 633 22 09

Contact:
Dr. D. Ebling
Tel. +41 1 633 47 29

Fax. +41 1 633 12 91

e-mail: fot@first.ethz.ch
http://www.first.ethz.ch/
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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: VCSEL Simulation (Vertical Cavity 
Surface Emitting Laser). Left: Non homogenous 
current injection profile. Right: Corresponding 
optical near field profile. 

(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) 

• Development of processes for Photonic 
Bandgap structures 

 
Fig. 2: Conformal array antenna for a multiple 
antenna channel sounder.  The paths of this four 
way receiver system are calibrated by a novel 
calibration method.  

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] F. Ellinger, R. Vogt, and W. Baechtold. Compact, 
reflective-type phase-shifter MMIC for C-band using 
a lumped element coupler. IEEE Transactions on 
Microwave Theory and Techniques, 49(5):913-917, 
May 2001. 
 
[2] F. Ellinger, U. Lott, and W. Baechtold. An 
antenna diversity MMIC vector modulator for 
HIPERLAN with low power consumption and 
calibration capability. IEEE Transactions on 
Microwave Theory and Techniques, 49(5):964-969, 
May 2001. 
 
[3] 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. 
 
[4] 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. 
 
[5] 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. 
 
[6] 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. 
 
[7] 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. 
 
[8] 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. 
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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, a contract 
collaborator, a clean room technician, and five 
diploma students.  
Our team is involved in a broad spectrum of 
activities, ranging from III-V technology issues to 
cryogenic measurements and from device 
simulation to circuit packaging. 

 

Figure 1: InP HEMT Vertical Structure 
 

Low-Noise Optimization of InP HEMTs 
In applications like radio-astronomy and deep-
space receivers, there is a need for high-
sensitivity and ultra-low noise devices. Most of 
these receivers make use of cryogenic amplifiers 
with InP HEMTs in the front end, operating within 
C, X, and K bands. 
Our efforts in this field are aimed to the 
development of new InP HEMT structures with 
improved gain and noise performance. In order to 

achieve this, devices with different vertical 
structures have been investigated, fabricated, 
and measured both at room and at cryogenic 
temperatures.  
Up to now, the attention has been focused on 
the difference between lattice-matched and 
strained channel InP HEMTs [1]. 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. Finally, it has been noticed that 
in strained-channel devices noise is also 
reduced.  
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 a monolithically 
integrated alternative to hybrid ultra low-noise 
receiver front ends.  
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. 
A 4-12 GHz monolithically integrated low-noise 
amplifier has been designed and fabricated on 
our 0.2 µm InP HEMT coplanar process. At 
room temperature, the circuit has a measured 
gain of more than 27 dB, 1.25 dB noise figure, 
and a DC power dissipation of only 15 mW. 
These promising results represent a good 
starting point for further optimization. 

  

Source 
Drain 

InGaAs 

InAlAs 

Si-δ doping InAlAs 
 n-InGaAs 

  T-gate 

InAlAs 
InGaAs Channel 

InP 



At the moment, a set of monolithically integrated 
LNAs covering the 18-26 GHz and the 31-45 GHz 
bands are under development. 
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Figure 2: Measured room temperature gain (blue) 
and noise figure (red) of a 4-12 GHz LNA 

MMICs for 60 GHz WLANs 
In the frame of a research project on millimeter-
wave fiber-optic communication systems, funded 
by the Swiss Federal Institute of Technology, a 
fiber-radio transceiver for a V-band wireless LAN 
was developed [2]. The necessary circuits were 
designed and fabricated on our 0.2 µm InP HEMT 
coplanar process. There circuits operate in a 
frequency range that goes to the lower GHz 
range to the V-band and are of various kinds:  a 
0-20 GHz optical receiver amplifier, a 16 GHz 
image-rejection up-converting resistive mixer, a 
V-band up-converting active mixer, and an active 
16-48 GHz frequency tripler [3-6].  
Future work in this field will be focused on 
circuitry for the generation of stable, high-
frequency reference signals for V-band up- and 
down-conversion.  
Particular attention will be paid to injection-locked 
sub-harmonically pumped oscillators and to high-
performance frequency multipliers.   
 
 
 
 
 
 

 

Figure 3: Photograph of a 16-48 GHz 
monolithically integrated frequency tripler 
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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.  
In comparison to various alternative light guiding 
concepts PhC devices relying on defect wave-
guides turn out to be still among the most promising 
schemes for dense optical integration that have to 
be investigated by their own.  

  

Up to now, most of this research has focused on 
the fundamental physical aspects, but not on the 
technological exploration and exploitation. In order 
to establish planar PhCs as a new key technology 
for multi-functional ultra-dense optical integration, 
the latter is imperative. Therefore, we follow an 
explicit engineering approach to the findings of 
PhC research, where appropriate simulation and 
optimization models become strictly mandatory: 
They may enable us to formulate design rules for 
ultra-compact «real world» devices.  

Research Objectives  
As «real world» devices we mainly target three 
fields in integrated optics applications, where 
compactness, wavelength selectivity and field 
localization are identified as the main issues: First, 
routing capabilities such as bending, interfacing (to 
other waveguide types), power splitting and power 
combining. Second, exploitation of dispersive and 
resonant defect sites for ultra-compact filter and 
multiplexer applications. Third, embedding of the 
PhC concept into conventional integrated optics and 
into active optoelectronic device topologies. All such 
efforts are inevitably accompanied by extensive 

simulation activities. The involved modeling en-
compasses two aspects: (i) Device concepts are 
explored using efficient 2D computational optics 
tools such as the multiple multipole method 
(MMP) [2] where promising PhC device topologies 
emerge from 2D structural optimizations. Here, 
corresponding phenomenological models have 
proven to be best suited to bridge the gap 
between a realistic (planar) 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 topo-
logies are thus evaluated [3] using the advanced 
3D-FDTD tool SEMCAD [4]. 

Achievements  
Following an exemplary 2D conceptual study [5], 
we retrieved a general design methodology for 
 

 
Fig.1: Top view of the diplexer topology: Light propagation 
(magnitude of the Poynting field with excitation from the 
top) through the diplexer at a larger (top) and a smaller 
wavelength (bottom) showing the corresponding propagation 
directions. 



 
Fig.2: 3D-FDTD simulation of a W1 waveguide (one line of 
vacancies) that is implemented in a membrane-type PhC. The 
H-polarized mode is excited in front of the vertical plane. The 
residual substrate radiation is an undesired feature of the 
modal mismatch at the waveguide junction. 

a PhC diplexer that is based on a filtering T-junction. 
The diplexer operation is investigated while 
carefully analyzing the dispersion relations of the 
three different waveguide channels. All simulations 
are carried out using MMP, which offers perfect 
excitation and matching conditions for all the 
involved waveguide ports. The resulting diplexer 
as depicted in Fig.1 is highly efficient (over 90% 
transmittance for both channels), it covers an area 
of only 7.5 µm × 5 µm when operating at the 
1550 nm wavelength and it is simple compared to 
other PhC diplexer designs. 
Even if this straightforward design methodology 
has proven successful, one should bear in mind 
that functionality may only emerge at the device 
level. Thus, numerical structural optimization of 
complete PhC building blocks has inevitably to 
discharge into the engineering process.  
An intermediate step towards this ambitious goal 
has been taken in the framework of a sensitivity 
analysis. Here we used the information obtained 
to optimize a PhC bend’s frequency response [6] 
leading to either an achromatic bend or a topology, 
which is highly sensitive to the perturbation of one 
single lattice site. The latter offers an attractive 
scheme for compact (electrooptical or full optical) 
switching operation. The sensitivity analysis has 
also turned out to provide a very cost-effective 
formulation for a gradient search. Thus, determinis-
tic and more general optimization heuristics inspired, 
e.g. by evolutionary search strategies are now 
under intense investigation.  
A serious challenge is imposed by the proper 3D 
simulation of PhC devices. Fig.2 shows a typical 
simulation of a PhC waveguide section that has 
been fabricated in the FIRST Lab (see Fig.3 and 
the report of Prof. Jäckel). Having computation 
times around 4 h leaves only little possibility for  
3D structural optimization. It is part of our present  

 
Fig.3: SEM image of a fabricated membrane-type PhC W1 
waveguide. The membrane consists of a 434 nm thick 
InGaAsP core layer that is surrounded by air. The mem-
brane technology relies on the substrate-type PhC process 
(for further details see report Prof. Jäckel). 

research to address this issue by searching for 
a less complex modeling of 3D PhC devices. 

Further Work  
Simplifying the underlying model for planar PhC 
structures yields 2D models, which have to be 
scrutinized according to the various loss contri-
butions. This includes loss stemming from side-
wall roughness and light scattering at PhC discon-
tinuities as well. Optimized device topologies like 
power dividers (Y-branches) and diplexers are 
the next building blocks to be carefully analyzed 
and realized later on. Locally enhanced sensi-
tivities for switching and tuning will be explored 
along realistic simulations of planar PhC devices 
targeting to their realization within the available 
material technologies. 
 
