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COVER PHOTO

Caught in the grip of the calipers is a tiny gallium arsenide chip on which an array of monolithically integrated optical
interferometers for displacement measurement has been fabricated. These interferometers, shown in the
microscope photograph in the background, each include all the required optical components: a laser, integrated
optical interferometer and photodetectors. Using this monolithic chip, displacements can be measured with sub-
micrometer resolution at distances up to 300 mm.



Profile of ,,Applied Solid State Physics" at PSI

The research department ,,F3B" sees its main mission in performing research and development in selected areas
of Solid State Physics which are of high technological interest for potential industrial applications. Basic research is
performed in close collaboration with the universities. Applications are promoted in joint projects with industry. An
essential element is the development and support of enabling technologies, both for the education and training of
young scientists and engineers, as well as for the support of industries, particularly small and medium size
enterprises. The necessary complex technological infrastructure is made available as a userlab, fulfilling one of the
key functions of PSI as a national laboratory.

F3B is organised in two laboratories at two locations in Zurich and Wiirenlingen, employing a total staff of about
30 scientists, 25 technicians, 20 PhD students and a varying number of students and guests. More than a third of
the permanent staff is financed through external money. More than two thirds of all projects are collaborations with
external partners at universities or in industry.

The research program includes the following themes:

• Nanotechnology: Fabrication and investigation of defined, individual nanostructures. Understanding the physics
of and mastering the technologies for producing nanostructured interfaces for use in scientific and industrial
applications

• Semiconductor quantum structures: Design, characterisation and modelling of artificial semiconductor
materials, to further the understanding of their quantum optoelectronic behaviour and to evaluate their
application potential

• Optoelectronic devices: Fabrication of Ill-V heterostructure devices using state-of-the-art and in-house
specialised materials growth and processing technology

• Micro-optical sensors: Design, fabrication and characterisation of diffractive and integrated optical sensor
elements and micro-systems for applications in industrial measurement and sensing

• Optical metrology with smart image sensors: Design, simulation, fabrication and characterisation of
complete, optimised systems for miniaturised optical metrology applications, based on new types of full-custom
"smart" image sensors realised in standard CMOS/CCD technology.

The main infrastructure comprises two well equipped clean-rooms, each with a work-space of about 200 m2. The
Wurenlingen clean-room supports the fabrication of micro- and nanostructures, including the growth of Si/Ge/C
heterostructures. It is the heart of the nanotechnolgy activity at PSI which was started in 1993 and is still growing. In
the future the combination with the Swiss Synchrotron Light Source (SLS) will open unique pathways for exploring
the Nanoworld at PSI.

The clean-room in Zurich supports Ill-V technology in its whole width from crystal growth to the fabrication of
prototype optoelectronic devices. It is complemented with optics and spectroscopy laboratories for the
characterisation of optoelectronic structures and devices. Special tools and heavy equipment are also available for
the design and fabrication of microoptical systems, particularly for application in optical metrology and sensing.
The specific strength of the Zurich laboratory (which until 1987 was part of a US company, the RCA Corporation) is
its broad competence in a well defined field of high technological and industrial interest, optical microsystems for
metrology.

An international Scientific Advisory Board with qualified representatives from academia and industry meets
regularly to evaluate the quality of the research and to give advice on the direction of the program.



- I -

TABLE OF CONTENTS

INTRODUCTION 1

HIGHLIGHTS 1996 3

PROGRAM OVERVIEW 9

Nanotechnology
Specific protein immobilisation on nanofabricated biosensor surfaces 11
Biochemical recognition of individual molecules 12
The nano user lab 13
Nano-towers for catalysis 14
Molecular beam epitaxy of heterostructures and multiple quantum

wells in the system Si-Ge-C 15
TEM study of Si/SiGe and Si/SiC quantum well structures 16
Modulation doped structures based on the Si/SiGe/SiC material system 17
Light emission from a silicon quantum well 18
Electroluminescence from nano-structured silicon surfaces 19
Photoluminescence of three-dimensional oriented p-nitroaniline (PNA)

molecules in aligned zeolites 20
Focused ion beam lithography of self-assembled monolayer films 21

Semiconductor Quantum Structures
Self-assembled InAs quantum dots 22
Electron transport in parabolic quantum wells 23
Theoretical structure studies of network compounds 24
Elastic constants of AI^Ga^As: DF-theory 25
Elastic constants of AlxGa, xAs: x-ray measurements 26
Brillouin spectroscopy of Ill-V semiconductors in the near infrared 27
Efficient electroluminescence from 2- and 3-junction silicon structures 28
Self-organised current filaments in AIGaAs structures 29
Intersubband spectroscopy with an ultrafast photon drag quantum

well photodetector 30

Optoelectronic Devices
Vertical cavity surface emitting lasers 31
VCSELs: from a laboratory curiosity to an industrial device 32
Tuning characteristics of air post VCSELs for sensing applications 33
High resolution spectra of vertical cavity surface emitting lasers 34
VCSELs for optical interconnects 35
Development of VCSELs emitting in the visible spectral range 36
Precision pattern transfer and low damage plasma etching for the

fabrication of semiconductor lasers 37
Aside-coupled, two-section DBR laser 38
Monolithically integrated optical displacement sensor 39
A Ill-V-based Mach-Zehnder interferometer as refractometer and immunosensor 40
Monolithic multi-wavelength DBR laser arrays for interferometry 41

Micro- and Integrated Optics
Properties of thin anti-adhesive films used in a hot embossing process 42
Profile investigations of embossed submicrometer gratings 43
LIGA-technology for the fabrication of positioned planar structures 44
Planar micro-optics 45
Planar micro-optics: design and characterization 46
Replicated diffractive optical elements for industrial applications 47



Replicated integrated optical sensors 48
Miniature integrated optical sensors 49
High-resolution 3d imaging with multichannel optical low-coherence

reflectometry (OPTOMO) 50
Digital beam steering devices with liquid crystals 51
Multi-channel biosensors with VCSEL diode arrays 52
Low-cost replicated spectrometer microsystems 53

Optical Metrology
Active imaging with smart imager sensors 54
A toolbox for high-performance smart CMOS image sensors 55
Fabricating CCD image sensors with a modified Swiss CMOS process 56
High-sensitivity image sensing 57
Low-power optical sensor systems for robot vision 58
Microcameras 59
Miniaturized optical range camera for safety, surveillance and

security applications (MINORA) 60
High speed line sensors with smart pixels 61
Smart image sensor parallel port interface 62
Optical encoder microsystems 63

New Installations
Laboratories and technologies for micro- and nanostructuring 64
New fabrication and replication facilities for planar micro-optics 65

IV. WORK STATISTICS 66

V. CONTRACTS 67

VI. ACADEMIC ACTIVITIES 70

VII. HIGHER DEGREES AWARDED 71

VIII. PUBLICATIONS 74

Dissertations 74
Papers 74
Talks 81
Posters 89
Patents 91
Book 91

IX. EQUIPMENT 92

X. ORGANIZATION 95



-1 -

I. INTRODUCTION

1996 has been a very eventful year - not only scientifically, as demonstrated by the many outstanding results re-
ported on the following pages, but also in planning and organizational matters. New challenges have emerged for
the members of F3B and decisions have been made that will shape the future, not only of F3B but also of PSI, in
substantial ways.

The planning of the Synchrotron Light Source (SLS) is entering its final phase and this calls for a re-alignment of
research at PSI. The clear mission of PSI is that of a national lab, whose "core business" is to serve the research
community as a user lab. With this in mind, the research activities of F3B have also been subjected to a critical re-
view. A high level decision was made that major parts of the program of PSI's Zurich laboratory (PSIZ) - the former
RCA laboratory of 1987 - would probably fit better into an organization whose mission serves the development of
new technologies and industry.

In view of the potential transfer of significant parts of PSIZ, the organization of F3B was adjusted accordingly, effec-
tive December 1, 1996. In its new form "Applied Solid State Physics" at PSI covers two major research topics, in
two Laboratories. "Nanosciences and Technology", with a staff of about 25 (including students) at the Laboratory for
Micro- and Nanostructuring (LMN) in Villigen, and "Micro-optical Systems for Metrology and Sensing" with about 50
people at PSIZ in Zurich. The section "Basic Solid State Physics" has been completely reorganized and its mem-
bers have found new challenges within a newly formed theory group for solid state physics at PSI Villigen and in the
experimental research program of the SLS.

In addition to these organizational changes, a further major event with long reaching consequences must be re-
ported. With the inauguration of the new clean-room at PSI Villigen, specially equipped for the needs of nano-
science and technology, the LMN is now in a unique position to serve the research community as a user lab. It will,
hopefully, further strengthen Switzerland's position in an attractive field of research that has a high long-range po-
tential for high-tech industry. In addition, this installation ideally complements the future needs of the SLS.

All these non-scientific activities have absorbed considerable energy and have inevitably created uncertainties. We
are, nonetheless, optimistic about the future: Progress implies change; stagnation is the end of any development.

Once again, one of our contributions - by J. Dubendorfer, M. Kuhn and R.E. Kunz - has been awarded a prize in the
"Technologie Standort Schweiz" competition and, consequently, could be presented to a wider public at the Han-
nover fair. The topic of "Embossing and Coating: Ideal Partners for Microoptics" is at the heart of PSIZ research in
micro-optical systems and is of great relevance to industry for the mass-production of high-quality optical compo-
nents.

It is also a pleasure to report that the 1996 OMEGA prize for young scientists was awarded to our former Ph.D.
student Markus Rossi for his thesis work on "Phase Matched Optical Fresnel Elements".

Finally, I would like to express my particular thanks to the Scientific Advisory Board, which, with its independent and
competent expertise, has, during this year, helped to shape the future course of applied solid state physics at both
PSIZ and PSI.

Karl Knop

Head of department F3B

NEXT PAGE(S)
left BLANK
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II. HIGHLIGHTS 1996

VISUALIZATION OF INDIVIDUAL BIOMOLECULES ON REAL SENSOR SURFACES

Imaging of individual biomolecules immobilized on flat
surfaces such as cleaved mica using atomic force
microscopy (AFM) has been demonstrated several
years ago. On (bio)sensor surfaces, this task is much
more difficult, since they are most often too rough to
identify single protein molecules, sized in the range of
5nm. Due to the special nanofabrication technique
used for a sensor being developed in a current project
(see also page 11) it was possible to visualize bio-
molecules on a real sensor surface. The sensor con-
sists of a piece of oxidised silicon wafer covered with a
20 nm gold film with a random distribution of 60 nm
sized openings. Within these openings streptavidin
molecules are covalently immobilised. The AFM image
shows an unusually large opening, allowing access to
the immobilised biomolecules with the AFM tip.

ZEOLITES: 3-DIMENSIONAL ORDERING OF MOLECULES

Single crystal zeolites of ZSM-5 type have been
aligned by means of a prestructured silicon substrate.
Loading of the crystals with the dye molecules p-
nitroaniline (PNA) via the gas phase leads to a com-
posite material with interesting optical properties. The
three-dimensional orientation of PNA in the channel
system of ZSM-5 has been investigated with polarisa-
tion and temperature dependent photoluminescence
experiments. Two different positions of PNA within the
zeolite channels could be identified. PNA in the
straight channels (corresponding to 90° polarisation) is
the dominating population which shows luminescence
even at room temperature (see also page 20).
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WAVE FUNCTION PROBING IN PARABOLIC QUANTUM WELLS

Energy levels in quantum wells are usually character-
ized by optical spectroscopy. Here we present a dif-
ferent approach that utilizes transport techniques in a
magnetic field in order to obtain similar information.
Furthermore, by taking advantage of the specific
properties of a parabolic quantum well we are able to
probe the wave function in a quantitative manner.
These results, based on first order perturbation theory
applied to a quantum well potential with a delta-
function like perturbation in the well center, open the
door to a form of spectroscopy that relies entirely on
the properties of electrons at the Fermi energy (see
also page 23).

lower subband

upper subband

potential
spike
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PROBLEM ADAPTED COORDINATES FOR FLOPPY SYSTEMS

We have developed and implemented an efficient
algorithm for the optimisation of atomic coordinates in
floppy molecules and crystal structures. It is based on
transforming from Cartesian to internal coordinates,
such as bond lengths, angles, dihedrals, and selecting
an appropriate subspace to cover all degrees of free-
dom yet avoid redundant coordinates. After this non-
linear transformation, the potential energy surface is
more harmonic, so that the Hessian information is
more useful in calculating the next displacement step.
On molecules like jawsamycin (see figure), the con-
vergence rate is enhanced by a factor of 10 with re-
spect to Cartesian optimisation (see also page 24).

HIGH-EFFICIENCY LUMINESCENCE FROM SILICON CMOS DEVICES

High-efficiency electroluminescence has been ob-
tained from silicon n*p CMOS structures, utilizing the
avalanching of hot carriers and the confinement of the
electric-field and current. In particular, a wedged n+p
E-field field concentration structure, co-planar to a
SiO2 interface, yielded a visible luminescence intensity
of approximately 3 nW/(im2 under operating conditions
of 8 V and 80 (iA (The luminescence intensity per
device area is comparable with that of a typical fluo-
rescent tube). The resulting external quantum conver-
sion efficiency, approximately 1x105, is two orders of
magnitude higher than previously published values for
Si devices with avalanching junctions. The versatility
of the structure enables its utilization as a building
block in larger electro-optical devices based on stan-
dard silicon technology (see also page 28).

RELIABLE VCSELS

In order to transform vertical-cavity surface emitting
laser (VCSEL) diodes from a laboratory prototype to
an industrial device, high reliability has to be demon-
strated. We have developed and installed a set-up for
lifetime testing of VCSEL diodes. First results confirm
the expected excellent long term reliability of VGSEL.
lasers. After a short burn-in, during which the output
power significantly increased, no degradation of the
light output characteristics has been observed for any
tested device. As shown in the figure, the lasers have
been operated continuously with constant current for
more than 5 months at 50 °C (see also page 32).

Reliability of 765 nm air post VCSELs
0.6

1000 2000
time [hours]
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HIGH RESOLUTION SPECTRA OF VERTICAL CAVITY SURFACE EMITTING LASERS

For the first time a tandem triple-pass Fabry-Perot
(FP) interferometer has been used for high-resolution
investigations of the stimulated emission of vertical
cavity surface emitting lasers (VCSELs). Due to the
high resolution of approximately 0.4 GHz and the large
free spectral range (250 GHz) of our spectrometer,
small polarisation splittings as well as higher order
lateral modes can be resolved in a single spectrum.
Thus the problem of overlapping orders occurring in
standard single-etalon interferometers can be avoided.
The figure shows that our FP interferometer repre-
sents a unique tool to study and identify the complex
mode structure of large area VCSELs. For compari-
sion, the dotted line indicates the spectrum measured
with a conventional grating spectrometer (see also
page 34).
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POLARIZATION ANISOTROPY IN THE ELECTROABSORPTION OF ORDERED GalnP

We have investigated the polarization dependence of
the electroabsorption in MOVPE grown (AI)GalnP p-i-n
double hetero structures. Under certain growth condi-
tions GalnP exhibits an ordered phase which signifi-
cantly influences its optical properties. A shift of up to
13 meV has been observed in the electroabsorption
spectra for ordered samples depending on the polari-
zation of the incident light and the degree of ordering
present. For the first time it has been demonstrated
that the transmitted light intensity ratio between [011]
and [01-1] polarized light can be changed by applying
a reverse bias. This polarization anisotropy will lead to
the realization of polarization sensitive switches and
sensors in the visible spectral range (X ~ 670 nm) (see
also page 36).

50 100 150 200 250 300 350
electric field [kV/cm]

WORLD'S FIRST MONOLITHIC Ill-V-BASED DISPLACEMENT SENSOR WITH DIRECTION DETERMINATION

We have demonstrated the world's first monolithic
optical displacement sensor system with integrated
laser and two phase-shifted reference channels for
high-resolution measurement of both the magnitude
and direction of an external object's movement. Based
on the GaAs material system, the integrated optical
microsystem includes a DBR laser, phase modulators,
detectors and two parallel waveguide-based Michel-
son interferometers and requires only a single external
GRIN lens for beam collimation and collection. Move-
ments down to 20 nm at measurement distances up to
20 cm are resolved and changes in displacement di-
rection may be unambiguously determined. The entire
photonic integrated circuit requires a chip area of only
2.6 x 0.4 mm2 (see also page 39).
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REPLICATED DIFFRACTIVE ELEMENTS FOR OPTICAL ENCODERS

A test batch of a new type of optical rotation encoder
based upon replicated polymer disks with patterned
diffractive microstructure has been completed. The
work was carried out within the EUREKA project
FOTA, in collaboration with Baumer Electric AG (CH-
Frauenfeld), 3D AG (CH-Unterageri) and the Friedrich
Schiller University (D-Jena). The original surface-relief
diffractive encoder was fabricated by e-beam lithogra-
phy and electroformed to Ni shims with 32 pieces per
shim. A batch of 1000 encoders for a first prototype
series were embossed, metallised and coated with
protective lacquer at PSI. Replicated encoder disks
are planned to be used by Baumer Electric in a new
generation of low-cost rotation encoders (see also
page 47).