This work is supported by priority program «NCCR 
Quantum Photonics» of the Swiss National 
Science Foundation. 
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Introduction  

 
Fig. 1: Aixtron 200/4 

High speed, highly parallel short distance fiber 
optics links at the wavelength of 1.55 µm are 
based on arrays of fast, current modulated laser 
diodes as light sources. Besides modulation 
speeds of up to 20 Gb/s, low operation voltage 
and low drive current for laser array structures, 
the lasers require cost effective fabrication 
technique, simple on-wafer testing, simple fiber 
coupling schemes etc. Vertical Cavity Surface 
Emitting Laser Diodes (VCSELs) are ideal 
candidates for this application. However, at the 
wavelength of 1.55 µm there are no efficient 
Bragg mirrors available in the InP-material 
system and the required modulation bandwidth 
still represents a challenge for VCSELs. This 
project focuses on the fabrication of 1.55 µm 
VCSELs based on InP. For this purpose, the 
material system AlGaAsSb was chosen to form 
high reflective Bragg mirrors, because of its large 
refractive index contrast at this wavelength. The 
basis of this project is then the development of 
the epitaxial growth technique of this 
semiconductor compounds by metal organic 
vapor phase epitaxy (MOVPE), which is the 
preferred tool for high volume production of 
VCSELs. 

Achievements 
For the MOVPE growth the Aixtron 200/4 of the 
ETH FIRST Lab is used (Figure 1). The growth of 
antimonide-based compound has so far not been 
investigated by Aixtron, and therefore no 
standard recipes were available with the 
equipment. It is known, that phenomena such as 
antimony (Sb) segregation with diffusion in InP, 
the high miscibility gap, the defects at interfaces, 
the low aluminium (Al) and high carbon (C) 
incorporation in GaAsSb at low growth 
temperatures make the control of the growth 
process difficult.  

 

For this reasons we started the experiments by 
growing the binary material GaSb, and 
determined the necessary range of TMSb flow. 
To gain insight in the incorporation mechanism 
of Arsenic (As), GaAsSb was grown. 51% As in 
GaAsSb is required to reach the lattice–match 
condition to InP. Stable growth conditions were 
achieved at low growth temperatures (550°C) 
and a V/III-ratio near unity. Later we grew the 
quaternary material AlGaAsSb on the base of 
the ternary GaAsSb. Due to limitations of the 
growth system we reached a maximum 
incorporation of Al of only 7-8%. For a higher 
Al-content a higher gas flow through the TMAl 
precursor is necessary, which required a slight 
modification of the growth system. The good 
crystal quality was confirmed by bright 
photoluminescence (PL) at room temperature 
across the whole 2” wafer (see figure 2). At a 
temperature of 15K the PL peak splits into two 
peaks. The peak at higher energies 
corresponds to the band gap of (Al)GaAsSb. 
The low energy peak is due to the type II 
transition at the InP/(Al)GaAsSb interface. We 
saw that the peak of the type II transition shifts  



 

to lower energy when the intensity of the pump 
laser is decreased, while the type I peak resides 
at the same energy [1]. 

The growth rate of less than 0.4 µm/h for 
(Al)GaAsSb was very low at the beginning. It was 
possible to increase it from 0.3 µm/h to 1.05 µm/h 
by keeping the flow rate of the group III 
precursors constant and decreasing the rate of 
the group V precursors. 

As mentioned above, the alternate growth of InP 
and AlGaAsSb for Bragg mirrors causes a high 
defect density. The size and number of the 
defects increase with the number of double 
layers. The defects cause scattering and a 
reduction of the Bragg mirror reflectivity. We 
noticed that the defects are formed during the 
growth especially at the interfaces between InP 
and AlGaAsSb. Further investigations allowed us 
to grow AlGaAsSb capped with InP without 
defects. The defect formation is highly dependant 
on the substrate surface quality and the switching 
procedure of the precursors at the interface. 

Further work 
 
The Al concentration in the quaternary   
AlGaAsSb is not high enough for shifting the 
band gap to higher energies in order to avoid any 
absorption at 1.55 µm. We recently changed the 
configuration of the TMAl source: we increased 
the maximum flow of the mass flow controller 
(MFC) and decreased the bubbler temperature. In 
this way it should be possible to grow with a 
higher TMAl flow, allowing higher Al 
concentration.  
 

An important goal is a reproducible repetitive 
growth of the InP/AlGaAsSb heterostructure on 
one wafer. This is difficult because of the 
already mentioned memory and segregation 
effects. By careful adjustment of the switching 
sequence at the hetero interfaces we were able 
to grow two periods InP/AlGaAsSb with good 
quality. We, however, observed a small change 
in composition and a lowering of the growth rate 
on the second pair. The growth of Bragg mirrors 
with at least twenty periods does not allow for 
any drift in both composition and growth rate. 
For this reasons further improvements have to 
be achieved. 

 

Fig. 2 : PL mapping of AlGaAsSb at 300K, 5% Al 
 
Since the InP/AlGaAsSb mirror layers show a 
very high resistance for holes, n-doping with a 
density of less than 1018 /cm3 has to be 
introduced in order to avoid free carrier 
absorption. In parallel to the doping 
experiments, the growth of active regions with 
the materials AlGaInAs or InGaAsP will be 
optimized for 1.55 µm.  
 
Finally the VCSEL structure will be defined 
considering different aspects, like thermal 
conductivities of the materials, feasibility of the 
processing and of the epitaxy.  
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Introduction 
Entangled photon pairs play a key role in the 
development of secure communication protocols 
immune to eaves dropping. However, because 
traditional repeaters do not conserve the 
entanglement of two photons, the long-distance 
transmission of quantum keys is not possible. 
Thus, one has to resort to new repeating 
schemes using photon polarization transfer to 
electron spin [1]. Although the conceptual 
feasibility of a quantum emitter preserving the 
entanglement has also been demonstrated in [1], 
the transmission of the entangled states over 
metallic stripes still needs be addressed. 
Entangled surface plasmons might help transmit 
quantum information over metallic structures. An 
exploratory work in this direction has been 
performed [2], where polarization-entangled 
photon pairs were transmitted through hole arrays 
with sub-wavelength diameter. 
The classical Fraunhofer diffraction theory limits 
the light intensity that can be transmitted through 
metallic hole arrays. However, for light 
wavelengths allowing k-vector matching, the 
incident light can be coupled to surface plasmons 
(SPs). SPs are a collective motion of electrons 
that are associated to a mode travelling along the 
surface of the metal sheet. SPs care for the 
signal transfer through the subwavelength hole 
array and can again out-couple to a free-space 
propagating mode. 
Although the experiment mentioned above 
demonstrated that the entanglement of the 
photon pairs is conserved after transmission 
through the holes array, the exact role played by 
plasmons is not completely clear yet. 
Furthermore, the entanglement preservation upon 
transmission in the focused case (i.e., when the 
photon incident on the array includes many non-
orthogonal k) and according to different array 
symmetries is still under investigation [3]. 

Research Objectives 
1. We theoretically investigate the role played by 

plasmons during extraordinary transmission of 
entangled photons. Indeed, the coupling of 
entangled photon pairs to plasmons involves a 
macroscopic object consisting of large number 
of electrons. As large systems are more prone 
to decoherence, it is important to investigate 
the entanglement property of such systems. 

2. We test whether entanglement is conserved 
upon transmission through a perforated gold 
film when energy-time 814 nm and 1536 nm 
entangled photons (instead of polarization 
entangled photons) are used. With energy-time 
entangled photons, interesting time-resolved 
decoherence measurements can be performed. 

3. We propose a new experiment which consists 
in the in-coupling of a free space photon to a 
SP mode via a grating, then propagation of the 
SP along a flat metallic part where the 
presence of SPs has been unambiguously 
demonstrated, and finally a second grating for 
light out-coupling. 

 
Fig. 1: Hole array transmittance vs. wavelength. The film is 
illuminated by an orthogonally incident plane wave and is 
tilted around the diagonal. The incident field polarization is 
perpendicular to the lattice diagonal (see inset). The curves 
are offset vertically for clarity. 



In the FIRST-Lab, we develop new technologies 
for the fabrication of: 
• hole arrays in gold films on glass substrates for 

the replication of the experiment of [2]. 
• grating structures in gold films 
Several technologies are investigated that are 
based on wet- or dry-etching, and liftoff 
processes. 

Scientific Results 
Simulations 
We have performed simulations of the hole arrays 
transmittance for various wavelengths and film tilt 
angles, as shown in Fig. 1. The left and right 
peaks are associated with SPs propagating along 
the lattice direction and its diagonal, respectively. 
Our work focuses on the long λ resonance. It can 
be seen that smaller k vectors of the SPs are 
probed when the film is tilted as illustrated by the 
shift of the peak towards longer wavelengths. 
We then have modelled the biphoton fringe 
visibility upon transmission of focused entangled 
photon pairs through the holes array. The visibility 
is a measure of the entanglement strength and is 
shown in Fig. 2 for various telescope apertures. 