COMPACT INTEGRATED OPTICAL SENSOR MODULES

A compact module has been developed for
(bio-)chemical and physical sensing applications. It
makes use of one of the novel integrated optical chips
recently developed at PSIZ. The complete module
consists of three distinct submodules which can be
exchanged to adapt the main module to the actual
requirements of very different applications. The tasks
of the submodules are illumination (i.e. to provide the
optical input), signal transduction into an on-chip
measuring variable, and signal evaluation. A high
functionality with a minimum of optical and mechanical
parts is achieved by means of using replicated chips
acting as a kind of "smart planar optical transducer"
(see also pages 48-49).

FAMILY OF CMOS IMAGE SENSORS WITH CUSTOM FUNCTIONALITY

Further strengthening our base for providing custom-
ized photosensors for optical microsystems, we have
expanded our photo-ASIC toolbox by a series of
"smart pixels" exhibiting the following properties : Indi-
vidually programmable offset current (1fA- 30nA),
individually programmable gain ranging from 10"4 to
10*4, non-linear compression for high dynamic range
(>120 dB), high-sensitivity (> 40 mV per photoelec-
tron), multi-tap lock-in capability with offset compensa-
tion, on-chip convolution functionality concurrently with
the exposure, etc. As an example of one such capa-
bility, an image is shown, taken with a high-sensitivity
image sensor offering 26x28 pixels on a 30|xm pitch
(see figure). On each pixel an average photon flux of
only about 15 photons per pixel and frame time was
incident (see also page 55).
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HIGH-QUALITY CCD IMAGE SENSORS MADE IN SWITZERLAND

In collaboration with the Swiss silicon foundry EM
Marin, supported by the Institute for Integrated Sys-
tems (Prof. Fichtner, ETHZ), a standard 2 \im CMOS
process was improved with a buried-channel CCD
option. The image shows one of the first frames taken
with a 40x80 pixel frame-transfer CCD with image and
storage registers. The performance of the first CCD
photosensors is excellent in all respects, including for
example a dynamic range of 88 dB in a CCD line.
Since this CCD process remains fully compatible with
the original CMOS process, this opens up the exciting
prospect of high-quality CCD image sensing combined
with on-chip CMOS circuitry for integrated imaging
systems for optical metrology and machine vision (see
also page 56).

MICROCAMERA IN A PEN

A micro-miniaturised video camera system has been
realised as a chip-on-board module. It combines a
custom designed small imaging optics with a focal
length of f = 2 mm and a speed of f/4, a high perform-
ance CMOS imaging sensor with a dynamic range in
excess of 80 dB and a resolution of 64x64 pixels, as
well as control electronics in the form of a microcon-
troller and a few discrete Surface Mounted Devices.
The system is based on a single 5 Volt power supply,
producing an analogue video signal and digital syn-
chronisation signals. The microcamera is so small (=
6x8x30 mm3) that it can be integrated in items of eve-
ryday use such as a pen (see also page 59).
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SPECIFIC PROTEIN IMMOBILISATION ON NANOFABRICATED BIOSENSOR SURFACES

C. Padeste, J.-J. Hefti, S. Kossek and L. Tiefenauer; H. Siegenthaler (Univ. Bern) collaborating

Biosensors of future generations will profit from carefully designed surfaces. Using gold nanostructures on
oxidised silicon wafer chips, it may be possible to replace the conducting polymers or redox mediators
commonly used for electrochemical biosensors. An important task in the current project was the directed
immobilisation of biomolecules on wafer surfaces in presence of gold nanostructures.

Wiring of nanometer sized recognition elements with
the bulk electrode is essential for biosensors with
electrochemical detection. This wiring is most often
established using conducting polymers or redox
mediators dissolved in the polymer in which the
recognition elements are embedded. The recent
developments in nanotechnology made it realistic to
use a genuine nanowiring system to electrically
access biological recognition elements. Due to the
restricted stability of biomolecules, the recognition
elements have to be placed into the nanostructures as
the last step in sensor production.

The use of two different materials, i.e. Au wires on
a SiO2 support, allows to chemically direct the bio-
molecules to either the gold or the SiO2 surface.
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On untreated Au/SiO2 electrode surfaces, proteins
entirely bind to gold. This non-specific binding has to
be avoided because it leads to protein denaturation
and to electrical insulation of the electrode. Protection
from non-specific protein binding is achieved by sur-
face modification with thiol compounds which strongly
bind to gold via the SH group. The thiol mercapto-
ethylsulfonate (MES) turned out to be especially useful
for the current sensor development. The sulfonate
groups make surfaces hydrophilic, thus reducing non
specific protein binding to very low levels. The short
alkane chain length leads to an uncomplete and
extremely thin layer through which electrochemical
measurements are possible without limitation. This
was evident from cyclic voltammetry measurements of
hexacyanoferrate solutions using gold electrodes
modified with different thiols. The same response was
achieved with bare or MES-treated gold, whereas the
treatment with long chain thiols such as octadecanthiol
(ODT; hydrophobic) or mercaptoundecanoic acid
(MUA; hydrophilic) resulted in totally passivated elec-
trodes.
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Specific immobilisation of proteins on SiO2 is
achieved using silane chemistry (MPTMS) in order to
derivatise the hydroxyl groups present on the SiO2

surface. The protein is covalently linked to the silane
using a heterobifunctional crosslinker (MBS).

As a model to investigate the different chemistry of
the Au and the SiO2 of the nanostructured electrodes,
1x1 cm2 pieces of oxidised silicon wafers were to one
half covered by a 20 nm Au layer. Protein binding was
assessed using radiolabelled streptavidin and a
radioimaging technique which allows to quantify bound
radioactivity at a resolution of 200(im.

No Pretreatment Protection and Silanizaton

SiO
Au

With the described combination of immobilisation
chemistry and gold protection, a preferential and
covalent binding of proteins on the SiO2 support was
achieved.

This directed immobilisation of protein molecules,
as tested on a macroscopic scale, is a prerequisite for
amperometric biosensors based on direct wiring of
recognition elements via nanostructures. The covalent
link of the biomolecules results in a long-term stability.
A low non-specific binding of proteins on the conduct-
ing structure is not only essential for sensor fabrica-
tion, but also for measurements, where an unspecific
protein adlayer would restrict both the electric current
and the access of the analyte to the recognition
elements.

Funding: Priority Program Biotechnology, PSI
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BIOCHEMICAL RECOGNITION OF INDIVIDUAL MOLECULES

L. Tiefenauer, R. Ros Seigel and L. Scandella; A. Pluckthun (Univ. Zurich), H.-J. Guntherodt (Univ. Basel)
and D. Anselmetti (Novartis) collaborating

Atomic force microscopy (AFM) is frequently used for detailed morphological investigations of surfaces.
For artificial biosurfaces, the functionality of immobilised biomolecules is most interesting. We are
developing material and methods to quantify the interaction between individual ligand-receptor pairs. This
project is realised in collaboration with a strong biochemical group providing tailor-made recombinant anti-
body fragments, and two partners having profound long-term experiences in AFM-technology.

Life is based on ten thousands of different proteins
which recognise specifically small molecules or parts
of a macromolecule. Thus, proteins are recognition
elements of nanometer dimension, present either in
solution of cells or on their membranes. Furthermore,
artificial surfaces with immobilised proteins are used
for bioanalytical purposes, bioseparation and bio-
compatibility in general. Therefore, imaging of proteins
on surfaces will help to develop suitable biointerfaces
and to assure quality control of production processes.

AFM has increasingly been used as a potent tool
in order to investigate the morphology of biosurfaces
at a molecular level. The presence of individual mole-
cules and their lateral distribution is visualised by AFM
allowing to improve carefully a given immobilisation
process. More important is the fact that proteins retain
their functionality when immobilised on surfaces. A
wide pattern of immunanalytical methods is already
available to visualise macroscopically the biological
function. In most of these cases, antibody proteins are
used to assess the biofunctionality. However, all these
methods are averaging over a relatively large area
and the binding capacity of one single molecule can-
not be revealed.

Recently, the interaction of one individual ligand-
receptor pair of an exceptional high affinity (biotin-
streptavidin) was directly measured by AFM. The force
between ligand and receptor was found to be around
160 pNewton.

Based on this knowledge, we have started this
year a project in order to investigate the binding of an
antibody to the corresponding antigen (triangles in the
first figure). Interactions of this type are weaker, but of
general interest in basic and applied bioanalytical
research. A major prerequisite is the development of a
sophisticated immobilisation technique for both, the
antigen and especially the antibody: A few individual
antibody fragments have to be fixed on the AFM tip
(see figure below) whereas their binding capacity must
be fully retained. Attention is paid in our concept to
maximise the stability and to minimise the linker length
in order to measure the real binding forces. This will
be achieved by using cystein-terminated recombinant
antibody fragments which bind directly to MES pro-
tected gold by their SH-group.

Antibody-
fragment

(Fv)

so,

SH So

MES

Au

In this way, up to half of a monolayer of functional
Fv-protein molecules of a well characterised anti-fluo-
rescein antibody have been immobilised on gold. The
corresponding gene is available and by using an
effective expression system in E. coli, mutants and
variants of the wild type protein are now being pro-
duced. The thermodynamic, kinetic and calorimetric
data of these Fv-variations will be correlated to forces
determined directly by the proposed technique. The
functional AFM technique will provide in future new
possibilities in bioanalytical research and applications.

Funding: NFP36 ,,Nanosciences", PSI
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THE NANO USER LAB

J. Gobrecht, D. Bachle, J. Mahler, T. Mezzacasa, C. Musil, L Scandella; 19 partners from industry and
universities collaborating

In 1996, two major government sponsored research programs in the area of nanoscience and
nanotechnology were launched: The SNF program ,,NFP 36 Nanowissenschaften" and the Swiss priority
program ,,MINAST" (=micro- and nano systems technology). LMN was able to become a partner in quite a
number of projects within these programs, making thus available its clean room facilities to many academic
institutions as well as industrial companies. In this report some examples are given with first results from
projects being still too small to be reported on elsewhere in this annex.

Two major national research programs (NFP 36 and
MINAST) were launched at the same time as LMN's
clean room laboratories became fully operational. We
were pleased that we were approached by several
project leaders from outside PSI seeking for coopera-
tion and support in micro- and nanotechnological
processes. This is by no means obvious since the
young LMN does not yet have a record of success in
this field.

Those projects worked on intensively are reported
elsewhere in this annex, others, like SIMNAD are just
in the process of being started. Below, results from
two project examples are given whose early status or
low work intensity at PSI does not yet justify their own
report.

Among the most frequently requested processes
is the structuring of resist layers or other thin films with
lines, gratings and the like in the area below 300 nm,
which currently only is possible with our FIB (focussed
ion beam) system. For example PMMA resist layers
were exposed by FIB lithography for the University of
Bern, where the electrochemistry of nanostructured
electrodes is studied. As the figure below shows, the
resolution limit of our FIB is between 100 and 150 nm,
which clearly shows that for even smaller structures,
often requested in nanotechnology, an e-beam
lithography tool will be indispensible.

Ga+ Si

•500 raw

In the BAMS project our task is to realize and
supply substrates (glass, silicon or gold) with varying
topographical or chemical contrast down to the 50 nm
range for applications in fluorescence microscopy. In
the figure below first results are shown where a
thioalkane monolayer-resist on gold was partially
removed with the FIB thus making local etching of the
gold possible.

. *

The goal of the NOSE project [1] is to have an
array of bimetallic micro-cantilevers, all being capable
of detecting the heat of formation or adsorption of
different species by deflection. This could provide a
highly selective and sensitive detector for a large
variety of gasses. The figure shows a first example of
an uncoated cantilever array.

Reference
[1] MINAST News 1/96, pp 3-5 (1996)
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NANO-TOWERS FOR CATALYSIS

Y. Bonetti, P. Boni, J. Gobrecht, M. Horisberger, L. Scandella and H. Schift; M. Aeschlimann, R. Prins,
M. Schildenberger (ETHZ) collaborating

To investigate the influence of particle size on kinetics in heterogeneous catalysis, model catalysts are built
by laser interference lithography. This gives control over size and shape of the active particles, and over
their interfaces to the supporting material. The laser setup implemented for this purpose shall serve as a
standard tool for other nanostructure projects.

In heterogeneous catalysis, some systems show a
dependence between the size of the metal particles
serving as the catalyst, and the reaction speed and
product ratio. To obtain a better understanding of this
effect, it is useful to investigate model catalyst sys-
tems, which may finally lead to the design of more
effective catalysts.

The particle size of industrial catalysts is not
sharply defined due to the impregnation procedures
employed for their production, and the catalytically
active surfaces can hardly be investigated by surface
science methods. On the other hand, most of the
known model catalysts cannot be used in both high
and coarse vacuum environments and at high tem-
perature (up to some hundred °C). The aim of this
project is to create stable model catalysts with
reasonably large total active area (some 10cm2) and
well defined particle size by use of nanotechnology. A
scheme of the desired structure is shown in the
following figure.

_ «0.5(im SiO-
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substrate (SiOVSi wafer)
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(Pd, Pt
o r N i )

The vertical structure of several hundreds of
metal/insulator bilayers is made by sputter deposition
on oxidized silicon wafers; at this moment, systems of
40 bilayers of 5nm Pd and 5nm SiO2 are used. To
produce the lateral structure, we employ laser inter-
ference lithography [1]: Exposing a wafer (coated with
0.2^m photoresist) twice with an interference pattern
and rotating it by 90° between the two exposures
leads to a dot array. The following picture shows pho-
toresist dots on an oxidized Si wafer (dot diameter 200
nm, separation 500 nm).

To compose these two structures into the model
catalyst, one needs an etching technique that shows
high anisotropy to get vertical walls, and small chemi-
cal selectivity between etching of metals and insula-
tors. For this purpose, ion milling will be used in

machines which are currently being installed in the
LMN cleanroom.

• •

m

At the ETHZ, a constant-flow-reactor has been
built to investigate pairs of structured wafers. It can be
heated up to more than 400°C, and several mass-
flow-controllers allow it to be fed with reaction and
carrier gases in the range from ultra-high vacuum to
atmospheric pressure. Pressure-reducing equipment
permits to use mass spectrornetry in all conditions.

mass-flow control

reactor / \
pump Q

By performing experiments with different multi-
layer thicknesses and tower diameters, size effects in
test reactions as the oxidation of CO can be exam-
ined.

Reference
[1] Nanotechnology - Fabrication Techniques,

H. Schift and J. Gobrecht, PSI Annual Report
1995, Annex NIB, p.11.
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MOLECULAR BEAM EPITAXY OF HETEROSTRUCTURES AND MULTIPLE QUANTUM WELLS IN
THE SYSTEM Si-Ge-C

R. Hartmann, K. Ensslin, U. Gennser, D. Grutzmacher and E. Muller; A. Dommann (NTB) collaborating

Si/SiGe and Si/SiC hetero- and quantum well structures of varying compositions were deposited at differ-
ent growth parameters by molecular beam epitaxy. The structures were analyzed by transmission electron
microscopy (TEM), high resolution x-ray diffractometry (HR-XRD) and low temperature photoluminescence
(PL). Excellent crystalline properties were established for the Si/SiGe structures even for very low deposi-
tion temperatures (400°C).

Since the first observations of band-edge photolumi-
nescence in strained SiGe-structures, there is a real-
istic hope that Si based optical devices can be inte-
grated into the Si electronic device technology. The
necessary PL efficiency may be achieved for low
dimensional nanometer-sized structures, i.e. quantum
wires or quantum dots, as well as for the coupled
quantum wells in the Si-Ge-C system. A commercial
molecular beam epitaxy (MBE) machine has been set
up containing e-beam evaporators for Si and Ge, a
pyrolitic graphite filament for C sublimation and effu-
sion cells for B and Sb.

As a first step towards a deeper understanding of
the luminescence processes of group IV material
systems we have studied Si/SiGe multiple quantum
well (MQW) structures. The crystalline quality, exam-
ined by HR-XRD measurements, is very good even for
growth temperatures as low as 400°C.

a) -1.5kV

RTA: t=240s N / 4% H S i G e N p

2 2 (No-Phonon)

b)0V

RTA: 240 s in N / 4% H SiGe NP
: 2 (No Phonon),

In the first figure the influence of a substrate bias
during the growth and a subsequent rapid thermal
annealing (RTA) (240s in N./H2 gas mixture) is illus-
trated. At a negative bias of -1.5kV and without any
bias (floating substrate) the PL-spectra of the as-
grown samples are dominated by a broad band lumi-
nescence. A positive bias of +1.5kV during the growth
suppresses the broad band luminescence and band
edge luminescence of the SiGe-QW's becomes
visible. After sample anneals at temperatures above
750°C the MQW's grown with positive and no bias
show only band edge luminescence. At increasing
RTA temperatures the QW signals get more intense
and shift to higher energies due to the Ge-diffusion
from the wells into the Si-barriers. The MQW grown
with a negative bias (-1.5kV) shows no band edge
luminescence even after RTA processing and the
broad band luminescence remains quite significant.