Our simulations show that, for non-orthogonal 
incidence, the hole array behaves as a 
polarization-dependent filter. It is the fact that 
both polarizations are not equally well transmitted 
that favors one polarization and may thus 
gradually destroy the entanglement. Depending 
on how the polarizers are set (0º or 45º) in the 
visibility measurement, one obtains different 
output photon entanglement. The different 
polarization distributions (as a function of the 
photon outgoing direction) for 0º and 45º polarizer 
explain the change in the visibility. 
 
Technology 
The fabrication of samples for plasmon 
entanglement experiments necessitates the 
development of new technologies to perforate 
gold films with holes having aspect ratios 
depth:diameter of 1:1 and larger. Standard 
processes using liftoff techniques or wet-etching 
fail for the targeted aspect-ratios. Thus we have 
resorted to etching techniques based on Argon 
ions bombardment. A suitable mask showing a 
strong resistance to Ar-sputtering and good 
pattern-transfer properties was given by PMGI 
(polydimethyl glutarimide), a suitable e-beam 
lithography resist. 
With this process, hole arrays as well as gratings 
were fabricated (see Figs. 3 and 4). 

Perspectives 
We will unambiguously assess the role of 
plasmons in the extraordinary transmission of 
entangled photons by using a set of two gratings 
for signal in- and outcoupling and a flat metallic 
stretch which only support plasmonic states. 
Scanning-near field optical microscopy of SPs is 
also of great interest. 
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[3] E. Moreno, et al., submitted to Phys. Rev. Lett, 2003. 

 
Fig. 2: Biphoton fringe visibility vs. telescope semiaperture 
for two polarizer orientations. λ = 797nm (SP propagating 
along the diagonals of the square hole array). 

 
Fig. 3: Perforated gold film on glass substrate fabricated by 
Ar-sputtering with resist mask. Period = 700nm, diameter = 
200nm, depth = 200nm. 

 
Fig. 4: Grating structure in gold film fabricated by Ar-
sputtering with resist mask. Pitch = 700nm, groove width = 
100nm. 
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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 
resonating sensors (viscometry, angular rate 
sensors, force sensors, gated phase-locked loop 
systems..), non-destructive testing, mechanical 
characterization of microstructures and biological 
materials as well as gravitational interaction of 
vibrating systems. The experiment is central, but 
is always embedded in corresponding analytical 
and numerical modelling. As mechanics is a very 
basic science, it is particularly attractive to 
interact with neighbouring disciplines like 
bioengineering, 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 
ultrasonics and others are currently pursued in 
collaboration 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 
nanostructures 

• 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  

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 testpieces. The 
challenge thereby is in the handling and 
positioning of the probes, and in the 
measurement of tiny forces and deformations. 

 

Achievements  

In this project, the size dependence of 
mechanical properties of thin copper foils 
(thickness varying from 10-250 µm) is studied 
experimentally, e.g. the question is whether a 10 
micron thick foil has the same mechanical 
behaviour as a 50 micron thick one. Tensile tests 

are performed on geometrically similar 
specimens of varying thicknesses. The 
specimens are fabricated in the clean room by 
photolithography. Afterwards, their 
microstructure is characterized by various 
methods to ensure that specimens with a 
comparable microstructure are tested. 

Recent tensile tests showed that there is a 
strong size dependence of the strain at fracture: 
Thinner foils have a dramatically lower ductility 
(macroscopically) as thicker ones. The reason 
for this decrease is inferred from detailed 
analysis of the fracture surfaces of the broken 
specimens.  

 

Figure 1:  
Fracture surface of a 10 micron thick copper foil: The view 
show a 45° cone shaped fracture path, the arrows indicate 
the directions of the specimen. 

length 
 

Further Work  width 
thickness 

Future work will include the study of the 
influence of heat treatment on the mechanical 
and fracture properties of the thin copper foils. 
Furthermore, in situ diffraction tests on strained 
specimens will be performed. 
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Introduction  

  

Angular rate sensors are of great importance for 
orientation detection of moving systems. The 
ability to design low-cost small-dimension devices 
in MEMS broadens the field of applications.  
Especially in medical, transportation, consumer 
applications and military fields [1] a growing 
demand for miniaturized sensors exists. They 
complement GPS/accelerometer navigation in 
regions where the GPS signals can not be 
detected, and for precise detection of the state of 
rotation of an object. They can also be used for 
the navigation of robots, for leading capsules 
containing medicines or diagnostic equipment in 
the human body and for stabilization of 
camcorders or as 3-D computer mice. 
Many solutions have been presented in the 
literature to realize angular rate sensors such as 
ring gyros [2], tuning fork shaped gyros [3], 
vibrating plate gyros [4] and vibrating beam gyros 
[5]. Most of these designs are manufactured 
using SOI (Silicon On Insulator) technique too, to 
benefit from the excellent mechanical properties 
of single crystalline silicon. Nevertheless, to be 
able to measure angular rates in all three 
dimensions it is mandatory to mount one sensor 
perpendicular to the other two. This leads to a 
bigger device and a more complicated and 
therefore more expensive process of mounting 
the sensor chips. 

Achievements  
The new single chip 3-D gyro is manufactured on 
a 100 µm thick SOI device layer. After dry etching 
of the structures and underetching of the 2 µm 
thick SiO2 the structures are dried by means of 
freeze drying to avoid sticking. A glass cover, 
containing cavities and Al electrodes is then 
anodically bonded to the device layer. This leads 
to evacuated cavities around the moving 
structures to reduce damping and squeezing. 
Electrical contacts to the Al electrodes and the 

different regions of the device layer are made 
by backside etching of the SOI support wafer.  
 

 

Figure 1:  
Schematic of the fixed-free beam for detection of rotation 
around x and y axis. Actuation mode left, sensing mode 
right. 

 
Fig. 1 shows the scheme of the structure of the 
sensors for the rotation around x and y axes. It 
is a single side clamped beam having a comb 
drive on the free end to actuate and to sense 
motion. Fig. 2 shows a microscope picture of 
the tip of this beam. Actuation and 
measurement are done by a gated alternate 
sensing and excitation scheme [6]. This solves 
the problem of cross talk between two 
transducers. Figure 3 shows the structure of the 
new designed sensor for the rotation around the 
z axis.  
 

 

Figure 2:  
Top view of the actuating and sensing comb drives of the 
clamped-free beam for detection of rotation around x and 
y axis.  



 
The sensing element is again a single clamped 
beam where the anchor is a double side clamped 
beam (support beam) which can be accelerated 
by means of a comb drive. In order to reduce  

 
thermal induced forces on the support beam it is 
mounted on a rigid frame which itself is attached 
to the anchors by eight springs. These springs, 
the frame, the support beam and the sensing 
beam are all underetched and free hanging over 
the silicon support wafer. To reduce movement in  
z direction the width to height ratios of  the beams  

 
are in the order of 1:5 to 1:8. Fig. 4 shows the top 
view of the free hanging comb drive on the 
support beam and the anchor of the sensing 
beam for z rotation measurement. 

 
Fig. 5 shows a fully encapsulated sensor. To 
test its functionality is the matter of ongoing 
work. 

 

Figure 5:  
Fully encapsulated and evacuated System containing the 
sensor for rotation around z axis (left side) and a sensor 
for rotation around x axis (right side). 

Figure 3:  
Schematic of the beam for the detection of rotation around 
the z axis perpendicular to the wafer surface. Actuating 
mode left, sensing mode right. 

 

Further Work  
Next step in the project will be the mechanical 
characterization of the actuating and sensing 
structures to check the calculated 
eigenfrequencies of the resonating structures. 
SEM investigations in FIRST will help to adjust 
the model by means of taking into account the 
manufacturing tolerances. With the help of this 
results and possible adaptions of the process 
steps, a reengineering of the whole sensor and 
the manufacturing process has to be done. 
Then a second generation of the 3-D gyro will 
be manufactured. 

 

Figure 4:  
Top view of the support beam with comb drive for 
actuation and the sensing beam. 
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Motivation  

The reflection/transmission behaviour of elastic 
waves in continua having spatially varying elastic 
properties in the order of the corresponding 
wavelength is frequency dependent. 
At the interface of two layers with different 
acoustic impedances, a stress pulse is split up 
into a transmitted and a reflected part. The 
amplitude ratio is governed by the normalized 
difference of the acoustic impedances. If the 
acoustic impedance change is broadened 
spatially, the ratio of the transmitted and reflected 
part becomes also frequency dependent and the 
effect can therefore be used for filter-, damping-, 
acoustic isolation-, and/or spectrum analysis 
purposes. 
The phenomenon has been demonstrated 
numerically and verified by short-pulse-laser-
acoustic measurements (60 fs) at the center of 
mechanics, ETHZ. Therefore the ‘smoothness’ of 
the acoustic impedance change was realized by 
thermally induced intermetallic diffusion and was 
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 well defined, smooth, spatial 
transitions of the acoustic impedance (i.e. product 
of density and sound velocity) of two adjoining 
materials or phases within several 10 nm. 
Furthermore the two adjoining materials or 
phases should differ by means of acoustic 
impedance as much as possible.  

Candidates are: AlAs, GaAs, InAs, AlP, GaP, InP, 
AlN, GaN, InN, AlSb, GaSb, InSb. 

 

Further Work   

We intend to demonstrate the filter effect of 
acoustic waves with a series of prototypes 
which will not exclusively relay on the laser 
acoustic excitation and detection of the waves. 

The frequency range and also the thickness of 
the ‘smooth’ acoustic interface are determined 
by the bulk resonance frequencies of 
piezoelectric layers.  
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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.

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

Education

• advising students to develop new tools
and methods for nanolithography

• establish experimental methods for
quantum research at mK temperatures

• general education in quantum
information processing for students and
collaborators
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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 interplay 
of orbital and spin wave functions are underway. 
In the context of quantum information processing, 
spin-based qubits realized in quantum dots 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. In this project we 
focus on the manipulation of orbital and spin 
degrees of freedom in quantum dots. 

 Achievements 
High quality quantum dots have been realized by 
AFM nanolithography. We have demonstrated 
that electron transport is governed by 
conductance resonances whose width and 
position is determined by the properties of 
individual quantum states. 

Quantum rings have 
been fabricated by 
AFM nanolithography. 
The figure to the left 
shows the ring 
pattern. The white 
oxide lines act as 
laterally insulating 
barriers separating 
the electrically 

disconnected regions of electron gas. The 
electrons passing from source to drain have to 

enter the quantum ring via an electrically 
tunable tunnel contact. The same is true for the 
exit process. 

The energy spectrum of such quantum rings 
has been investigated by low temperature 
Coulomb blockade spectroscopy. The 
experiments demonstrate the zig-zag behavior 
of the energy levels as a function of magnetic 
field as predicted from an analytical ring model 
based on a single-mode perfect ring. In addition 
clear spin pairing is observed. Neighboring 
energy levels display an almost identical 
magnetic field dispersion. In this case orbital 
levels are occupied by successive spin-up and 
spin-down electrons. 

Our recent experiments on quantum rings have 
lead to further questions concerning the energy 
spectra of such non-singly connected quantum 
dots. In particular we aim at utilizing the 
controllable orbital part of the wave function in 
order to get a better handle on the spin part of 
the wave function. The fact, that the Kondo 
effect in quantum rings can be a periodic 
function of the magnetic field penetrating the 
ring, will be used to study how general 
symmetry properties of the system influence the 
spin and orbital properties. 

Further Work  

The spin of the electrons in quantum dots plays 
a crucial role. Following recent theoretical 
proposals on how to detect electron spin 
resonance in quantum dots, we will apply a 
strong microwave signal to our samples. This 
spin manipulation is another crucial ingredient 
for the implementation of spin-based solid-state 
qubits. Here we will design special microwave 
cavities with the goal to have a large 
component of the H-field in the region where 
the quantum dot is located. At low temperatures 



this requires an efficient coupling in order to avoid 
heating of the system by microwave power. 

Most experiments on semiconductor quantum 
dots have been accomplished on n-type samples. 
Here we set out to explore the potential of p-type 
AlGaAs-GaAs heterostructures for the 
investigation of spin effects. Spin-orbit 
interactions are generally much stronger in the 
valence band compared to the conduction band. 
We will utilize this situation in order to study 
Coulomb blockade resonance in this so far 
unexplored regime. 
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Introduction  

Tunnelling experiments are generally done in a 
two-terminal configuration. Electrical transport 
contains information about the tunnel barriers as 
well as about possible regions in between. In 
order to analyze the influence of barriers and 
well/dot wavefunctions separately, a multi-
terminal tunnelling set-up is required.  

The electronic quality of quantum dots depends 
crucially on the possibility to tune the tunnel 
contacts as well as the dot potential as precisely 
as possible. Our quantum dots realized so far 
show that lateral gate electrodes can be used 
successfully for such experiments. 

 Achievements 

The coupling of mesoscopic devices needs to be 
understood in order to tailor complex quantum 
circuits. As a model system we have studied the 

coupling of a Coulomb-blockaded quantum dot to 

a ring. The blue line indicates the circuit of the 
ring, the red lines the circuits of the quantum 
dots coupled to the ring and the green lines 
additional side-coupled quantum point contacts. 
The Aharonov-Bohm oscillations of the ring are 
a manifestation of the coherence in this system. 
Similarly a quantum point contact can be used 
in order to read out the charge-state of a nearby 
quantum dot. Here we have demonstrated that 
the charge state of a quantum dot can be read 
out by measuring the amplitude of the 
Aharonov-Bohm oscillations in the 
transconductance of the inner ring. 

Coupled quantum dots have been fabricated in 
a finite lattice of antidots. As the Fermi energy 
is lowered via a negative top gate voltage 
puddles of quantum dots arise between four 
antidots. We observe Coulomb blockade in this 
regime. The magnitude of the corresponding 
Coulomb diamonds reflects the size of the 
clusters which form as neighboring quantum 
dots enter the Coulomb blockade regime 
simultaneously. This allows us to study 
quantum percolation in a well-defined and 
controllable system. 

Further Work  

Quantum dots can be manipulated in their 
charge and spin state as well as with respect to 
their geometry. We will continue to investigate 
non-singly connected structures. This will 
include quantum dots containing small arrays 
such as 2x2 or 3x3 patterns of potential 
perturbations. 

Lateral and vertical gate electrodes each have 
particular advantages and shortcomings in view 
of the tunability of electronic nanostructures. 
We aim at realizing quantum dots, which are 
defined by top as well as by in-plane gate 
electrodes. This will require sophisticated self-



aligned nanopattering techniques. This way we 
will realize coupled quantum dot and ring 
structures where the tunnel barriers to source and 
drain as well as between the dots can be 
controlled and determined separately. 
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Introduction  

The electronic properties of quantum dots are 
usually investigated by high-sensitivity transport 
experiments. The device is connected via Ohmic 
contacts to the macroscopic world. In this project 
we develop a local approach based on low-
temperature AFMs in order to detect the local 
electronic structure of nanodevices. 

 Achievements 

Local imaging and spectroscopy has become a 
standard tool in many fields of nanoscience. 
Usually AFM and STM are used at elevated 
temperatures and in controllable environments. 
We have developed a low temperature AFM 
which works reliably at 300 mK. We have studied 
a quantum dot which is tuned by a voltage 
applied between a movable tip and the dot. In this 
way we are able to map out the electronic 
potential of the tip in the vicinity of the quantum 
dot. Coulomb blockade becomes a locally tunable 
property.  

At high magnetic fields the metallic tip of an AFM 
can be used as a scanning gate. The voltages 
which drop either along (magnetoresistance) or 
across (Hall effect) the direction of current flow 
can be influenced by positioning the biased AFM 
tip at specific locations. Such experiments are 
useful in order to learn about the current flow in a 
two-dimensional electron gas in high magnetic 
fields. 

Further Work  

A new version of the instrument operational 
below 100 mK will have to be constructed. Such 
low temperatures are necessary since the phase 
coherence time of the electrons, which needs to 

be as long as possible for quantum 
manipulation, increases with decreasing 
temperature. This project can rely mostly on 
samples already used and investigated for 
other projects.  
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INTRODUCTION
 The Micro and Nanosystems Chair was established 
in spring of 2002 by Prof. Christofer Hierold with the 
group growing to six Doctoral students and two Post-
Docs by the end of 2003. The group has initiated two 
projects within FIRST and is currently planning the 
introduction of an LPCVD system for polysilicon 
deposition and carbon nanotube growth to be installed 
in early 2004. Three additional internal research 
projects have also begun utilizing the shared 
photolithography and clean room space located within 
the CLA Building (ETH Zentrum). Because all projects 
within the group are in the early stages of development, 
limited results are available for presentation. A brief 
overview of research projects and the education focus 
is presented in the following sections. 

RESEARCH PROJECTS 
 Several research projects that represent the focus of 
the Micro and Nanosystems group (see Table 1) are 
currently being pursued. The following sections briefly 
describe the details and progress of each project.  
 

 
TABLE 1: Research Focus 

CARBON NANOTUBE (CNT) 
ELECTROMECHANICAL TRANSDUCERS 
An area of growing research interest and tremendous 
potential impact is in the use of CNTs as active 
elements in nanoelectromechanicalsystems (NEMS). In 
particular, the non-linear change in resistance of CNTs 
undergoing mechanical strain – potentially enabling a 
multitude of nanosystem sensors. This recently granted 
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. 
Prototype device fabrication has begun using 
techniques to randomly disperse CNTs onto a wafer 
surface using an intermediate liquid suspension. 
E-beam lithography in FIRST Lab is then used to 
pattern features around the deposited nanotubes. 

GROWTH AND ALIGNMENT 
OF CARBON NANOTUBES (CNTS) 
One of the biggest problems related to nanotube research 
is the difficulty in precise growth, alignment and 
positioning of CNTs with respect to 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 has shown the potential 
to control CNT alignment by applied electric fields and 
directed gas flows. This project will explore the 
controlled growth and alignment of CNTs within micro 
and nanosystems by utilizing new LPCVD reactors to be 
installed within the FIRST and CLA Labs.  