TEM studies (see page 16) give clear proof of a
correlation between the appearances of defects and
broad band luminescence. Positive substrate bias and
subsequent RTA efficiently suppress the presence of
defects in the SiGe layers and therefore support the
occurrence of band edge PL. The results indicate that
the defects are caused by the bombardment of posi-
tive Si and Ge ions onto the substrate during e-beam
evaporation.
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Additional design flexibility is given by adding C to
the SiGe system. The figure above shows the HR-
XRD pattern of a Si/SiC-MQW containing 15 periods
of 14nm wide SiC wells with 0.33% C and 37nm wide
Si barriers. The fringes between the satellites are not
well resolved indicating that the very narrow growth
window for C alloying is not found yet.
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- 16-

TEM STUDY OF Si/SiGe AND Si/SiC QUANTUM WELL STRUCTURES

E. Muller, U. Gennser, J. Gobrecht, D. Grutzmacher and R. Hartmann

Transmission electron microscopy was applied to a set of MBE-grown Si/SiGe and Si/SiC quantum well
structures in order to optimize the growth parameters as well as to correlate some features of photolumi-
nescence measurements to structural properties.

Si/SiGe quantum well structures: Si/SiGe super-
lattices grown at 750°C and a bias of -1.5kV, OkV and
+1.5kV, respectively, were investigated by transmis-
sion electron microscopy (TEM). Samples grown at a
negative bias showed a large number of defects, typi-
cally 15 - 30nm in size (first image).

SiGe

On the images of samples grown at a positive
bias, however, only shadow-like contrast phenomena
indicating the presence of strain fields were recog-
nized (second image). When the latter samples were
exposed to a relatively strong beam of 300 keV elec-
trons in the microscope, these shadows were
observed in-situ to evolve towards the defects already
known from the specimens grown at negative bias.
These observations are interpreted in terms of ion
damage during growth: While at a negative bias the
damage was strong enough to cause extended
defects, only point defects resulted at a positive bias.
A relatively strong 300 keV electron beam finally ini-
tiated the formation of extended defects on the basis
of such point defects. According to this interpretation,
the extended defects can be considered as some
measure for the number of point defects present in the
sample.

The photoluminescence (PL) data of a set of
Si/SiGe quantum well structures, grown at 550°C,
varied strongly. A TEM investigation of specimens
showing strong PL revealed that extended defects and
shadow-like contrast as described above were con-
centrated in the Si-layers, while the SiGe-layers
appeared to be nearly defect-free (second image). In
samples with weak PL, however, such defects were

spread over the whole quantum well structure (third
image). After annealing the latter specimens to 950°C,
the defects were no longer observed in the SiGe-
layers, they were aligned in the Si-layers which is in
excellent agreement with the observed increase of the
PL response. A high crystalline quality of the SiGe
alloy layers is therefore of great importance for the
presence of a strong PL signal.

SiGc

Si

Si/SiC superlattices: Growing Si/SiC super-
lattices is a rather demanding task. Even at low C-
concentrations, high quality samples can only be
grown in a narrow range of growth temperatures. TEM
investigations were used to optimize the growth of
such material.

The fourth image shows a high-quality sample
grown at low temperatures, containing 3 nm wide
Si09975C00025 wells separated by 10 nm Si barriers.
Although having relatively low C-concentrations C-
precipitates embedded in Si were observed instead of
a SiC alloy at higher growth temperatures. If the tem-
perature was too low, however, a very rough surface
resulted. For higher C-concentrations, the temperature
window allowing the growth of high-quality material
becomes very narrow. Further work is necessary to
find the optimum growth parameters.

Funding: SNF, PSI
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MODULATION DOPED STRUCTURES BASED ON THE Si/SiGe/SiC MATERIAL SYSTEM

P. Schnappauf, U. Gennser, D. Grutzmacher and R. Hartmann

Doped Si layers grown by molecular beam epitaxy have been studied using Hall measurements. Both n
and p-doped layers show good characteristics over a wide range of doping densities. SiC quantum struc-
tures have been theoretically analyzed, and a Si/SiC modulation doped heterostructure has been pro-
posed.

Different types of semiconductor nanostructures have
recently been realized using Si/SiGe heterostructures
A key to the fabrication of these nanostructures is the
realization of modulation-doped Si/SiGe heterostruc-
tures with high mobility 2-dimensional electron or hole
gases at the Si/SiGe interface. In addition to the im-
portance of good interfaces [see page 15], it is neces-
sary to have a good control of the doping during the
growth. It is also important to be able to model the
bandstructure in order to optimize the structures suit-
able for growth. For this purpose, a Hall measurement
station has been set up, with a variable magnetic field
up to 1 T, and with a variable temperature cryostat
down to 7 K. Various calculation tools have been de-
veloped for the theoretical analysis of the structures.
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Thick Sb doped and B doped layers have been
grown using molecular beam epitaxy (MBE), in order
to characterize the n- and p-doping, respectively. Hall
measurements of the samples have shown p-doping
concentrations from 6 x 1017cm3 to 5 x 10 l9cm3, and
from 3 x 1017cm3 to 1019cm3 for the n-doping. As can
be seen in the figure above, the doping concentration
is exponentially dependent on the boron cell or anti-
mony cell temperature, respectively. The Hall mobili-
ties of the samples agree with what is expected for
epitaxial Si for the different doping concentrations.
Secondary ion mass spectroscopy (SIMS) profiling of
separately grown samples gives similar doping con-
centrations, if the different growth rates of Si in the
experiments are taken into account. This indicates that
the dopants have been incorporated in electrically
activated positions, with a good resulting crystal qual-

ity. However, due to the relatively low solubility of Sb
in Si, it has a tendency to float on the surface, and the
dopant incorporation is dependent on the substrate
temperature. Good incorporation is found for TsuDS =
400 °C.

A number of theoretical modelling tools are now at
our disposition. Electron and hole wavefunctions and
confinement energies in arbitrary Si/SiGe or SiGe/SiC
quantum wells can be calculated using transfer matrix
calculations. The dispersion relations of valence band
quantum wells are analysed both by an exact solution
of the effective-mass equation, and by a generalised
transfer matrix calculation. The band profile for
Si/SiGe/SiC heterostructures is calculated by solving
Poisson's equation self-consistently.

In order to determine the feasibility of a modulation
doped heterostructure with a Si. yCy n-type quantum
well the photoluminescence data of Si,.xGex/Si,.yCy type
II quantum wells from K. Brunner et al. [1] have been
analysed. We find good agreement between
calculated and measured data for the relative
recombination intensity. The data indicate a somewhat
larger conduction band offset between the Si and SiC
layers than earlier estimated, = 150 meV for y = 2%.
The calculated band profile of a proposed structure
with a 2-dimensional electron gas in a SilyCy quantum
well is shown in the next figure. It is our intention to
implement this structure using MBE.
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[1] K. Brunner, W. Winter, and K. Eberl, Appl. Phys.
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LIGHT EMISSION FROM A SILICON QUANTUM WELL

R. Morf, H. Auderset, B. Delley, D. Grutzmacher and E.F. Steigmeier; R. Wessicken (ETHZ)
collaborating

We study the photoluminescence (PL) properties of silicon (Si) single quantum well structures, consisting
of an either amorphous or crystalline Si layer of 3 nm thickness, embedded between silicon-nitride layers.
After crystallization of the originally amorphous Si layers and passivation by hydrogen, strongly polarized
PL is observed in the entire visible spectrum. Precise calibration of the spectrometer allows the determi-
nation PL efficiencies per incident photon, in absolute units. Our results indicate that optimised structrures
may reach PL efficiencies in the percent range.

We studied photoluminescence (PL) properties of a
very clean and well-characterized single quantum well
(QW) system, consisting of an either amorphous or
crystalline Si layer of 3 nm thickness, embedded
between silicon nitride layers, and deposited on a Si
substrate. To crystallize the Si QW and still preserve
the planarity of interfaces in the layer structure, rapid
thermal annealing (RTA) was used.

Our main results are as follows: Already as de-
posited, the single QW samples exhibit PL in the entire
visible spectrum. After crystallization by RTA and
hydrogen-passivation, a significant increase of PL is
observed in the blue and green, while red and infrared
PL is reduced. The PL, which is strongly polarized,
can be observed particularly well if PL is excited and
detected at the edge face of the sample. PL intensity
is largest when the electric field of both exciting and
PL radiation is perpendicular to the Si-QW layer.
Measured PL intensities are specified in terms of the
spectral PL efficiency dr)/dX.. This corresponds to the
number of PL photons in a given spectral range,
emitted into the hemisphere above the sample, per
absorbed excitation photon.

Already as deposited, cf. figure a, the QW struc-
ture shows a broad PL spectrum throughout the visible
range, with somewhat larger intensity for P-polari-
zation for which the electric field has components both
in the plane of the QW, as well as normal to it. The
cases of P- and S-polarization are shown as full/dotted
lines for which either magnetic or electric field of both
exciting and PL light is parallel to the QW-layer,
respectively. After crystallization by means of RTA, cf.
figure b, the PL spectrum is basically shifted towards
longer wavelength, with a peak intensity around 650
nm. The polarization effect is much more pronounced
than in the ,,as deposited" stage, with PL above a
wavelength of 750 nm fully polarized with magnetic
field H parallel to the QW sheet.

In figure c, we show the PL spectrum for the QW
structure in its final stage, after passivation by coating
with a hydrogen-rich SiNx layer. Clarly PL intensity is
increased considerably, particularly in the blue, com-
pared to both 'as deposited' (figure a) and after RTA
crystallization (figure b). Indeed, for wavelengths be-
low 500 nm , passivation increases PL intensity by
over a factor ten.

The polarization effects observed in figures a-c are
actually very significant, if we consider their origin: The

difference between PL intensities for the two
polarizations must basically arise from the component
of the electric field perpendicular to the QW layer,
which is non-zero only for P-polarization (i.e. magnetic
field parallel to the QW), and scale with its square.
Indeed, if PL is excited by illuminating the sample at its
edge face significantly higher PL effciency is
measured: The dashed line in figure c depicts PL for
the polarization in which the E-field of exciting and PL
light is perpendicular to the QW layer. Here, PL effi-
ciency is measured per photon incident on the edge
face formed by the SiNx and Si-QW, i.e. a strip of
width 190 nm. This probably significantly underesti-
mates the actual effciency, as only some fraction of
incident photons are absorbed in the QW. Neverthe-
less, the PL efficiency is about 30 times larger than in
the standard geometry.
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We are thus led to the conclusion, that QW
structures of the type studied here, should provide
more effective light emitting devices than is possible
with porous silicon based systems. Provided that PL
output can be increased sufficiently, and if carriers can
be injected into the Si-QW, our structure, produced by
PECVD, may open a viable route for making silicon
based electrooptic devices.
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ELECTROLUMINESCENCE FROM NANO-STRUCTURED SILICON SURFACES

L.W. Snyman, J. Gobrecht, T. Mezzacasa, B.D. Patterson, L Scandella andR. Widmer

Efficient luminescence is observed at nano-structured surfaces of silicon p'npn structures. The surfaces
were structured with a combination of reactive ion beam and anisotropic wet chemical etching techniques.
The luminescence is apparently caused by hot-carrier relaxation at electric-field concentration points that
occur at indentations in the nano-structured surfaces in close proximity to a reverse-biased pn-junction.

Nano-structured surfaces of silicon were prepared by
first defining mask patterns on planar (100) silicon
p'npn structure, followed by reactive ion beam etching
with SF6 ions to a depth of approximately 20 \im. Due
to the specific ion-energy used (40W), sloped surfaces
were formed with an angle of approximately
45 degrees. The samples were subsequently etched
further with anisotropic wet etching using various con-
centrations of KOH:H2O. Depending on the KOH con-
centration, various degrees of surface roughness
could be created (first figure). The roughness was
quite uniform, with indentations varying from 0.1 \im in
diameter for a 20% solution to approximately 2 jxm
diameter for a 60% solution. Microscopic investiga-
tions revealed that each indentation is bounded by
{111} and {100} facets on (100) stepped platforms.

With a positive bias of approximately 50 V applied
to the p* surface, bright luminescence spots appear at
the side-walls of each indentation in a line parallel to
the (001) surface and corresponding to the position of
the depletion layer of the reversed-biased np-junction
(second figure). At maximum luminescence intensity,
each spot draws approximately 100 - 150 |xA. Lumi-
nescence intensities up to approximately 5 nW/n-m2

were observed at some spots, yielding an estimated
quantum conversion efficiency of 5 x 105.

The observed effects are attributed to electric-field
concentration which occurs at the side-walls of the
indented surface which causes an enhancement in the
density and energy of the hot arriers (third figure).

Theoretical and experimental investigations reveal
a quadratic dependence of the energy of the hot car-
riers on electric field strength, and an exponential

surface
indentation

E-field
lines in
the
depletion
layer

dependence of the hot-carrier density in the depletion-
zone as a result of the electric field confinement and
extension effects.

At still higher bias voltages, a concentration of the
spots into a narrow zone is observed (fourth figure),
with a further increase in luminescence intensity of the
remaining spots. This effect is due to a macroscopic
confinement of electric field and current along the
reversed-biased junction caused by "autosoliton"
feedback and activator mechanisms known to occur in
such multilayer structures.

Funding: University of Pretoria, South Africa, PSI
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PHOTOLUMINESCENCE OF THREE-DIMENSIONAL ORIENTED P-NITROANILINE (PNA)
MOLECULES IN ALIGNED ZEOLITES

G. Binder, L. Scandella, H. Auderset, J. Gobrecht and T. Mezzacasa; R. Prins (ETHZ), J.H. Koegler and
J.C. Jansen (TU Delft) collaborating

ZSM-5 single crystals, aligned in microstructured silicon wafers, have been used as a host for dye mole-
cules (PNA). Loading of the crystals was studied by thermo-gravimetry/FTIR. The orientation of the
molecules within the channel system was investigated with temperature and polarisation dependent pho-
toluminescence. The straight ZSM-5 channels are populated preferentially.

Nanoscale devices based on zeolites require an
ordered arrangement of crystals. In the field of optical
applications (non-linear effects like frequency dou-
bling, spectral hole burning), the use of zeolites as
guest hosts is of special interest due to the properties
of the composite materials.

A system of aligned single crystal zeolites of
ZSM-5 type has been realised by means of a pre-
structured silicon substrate [1]. The microporous
crystals comprising a two dimensional channel system
of molecular dimensions were loaded with the dye
molecules PNA via the gas phase.

Coupled thermo-gravimetry and FTIR (TG/FTIR)
proves that PNA has been loaded successfully and
enables the quantification of the guest. The weight
loss and the corresponding amount of PNA from the
FTIR signal are presented below for both PNA loaded
in and dispersed on ZSM-5. The maximum desorption
temperatures for PNA in and on ZSM-5 differ by 95 K.
For PNA in ZSM-5, a corresponding weight loss of 8
weight % was determined which corresponds to about
3.7 PNA molecules/unit cell.
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Polarisation dependent photoluminescence (see
highlight page 3) reveals mainly two different peaks
resulting from the different topology of the two channel
types present in ZSM-5. 90° corresponds to an order-
ing of the molecules in the straight ZSM-5 channels, 0°
is attributed to PNA in the sinusoidal channels [2].

Temperature dependent photoluminescence
measurements show that the shape of the spectra for
each polarisation remained. The maximum intensities
plotted below can be fitted with an exponential decay
(exp(-const.xT)). This behaviour suggests that a mul-
tiphonon process is responsible for the nonradiative
recombination. However, the ,,decay temperature" is
different for both polarisations which is consistent with
the shifted luminescence spectra.
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In contrast to PNA single crystals, luminescence of
PNA in ZSM-5 is still detectable at room temperature.
This may be attributed to the stabilising role of the
zeolite cage.

Computer modelling of PNA at different positions
in the ZSM-5 channel system confirm the experimental
results. PNA in the straight channels is energetically
favoured compared to PNA in the sinusoidal channels
[3].
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FOCUSED ION BEAM LITHOGRAPHY OF SELF-ASSEMBLED MONOLAYER FILMS

C.R. Musil, C. David, J. Gobrecht and C. Padeste; M. Pawlak (Novartis) collaborating

Self-assembled monolayers (SAMs) represent the ultimate resist material in masking technology for
nanostructures. By limiting the resist thickness to the size of a molecule (~ 1 nm), true surface imaging is
attained, which maximises the resolution of the exposure technique employed. Due to the self-organising
nature of these films, continuous monolayer coverage can be readily achieved over large areas. Focused
ion beams provide an attractive method for direct-write nanolithography of SAM resists by modifying their
chemical properties through either radiation damage or physical sputtering.