MICROMECHANICAL ELECTROSTATIC 
BEARINGS FOR USE IN MEMS-GYROSCOPES 
The objective of this project is to design and evaluate 
an electrostatic bearing for micro spinning discs 
fabricated from a standard microsystem process flow. 
The feasibility of electrostatic levitation has been 
proven by simulation however the technology has yet 
to be transferred to the device level. This project 
focuses on two remaining problems. 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 

 
 
 

MICRO AND NANOTRANSDUCERS BASED ON: 
• Carbon nanotube electromechanical properties 
• Micro scale electrostatic bearings 
• Polymer and biocompatible MEMS materials 

MICROSCALE POWER GENERATION: 

• Thermoelectric microstructure arrays 

MICRO AND NANOSTRUCTURING: 
• Polymer and polysilicon deposition 

and/or structuring 
• Growth and integration of nanotubes 

with microsystems 

TEST METHODOLOGY AND CHARACTERIZATION 
• Evaluation of micro and nano 

electromechanical systems 
• Material property evaluation  

(viscoelastic effects, stress, aging, etc.) 

RESEARCH FOCUS 



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.  

MICRO THERMOELECTRIC GENERATOR 
The development of energy sources for microsystems 
is the focus “Power MEMS” research. In many 
applications microsystems are located near a heat 
source such as a machine or the human body. The idea 
is to use this dissipated heat to generate energy for 
microsystems via a thermoelectric generator 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 with 
? T=5°K. Fabrication equipment and processes are 
currently being set up and tested with the first 
prototype to be built by electroplating Bismuth 
Tellurides (Bi2Te3) into a structured polymer mold. 
The planned process is believed to have lower 
fabrication costs in comparison to a silicon process 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 behaviour of polymeric microstructured 
materials – specifically with respect to their ability to 
store mechanical energy. It is desired to produce large 
arrays of test devices using common microsystem 
production methods. Subsequent testing will be 
followed by a statistical evaluation. The results will 
lead to mathematical descriptions of the material’s 
elastic limits and relaxation character when used in 
micro scale structures. 

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 measurements, the 
elementary sensor material properties have to be 

understood and a parameterized model for function, 
reliability and life-time must be developed.  

MECHANICAL PROPERTIES AND RELIABILITY 
OF POLYMER MICRO ACTUATORS 
This new project, planned to begin in January of 2004, 
will analyze the viscoelastic response of polymer 
materials at the kilohertz and higher range associated 
with microsystem actuators and resonators. Additional 
parameters of interest include fatigue, time dependent 
deformation 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[2]. 

ADDITIONAL RESEARCH RESOURCES 
 In addition to FIRST Lab resources, the Micro 
and Nanosystems group also has access to a shared 
clean room space in the CLA Building including such 
tools as a wafer prober, 6-inch supercritical CO2 
dryer, RIE and ICP etchers, wire bonder, two wet 
benches and mask aligner. MEMSpro® mask layout 
and visualization tools are also available. 

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: 

• Microsystem Innovations - Guest lectures 
introduce microsystem technology applications, 
management methods and team processes. 

• Microsystems Technology - students are 
introduced to the basics of micromachining and 
the fabrication of microsystem devices. 

• Micro and Nano Systems - basic understanding 
of technology, system design, fabrication, 
characterization and performance. 

• Embedded MEMS Lab - practical course where 
students fabricate microsystem accelerometers. 

RECENT PUBLICATIONS 
[1] C. Hierold, (invited) “Micro- and Nanosystems: Review 
and Outlook”, Proc. 14th MicroMechanics Europe Workshop 
(MME03), Nov 2-4, 2003, Delft, The Netherlands, to be 
published 
[2] R. Linderman, O. Nilsen, V. Bright, “The Resonant 
Micro Fan Gas Pump for Active Breathing Micro Channels”, 
Transducers 2003, Boston, Massachusetts, June 2003 
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INTRODUCTION  
 This research project investigates techniques for 
integration of carbon nanotubes (CNT) with MEMS 
and NEMS test stands and will study how the 
electrical properties react in response to mechanical 
loads that stretch atomic bonds and quantum 
conduction paths. Theoretical and limited 
experimental work has demonstrated the potential for 
highly sensitive mechanical transducers. The unique 
structure of carbon nanotubes has the potential to 
provide for many useful mechanical and electrical 
properties such as unsurpassed elastic strength, 
repeated bending and buckling without mechanical 
fatigue and ballistic electrical conduction. Additionally 
the unique electrical properties are also highly 
sensitive to mechanical loading – potentially enabling 
a host of sensor applications.  

APPROACH  
 Microsystem actuators and sensors are well suited 
for use in the proposed test stands as they can be batch 
fabricated and designed with nanometer accuracy 
displacement and sensing capabilities. Nanotube test 
stands will need to produce and measure up to 12% 
strain along with micro Newton output forces [1] – 
well within the range of micro comb drives and 
thermal actuators. Prototype device fabrication has 
begun using techniques to randomly disperse CNTs 
onto a wafer surface using an intermediate liquid 
suspension [2] (see Figure 1). Electrical and 
mechanical contacts are then created using E-beam 
lithography within FIRST Lab to pattern metal 
features around the deposited nanotubes with the 
sacrificial oxide layer finally etched to suspend 
portions of the nanotube for later mechanical 
loading by MEMS actuators. 

 Research into novel growth and alignment 
techniques within CVD reactors has also begun in 
parallel to the above process. One of the biggest 
hurdles to accelerated CNT transducer research is 
related to proper alignment and growing 
techniques. Batch fabrication of CNTs integrated 
with microsystems is the ultimate goal of this 
work. Utilizing an LPCVD system within the CLA 
Building (ETH Zentrum) and a new LPCVD 

system to be installed in the FIRST Lab in early 
2004, the first attempts at controlled growth and 
alignment of CNTs will utilize electric field 
assisted techniques that have been demonstrated 
in the literature [3]. 

 
FIGURE 1: SEM image of carbon nanotubes (bundle of 
single walled CNTs) on silicon wafer. Sample has been 

coated with thin gold layer to improve imaging (gold 
clustering creates surface texture). 

ACHIEVEMENTS  
 We have confirmed the usefulness of the 
deposition technique of dispersed carbon nano-tubes 
in a liquid solution of de-ionized water and sodium 
dodecyl sulphate (SDS). Figure 1 shows a bundle of 
single walled carbon nanotubes (SWCNTs) on a 
silicon substrate. Note that SWCNTs have a 
diameter of about 2 to 5 nm. 

FUTURE WORK  
 The deposition technique of liquid dispersed 
CNTs will be used to fabricate freestanding double 
clamped CNTs, which can be electrostatically 
deflected and electrically characterized. 
 The directed growth of CNTs will be 
investigated using both E-field and plasma as this 
combination can be achieved using the new LPCVD 
reactor to be installed in the FIRST Lab.  

REFERENCES  
[1] M. Yu, et al., Science 287 p. 637 
[2] V. C. Moore et al., Nano Letters 3, 10, p. 1379  
[3] Y. Zhang et al., Appl. Phys. Let., 79, 19, 2001 
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INTRODUCTION  
 Polysilicon based surface micromachining with 
oxide as sacrificial layer is a key technology for 
integrated MEMS devices. The objective of this 
project is the development, characterization and 
definition of a process for LPCVD polysilicon as a 
structural layer for MEMS. For improved electrical 
(conductivity) and mechanical reasons (low stress) 
the polysilicon will preferably be in-situ doped with 
Boron. The Micro and Nanosystems Chair has 
decided to purchase a versatile LPCVD system for 
the deposition of polysilicon on max. 6” wafers. This 
equipment will be delivered and installed in the 
beginning of 2004. 

INTENDED UTILIZATION 
      The LPCVD equipment is intended for use with 
several projects originating from the Micro and 
Nanosystems Chair. The FIRST Project focused on the 
study of carbon nanotube (CNT) growth and 
electromechanical property evaluation will require the 
LPCVD system for definition of microsystem test 
stands and for growth and integration of carbon 
nanotubes. An internal research project on electrostatic 
bearings for MEMS gyroscopes will also require the 
system for the definition of thin polysilicon plates and 
compliant tethers in order to study adhesion and contact 
forces between micro surfaces. Finally, the LPCVD 
system will be used for the practical course offered by 
the Micro and Nanosystems Chair entitled “Embedded 
MEMS Lab” where students will gain hands-on 
experience in the fabrication of a MEMS accelerometer 
based on a comb structure with movable test mass (see 
Figure 1). In addition, the process will also be available 
for other FIRST users. 

APPROACH 
 After completion of the necessary infrastructure 
requirements and installation, the first steps of the 
process development will be to characterize the 
material properties of the polysilicon deposited in the 
LPCVD system. Electrical properties such as doping 
concentration and conductivity will be measured as 
well as mechanical properties such as intrinsic stress, 

stress gradients and elastic modulus using standard 
wafer level micro test structures and optical 
interferometry. The dependence of these properties on 
process parameters such as gas flow, temperature, 
pressure, and deposition rate will also be characterized. 
Finally, reproducibility and homogeneity, key measures 
of a good process, will be continuously monitored 
during use of the system.  