The goal of nanofabrication lies in the reduction of
feature size down to the molecular level in all three
dimensions. In this context, self-assembled mono-
layers (SAMs) have significant potential as either the
substrate or the masking material for planar proc-
essing, since their vertical extent is inherently in the
nanometer regime. In connection with the MINAST
project "Biologically Addressable Monolayer Struc-
tures (BAMS)", which requires the definition of a
variety of specific surface chemistries upon the same
substrate with submicron lateral resolution, we present
results of SAM film patterning by focused ion beam
(FIB) lithography.

The experimental procedure begins with the
evaporation of a thin film (50 nm) of gold upon a glass
substrate immediately followed by its immersion into a
solution of octadecanthiol, which forms a -1,5 nm
thick SAM upon the gold surface. Next, the monolayer
is irradiated by a 30 keV Ga* FIB with a series of lines
and boxes of varying dose. Finally, a 10 minute ferro-
cyanide wet chemical etch is used in order to assess
the effect of ion exposure upon the SAM. The protec-
tion by the SAM of underlying gold film from the
etchant degrades with increasing ion dose.

1013

30 keV Ga+ Ion Dose (cm2)

The interaction of the FIB with the SAM involves
two overlapping exposure mechanisms characterised
by the fluence of ions. At around 3 x 1013 Ga* cm2,
radiation damage dominates with the breaking and
rearrangement of bonds in the molecular chain and
the resulting loss of the CH3 end group which provides
the resistance to the ferrocyanide etch. At a higher
dose of ~2 x 10'5 Ga* cm2, complete removal of the
SAM layer occurs by physical sputtering, which also
leads to a roughening of the gold film by about 2 nm.

The graph above illustrates the masking characteris-
tics of octadecanthiol SAM resist. Contrary to conven-
tional lithography, no explicit development of the resist
takes place in this process so that pattern transfer into
the gold film by ferrocyanide wet chemical etching
follows directly after FIB irradiation of the SAM. If the
resulting chemically etched depth is compared to the
ion dose which exposed the SAM, then a contrast ratio
of y = 1.1 was achieved for 30 keV Ga* exposure of
octadecanthiol monolayer resist followed by a 10
minute ferrocyanide gold etch.

The preparation of coplanar SAMs with differing
biochemical activities depends critically upon the sur-
face chemistry of the anchoring substrate and the
retention of end group properties, both of which are
susceptible to degradation during intermediary proc-
essing. The ability to remove the SAM directly and
locally by physical sputtering is unique to FIB and
highly advantageous in eliminating the number of
"dirty" fabrication steps involved. Moreover, due to the
extreme thinness of the SAM, patterning throughput
remains reasonable despite the inherent slow speed of
fine feature definition by serial physical sputtering.
However, the effect of the beam tails upon the SAM
leaves a damaged zone immediately adjacent to the
sputtered region, whose extent is approximately equal
to the beam size, thus limiting feature definition.

l10 nm
0 nm

The scanning force micrograph above depicts a
chemically etched feature in gold film using a SAM as
a resist layer. A line has been exposed in a monolayer
of octadecanthiol by a dose of 3.2 x 1013 Ga* cm2 fol-
lowed by pattern transfer into the gold layer by etching
in ferrocyanide. SAMs have great potential in com-
bining nanolithography with surface chemistry.
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SELF-ASSEMBLED InAs QUANTUM DOTS

E. Ribeiro (ETHZ), H. Auderset, K. Ensslin, B. Graf and E. Muller; G. Ribeiro-Medeiros and P. M. Petroff
(University of California, Santa Barbara) collaborating

Self-assembled InAs quantum dots are grown by molecular beam epitaxy in the close vicinity of a two-
dimensional electron gas imbedded in a conventional AIGaAs heterostructure. The areal dot density varies
across a wafer because of the flux inhomogeneities of the growth system. Spatially resolved photo-
luminescence spectroscopy is used to analyze the regions on the wafer with maximum and minimum dot
density.

Two-dimensional electronic systems can be realized
with high precision by various growth techniques. The
fabrication of quantum wires and quantum dots, how-
ever, usually requires sophisticated lithographic tech-
niques. In addition, the quality of the lateral confine-
ment in terms of homogeneity and magnitude is far
inferior compared to the vertical confinement.

Here we concentrate on an alternative approach,
where InAs quantum dots are realized directly in a
GaAs matrix by molecular beam epitaxy growth with-
out any additional high resolution technology required.
[1] The lattice mismatch between InAs and GaAs is as
large as 7% leading to the growth of InAs islands on a
GaAs substrate for InAs layers thicker than 1.5
monolayers. If these InAs islands are covered by
GaAs they can be preserved in the GaAs matrix and
investigated by optical spectroscopy.

In our case the InAs dots are positioned in the
center of the wave function of a two-dimensional elec-
tron gas located at the interface of a GaAs-AIGaAs
heterojunction. Since the In and the As flux varies
across the wafer the density and size distribution of
the dots has a spatial variation, too. Spatially resolved
photoluminescence indicates the distribution of the
dots across a half wafer, while a Si wafer on the other
half produces no luminescence in the wavelength
regime investigated.

2T sxpanded

High resolution transmission electron microscopy
allows to image the lateral and vertical arrangement of
the various atomic species. The GaAs-AIGaAs inter-
face is clearly resolved while the imaging of the InAs
dots themselves needs further work.
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Using low-temperature magnetotransport experi-
ments the carrier density in the two-dimensional elec-
tron gas is measured as a function of gate voltage.
Using a straight forward capacitor model we find from
the above linear relation that the mobile electrons
indeed reside in close proximity to the InAs dots.

Further experiments are under way in order to
detect the specific signatures of such a nanostructured
system on the transport properties. In particular the
question arises whether the dot system can be driven
into a hopping regime, where electron transport is
dominated by electrons hopping from dot to dot. This
percolation problem could have interesting conse-
quences at high magnetic fields in the quantum Hall
regime.

Reference
[1] D. Leonard, M. Krishnamurthy, CM. Reaves,

S.P. Denbaars, and P.M. Petroff, Appl. Phys. Lett.
63,3203(1993).
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ELECTRON TRANSPORT IN PARABOLIC QUANTUM WELLS

G. Salis (ETHZ), K. Ensslin and B. Graf; K. L Campman, K. D. Maranowski and A. C. Gossard
(University of California, Santa Barbara) collaborating

Parabolic quantum wells are realized in AIGaAs-GaAs heterostructures. Via low temperature magne-
totransport experiments we measure the respective subband carrier densities and therefore the energy
separations in the single particle energy spectrum. Furthermore, by shifting the wave functions with
respect to the center of the parabola via appropriate gate voltages the influence of controlled potential
perturbations is investigated.

Parabolic potentials are often the first approximation in
a physical model. Via controlled conduction band tai-
loring in AIGaAs heterostructures high precision para-
bolic potentials can be realized. It has been found that
the intra band optical absorption in filled potential wells
does not depend on the degree of filling or the elec-
tron-electron interaction. This has been explained by
the generalized Kohn's theorem [1]. Furthermore the
unique property of a parabolic potential that it does not
change its symmetry nor its curvature if a spatially
constant electric field is superimposed has been used
to study the quantum Hall effect at the crossover from
two to three dimensions [2].

The spectroscopy of energy levels usually is a
domain of optical experiments. In systems with several
occupied subbands magnetotransport experiments
can be used to investigate the single particle energy
spectrum. Here we proceed one step further and pre-
sent a detailed analysis that extracts information on
the electronic envelope wave functions arising from
the potential well that contains contributions from the
as-grown parabola, controlled potential perturbations
as well as electron-electron interactions, i.e. screen-
ing.

If a controlled potential perturbation AV(r) is intro-
duced within the parabolic potential, the shift of an
energy level is given by AE=«t>,lAV(r)l<t>> (<t>t is the
wave function of subband i) according to first order
perturbation theory. In our experiment differences of
subband energy shifts can be determined and thus
used to learn something about the wave functions.
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Our samples contain a grown-in back gate elec-
trode that allows us in combination with a conventional
front gate electrode to apply a uniform electric field
across the parabola and therefore shift the electronic
wave functions with respect to the potential pertur-
bation (3 monolayers of AIGaAs with 30% Al content)
located in the center of the as-grown parabola.

Using first order perturbation theory we are able to
extract the electronic width of the charge distribution at
the Fermi energy and compare with the growth
parameters. The excellent agreement indicates the
validity of our analysis as well as the high precision in
the growth procedure. We conclude that the modifica-
tion of wave function via controlled potential perturba-
tion can be spectroscopized in a transport experiment.

At liquid He temperatures a quantizing magnetic
field leads to the formation of Landau levels super-
imposed on the energy levels from the growth related
confinement. Shubnikov- de Haas oscillations domi-
nate the low-field magnetoresistance enabling us to
deduce the carrier densities (NS=NO+N,+N2) in the
occupied subbands.

References
[1] L. Brey, Johnson, and B. Halperin, Phys. Rev.

B40. 10647(1989).
[2] K. Ensslin, A. Wixforth, M. Sundaram,

P.F. Hopkins, J.H. English, and A.C. Gossard,
Phys. Rev. B47, 1366 (1993).
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THEORETICAL STRUCTURE STUDIES OF NETWORK COMPOUNDS

A. Kessi and B. Delley; J. Baker (University of Arkansas) and M. T. Rice (ETH Zurich) collaborating

Following on from earlier work of Pulay and Fogarasi, an efficient algorithm for the geometry optimisation
of atomic structures has been developed and implemented for both molecular and crystal systems. This
algorithm is especially adapted to floppy structures, where optimizing in Cartesian coordinates is inefficient.
Examples of floppy crystal systems are zeolites and polymer crystals.

In the course of our theoretical studies on the structure
of zeolites such as offretite and mordenite, it became
clear that the conventional algorithms for structure
optimisation converged slowly, due to the floppy
nature of the zeolite framework. Whereas small mole-
cules and rigid crystal structures can be efficiently
optimized in Cartesian coordinates, the nonharmonic
nature of the potential energy surface in floppy struc-
tures implies that their Hessian information is less
useful in assessing the shape of the energy surface.

One is at first tempted to try and transform to nor-
mal mode coordinates. This will make the Hessian
matrix more diagonal, but the nonharmonicity of the
potential will remain. A nonlinear transformation is
therefore required. One possible choice of such a
nonlinear transformation is to so-called internal coor-
dinates, such as bond lengths, bond angles and dihe-
dral angles. The harmonicity of the potential is much
better in these coordinates than in Cartesians. This
fact has long been used in defining force fields
parametrized up to second order in internal coordi-
nates.

For some years, such optimiser programs have
been available for molecular systems. However, the
construction of internal coordinates was a complex
undertaking. The number of degrees of freedom grows
linearly with the size of the system, whereas the num-
ber of available internal coordinates grows exponen-
tially. Some combinations of displacements in internal
coordinates are therefore redundant, meaning they do
not correspond to any possible displacement of the
atoms. An appropriate choice of internal coordinates
has to be made, which covers all degrees of freedom,
but does not contain redundant coordinates. Previous
implementations were based on direct examination of
local approximate symmetry and thus failed for struc-

tures whose local topological features had not been
considered when the program was implemented.

During the visit of Jon Baker, a renouned expert in
optimisation, we developed our new delocalized inter-
nal coordinates scheme [1]. It is based on a general
mathematical procedure for obtaining linear combina-
tions spanning a nonredundant subset, given some
set of internal coordinates. By extending the definition
of internal coordinates to atoms bonded across crystal
cell boundaries, we implemented our method for
crystalline structures as well.

The number of displacement steps needed to find
the minimum energy structure is reduced by a factor of
5 to 10 for typical large molecules (see first figure,
tetrahydrocannabinol) when using internal coordinates
instead of Cartesians. For crystal frameworks like
zeolites (see the framework of gismondine in the sec-
ond figure) or polymer crystals, whose structure is less
open than in the case of molecules, this factor is
somewhat smaller, around 2 to 5.

A further advantage of internal coordinates is that
their geometrical significance is immediately acces-
sible. This allows for optimisations in which bond
lengths, angles or dihedrals are constrained according
to a projection scheme. In addition, since Cartesian
coordinates can be considered a special type of inter-
nal (or rather: external) coordinates, atomic positions
can be fixed within the same scheme, along with inter-
nal coordinates.

Reference
[1] Jon Baker, Alain Kessi and Bernard Delley;

J. Chem. Phys. 105(1), 192-212 (1996).
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ELASTIC CONSTANTS OF AlxGa1xAs: DF-THEORY

B.D. Patterson and B. Delley

Ab-initio density-functional calculations have been performed of the elastic constants of AlxGa1xAs by
computing the energy of a 54-atom supercell under various distortions. Particular arrangements of Al and
Ga atoms were chosen to maintain cubic symmetry while spanning the range of x-values from 0 to 1.

Due to its use in a wide variety of electronic and
optoelectronic components, the ternary Ill-V semicon-
ductor alloy AI^Ga^As is a material of utmost techno-
logical importance. Its popularity is due to the facts
that films of micrometer thickness can be epitaxially
grown on a GaAs substrate over the entire range
0<x<1 with negligible misfit dislocations, and that the
room-temperature bandgap energy varies with x
between 1.424 and 2.168 eV. These attributes allow
the fabrication of epitaxial heterostructures with abrupt
bandgap changes. Since epitaxial AÎ Ga. xAs films on
GaAs substrates are strained, it is imporant to know
their elastic properties. At present, little is known in
this respect about the region of intermediate x-values.

We have performed ab-initio density-functional
calculations of the elastic constants of AlxGa,.xAs, both
at the x=0, 1 limits and at intermediate values. We
restrict ourselves to the largest unit cell which we can
comfortably treat with periodic boundary conditions
(27 group-Ill plus 27 As atoms), and we stipulate cubic
symmetry. The group-Ill sublattice sites are thus
divided into 5 categories, each of which can be occu-
pied by either Al or Ga. The first figure shows a group-
Ill supercell consisting of 33 conventional fee cells,
where the 5 categories are indicated by geometrical
figures. In the 54-atom cell used in the calculation,
there are 4 group-Ill sites corresponding to the black
tetrahedra, 4 to the white tetrahedra, 6 to the grey
octahedra, 1 to the boxes and 12 to the remaining
unmarked sites. These dictate possible x-values in our
calculation.

A cubic crystal has 3 inequivalent first-order elastic
constants, C.,, C12 and Cw and 6 second-order con-
stants, C,,,, C112, Cw , C56, C23 and C456. The first-order
constants have been determined at 7 x-values by
computing the energy changes produced by isotropic,

uniaxial and shear distortions. In addition, the second-
order constants C.,, and C112 were determined, under
the assumption that Cm , C,65 and C,23 are identically
zero.
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The second figure compares our results for the
first-order constants with experiments on Brillouin light
scattering from hypersound waves in epitaxial films,
performed at PSI [1]. The Poisson ratio v, obtained via
the expression

v = •
C12

is found to vary smoothly from 0.306 at x=0 to
0.316atx=1.

Reference
[1] M. Krieger, H. Sigg, N. Herres, K. Bachem and

K. Kohler, Appl. Phys. Lett. 66, 682 (1995).
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ELASTIC CONSTANTS OF AlxGa10(As: X-RAY MEASUREMENTS

B.D. Patterson, M. Moser, P. Riel, P. Schroeter, H.P. Schweizer and R. Widmer; A. Dommann
(N.T. Buchs) and J. Osterwalder (University of Zurich) collaborating

The unstrained lattice constant a(x) of epitaxial AlxGa,/^s has been determined with powder X-ray diffrac-
tion on films removed from their GaAs substrates. In conjunction with chemical analyses of the aluminum
fraction, we test the assumption of a linear dependence of a(x). The Poisson ratio of AlxGatxAs is deter-
mined by comparing the unstrained powder results with diffraction measurements in the initial strained
state.

A common assumption regarding compound semicon-
ductor alloys is that of a linear dependence of the
unstrained lattice constant on the alloy composition
("Vegard's law"). Indeed, for AlxGa..xAs, this is the
basis for non-destructive determinations of the alumi-
num fraction x. AlxGa, xAs material is only available in
thin epitaxial films, generally on GaAs substrates. We
have developed a technique for testing Vegard's law
by performing powder diffraction and chemical analy-
sis on AlxGa,.xAs material which has been physically
removed from the substrate. Together with Bragg
diffraction in the initial, strained state, the Poisson ratio
is also obtained. The experiment [1] is schematically
shown in the first figure.

\ /

Bragg:
a(0), c(x)

Debye-Scherrer:
a(x)

' \

Epitaxial layers 1-2 urn thick (grown at PSI)
yielded several mg of material. Some of this was
mixed with a calibration Si powder and examined with
Debye-Scherrer diffraction, with the kind assistance of
R. Gubser, ETHZ. The remainder of the material was
analysed using atomic emission spectroscopy, yield-
ing x to within an error of 0.3%.