 
FIGURE 1:  Patterned photoresist with 1-micron features for the 
etching of polysilicon from the new LPCVD system (made with 
vacuum mode contact lithography, 250-400 nm). The features will 
define the tethers and comb fingers of a micro accelerometer 
used for the course “Embedded MEMS Lab”. 

ACHIEVEMENTS  
 The first challenge and milestone was to select a 
system with the potential for two completely different 
processes within one LPCVD reactor. The resulting 
choice was an ATV PEO-603 furnace with plasma 
and applied E-Field options. This equipment was 
chosen based on the requirement for fast switching 
between processes and the maximum degrees of 
processing freedom.  

FUTURE WORK 
 Installation and initial characterization runs are 
planned for early 2004. Future plans include the 
addition of an n-doping process with AsH3 or PH3 and 
the introduction of additional process gases (Si2H6 or 
SiH2Cl2 instead of SiH4) that have a large influence on 
polysilicon growth rates. 
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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. 
 

Projects in FIRST 

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

dot. 

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, 

• growth of quantum dots in nanowhiskers. 
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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.   
 
The achieve these goals, we need to reach the 
following specific milestones: 
 

• Electrical control of electron injection into a 
single QD 

• Photon collection efficiency exceeding 0.1% 
from a single-electron charged QD. 
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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 
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�
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The critical mass in photonics increased with a 
joint operation by the Microwave Electronics 
Group (������ ��� ��	
���) and the High Speed 
Electronics and Photonics Group (�����������	���) 
of the Communication Photonics Project Group 
��������������������		�	��
������ 

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 �������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 ����	�� 

��Optoelectronic and Optical Communication ����	�� 
��Integrated Circuits for High-Speed Communication 
����	�� 

 

• 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. Photonic crystals (PhC) 
based on planar optical waveguides and periodic 
arrays of scatterers in a dielectric material offer 
the possibility to manipulate and guide light on 
the wavelength scale. 
In close analogy to solid-state physics where 
electronic energy bands as well as defect 
localization around dopant atoms are employed 
to route electrons in a controlled manner, 
synthetic optical material concepts like PhCs 
have been the focus of an increasing interest. 
Artificially engineered periodic dielectric 
materials, which inhibit light propagation within a 
certain wavelength band (the photonic bandgap) 
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 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 deep holes 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 
dimensions require substrate patterning with 
nm-scale accuracy in order to achieve the 
targeted device functionality. 
We employ electron-beam lithography to 
pattern a resist (PMMA) sensitive to electron 
irradiation and subsequently use resist as a 
mask for the etching steps as shown in Fig.1. 
 

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

Scientific Results 
Patterning with nm-scale resolution 
We have designed and developed a versatile tool 
to correct for proximity effects that arise during 
the electron irradiation. 
 

Fig.2: Typical proximity-effects correction in a generic 
structure comprising various functionalities 
(resonator, PhC and ridge waveguides, tapers). Two-
step pattern transfer with state-of-the-art etching 
technologies for mask (upper-right) and semi-
conductor (lower-right). 

 

 

Fig.1: Process flow for the fabrication of InP-based planar 
PhCs. 



Proximity effects result from the backscattered  
electrons that influence the exposure of 
neighboring structures over a range of several 
µm. The high structural density of PhCs makes 
them extremely sensitive to proximity effects and 
consequently, a uniform hole patterning is a very 
difficult task. Our correction strategy uses the 
inherent strong periodicity of the PhC devices and 
results in a very accurate and fast method [1]. A 
typical proximity-effects correction is illustrated in 
Fig. 2. The low-density regions (resonator, edges) 
require a large electron dose in order to yield a 
satisfactory hole-size homogeneity. 
We have also analyzed the performance of our 
proximity-effects correction tool and applied a 
new correction method that not only accounts for 
backscattering but also includes the effect of 
beam broadening in the substrate. We found that 
standard correction strategies cannot yield a 
“perfect” correction, in the sense that the hole 
diameter spreading reaches a minimum of 2-3%, 
while the new correction method theoretically 
yields a perfect hole size homogeneity [2]. 
 
Deep dry etching of holes 
“Drilling” holes with a diameter of 200-500 nm 
and a depth of several µm is an exceedingly 
tough task. Because the resist shows a poor 
resistance to aggressive plasma etching of the 
semiconducting materials, we use a SiNx 
intermediate mask patterned with CHF3-based 
reactive ion etching (RIE). We then employ 
inductively coupled plasma (ICP) RIE to etch 
holes in the InP/InGaAsP/InP waveguide 
structure. Fig. 3 shows a typical preliminary 
etched structure in InP [3]. We are currently 
improving the etching technology to reach etch 
depths of 3 µm and cylindrical shapes. 
 
Optical characterization 
In collaboration with Prof. V. Sandoghdar’s 
NanoOptics group of the ETHZ  

 
(www.nanooptics.ethz.ch), we have characterized our 
first photonic crystals using scanning near-field 
optical microscopy techniques (SNOM). SNOM 
techniques yield a near-field image of the energy 
distribution inside the PhC device. In Fig. 4, we 
show SNOM images of a bend waveguide 
structure. According to our predictions, the PhC 
shows a bandgap for TE polarization and 
waveguide propagation inside the defect 
waveguide but the reflection at the unoptimized 
bend gives rise to a clearly observable standing-
wave pattern. 

Perspectives 
Our PhC technology development activities in the 
FIRST-Lab are closely related to our PhC 
modelling activities (see report Prof. Bächtold). 
Our full-wave 2D and 3D simulation tools 
combined with optical characterization techniques 
will allow us to address several key issues 
regarding losses in PhC devices: 
 

• vertical structure optimization 
• impact of sidewall roughness 
• device topology-dependent model for losses 
 
Once these these questions have been 
addressed, realistic topologies will be proposed 
and optimized for passive devices (e.g., 
diplexers, filters, Y-branches). For the fabrication 
of active devices, further issues will require an 
additional detailed consideration: electrical 
contacting, monolithic fabrication of active and 
passive sections and surface passivation. 
 
We would like to acknowledge the financial 
support of the NCCR-Quantum Photonics project  
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Fig.3: Deeply etched holes in InP with a Cl2/CH4/H2 process 
in ICP-RIE. Lattice constant: 330 nm, hole diameter: 
200 nm, hole depth: 1.8 µm. 

   
Fig.4: SEM view of fabricated bent PhC waveguide (left), 

SNOM topology (middle), optical intensity (right). 
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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. 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 seems 
feasible, 160 Gb/s could stretch the current 
transistor electronics beyond its physical limits. 
 

This research project focuses on the exploration 
of the speed limits of advanced transistor 
concepts. In particular, we investigate InP-based 
Double-Heterojunctions Bipolar Transistors 
(DHBT), 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 
Our initial simulations based on classics models 
for laterally and vertically scaled 
InP/InGaAs/InP DHBTs in ring-oscillator circuits 
indicate that switching speed ~2ps, resp. 160 
Gb/s-operation is feasible for aggressively 
scaled HBTs (Fig.1). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.1 Emitter-Scaling (SE) for high data rates (BR). 

0.25µm emitters are required for 160 Gb/s-
operation. 

 
Process development 
During the past year the HBT-group success-
fully transferred our previous world-class and 
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record-setting HBT-activity (Fig.2) from MOCVD 
epitaxial growth to device and circuit processing 
onto the new equipment in FIRST. This process 
provides HBTs for 40-70 Gb/s operation and 
several DHBT-runs have been processed in 
FIRST and are presently characterized. 
 

 
 
 
 
 
 
 
 
 
 
 
 

Fig.2  Example of 56 GHz InP/InGaAs SHBT-based 
Quadri-Correlator-PLL for Clock-Recovery 

 

The process transfer in FIRST being completed, 
down-scaling work can start. The rather complex 
generic structure of our DHBT with a composite 
InP-collector is shown in Fig.3. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.3 Schematic X-section of InP/InGaAs/InP DHBT 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.4  Circuit-details from a InP/InGaAs/InP DHBT 
Ringoscillator-IC 

 

Simulation and Modelling 
In parallel, the group advances the HBT-
simulation using a 2-dimensional non-stationary 
transport device simulator DESSIS (������������	����


�	�� 	��� ��	�	�	�� ���� �	����	��� ���	����� �). In this 
collaboration we will go beyond development of 
sophisticated CAD-tools 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. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.5 Simulated electron-temperature distribution in 
a InP/InGaAs/InP DHBT 

 
A further objective is the derivation of a scalable 
HBT-circuit-model from the physics-based 
simulations for efficient circuit simulations. 