The resulting x-dependent lattice constant a(x) can
then be expressed as

Prior to the substrate removal, Bragg diffraction
was performed on the intact film, yielding c(x), the
strained lattice constant in the (001) growth direction.

free powder
(this work)

-10

With the results from the powder experiment, one
obtains the Poisson ratio v according to

, ._ c{x)-a{x)
v ' c(x) + a{x)-2a{0)

Values of v(x) from this X-ray technique are
compared in the third figure with results from Brillouin-
scattering [2] and other measurements.
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where a(0)=5.65359(6) and a(1)=5.66172(8) are
the GaAs and AlAs lattice constants and (3(x)
represents the deviation from Vegard's law. The "free-
powder" p-values from this work are compared in the
second figure with previous measurements by other
groups (as discussed in [2]).
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BRILLOUIN SPECTROSCOPY OF Ill-V SEMICONDUCTORS IN THE NEAR INFRARED

S. Gehrsitz, H. Siegwart, H.C. Sigg and M. Moser; F.K. Reinhart (EPF Lausanne) collaborating

We describe the outstanding performance of our tandem triple-pass Fabry-Perot interferometer for appli-
cations in the near infrared (NIR). The high finesse, contrast and instrumental transmission enables
Brillouin scattering of Ill-V semiconductors to be performed in the transparent regime. The first high resolu-
tion Brillouin spectra of epitaxially grown Ga,JnsP layers are presented.

Near-infrared Brillouin scattering has been shown to
be a versatile tool for the investigation of elastic prop-
erties of Ill-V semiconductors [1]. For the purpose of
these investigations, a standard Brillouin spectrometer
(a tandem triple-pass Fabry-Perot interferometer of
the Sandercock type) has been modified for broad-
band operation in the near-infrared. The performance
of the instrument could be substantially improved by
the installation of new Fabry-Perot etalons with a spe-
cially designed broadband reflection coating. The
figures of merit of our novel instrument are compa-
rable to those of standard Brillouin spectrometers, but
over the whole wavelength range from 730 to 860 nm.
The most important performance data of the spec-
trometer are:
Spectral Range: 633nm, 730nm...860nm
Etalon Reflectivity: R = 0.92 ± 0.01
Etalon Losses: A = 0.006

spectrum of ordered samples should be modified due
to this lowering of the crystal symmetry.

Etalon Flatness:
Finesse:
Maximum Resolution:
Contrast:

7J200
N = 90
0.3 GHz
C = 109

Transmissivity T = 0.22
We present here an example of Brillouin scattering

of epitaxially grown Ga,.JnKP layers in the transparent
wavelength regime. The first figure shows a room-
temperature Brillouin spectrum of a Ga, xln,P-epilayer,
taken in the 90° scattering geometry (second figure).
The observed Brillouin peaks arise from acoustic
phonons propagating along a direction nearly parallel
to a [111] crystal direction. Due to a deviation of the
phonon propagation direction of 10° from the high
symmetry crystal direction, the frequency of the TA
phonons is not degenerate, and splitting of the TA
modes is observed. From the Brillouin shifts of LA and
TA phonons propagating in different crystal directions,
one can determine the sound velocities and hence the
elastic constants. Brillouin scattering in different
geometries provide the following values for the
complete set of elastic constants of Ga053ln047P:
C, = (117.5 ± 2.6) GPa, C12 = (60.1 ± 2.4) GPa, CM =
(55.4 + 1.2) GPa.

Strong CuPt-type ordering has been observed in
Ga1xlnxP epitaxial films grown lattice-matched on
[001]-oriented GaAs substrates, and the phonon
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In the above Brillouin spectrum of partially ordered
Ga,.xlnxP, we observe an anomalous enhancement of
the Brillouin linewidth of the LA phonon in the [111]-
and in the [ i l l ] direction, the direction of crystal
ordering. This linewidth enhancement is not observed
in other crystal directions, it is absent for TA phonons
and it is also not observed for completely disordered
AIGaAs crystals. This observation could be a first hint
of ordering effects in the acoustic phonon spectrum of
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EFFICIENT ELECTROLUMINESCENCE FROM 2- AND 3-JUNCTION SILICON STRUCTURES

L.W. Snyman, H. Auderset, A. Biber, B. Graf, B.D. Patterson, P. Riel, P. Seitz and A. Vonlanthen

Efficient electroluminescence has been realised in 2- and 3-junction silicon structures using hot-carrier
avalanching, electric-field-confinement, current-confinement, and secondary carrier injection into an ava-
lanching junction. An external quantum conversion efficiency of 10s has been obtained in a 2-junction
electric-field-confinement structure.

Silicon pn-junctions are known to emit visible lumines-
cence under reverse bias and avalanching conditions
[1,2]. Best external electrical-to-optical quantum
conversion efficiencies of approximately 3 x 107 have
been observed for devices fabricated from such junc-
tions [1]. We have investigated the nature and effi-
ciency of the luminescence produced from various 2-
and 3-junction silicon devices.

In mesa-structured Si p*npn devices (first figure
left), use was made of the injection of majority carriers
from a forward-biased junction into a reversed-biased,
avalanching junction. This injection scheme serves to
increase the density of hot carriers in the avalanching
junction and hence to intensify the luminescence.
Conversion efficiencies of up to 2 x 106 have been
observed with this technique.

High electrical-to-optical conversion efficiencies
have also been obtained from 2-junction CMOS co-
planar n*p structures, yielding approximately 10 nW of
luminescence output from a circular region 10 |im in
diameter (second figure).

The highest electroluminescence efficiencies
have, however, been obtained from n*p CMOS struc-
tures that make use of electric-field-confinement at a
wedge-shaped n*p tip, coplanar with the Si/SiO2 inter-
face (see page 19). According to theoretical con-
siderations, the electric-field-confinement raises the
average thermal energy of the hot carriers, which
results in more intense and higher-energy relaxation
processes of electron and holes. A visible lumines-
cence intensity of approximately 3 nW per urn2 has
been obtained for a device operating at 8 V and 80 JJA,
corresponding to a quantum conversion efficiency of
1x105. This value is approximately two orders of mag-
nitude higher than previously published values for any
Si device based on hot-carrier luminescence.

The luminescence occurs in a broad spectral band
from 450 to 650 nm, with a peak wavelength of
approximately 600 nm. The small effective area
implies that this device is well-suited as a building
block in constructing larger luminescent devices for
diverse electro-optical purposes, and which can be
fabricated using standard silicon processing proce-
dures.
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SELF-ORGANISED CURRENT FILAMENTS IN AIGaAs STRUCTURES

L.W. Snyman, H. Auderset, M. Brunner, M. Derendinger, M. Moser, C. Musil, B.D. Patterson, P. Riel,
H.P. Schweizer, J. SochtigandA. Vonlanthen

Single and multiple current filaments have been generated in AIGaAs pnph1 structures. The filaments show
self-organisation, switching and communicative behaviour and can be pinned at unintentional structural
defects and ion-beam-processed depressions. The filaments show potential to be used in next-generation
opto-electronic integrated circuits whose fabrication requires a minimum of processing procedures.
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The realised structures show stable 'wandering'
filaments in perfect samples (second figure) and
pinned filaments at unintentional etch pit defects (third
figure left). The typical filament has a diameter of 2 ^m
and carries a current of from 100 ^A to several mA
(third figure right). The observed white light emission
at low current is attributed to the avalanche process.
At higher current, the emission switches to red, indi-
cating quantum-well recombination.

Self-organised current filaments (also called auto-
solitons) show potential to be utilised in next-genera-
tion opto-electronic integrated circuits [1]. It has
already been shown that important properties of
current filaments, such as diameter and current den-
sity, can be accurately controlled in silicon p'npn
structures. Such filaments also show negative resis-
tance behaviour, implying that they can be switched
between an "off' state and an "on" state.

We have realised self-organised current filaments
in an AIGaAs pnpn* structure (first figure), which is
transparent to visible radiation. With positive bias to
the p* layer, avalanche and leakage currents in the
reverse-biased junction trigger a localised injection of
electrons from the substrate, and the device shows an
activated transistor behaviour. Carrier spreading along
the upper junction produces a feedback effect leading
to the appearance of a self-organised current filament.
An absorbing layer incorporated within the middle
junction absorbs incoming visible radiation, and a triple
quantum well in the lower converts the filament current
into visible radiation.

At sufficiently high densities of structural defects,
we observe that secondary filaments are triggered by
the switching of neighbouring primary filaments.

Of particular interest was the observation of cur-
rent filaments in a 4x4 array of depressions made with
focussed-ion-beam milling (fourth figure left), which
penetrated to the middle junction. The 16 filaments
simultaneously emitted white avalanche light (fourth
figure right), with no obvious switching behaviour.
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INTERSUBBAND SPECTROSCOPY WITH AN ULTRAFAST PHOTON DRAG QUANTUM WELL
PHOTODETECTOR

S. Graf, H.C. Sigg, H. Siegwart and A. Vonlanthen; W. Bachtold (ETHZ) and
P. van Son (Delft University) collaborating

We used the photon drag effect to determine the intersubband relaxation times, obtained by a lineshape
analysis of the spectral response. Temperature and intensity dependent measurements have been
performed in GaAs/AIGaAs multi - quantum well (QW) systems with an intersubband resonance at
-10 urn.

A breakthrough in ultra-fast infrared detection (t<1Ops)
has been made by the transmission line integrated
photon drag (TIP) detector, with an order of magnitude
improved response time [1]. Furthermore, our room
temperature quantum well photon-drag detector
shows an excellent efficiency (filled circles in the first
figure) compared to a commercially available Ge-
photon-drag detector with response time <1ns
(dashed line).

The measured detector performance already
approaches the estimated theoretical values (solid
line), with a quadratic dependence of the signal peak
power on the input peak power. Transmission line
losses can partly explain the difference between the
prediction and the experimental results.

Note, that the quadratic dependence makes it
favourable to operate at higher intensities, since the
efficiency steadily increases. However, at higher
intensities we encounter a major limitation of the
efficiency due to the occurrence of saturation.

The relevant aspects affecting saturation are the
electron density in the quantum well system and the
relaxation process. These must be considered in order
to realize improved detectors.
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For accurate modelling of devices such as QW
lasers and QW infrared detectors, the intrinsic relaxa-
tion mechanism of electrons in a quantum well is of
substantial interest.

An alternative method to the usual determination
of intersubband relaxation times is provided by the
photon drag effect. In the photon drag effect, a drift

current is generated along the path of the absorbed
photons. This current originates from a combination of
momentum transfer and Doppler-induced velocity
selection.

The effect provides a technique for intersubband
spectroscopy, since the two contributions of the signal
can be separated by their characteristic wavelength
dependences. The spectral lineshape yields informa-
tion about the momentum relaxation times of the elec-
trons in the ground and excited subbands, T. and x2.

An intensity-dependent experiment shows that x2

decreases much more strongly at higher intensities
than does t.This behaviour can be explained by opti-
cal phonon reabsorption. Since T, describes low-
energy excitations of hole states close to the Fermi-
level, it is not affected by a non-equilibrium distribution
of high-energy phonons.
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Investigations at different temperatures reveal a
dependence of the relaxation times which is consistent
with this picture. We expect a more detailed under-
standing of the effect from time-resolved experiments
with subpicosecond infrared light pulses currently in
progress at the FELIX free-electron laser facility in
Nieuwegein (NL).
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VERTICAL CAVITY SURFACE EMITTING LASERS

M. Moser, S. Eitel, E. Greger, K.H. Gulden, D. Jeggle, H.W. Lehmann and H.P. Schweizer

Top-emitting vertical cavity surface emitting lasers emitting in the wavelength region between 980 nm and
at 760 nm have been fabricated. In addition to further improving our 850 nm and 760 nm VCSELs we have
successfully developed 980 nm devices. A process for the rather demanding VCSELs including GalnP
active material and therefore emitting in the visible red around 690 nm is under investigation.

GaAs-AIGaAs vertical cavity surface emitting lasers
(VCSELs) are certain to become a basic component
for many sensing and communication applications.
This is due to their low threshold current, inherent
single mode emission, tunability, circular Gaussian
beam profile, small aperture, feedback insensitivity
and potential for cost effective mass production. In
addition, integration of two-dimensional arrays on a
single chip opens novel solutions for parallel data
processing and sensing.

A schematic representation of a VCSEL is shown
in the following picture.

beam:
-circular
-low divergent

\ p-doped DBR
> Cavity (including 3QWs)

n-doped DBR

The optical cavity is embedded between two
mirrors consisting of alternating layers of low- and
high-index quarter wavelength layers called a Distrib-
uted Bragg-Reflector (DBR). At the same time, these
mirrors form a pn-junction. Forward biasing leads to
population inversion in the quantum wells resulting in
optical gain inside the cavity. This cavity must be
fabricated such, that the resonant wavelength is within
about 5 nm from the gain peak of the active material
and determines the emission wavelength. Therefore,
the fabrication of VCSELs with different emission
wavelengths requires careful adjustments of all parts
of the structure.

The mirrors must be non-absorbing, that means
the bandgap of the high-index material, which always
has a lower bandgap than the low index material, must
be higher than the emission energy. While GaAs with
a bandgap of 1.44 eV (865 nm) can be used for
980 nm VCSELs, an emission wavelength of 690 nm
requires AlxGalxAs with an aluminium content of
x = 50%. As a consequence, the difference in refrac-
tive indices between the low index material (AlAs) and
the high-index material AlxGa,.xAs is much smaller, so
that more periods of Xy4-layers are necessary to
obtain a reflectivity of 99.9%, as seen in the following
diagram.
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As gain material we use three 8 nm thick quantum
wells, which are usually embedded in barriers of the
same material as the high index layer in the mirrors.
As seen in the following table, in 980 nm lasers the
quantum well material is strained Ga08ln02As embed-
ded in GaAs. Shorter wavelengths can be achieved by
reducing the In-content in the quantum well, while
GaAs quantum wells with AI02Ga08As barriers are used
in the wavelength region around 850 nm.

mirror: high pairs: cavity
(nm) index material top/bottom QW material

980

850

780

760

690

GaAs

AI02Ga08As

AI03Ga07As

AI03GaD7As

AI05Ga05As

18/30

20/25

25/40

25/40

25/40

Ga08lnD2As

GaAs

AIO09Ga09,As

Al012Ga086As

Ga0 Jn0 5 6P *

* embedded in (AI03Ga07)05ln06P barriers

Further reduction of the emission wavelength
requires the use of Al-containing QWs, and we have
successfully demonstrated VCSELs with low threshold
operation at a wavelength as short as 760 nm.

Finally, the fabrication of VCSELs emitting in the
red at 690 nm requires the use of the high gap mate-
rial system GalnP/AIGalnP as gain and cavity
material. The mirrors are still made of AlAs/AIGaAs
because of the larger difference in refractive indices in
this material system as well as a better electrical and
thermal conductivity, when compared to AIGalnP.
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VCSELS: FROM A LABORATORY CURIOSITY TO AN INDUSTRIAL DEVICE

K.H. Gulden, E. Greger, D. Jeggle, H.W. Lehmann, R. Lenarcic, E. Meier, M. Moser, P. Riel,
H.P. Schweizer and A. Vonlanthen

Vertical cavity surface emitting lasers (VCSELs) are destined to become a basic component in many
communications and sensing applications. PSI represents one of the very few European research institu-
tions that develop VCSELs for industrial applications.

The focus in many research efforts on VCSELs has
been to optimise and improve a specific performance
characteristic of the laser, often at the expense of
uniformity, reproducibility and simplicity of the fabrica-
tion process. However, industrial applications often
require good overall performance, high reliability and
stable and very reproducible fabrication methods.

The VCSEL fabrication process developed at PSI
(see annual report 1994 and 1995) has proven to
reliably produce lasers in the wavelength range from
980 nm to 760 nm with excellent performance
characteristics [1]. It is based on dry etching for the
laser definition and three lithographic mask steps to
apply ohmic contacts. The processed wafer is then
cleaved into 750 x 750 ^m2 chips, each chip
containing one 2 x 2 VCSEL array. The 2 x 2
geometry was chosen to allow for redundancy and
multiple wavelength operation.

A I =1.14x1

Optical Microscope SEM

A microscope picture of the processed arrays is
shown on the left above. The lateral separation of the
lasers is 125 |am, the bonding pads have a size of 250
x 250 |im2. The SEM picture on the right shows a
magnified image of one of the four VCSELs. The laser
diameter is only 14 (im.

For industrial applications, yield, cost and reliability
of VCSELs are crucial factors which need to be
determined before their incorporation in novel sensing
devices [2]. The following figure shows the measured
distribution of lasing wavelength and threshold current
across a 2-inch wafer. The lasing wavelength varies
less than ± 2 nm up to a distance of 1.8 cm from the
wafer centre. In the same area the threshold currents
are constant to within ±5%. Closer to the wafer border,
the layer thickness decreases, resulting in decreasing
emission wavelengths and increasing threshold
currents.