Perspectives 
Towards scaled DHBTs, we will address the 
following issues: 
 

• Reduction of collector thickness 
• Increase base doping 
• Development of a completely self-aligned 

HBT-process with e-beam emitter patterning 
• Hydrodynamic simulation of HBTs for static 

and dynamic small- and large-signal operation 
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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, 40 Gb/s fiberoptic com-
munication systems are increasingly becoming 
standard. 
The tremendous bandwidth of optical fibers as 
the transmission medium of choice provides 
leverage for 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 
economic 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, mono-
lithically integrated MLLD at 1.55µm 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 fast absorbers based on UTC 
structures (recovery time <2ps) 

• Development of monolithic integrated butt-
coupling techniques for SOA-, UTC-absorber 
and passive waveguide sections 

• Multi-quantum well SOA for low α−para-
meters and pulse chirping  

• Approaching the Fourier-Transform limit of 
the SOA resulting in ~60 fs pulse duration 

Scientific Achievements  
From our previous experimental and theoretical 
work on MLLD with relatively slow absorbers 
(���������������	
�����������������������������������) 
an experimental saturation of the optical pulse 
width around 2 ps was demon-strated. 
Numerical simulations of the MLLD, based on a 
distributed model, showed that the origin of 
large pulse width are instabilities in the long 
gain-window of the MLLD caused by ultrafast 
gain transients (������� ��������� �����������
����������). To counteract these transients we 
will implement a fast absorber resulting in clean 
pulses down to about 500 fs (��������).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.1a  Dynamics of light intensity and gain in MLLD 
 

A suitable ultrafast absorber structure, based 
only on the fast transport dynamics of photo-
generated electrons is the Uni-Travelling 
Carrier (���) absorber. The UTC absorber re-
quires however a second MOCVD-regrowth 
step in addition to first one for the passive-
section regrowth. 
 

Extensive 2D simulations show an absorption 
recovery-time of the UTC below 1ps. 

 



 
 
 
 
 
 
 
 
 
 
 
 
Fig.1b Simulated “clean” sub-ps light pulse from a 

MLLD with a fast (2ps) absorber 
 
Technology development: 
The past year was mainly invested in the transfer 
and further development of our previously 
successful MLLD process into FIRST-Lab. We 
replaced the bulk active layer with a new multi-
quantum well active layer thus decreasing the 
threshold current density to ~1.1 kA/cm2. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.2 
 
Fig.2  Schematic cross-section and layer-stack of a 

MLLD based on a 2-step regrowth of the 
passive wave guide and the UTC-absorber 

 

As shown in Fig.3 the UTC absorber consist of a 
reverse-biased PIN-diode containing a thin 
(50nm), p-doped InGaAs absorbing layer with 
diffusive electron- and hole-transport, followed by 
an undoped 160nm thick InGaAsP-based 
electron-drift-region. 
According to our 2D simulations the UTC 
structure should allow carrier extraction within 
800fs even at high optical-pulse intensities. Also 
shown in Fig.3 is a recently grown UTC struc-
ture, to be processed intro a passive waveguide 
structure for fs-pump-probe characterization. 
Because of changes in the geometry and growth 
pressures in the new MOCVD reactor, a new 
optimization of the MOCVD-regrowth step for the 
butt-coupling of the three MLLD sections must be 
carried out (���� ). The not yet perfect surface 
planarization is one of the most important issue 
we are currently addressing. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.3 Schematic and grown cross-section of the 
UTC-absorber on a n-doped InP-substrate 

 
 
 
 
 
 
 
 
 
 

Fig.4 Cross-section of a butt-coupling regrowth bet-
ween SOA (������! and waveguide ����������	  

Perspectives 
We plan to demonstrate the feasibility of the 
UTC-concept and a first trial for a MLLD-inte-
gration for the end of 2003, resp. spring 2004. 
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Introduction  
All-optical signal processing in future OTDM Tb/s 
fiberoptic Communication Systems is a necessary 
requirement, because it seems unlikely that 
transistor electronics can be scaled down to sub-
ps switching times. 
 

In particular, elementary operations, such as 
demultiplexing, clock-recovery and header-
recognition from Tb/s optical data streams require 
devices with switching times in the 100fs range. 
The basic AND-function between aggregated 
Tb/s-data streams and the control signal of the 
channel clock is a typical example.  
A possible and flexible solution for all-optical 
switches are intersubband transitions (ISBT) in 
coupled ultra-thin multi-quantum wells (C-MQW) 
in the InGaAs/AlAsSb system. Sub-ps relaxation 
times down to ~600 fs have been demonstrated 
successfully by the FESTA-group in Japan [1]. 
In this field, the group was previously mainly 
active in characterizing and exploring the speed 
limits of SOA-based Mach-Zehnder-interfero-
meter switches. Switching-times down to 500fs 
were successfully demonstrated and analyzed by 
fs-pump-probe techniques [2-3]. 

Research Objectives 
The first objective of this project part is to 
establish the Molecular-Beam Epitaxy (MBE) of 
highly Si-doped (1019cm–3) In0.53Ga0.47As and 
AlAs0.56Sb0.44 layers lattice matched to the InP 
substrate. The aim is the exact control of growth 
rate and alloy com-position as well as the 
optimization of optical and crystalline properties. 
The next step towards the investigation of the 
intersubband transitions at 1.5 �m is the design 
and simulation of MQW structures based on a 
program provided by Prof. J. Faist from the 
University of Neuchatel. From an epitaxial point-
of-view the challenge will be to adjust the ISBT to 

 
 
the desired 1.5 �m wavelength by variation of 
the QW-thickness from 6 to 15 monolayers and 
optimize the switching-time and -energy (below 
a few 1 pJ). Tailoring the intersubband energy 
is a difficult task, because simple monolayer 
fluctuations of the thin QW´s as well as 
segregation and intermixing phenomena lead to 
unacceptable QW-energy-shifts.  
Experimental verification of the modeling results 
by fs-pump-probe techniques is critical for 
optimizing the epitaxial process and laying the 
foundations for predictive device models and 
later device design.  
 
After this initial - mainly material oriented - 
activity, we will implement relatively thick stacks 
of these InGaAs/AlAsSb-MQWs into the core of 
a planar waveguide, as basic building block for 
more complex device configurations. 
Again with fs-pump-probe characterization of 
the simple waveguide-switch in terms of 
switching-speed, saturation energy, polarization 
properties, etc. we will extract the necessary 
design parameter for more complex switch 
configurations. 
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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 µm and 1.5 µm 

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 60 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 materals such as Er:Yb:glass, 
Nd:Vanadate, 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 suface 
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 – however so far 
the pulses are strongly chirped and more than 20 
ps long.  Goal is to obtain transform-limited 
pulses with optically pumped VECSELs in both 
the picosecond and femtosecond regime with 
high average power.  Next steps are 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 µm and 1.5 µm 
We plan to investigate the fundamental material 
issues of GaInNAs in order to first fabricate 
SESAMs and later on VECSELs at wavelengths 
of 1.3 �m and 1.55 �m.  On one hand, defects 
are a prerequisite for the operation of the SESAM 
since they allow for fast carrier trapping and well-
defined defect engineering during epitaxial 
growth has to be obtained.  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  

Compact, efficient and reliable pulsed lasers find 
increased interest for applications in fields like, 
telecom, medicine or clocking. 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. 

Passively mode-locked VECSEL 

As microprocessor clock frequencies 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 streams 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.  

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 1.9 W, repetition rate up to 6 GHz, and  
pulse duration in the 10 ps regime. The center 
wavelength is around 960 nm and laser output 
is diffraction limited [1, 2]. 

SESAMs for telecom lasers 

While optical clocking applications are focused 
in the sub-1-µm wavelength regime applications 
in the field of telecommunication are seeking 
stable pulse sources in the 1.3- and 1.5-µm 
regime, where standard silica fiber has its 
minimum in dispersion and absorption, 

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



respectively. Novel transmission systems with 
increased data rates often use pulsed lasers in 
transmitters and receivers. In order to develop 
passively mode-locked solid-state lasers in the 
telecom wavelength regime, cheap stable 
saturable absorbers are required. 

Using highly strained InGaAs/GaAs quantum well 
absorber layers we developed SESAMs for 
Er:Yb:glass lasers operating in the 1.5-µm 
telecom window. With fundamental mode locking 
we obtained pulsed trains with repetition rate of 
10, 25 and 40 GHz, pulse durations between 1 
and 19 ps, power levels up to 50 mW, and rms 
timing jitter below 100 fs [3]. These lasers have 
been successfully used in transmission systems 
and are also being tested for applications like 
optical coherence tomography. 

SESAMs based on GaInNAs 

A promising new semiconductor with the bandgap 
in the regime of interest for telecom lasers is 
GaInNAs. As mentioned, current SESAMs in 
these areas are typically based on InGaAs 
saturable absorber layers in combination with 
GaAs/AlAs mirrors. However, the high indium 
concentration required for a bandgap around 
1.3 µm highly strains the material. This induces 
high insertion losses due to a reduced surface 
quality and defects. InP-based Bragg mirrors 
allow for lattice matched growth but have the big 
disadvantage of a small contrast of the refractive 
indices and poor thermal properties of the mirror.  

The incorporation of only a small amount of 
nitrogen into InGaAs strongly decreases the band 

gap and reduces the lattice mismatch to GaAs 
at the same time. Therefore, GaInNAs 
saturable absorber layers exhibit a much better 
crystalline quality than other GaAs-based 
absorber materials for that particular 
wavelength range. 