In order to test the long term reliability and stability
of PSI-VCSELs we developed a lifetime test station for
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surface emitting lasers. The photograph below shows
the diode control unit with the testing bench in the
front. The 2 x 2 arrays are bonded on TO39 headers
(see inset) and mounted onto a temperature controlled
bench. Because of the small divergence of the VCSEL
beam, no additional optics is needed to focus the laser
beam onto the opposing large area photodetectors.
The lasers are operated at temperatures up to 100 °C
either in the constant current or in the constant power
mode. During the tests, the VCSELs are exposed to
air. Since the installation of the lifetime test station last
July, a total of 3600 operating hours at 50 °C has been
accumulated without any failure or decrease in output
power (see highlight page 4).
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TUNING CHARACTERISTICS OF AIR POST VCSELS FOR SENSING APPLICATIONS

K.H. Gulden, S. Gehrsitz, E. Greger, D. Jeggle, R. Lenarcic, M. Moser, P. Riel and H.P. Schweizer

We have fabricated single mode tunable VCSELs emitting at 765 nm for sensing applications. The current
tuning coefficients range from 0.38 nm/mA for small area to 0.05 nm/mA for large area devices. In contrast
to conventional edge emitting lasers VCSELs are relatively insensitive to temperature variations. For 765
nm lasers the temperature tuning rate is 0.061 nm/mA.

The tunability of VCSELs is important for applications
in gas detection because it provides for a simple and
convenient way to scan a well-defined range of the
optical spectrum and detect narrow absorption lines of
gases [1]. The current tuning rate is a function of the
current induced heating of the device and can be
much larger for VCSELs than for distributed Bragg
reflector (DBR) or distributed feedback (DFB) lasers. A
large current tuning rate allows the scanning of the
absorption lines without significantly changing the
output power of the laser.
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The figure above shows the emission spectra of a
small area VCSEL for operating currents up to 3 x lth.
The high resolution of the spectrometer (Av<1 GHz)
allows the detection of possible polarisation flips as
well as higher order lateral modes. As can be seen,
the laser emits single mode up to more than 2 x lth. No
polarisation flips can be observed. At 3 x lth higher
order lateral modes occur. The spectral separation
between these modes and the fundamental mode is
170 GHz. The emission wavelength redhifts linearly
with increasing operating current at a rate that is
determined by the VCSEL size.
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The previous figure shows the measured current
tuning rate as a function of the laser radius. The
current tuning rate can be as large as 0.38 nm/mA for
13 |im diameter devices. The tuning rate decreases
with increasing laser radius and has a minimum value
of 0.06 nm/mA for large area devices. The quadratic
dependence of tuning rates on the mesa radius indi-
cates that the tuning is caused predominantly by
ohmic heating.

The high current tuning rate of VCSELs is an
important advantage compared to DBR or DFB lasers
in applications like oxygen sensing. For example the
scan of an oxygen line with a spectral width of 1 GHz
requires a current tuning of only 5 |aA in a small
VCSEL (radius of 6.5 urn). The corresponding change
of output power is 1.5 u.W, far less than 1% of the total
output power. The current tuning rate of DFB or DBR
lasers is about a factor of 50 smaller than in VCSELs.
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The emission wavelength can also be tuned by
changing the temperature of the heat sink. From the
measurement results shown above, a temperature
tuning coefficient of 0.061 nm/K can be deduced. The
thermal resistance and its dependence on the mesa
radius can be determined from current and tempera-
ture tuning rates. As shown in the lower left figure, the
thermal resistance varies from 6 K/mA for small to 1
K/mA for large VCSELs. The large thermal resistance
is a result of the high current density in small area
VCSELs, the residual ohmic resistance of the Bragg
mirrors, and the inefficient heat removal from the laser
mesa.
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HIGH RESOLUTION SPECTRA OF VERTICAL CAVITY SURFACE EMITTING LASERS

S. Gehrsitz, J.E. Epler, K.H. Gulden, M. Moser and H.C. Sigg

The mode behaviour of symmetric air-post vertical cavity surface emitting lasers is investigated using our
unique tandem triple-pass Fabry-Perot interferometer. A combination of high resolution emission spectra
and near field images provides a clear description of the different modes occurring at high drive currents.

Single mode operation over a large current range is
essential for a vertical cavity surface emitting laser
(VCSEL) when used as a light source for spectro-
scopic sensing applications. A systematic investigation
of the mode behaviour is therefore necessary in order
to understand the mechanisms of the occurrence of
such higher order modes. We combine for the first
time standard characterisation methods for VCSELs,
such as polarization resolved L-l measurements and
near-field images, with high resolution emission spec-
tra [1]. This provides a clear identification of the mode
symmetry and can give new insights into the inherent
properties of the lasing process in the VCSEL.

The first figure below shows I-V curves and L-l
curves for a VCSEL with a 12 \irr\ aperture and an
emission wavelength of 843 nm. To emphasize flips in
the polarization, the s-polarized light output is also
shown (p- and s- polarization are parallel and perpen-
dicular to the <110> crystal direction, respectively). An
abrupt drop in the s-polarized light output at 6.3 mA
indicates that the polarization of the fundamental
mode has flipped from s to p. At 7.4 mA the polariza-
tion flips back to s.

5 10 15

Current. I (mA)

For a better understanding of these phenomena
we took a series of high-resolution spectra at various
currents (second figure). They clearly resolve the two
polarization components (s and p) of the fundamental
mode TEM00. The frequency difference between pOO
and sOO is approximately 7 GHz and is nearly current-
independent. The cause of this polarization splitting is
crystal birefringence. The two polarization flips at 6.3
mA and 7.4 mA can clearly be observed. Above 7 mA
the first-order transversal mode starts to lase. It is
shifted by approximately 85 GHz to higher frequencies
and is polarized along p.

x20
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To identify these higher order modes, we combine
polarized high-resolution spectra with polarization
resolved near-field images. Included in the first figure
are near-field images below (a) and just above (b)
threshold and at 6.3 mA (c). The image (d) is taken
with s-polarization just below the polarization flip (7.4
mA) and image (e) is taken with p-polarization just
above the polarization flip (7.5 mA). The images (d)
and (e) are taken in different polarizations to suppress
the dominating fundamental modes and therefore
show the first-order "bow-tie" modes TEM10 and TEM01,
respectively. At higher currents (I > 15mA), the near
field (f) has a "donuf'-shaped image. Since at higher
currents the first-order modes dominate the high
resolution spectra, we conclude that this "donut-mode"
is a superposition of s- and p- components of TEM.O
andTEM0, [1].
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VCSELs FOR OPTICAL INTERCONNECTS

S. Eitel, K.H. Gulden, H.W. Lehmann, R. Lenarcic, M. Moser, P. Riel and H.P. Schweizer

First prototype VCSELs for application in optical interconnects have been fabricated. Improved processing
technology is developed to maximize the efficiency and to achieve high frequency performance.

Free space optical interconnect technology has been
of considerable interest for a number of years since it
promises to overcome fundamental limitations in the
input/output (i/o) capacity of IC's if purely electrical
connections are used. Optical interconnects offer the
possibility to route signals between large numbers of
data channels in parallel. The total throughput capacity
is determined by the bandwidth of the emitters and the
number of optical channels. Because of the light emis-
sion vertical to the substrate, VCSELs can easily be
fabricated in large 2D arrays. In addition their small
dimensions, high internal photon density and short
photon lifetimes allow high frequency modulation of
the light output. Therefore VCSELs are ideally suited
as signal sources for this application.

The subject of this work is the design, fabrication
and characterisation of individually addressable 8x8-
GaAs/AIGaAs VCSEL-arrays emitting at 980nm and
the optimization of their uniformity and high frequency
performance. The study is part of an European project
entitled 'Smart-Pixel Optoelectronic Connections'
(SPOEC) with the objective to demonstrate an aggre-
gate i/o data rate of 1Tbit/s to Silicon IC's by purely
optical means. This will be achieved by 4096 parallel
optical connections, each modulated at 250 MHz.

In order to increase alignment tolerances as well
as to optimize the uniformity across the basic 8x8-
VCSEL-array we are developing an improved litho-
graphic process for the fabrication of the array. Fig.1
shows the mask layout. The pitch from laser to laser is
250(im, the total size of the array is 3x3mm2.

fabricated with standard processing. For top emitting
VCSELs with an aperture diameter of 6 urn threshold
currents of 1.8mA and threshold voltages of 2.7V are
measured. The inset shows the emission spectraum at
l=3mA. The laser emits single mode at 965nm. At
currents larger than two times llh, higher order lateral
modes occur.
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Larger area VCSELs have higher optical power
and slightly increased threshold currents. For the
simultaneous operation of all lasers in large 2D arrays
it is imperative to maximize the efficiencies of the
devices. This can be achieved by introducing addi-
tional lateral gain and index guiding close to the active
region via selective lateral oxidation. First results con-
firm the expected strong dependence of the lateral
oxidation rate on the Aluminium content. The following
SEM photograph shows the oxidation front in
AI,Ga, xAs Bragg layers with x varying from x = 0.98 to
x = 0.5 in the low index A/4 layers. Note that the
oxidation depth variation is very small if the aluminium
content remains constant (layer thickness
approximately 50 nm).

VCSELs emitting at 980nm require strained
InGaAs QWs in the active region. The following figure
shows a typical laser characteristic of first test lasers, Funding: BBW (ESPRIT), PSI
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DEVELOPMENT OF VCSELS EMITTING IN THE VISIBLE SPECTRAL RANGE

E. Greger, K.H. Gulden, H.W. Lehmann, M. Moser, P. RielandH.P. Schweizer; G.H. Dohler
(Univ. Erlangen) collaborating

VCSELs emitting in the visible red spectral range require AIGalnP as active material. After the optimization
of the (AI)GalnP growth conditions, VCSEL structures have been designed, grown and characterised. As a
first result, resonant cavity LED emission around 690 nm has been demonstrated.

VCSELs emitting in the visible red spectral range
(630-690nm) are ideal sources for short distance
communication links (in combination with plastic opti-
cal fibers), laser printers, scanning systems, sensor
applications and high density optical storage media.
The technology of red VCSELs, however, is still
immature. In order to achieve the short wavelength
emission AIGalnP/GalnP quantum well hetero-struc-
tures are required in the active layer. The incorpora-
tion of this material system into VCSEL structures is
very challenging due to its relatively poor heterostruc-
ture properties and difficult material growth. Moreover,
GalnP/AIGalnP edge emitting lasers tend to suffer
from high threshold currents and poor high-tempera-
ture characteristics, which is attributed to the small
quantum confinement (and associated excessive
carrier leakage), high effective masses and low modal
gain.
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simulation
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The situation is further complicated by the
tendency of (AI)GalnP alloys to form a GaP/lnP
monolayer superlattice along the [111]B crystal direc-
tions depending on MOVPE growth conditions. The
superlattice ordering leads to significant changes in
the electrical and optical properties of the material
most prominently reducing the band-gap energy. The
degree of ordering in (AI)GalnP layers has been con-
trolled by varying the growth temperature and the
substrate orientation. The optical properties of the
material have been characterised by low-temperature
photoluminescence (PL) and electroabsorption (EA)
experiments [1]. Ordered material usually exhibits
reduced optical efficiencies which may be related to
the complex domain structure. On the other hand a
strong polarization anisotropy has been observed in
the emission and absorption spectra of ordered grown
p-i-n double heterostructures. A contrast of up to
2.0 dB is found in surface emitting LEDs between light
polarised parallel to the [01-1] and [011] direction,

respectively [2]. This polarised emission gives strong
experimental evidence for an enhanced [011] gain in
VCSELs with ordered GalnP active layers which will
be very helpful to overcome the problem of polarisa-
tion control present in other material systems.

In our current VCSEL design we use AI046Ga03iAs
as high index and AlAs as low index material in the
DBR mirrors. The Al-content of the high index material
has been chosen very high to avoid absorption in the
DBR stack. This, however, implies a comparably small
refractive index difference between the two materials
used, so that many X/4-layers are necessary to
achieve sufficient reflectivity. In the reflectivity spectra
shown above the p-doped top DBR consists of 20 X/4-
pairs, while 30 pairs are used in the n-doped bottom
DBR. A critical step during VCSEL growth is the
formation of the As/P interface between cavity and
top-DBR. In order to improve the surface morphology
and to avoid the formation of absorbing GalnAs inter-
mediate layers, the cavity has been embedded into
A/4-thick n- and p-doped (AI07Ga03)05ln05P spacer
layers. The 1 A. cavity consists of three 8 nm thick
strained Ga044lnC66P QW surrounded by
(AI03Ga07)05ln05P barriers. Although we have not yet
achieved lasing operation, it can be seen from the
diagram below that the emission spectrum of this
resonant cavity (RC-) LED is spectrally very narrow
compared to conventional pin-LEDs.

-90 -
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PRECISION PATTERN TRANSFER AND LOW DAMAGE PLASMA ETCHING FOR THE FABRICATION
OF SEMICONDUCTOR LASERS

P. Riel, K.H. Gulden, H.W. Lehmann, H. Meier and M. Moser

An advanced electron cyclotron resonance plasma etching system has been installed in the cleanroom. A
number of sophisticated standard etching processes have been developed and are routinely applied to the
fabrication of distributed Bragg reflector and vertical surface emitting lasers.

Fabrication of high quality laser diodes and other opto-
electronic devices generally requires very low damage
etching of Ill-V semiconductor material to ensure high
reliability of the final device. Moreover, the fabrication
of advanced lasers like distributed Bragg reflector,
distributed feedback and vertical surface emitting
lasers demands high precision etching processes with
respect to the lateral and vertical resolution and the
anisotropy of the etching process. In order to achieve
this goal we have installed an SLR 770 electron
cyclotron resonance plasma etching system from
Plasma-Therm, Inc.

The electron cyclotron resonance plasma etching
technology has inherently several advantages over the
conventional reactive ion etching technology [1]. The
main advantage is that the plasma density and the ion
bombardment energy of the etching species can be
controlled nearly independently which finally leads to a
very low level of surface damage of the etched mate-
rial while a reasonably high etching rate can be main-
tained.

For example, the realization of the grating region
of a distributed Bragg reflector laser is one of the
most challenging processing steps during device fab-
rication. First, a recess step of given height has to be
precisely etched into the substrate surface.

Etching has to stop exactly above the very
sensitive active layer of the laser. We have developed
a very reproducible standard etching process using
BCI3 and Argon. The etchrate can be tuned within a
wide range starting from a few nm/min up to several
nm/min. Optimal run-to-run reproducibility is obtained
at an etchrate of about 100 nm/min. At this rate we ob-
served a total run-to-run etch variation of less than 3

nm/min and a total non-uniformity of better than +/-1 %
over a 2"-wafer. In addition, we can now achieve
mirror-like ultra smooth sidewalls of lasers required to
achieve low waveguide losses. Moreover, we can
accurately and reproducibly control the slope of the
sidewall between 70 and 85 degrees for different ap-
plications by simply changing etching parameters. A
mesa structure, similar to the structure required for
vertical cavity surface emitting lasers, etched into
GaAs in BCI3-plasma with properly sloped sidewalls is
shown in the figure on the left side.

As illustrated below we can also achieve perfectly
vertical and smooth laser sidewalls by using SiCI4 in-
stead of BCL

This process reveals ultimate selectivity with re-
spect to photoresist probably due to some kind of
redeposition effects which help to protect the pho-
toresist mask. Therefore this process is well suited to
pattern structures with very fine lines, e.g. distributed
Bragg gratings into recessed areas. A third order
grating of a distributed Bragg reflector laser is shown

on the figure below (grating period = 0.39 n.m).

By introducing modern electron cyclotron reso-
nance plasma etching techniques we have been able
to successfully develop sophisticated plasma etching
processes for various applications for future device
fabrication at our Zurich laboratory.
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A SIDE-COUPLED, TWO-SECTION DBR LASER

O.J. Homan, B. Graf, D. Jeggle, H.W. Lehmann, B.D. Patterson and P. Riel; W. Bachtold (ETHZ)
collaborating

A novel design for a tuneable single-mode semiconductor laser diode is realized. The use of a side-
coupled grating simplifies the fabrication. Potential uses of devices of this type include spectroscopic gas
sensors and atomic frequency standards.

In order to guarantee that a semiconductor laser emits
in a single longitudinal mode, irrespective of changes
in temperature and drive current, a grating distributed
Bragg reflector (DBR), which serves as a narrow-band
mirror, is normally included in the device. To function
properly, the grating must have a sufficiently strong
coupling with the guided optical mode. In standard
grating lasers, strong coupling is realized with a close
vertical proximity between the grating and the
waveguide layer. This, in turn, requires that the upper
cladding layers be added in a troublesome second
epitaxial growth step, subsequent to the grating fabri-
cation.

long devices (250 jam active section and 250 jo.m grat-
ing section), are standard.