Our GaInNAs SESAMs contain a GaInNAs 
saturable absorber layer between GaAs spacer 
layers grown on a GaAs/AlAs Bragg mirror. The 
GaInNAs strained single quantum wells were 
grown by molecular beam epitaxy using an RF 
nitrogen plasma source. Indium and nitrogen 
concentrations in the quantum wells and layer 
thicknesses were determined by X-ray Rocking 
curve measurements. Band gap energies were 
analyzed by photoluminescence measurements 
at room temperature. Rapid thermal annealing 
at temperatures ranging between 580°C and 
620°C was applied to the SESAM devices to 
blueshift the bandgap from 1370 nm to about 
1320 nm. This can be used as a vital tool for 
setting the absorption edge of the SESAM. We 
characterized SESAM by nonlinear reflectivity 
measurements and degenerate pump-probe 
experiments. With these SESAMs we obtained 
first demonstration of stable cw mode locking of 
a Nd:YLF laser operating at 1314 nm using a 
GaInNAs SESAM [4].  

Further Work  

We expect to achieve even higher mode-locked 
output powers and significantly shorter pulses 
by optimisation of the structure of our 
VECSELs. Ultimately, mode-locked VECSELs 
in the telecom wavelength regime will be of high 
interest too. We also plan to further develop 
and optimise the growth and characterization of 
the GaInNAs structures to extend the bandgap 
to 1.5-µm devices and ultimately enable growth 
of active devices. 
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Background and Mission of the Group 

Surfaces and interfaces play an important role in 
a number of materials- and engineering-related 
fields ranging from composite materials to friction 
and wear to the performance of biomaterials, bio-
sensors and implants. Surface sensitive charac-
terization techniques are essential tools for the 
investigation of surface properties and mecha-
nisms of interfacial processes as well as for the 
efficient development of novel surface modifica-
tion processes. 

LSST is devoted to the science and engineering 
of surfaces in a broad field of material-related is-
sues. The measurement of forces between sur-
faces in contact with each other is an essential 
tool to understand the mechanisms of friction, 
lubrication and wear in the field of tribology. 
Novel surface modification methods based on 
vapor deposition and self-organization of complex 
polymeric molecules are being developed to im-
part specific functional properties to surfaces. Mi-
cro- and nanofabrication techniques are widely 
used in collaboration with the FIRST lab and 
other partners at ETHZ to produce geometrically 
defined chemical patterns and highly controlled 
surface structures for applications in the field of 
biosensors and biomaterial research. Finally, we 
use and tailor advanced analytical techniques to 
our needs to learn, on a molecular scale, about 
the surface and interfacial processes ex situ and 
in situ, which govern the behaviour of surfaces 
and interfaces under complex environmental 
conditions.  

Research Activities 
Tribology:  Tribochemistry - the interaction of 
lubricants and lubricant additives with surfaces 
under tribological stress; Biotribology - the in-
teraction of biomolecules with sliding surfaces for 
medical and industrial purposes; Nanotribology - 
friction, lubrication, and wear on the nanometer 

and nanonewton scale: fundamentals and ap-
plications 
Surface Forces:  Physics of Confinement - A 
liquid confined between two surfaces exhibits 
properties that are very different from the known 
bulk properties.  Boundary Lubrication - At the 
limit of very small lubricant quantities, sliding 
surfaces are only separated by a molecular 
layer of boundary lubricants.  Biophysics at 
Interfaces - Grafted polymer chains can render 
a surface resistant to non-specific protein ad-
sorption.  
Surface Modifications:  Self-assembled 
Monolayers (SAMs), Polymer Adlayers, Chemi-
cal Vapor Deposition, Surface Morphology Con-
trol, Patterning 
Biointerfaces: Biosensors for the genomics 
and proteomics field, Bio-Nanotechnology, 
Implant surfaces, Drug delivery carriers, 
Cell-surface interactions. 

Projects in FIRST 

• Micro- and nanofabrication to produce 
chemical patterns for fundamental stud-
ies of cell-surface interactions and for 
biosensor applications 

• Microstructuring of surfaces for cell-
based sensor applications 

Education 

• Educating students in concepts, meth-
ods and tools in micro- and nanofabrica-
tion 

• Providing the opportunity for doctoral re-
search projects 
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Introduction  

Patterning of surfaces into bioadhesive and non-
adhesive areas has attracted increasing interest 
over the past few decades and contributed to 
substantial progress achieved in a number of bi-
ology-related research areas. The majority of 
these studies have been directed towards spa-
tially controlled organization of cells and subcellu-
lar entities at surfaces. The general perspective is 
that the fundamental information gained from 
such well controlled in vitro assays would finally 
contribute to the development of biomedical im-
plants with improved healing and performance in 
vivo, better tissue engineering scaffolds and more 
reliable cell-based sensors for drug screening 
and development.  

Particular research issues that have been ad-
dressed using biologically relevant patterns and 
structures range from basic investigations of cell 
adhesion, cell function, cell migration, cell-cell 
interaction, and the integration of live cells into 
microfabricated devices for sensing purposes. 
The underlying common theme is designing 
geometrically defined bioadhesive patterns, which 
promote cell attachment in a background that re-
sists protein adsorption and subsequent cell at-
tachment. Furthermore, in the area of microarray 
chips for sensing DNA/RNA (genomics) or pro-
teins (proteomics), chemical patterns may prove 
to be useful to achieve a better control of the spa-
tial arrangement of recognition units, improved 
spot quality and higher signal-to-noise ratio [1]. 

 Achievements  

The novel process combines a top-down ap-
proach based on photolithography and a bottom-
up strategy through self-organization of multifunc-
tional molecules [2]. The development of the Mo-
lecular Assembly Patterning by Lift-off (MAPL) 

technique has been driven by the need to eco-
nomically produce patches incorporating a con-
trolled surface density of bioligands while inhib-
iting nonspecific adsorption. MAPL is consid-

 
 

Figure 1: Molecular Assembly Patterning by Lift-off 
(MAPL). The novel biochemical patterning technique 
combines photolithography (4-inch wafer) and mo-
lecular assembly of multifunctional polymers with 
biological ligands (see text for details). 

a

b



ered to be a valuable addition to the toolbox of 
“soft lithography” techniques for life science ap-
plications combining simplicity (no clean room 
equipment needed), cost-effectiveness, repro-
ducibility on the scale of whole wafer substrates, 
and flexibility in terms of pattern geometry, chem-
istry and substrate choice [2].  

In the MAPL process (Figure 1a) the patterns are 
transferred from a 4-inch photolithography mask 
into a photoresist by UV illumination and devel-
opment. At this stage, the wafer is composed of 
resist-protected and -unprotected areas (Figure 
1b, step I), the latter allowing for direct access of 
the self-organizing polymeric system to the wafer 
surface. Subsequently, PLL-g-PEG/PEG-X with a 
fraction of PEG side-chains functionalized with a 
bioligand X (e.g., biotin or a short peptide se-
quence) is immobilized on the bare areas by 

spontaneous assembly from aqueous solution 
(Figure 1b, step II). The photoresist is then re-
moved in an organic solvent that does not ad-
versely affect the biofunctional PLL-g-PEG/PEG-
X adlayer. The resulting surface has patches of 
PLL-g-PEG/PEG-X (Figure 1b, step III). In a final 
backfill dip-and-rinse step, non-functionalized 
PLL-g-PEG is adsorbed on the oxide background 
rendering it resistant to non-specific protein ad-
sorption (Figure 1b, step IV).  

The capability of the MAPL technique to pro-
duce patterns of controlled bioligand concentra-
tion was demonstrated by means of a series of 
five samples with decreasing biotin surface 
densities in the bioadhesive spots (Figure 2a-
e). This was achieved by mixing appropriate 
solution volumes of PLL-g-PEG and PLL-g-
PEG/PEG-biotin. The fluorescence images of 
MAPL patterns produced with each of the five 
polymer solutions are shown in Figure 2a-e, 
demonstrating qualitatively the continuous de-
crease of the biotin surface density in the spots. 
The fluorescence intensity values measured 
quantitatively in the spots of Figure 2a-e are 
plotted in Figure 2f as a function of the biotin 
surface density. 

Fibroblast cells were seeded on 60 x 60 µm 
square patches, containing cell adhesive pep-

tides, and incubated for 19 h. The cells exclu-
sively bind to the adhesive pattern and adopt 
the (square) shape of the MAPL pattern. 
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Figure 2a-f. Left: MAPL patterns with controlled biotin surface densities decorated with fluorescently labelled 
streptavidin: Circular, 20 µm diameter spots of PLL-g-PEG/PEG-biotin in a PLL-g-PEG background. a-e: The bio-
tin surface density was varied at step II in Figure 1b through assembly of mixed aqueous solutions of biotin-
functionalized and non-functionalized PLL-g-PEG in different, descending molar ratios of the two polymers. 
f: Fluorescence intensity in spot as a fct of biotin surface density.   Right: Single fibroblast cell immobilized on a 
60 x 60 µm square pattern, functionalized with cell adhesive peptides. The cell adopts a square shape induced 
by the adhesive MAPL pattern. Cell was stained for vinculin (green) and nucleus (blue). 

a b c

d e f 
Biotin surface density [pmol/cm2] 
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