The second figure shows the room-temperature
emission spectrum of the laser with 25 mA injected
into each section. The side-mode suppression is
better than 20 dB. The emission wavelength is deter-
mined by the quantum-well characteristics and the
grating period.
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A dramatically simplified fabrication is possible by
etching the grating after the completion of all epitaxial
layers. This requires a deep-etch grating technology.
Furthermore, if the laser is to be tuned via current-
induced changes in the grating refractive index, the
grating section must be electrically-contacted ("two-
section laser"). Our solution to this puzzle is the side-
coupled DBR [1] shown in the first figure. Deep grating
slots on both sides of the laser ridge serve both to
define the waveguide and to efficiently couple to its
lateral evanescent tails. The undisturbed central ridge
can be easily contacted to provide tuning.

Optimised AIGaAs/GaAs heterostructure layers,
including a triple-quantum-well active zone, were
grown in-house using MOCVD. The grating, with a
period of approximately 400 nm, was then defined in
selected areas on each side of the 2 |xm wide
waveguide using photolithographic masking and holo-
graphic exposure. The unusually large grating etch-
depth (1.1 urn) could be realized with an Ar/CL/N.,
plasma in an electron cyclotron resonance reactive ion
etching apparatus.

The remaining steps in the laser fabrication, con-
tact definition, metallization, and cleaving into 500 urn
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The third figure shows the electrical tuning char-
acteristic of the laser with a constant drive current of
45 mA applied to the active section. One sees a large
region of continuous tuning near 852 nm, the reso-
nance wavelength for the optical pumping of a Cs
frequency standard.
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MONOLITHICALLY INTEGRATED OPTICAL DISPLACEMENT SENSOR

D. Hofstetter, H.P. Zappe, J.E. Epler, D. Jeggle, P. Riel, H.P. Schweizer, J. Sochtig and A. Vonlanthen;
R. Dandliker (IMT Neuchatel) collaborating

A Ill-V-based, integrated optical interferometer for high-resolution displacement measurement has been
demonstrated; the 2.6 mm long monolithic chip includes a DBR laser light source, waveguide interferome-
ter, phase modulators and photodetectors. The use of two phase-shifted reference signals allows the de-
termination of both displacement magnitude as well as direction. A measurement resolution of better than
20 nm, at maximum distances of up to 20 cm, has been demonstrated.

Photonic integrated circuits show considerable prom-
ise for use in sensors and metrology. The ability to
integrate most or all optical functions on a single
semiconductor chip will yield small, robust and highly
functional optical sensor microsystems. To demon-
strate the attractiveness of such a monolithic system,
we have developed a Ill-V device and integration
technology for the fabrication of a monolithic optical
displacement sensor.

R 500 W 3

DBR 500/200
500 urn

The displacement measurement chip, a world's
first at this level of integration, was configured as a
dual Michelson interferometer and included a DBR
laser, waveguide interferometer, phase modulators
and photodetectors. The complete optical circuit, with
a chip size of 2.6 x 0.4 mm2, is shown above; light
from the laser is divided into two separate Michelson
interferometers, each with an independent phase
modulator in the reference arm. Using these two
phase-conjugate reference signals, changes in
movement direction can be unambiguously deter-
mined. An external GRIN lens for beam collimation
and collection was the only additional optical element
required.

For characterisation, an external movable mirror
was employed as a test object. By applying a bias to
the phase modulator in one of the reference arms, two
measurement signals, phase shifted by 80°, were ob-
tained. The output of an interferometric measurement
with a mirror distance of 3.5 cm is shown in the figure
below. The mirror was moved continuously, with two
changes of movement direction which are clearly visi-
ble in the figure: one at 1.2 jim and another at 3.2 ^m.
One interference fringe corresponds to a mirror
movement of one half of the measurement wave-
length, namely 410 nm.

Plotting the two interferometer detector currents
against each other results in the Lissajous-figure
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shown in the final figure. One rotation (360°) of the
characteristic corresponds to a mirror movement of
410 nm, such that we obtain a system measurement
resolution of approximately 1.1 nm/°. Conservatively
estimating the angular interpolation to be limited to
2TI/20, or 18°, an interferometer displacement resolu-
tion of 20 nm is easily achieved.
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The small size and reduced need for complex op-
tical alignment of this integrated optical chip has led us
to consider its application as a component in micro-op-
tical systems, as part of a more complex MEMS
device or in environments where the use of a bulk
optical approach is precluded [2].
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A MI-V-BASED MACH-ZEHNDER INTERFEROMETER
AS REFRACTOMETER AND IMMUNOSENSOR

B. Maisenholder, B. Graf, D. Jeggle, R.E. Kunz, H. Meier, P. Metzler, M. Moser, P. Riel, H.P. Schweizer,
A. Vonlanthen and H.P. Zappe; K. Dransfeld and P. Leiderer (Univ. Konstanz), G. Duveneck (Novartis)

and J. Edlinger (Balzers) collaborating

A GaAs/AIGaAs-based integrated optical Mach-Zehnder interferometer used as a highly sensitive refrac-
tometer and immunosensor has been demonstrated. The refractive index resolution of the refractometer
was An- 1xW5, whereas the resolution for the immunosensor was evaluated to be 3 pg/mm2.

System miniaturisation is a key issue in the further
development of integrated optical sensors. The appli-
cation of bulk optical systems, with light sources and
detectors separated from the sensor chip, is in many
cases currently limited to R&D laboratories due to
stringent requirements for mechanical stability and
alignment. Therefore, miniaturisation of the whole
sensor system by integration of a laser, detector and a
sensor pad on a common platform is an attractive
approach. As an important step in this direction, the
realisation of the interferometer part of such a system
and the use of it as a refractometer and immunosen-
sor was successfully demonstrated.

The 5 mm long Mach-Zehnder interferometer con-
sists of an AIGaAs waveguide structure with a 2 mm
long TiO2 on SiO2 waveguide sensor pad embedded in
one interferometer arm, as seen in the photograph
below.

The demonstration of this Mach-Zehnder interfe-
rometer chip as a refractometer was accomplished by
measuring the interferometer output signal for a con-
tinuous change of the liquid analyte in a flow cell
arrangement [1]. The analyte was changed from H2O
(nA=1.3273) to 10 Vol.% ethanol in H2O (nB=1.3325),
giving rise to a corresponding refractive index change
nB" nA = 0.0052. This results in a phase shift in the
2 mm long sensor pad of AO=5.77i rad, as can be
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Time [s]

600 800

determined from the interference pattern depicted in
the figure. Based on the interferometer signal drift, the
refractive index resolution was evaluated to be
An=1x105.

The feasibility of using the same interferometer
chip as an immunosensor was shown experimentally
using the simple bioaffinity system of protein A and
IgG [2]. After the sensor pad surface was silanized,
protein A was immobilised on it. Selective binding of
rabbit immunoglobulin (r-IgG) to the protein A layer
resulted in an exponential increase of the apparent
sensing layer thickness as a function of time. The
characteristic response, which was derived from the
interference pattern, is shown in the figure below.
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The surface coverage resolution of the immuno-
sensor is 3 pg/mm2, which is limited by the phase
resolution of the interferometer.

Currently our work is focusing on the integration of
a laser, modulator and a detector on the same chip.
Through monolithic integration, an increased resolu-
tion is expected due to higher mechanical stability and
the possibility of using phase-shifting interferometry
with the integrated modulator.
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MONOLITHIC MULTI-WAVELENGTH DBR LASER ARRAYS FOR INTERFEROMETRY

H.P. Zappe, B. Graf, D. Jeggle, M. Moser, P. Riel, H.P. Schweizer and A. Vonlanthen;
R. Dandliker (IMT Neuchatel) collaborating

Narrow linewidth, low-noise distributed Bragg reflector (DBR) lasers for use in bulk optical interferometry
systems are under development. Using a single-epitaxy, recessed grating technology based on the
GaAs/AIGaAs material system, lasers with optical output powers exceeding 20 mW and 500 kHz spectral
linewidth have been fabricated. A monolithic array of these DBRs emitting at distinct, well-defined wave-
lengths will be used in an interferometer for absolute distance measurement.

Interferometry systems for optical distance measure-
ment are often based on high-coherence, low noise
lasers. A multiple-wavelength interferometer for abso-
lute distance measurement, developed at the IMT
Neuchatel, requires an array of three tunable, narrow
linewidth, single mode lasers as light sources.
Commonly available laser diodes in this wavelength
range, usually employing a Fabry-Perot structure,
suffer from multimode behaviour and very limited
tunability due to the presence of mode-hops. The dis-
tributed Bragg reflector (DBR) laser, on the other
hand, operates single mode with potential for very
narrow linewidth, low noise operation and mode-hop
free tunability; a schematic is shown below.

laser emission
\

K \ grating recess

pumped region -

grating

The absolute distance measurement interferome-
ter requires three independently tunable lasers oper-
ating single mode with a mode-hop-free tunability of
"lOOGHz, a centre wavelength of X = 780 nm, optical
output power P > 5 mW and a single mode linewidth
AX < 1 MHz. To permit the fabrication of a
GaAs/AIGaAs-based semiconductor laser array
meeting these specifications while forgoing the need
for complex and expensive processing, we have
developed a design using single-step epitaxy [1], a
selectively-etched grating recess using a GalnP etch-
stop and holographic grating definition.
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DBR lasers were fabricated using this design
approach. Several laser ridge widths (2, 3 and 4 |jm)
and grating lengths (70, 90, 110 and 130 |j.m) were
included, with a pumped region length of 500 urn for
all devices. Laser emission wavelengths were in the
range 781 to 788 nm; peak output powers for lasers of
this design exceeded 20 mW. The DBRs are inher-
ently single mode, with a side-mode suppression ratio
of greater than 25 dB; a typical output spectrum is
shown in the figure. Linewidth measurements per-
formed on devices using this recessed grating tech-
nology gave values below 500 kHz. Wavelength tuning
by temperature was possible for a range of almost
20°C; the output wavelength moved at a rate of
0.058 nm/°C without mode hops. Current tuning is also
possible, with rates up to 0.36 nm/mA. Present work is
focusing on an extension of these tuning ranges and
on a narrowing of the emission wavelength range.

For use in the absolute distance measurement
interferometer, three lasers emitting at three closely
spaced and stable wavelengths are required. Various
approaches for operation of three monolithic DBR
lasers at distinct wavelengths are under investigation;
a multi-wavelength array, similar to the one shown in
the figure above, will then be installed in the bulk opti-
cal interferometry system.
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PROPERTIES OF THIN ANTI-ADHESIVE FILMS USED IN A HOT EMBOSSING PROCESS

R.W. Jaszewski, H. Schift, B. SchnyderandR. Widmer; A. Schneuwly, P. Groning (Univ. Fribourg) and
G. Margaritondo (EPFL) collaborating

We have investigated the degradation of the anti-adhesive properties of protective polytetrafluorethylene
(PTFE) films during the hot embossing of thermoplasts, and have identified possible failure causes which
reduce the lifetime of these films. A comparative X-ray Photoelectron Spectroscopy (XPS) study of
different deposited films and embossing parameters shows that for low aspect ratio microstructures the
loss of fluorine is a major cause of the film quality degradation. This is due to the diffusion of fluohnated
entities or small polymer chains from the film to the embossed material during the embossing process.

In the replication of micro- and nanostructures by hot
embossing, it is necessary to provide a "non-sticking"
interface between the micrestructured master and the
thermoplast to be embossed. This allows demolding
without degrading the replication fidelity. For this
purpose, ultra-thin anti-adhesive films are employed in
micro-optics and other areas of microtechnology, and
are of high interest in the new field of nanoimprint
lithography. PTFE-like films have been widely used at
PSI and proved to be an excellent anti-adhesive layer.

However, in some cases, a significant loss of
replication fidelity is found after a few embossings, due
to a decrease of the quality of the protective film,
necessitating the deposition of a new film. It is
therefore important to understand the processes which
lead to the degradation of these ultra-thin layers and to
accordingly optimize the embossing parameters.

In this work [1], nickel shims with both flat and
microstructured surfaces have been covered with two
sorts of fluorinated polymer films about 5nm thick.
These are sputtered films deposited at PSI and films
generated by plasma polymerization provided by the
University of Fribourg. The film homogeneity, the
depth resolved chemical composition and the structure
of the nickel/polymer interface were investigated by
XPS both before and after multiple embossing steps in
two different thermoplasts, polymethylmethacrylate
(PMMA) and polycarbonate (PC).

-Plasma polymerized PTFE film
-Sputtered PTFE film

10 20 30
Number of embossings

40 50

The anti-adhesive properties of the film are directly
related to its surface energy, and thus to its chemical
composition. The measurements (first figure) clearly
demonstrated the differences between the two types
of films. The films deposited from a plasma feature a
very high content of CF2 species, resulting in a very
low surface energy, while the sputtered films contain

more CF3 and CF bonds. No abrasion of the protective
layer can be observed for low aspect ratio
microstructures and the film thickness remains
constant even after 50 embossings. The loss of
fluorine is found to be the major cause of film
degradation. For both films, the percentage of CF2

bonds decreases with the number of embossings, and
there is a corresponding increase in the XPS signal
resulting from C-C bonds (second figure), from which
it can be concluded that fluorine diffuses into the
embossed material during the molding step. The
results show that this diffusion depends on many
parameters, including temperature, the type of
thermoplast used, the number of embossings and the
total time during which a film has been embossed. In
particular, long embossing times and high embossing
temperatures have to be avoided.
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In a second step, we have examined the polymer
replicas and compared the data to those of the films.
Diffusion of fluorine was confirmed and it clearly
appears that it is possible to deduce the quality of the
film remaining on the master by XPS examination of
the replica made with that master.

These experiments have resulted in a better
understanding of the film/polymer interactions at high
temperatures. It is shown that the lifetime of protective
fluorinated films can be greatly enhanced by carefully
adjusting the embossing parameters.
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PROFILE INVESTIGATIONS OF EMBOSSED SUBMICROMETER GRATINGS

C. Heine, M. T. Gale and R. Mori; R. Dandliker (IMT, Univ. Neuchatel) and H. Rudigier (Balzers AG)
collaborating

We investigated the profile of submicrometer grating structures embossed in polycarbonate. In this case
standard techniques, such as SEM-micrographs and AFM-pictures cannot be applied. Spectra calculated
from lamellar stacks could not be fitted to the transmission measurements by adjusting grating depth and
duty-cycle. However a fit was possible by adjusting the grating profile using stacks of lamellar gratings.

An increasing number of optical elements is realized
with low weight plastic materials, taking advantage of
the possibility to use hot embossing techniques for
mass production. In diffractive optics such elements
often include submicron grating structures with aspect-
ratios too high to determine the profile with the help of
atomic force microscopy. Little is known about the
rheology on the scale of such small structures and it is
not obvious that it is possible to extrapolate from one
polymer-system to another or from the glass master to
the embossed grating.

The profile of structures in glass or polymethyl-
methacrylate (PMMA) is easily determined, because
breaking these materials leads to well defined edges,
necessary for the investigation by SEM. In contrast,
the preparation of such edges for structures in
polycarbonate is difficult. Breaking does not work well
and cutting the device often leads to deformations of
the profile, as shown in the SEM-micrograph.
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A different possibility to determine the profile of
grating structures, is to compare the measured optical
properties to the calculated spectra for different profile
shapes. To determine the grating period is rather
simple, if the wavelength range, where reflectivities or
transmission characteristics are measured, includes
the wavelength, where the first diffraction order just
starts to become evanescent. Very often this results in
a discontinuity in the first derivative of the measured
spectrum.

lamellar granngs:dury cycle f=0.55
depths: 23Onm. 250nm. 27Onm. 290nm

The grating period can then be calculated with the
help of the grating formula.

To fit the grating profile, we decided to measure
the zero order transmittance as a function of
wavelength and to compare the results to calculated
spectra for different grating parameters. Transmission
measurements are easy to perform. The theoretical
parameter space, which has to be scanned with
rigorous theory, can be confined with the help of
effective medium theory.

We performed our rigorous calculations based on
the method described in ref. [1]. The device
investigated is shown in the SEM-micrograph.
Measured transmission spectra could not be
reproduced by calculated transmittances of simple
lamellar grating structures. We tested this by varying
the duty-cycle and the grating depth. As an example,
we plotted the calculated results for a duty-cycle of
0.55, see figure at bottem left.

Therefore, we calculated the transmission
performance of several submicron gratings with
different profile shapes. The triangles in the graph
indicate the calculated spectrum which was closest to
the measured transmission. The corresponding
grating profile is schematically shown in the figure
below. Note that this profile is quite similar to the SEM-
micrograph.
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The situation is different for thin film coated grating
structures. Little is known about the coating geometry
and how it influences the refractive index of the
coating. We investigated MgF2-coated grating
structures and, as expected, the theoretical
description of such devices was not as convincing as
for the uncoated structures.
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LIGA-TECHNOLOGY FOR THE FABRICATION OF POSITIONED PLANAR STRUCTURES

H. Schift,M.T. Gale andJ. Sochtig; C. Mannicke (IMM, Mainz) collaborating

The combination of the advantages of flat optical structures for light shaping with the precision alignment
possible with LIGA technology (a German acronym for Uthografie, Galvanoformung, Abformung) promises
the fabrication of low cost, mass-produceable elements, which could be inserted in micro-optical benches.
Metal masters have been fabricated with different processes and used as a combined molding tool in order
to replicate precision micro-optical elements in polymers.

The alignment of optical elements such as fibers,
lenses, detectors and light sources with sub-micron
precision is one of the main tasks in the fabrication of
micro-optical free beam set-ups. Anisotropic etching
processes or Deep X-Ray Lithography (DXRL) have
already been used for the fabrication of features such
as grooves or pins in micro-optical benches, making it
possible to align reproducibly ball lenses and fibers
without time consuming manual alignment. Combining
the mechanical precision of these elements with the
variety of optical functions of diffraetive optical
elements would make it possible also to fabricate
inserts for optical benches with precise passive
alignment features, and in combination with polymer
replication techniques new cost-effective elements for
the transmission of light from lasers to fibers can be
realized (see picture). For this purpose a molding tool
has to be realized containing both 3D-alignment In the framework of the program ,,Human Capital
structures and flat optical elements made by surface an Mobility" of the EU PSI has access to the facilities
structuring. This has been achieved by confining a and expertise of the IMM in Mainz, which allows us to
metal frame between two aligned metal shims, thus use DXRL for the fabrication of the frame structures
constituting a micro mold cavity for injection molding. with sub-urn positioning posts and a surface rough-

ness of 30 nm. The small roughness is an important
property for easy demolding of the injected PC parts.

An e-beam mask has been designed and sub-
sequently transferred into an X-ray mask with a 17 urn
high gold absorber on a beryliium substrate, and has
been used for DXRL irradiations of 500 um poly-
methylmethacrylate resists. The picture below shows
nickel-structures with two cavities which were formed
by electroplating of the developed structures. They
can be used in commercial molding tools for the
replication of polymer microstructures.

Initial experiments have used metal frames made
by wire electromachining. in this case the achievable
resolution is limited by the wire size used, and in our
case has not reproduced feature sizes smaller than
50 urn, in addition the surface roughness is about
10 urn. Nevertheless, it has been possible to fill a
cavity of 3x2x0.5 mm3 with polycarbonate (PC)
through two 300 pm holes in an injection molding
process, using as one of the cavity boundaries a flat
shim with Phased Matched Fresnel Elements (PMFE),
and as another a shim with drilled holes. The picture
below shows the demolded part which clearly
reproduces the surface structure of the boundaries of
the cavity, including two PMFE-lenses on the front
side and alignment posts at the top.

fsssr diode

Funding: BBW (EU HCM Network project), PSI



- 4 5 -

PLANAR MICRO-OPTICS

A/f. 7". Gale, T. Hessler, RE. Kunz, J. Pedersen, M. Rossi, H. Schütz, R. Stutz, H. Teichmann,
S. Westenhô'fer and R. Widmer; H. P. Herzig (IMT, University of Neuchâtel), J. Rogers (LEICA, Heerbrugg)

and R. Salathé (EPFL) collaborating

Continuous-relief diffractive and refractive micro-optical elements have been fabricated for internal projects
and as external customer jobs. The PSI Zürich laser writing technology is used routinely for the fabrication
of elements such as Fresnel lenslets and lenslet arrays, as well as refractive microlens arrays, holograms
and other diffractive optical elements. Prototype elements are produced by electroforming a replication
shim and hot embossing or uv-embossing polymer replicas. Collaboration with commercial replication
houses has been intensified and the route to large volume production by embossing or injection moulding
has been investigated.

Numerous micro-optical elements were fabricated in
1996 on the PSI Zurich laser writing system [1], (see
also page 65). The majority of requirements were for
an array of microlenslets for light forming or imaging
functions in optical microsystems. Such elements can
now be written routinely and small series of prototype
elements are fabricated by replication technology. The
quality and performance of the microlenses is suffi-
cient for many applications - work is ongoing to reduce
the stray light level, in particular for high Numerical
Aperture (NA) lenslets and to improve the planarity of
replicated lenslets.

Optica
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50.000 im/iiv
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The figure above shows a section (AFM image) of
one Fresnel lenslet in an array fabricated for improving
the fill factor in photodiode array detectors. Lenslet
arrays of this type can be fabricated with a wide vari-
ety of parameters. The current limits for usable arrays
of Fresnel lenslets are a maximum relief of about 6 |im
and a minimum segment size of about 5 urn. Arrays of
square refractive lenslets with zero dead space
between lenslets (30 (im pitch, -50 |xm focal length)
have also been fabricated by direct laser writing in
photoresist. In order to demonstrate the flexibility of
the fabrication technology, a microrelief map of
Switzerland was fabricated from data provided by the
'Bundesamt fur Landestopographie'. The picture

above shows an optical micrograph of the complete
image, fabricated at a scale of about 1:500'000'000
and an AFM image of the microrelief in Tessin.
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PLANAR MICRO-OPTICS: DESIGN AND CHARACTERIZATION

T. Hessler and R.E. Kunz; R. Dandliker (IMT, Neuchatel), J. Jutz and M. Kuster (NTB, Buchs) and
R. de Schipper (Philips, Eindhoven) collaborating

The transition from a refractive lens to a diffractive lens has been studied for micro-optical elements.
A hybrid lens for a laser diode collimation system has been designed to compensate thermal effects. A
Shack-Hartmann wavefront sensor has been realised for the characterisation of diffractive elements.

Microlenses are lenses with a small aperture, typically
below 1 mm. These miniature lenses can be applied to
microsystems and easily combined to arrays [1] for
specific applications. In order to take advantage of
modern fabrication and replication technologies, the
phase function <J>(x) of the lens can be wrapped to the
interval [0, 2n] and then converted into a surface relief.
This results in a segmented profile. Due to their small
aperture radius a, microlenses might have a low
Fresnel number (N = a2/Xf) and therefore only a very
few segments. The number of segments can be
further reduced by wrapping <|>(x) to the interval
[0, M2n] (M= 1,2,3...) leading to deeper structures
and eventually to one single segment (see figure).

found for fabrication tolerances such as depth errors
[2].

M = 9
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Direct laser beam writing [see page 65], a
technology allowing one to structure continuous reliefs
with depths of up to about 10 urn, enables the various
designs shown in the figure above to be fabricated. In
principle, all of them perform the same optical function.
In practice, however, the lens performances are often
limited by fabrication tolerances or they are operated
at non-design conditions. The various designs can
then be expected to show a different behaviour. For
the case of many illuminated segments, the lens may
be considered as a diffractive lens and, for one single
segment, as a refractive lens. For both cases the
behaviour is well known.

We investigated the transition between these two
extremes. As an example, the temperature depend-
ence of the focal length was studied. It is described by
the material-dependent opto-thermal expansion coeffi-
cient X. We found that the lens behaviour can be
categorised by the number of illuminated segments
Ns = N /2 M: As can be seen from the next figure, the
transition from X = 250 106 MK, expected for a refrac-
tive lens, to X = 131 106 1/K, expected for a diffractive
lens, starts already when only a part of the second
segment is illuminated and converges quickly to the
"diffractive" value for Ns > 5. The same sudden onset
of the evolution of diffractive behaviour has been
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-refractive x-
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The results of these investigations have been
used to design a hybrid lens, consisting of a refractive
and a diffractive surface, aiming to compensate the
thermal expansion of the mounting material and the
temperature dependent wavelength of a diode laser.
The design uses only one material, polycarbonate,
thus allowing the fabrication of the hybrid by industrial
injection moulding techniques.

Microlens array CCD

aberrated
wavefront

# distorted
spot pattern

9

For the optical characterisation of in-house fabri-
cated elements, a Shack-Hartmann wavefront sensor
was realised (see figure above). An aberrated
wavefront leads to a distortion 8x of the focal point
pattern in the image plane. From these distortions, the
wavefront shape is derived The heart of the sensor
consist of a micro-lens array (40x40 lenslets, focal
length f = 40 mm, a=125|inn), which was specially
designed and fabricated for this purpose.
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REPLICATED DIFFRACTIVE OPTICAL ELEMENTS FOR INDUSTRIAL APPLICATIONS

M.T. Gale, J. Pedersen, H. Schütz and R. Stutz; S.M.O.L. Schneider, U. Benner and S. Schoch
(Baumer Electric AG, Frauenfeld), D.L Greenaway (3D AG, Unterägeri), E.B. Kley (Friedrich Schiller

University, Jena) and G. Voirin (CSEM, Neuchâtel) collaborating

As part of the Eureka project FOTA and in collaboration with over 25 companies and institutes in Europe,
PSI has been developing replication technology for diffractive and refractive planar optical elements. The
work has involved a comparison of various replication technologies, including hot embossing, uv-
embossing and injection moulding. As one of the final demonstrators in the project, a batch of 1000
diffractive encoders has been produced for Baumer Electric using the newly installed hot embossing press
at PSI Zürich.

The Eureka project 922 FOTA (Flat Optical Elements
Technologies and Applications) was recently com-
pleted. It was concerned with the study and develop-
ment of all aspects of planar optical elements such as
surface relief diffractive microstructures, ran for 3
years and involved over 25 partners from 5 European
countries. The PSI contribution within FOTA was to
study and develop replication technology for the fabri-
cation and production of such elements. This involved
further development of the replication facilities at PSI,
primarily hot embossing and uv-embossing, as well as
collaborating with industrial companies to determine
the suitability of their replication technology for such
elements. The figure below shows an overview of
origination (using laser writing in this case) and the
technologies investigated.

A new hot press was installed at PSI Zurich (see
also page 65) and the uv-replication expertise was
improved. In collaboration with other replication
houses, test runs were carried out by roller hot
embossing (3D, CH-Unterageri), uv-embossing
(Epigem, GB-Wilton), CD injection moulding (OMD,
CH-Diessenhofen) and custom injection moulding
(Philips, NL-Eindhoven). The results were character-
ised and compared, and the relative advantages and
limitations of the various technologies documented.
Reference [1] contains an account of replication tech-
nologies and a summary of the results.
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An important development in the FOTA project has
been the fabrication of a first series of replicated
encoder disks for Baumer Electric. The use of diffrac-
tive microstructure is an important step towards low-
cost rotation encoders. In this work, PSI co-ordinated
the steps involved in fabricating the replication shims
(origination by e-beam lithography at the Friedrich
Schiller University, Jena and electroforming and
recombination of 32 elements onto a single shim by
3D AG, Unterageri) and carried out replication runs for
evaluating the encoder disks in rotary encoder sys-
tems (BELEC). A series of 1000 diffractive encoders
was produced at PSI by hot embossing. The PSI
embosser together with the recombined shim allowed
the embossing of 32 encoder disks on a single sub-
strate, which was subsequently metallised by gold
sputtering and coated with a protective film of uv-
curable lacquer. Individual encoder disks for the first
batch of modules were cut out at Baumer.

The photograph above shows the replicated disk
and electronic boards for illumination and read-out
(courtesy of Baumer Electric AG, Frauenfeld). The hot
embossing route allowed fabrication of prototype dif-
fractive encoders at moderate cost and within a short
timeframe. The results will be used to optimise the
optical microsystem, which is planned to be ultimately
produced in large volume by injection moulding.

Reference
[1] M.T. Gale, "Replication", Chapter 6 in MICRO-

OPTICS, H.P. Herzig (Ed.), Taylor and Francis
(1996), ISBN: 0 7484 0481 3 HB.
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REPLICATED INTEGRATED OPTICAL SENSORS

J. Dubendorfer, T. Amrein, M.T. Gale, K.H. Gulden, M. Hasler, T. Hessier, M. Kuhn, R.E. Kunz, M. Kuster,
P. Metzler, J. Ray nor, R. Stutz and S. Westenhofer; J. Edlinger and H. Rudigier (Balzers AG,

Liechtenstein), G. Duveneck and M. Ehrat (Novartis, Basel), J. Jutz (NTB, Buchs)
and L Schlapbach (Univ. Fribourg) collaborating

Placing multiple sensing regions (sensing pads) on a single chip is a powerful means for referencing and
multicomponent analysis by miniature integrated optical sensors. On-chip referencing is of utmost impor-
tance for practical (bio-) chemical sensors to compensate or correct for nonspecific effects and external
disturbances as for example temperature variations and instabilities of sensing layer properties.

PSI is developing integrated optical sensors for (bio-)
chemical sensing applications. A major advantage of
using integrated optics is the possibility of placing
multiple sensing pads on one single chip. This is very
important for realising practical sensors with high sen-
sitivity not only for multicomponent sensing, but also
since a much more reliable interpretation of the output
signal can be achieved by introducing a reference pad
R located near the sensing pad S. To demonstrate the
feasibility of this approach, the performance of a repli-
cated sensor chip with two spots S and R, separated
by about 2 mm, was tested by reading out the two
spots in parallel (see figure).
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The transducer response A/Vs and AA/R of two
identical pads S and R upon a periodic and linear
temperature variation between about 28 and 44 °C
(see next figure) clearly demonstrates that the base-
line variation A N can be reduced markedly by calcu-
lating the difference signal A/V = A/Vs - A/VR.
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Hence, the referenced sensor output signal is no
longer dependent on the absolute temperature, but
only on the temperature gradient between the sensing
and the reference pad [1].

The correction for nonspecific effects was investi-
gated for an integrated optical immunosensor. Pro-
tein A was immobilised on the sensing pad, whereas
the reference pad was chemically treated to avoid
analyte binding. The specific binding of rabbit IgG
antibodies resulted in an increase A/?, of the equiva-
lent sensing layer thickness by about 4000 pm in the
first 20 minutes of analyte supply, whereas no binding
took place on the reference pad (see figure below) [2].
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On-chip referencing provides not only the possibil-
ity to compensate for the temperature effect but also
allows to investigate specific sensing layer properties.
No significant differences were observed for the per-
formance of replicated polycarbonate based sensor
chips compared to fused silica based sensor chips,
even for different types of chemical sensing layers.

The final goal of this project is to realise compact
sensor modules for practical applications by combin-
ing the highly sensitive sensor chips with a miniature
reader head. For this purpose, work is in progress
towards a novel planar laser diode collimation optics.
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MINIATURE INTEGRATED OPTICAL SENSORS

R.E. Kunz, U. Bruhin, J. Dübendorfer, M. T. Gale, LU. Kempen, M. Kuhn, P. Metzler, R. Stutz and
M. Wiki; N.F. de Rooij (IMT, Univ. Neuchâtel), J. Edlinger and H. Rudigier (Balzers AG, FL) collaborating

New approaches are being investigated for realising miniature sensor modules based on replicated
integrated optical sensor chips which convert the quantity to be measured into an on-chip measuring
variable. It was successfully demonstrated that chips fabricated with the same technology are not only
suitable for (bio-)chemical sensing applications, but also for measuring or monitoring physical quantities.
One example is a novel smart planar optical chip for measuring the direction of a light beam with high
resolution.

An innovative approach to accomplishing low-cost yet
high-performance miniature sensor modules makes
use of combining a kind of smart planar optical
transducers with suitable light sources and integrated
optical detection schemes. By depositing hard
dielectric thin films on replicated substrates, integrated
optical sensor platforms can be mass-produced and
"programmed" by subsequent deposition of chemical
sensing and/or passivating layers. Hence, it is
possible to realise a family of novel standardised
miniature sensors for very different applications
without the need to develop different sensors for the
different tasks.

The figure above shows a sensor chip making use
of two chirped grating pads for converting the quantity
to be measured into the position of an on-chip
integrated optical light pointer [1]. Its fabrication does
require two low-cost processes only, namely first hot
embossing a nanorelief of about 7 nm deep grating
lines into a 0.25 mm thick polycarbonate foil and
second a full-area coating with a hard dielectric
waveguiding film.

For this development, PSI was selected as a
winner of the contest "Technologiestandort Schweiz
1995/96". Three sensor modules based on similar
chips were exhibited at the Hannover Fair '96,
demonstrating a refractometer, a miniature
spectrometer for laser diode monitoring and the high-
resolution angular sensor shown in the next figure [1].
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The novelty consists of replacing the whole
conventional arrangement (a) by a "smart object"
which represents a complete integrated optical
goniometer by itself (b).

Depending on the detailed layout and effort taken
to realize the complete module, this type of chip can
be used to achieve resolutions in the order of 10-5 for
the determination of the refractive index, 0.1 nm for
wavelength analysis and 0.01° for angle
measurements. The demonstrated resolutions and
accuracies can be further improved.

42 mm
For applications requiring much higher resolutions,

an other approach is also being investigated. In this
case, a laser beam is directed to a focusing grating
coupler which is located on the chip together with a
complete Mach-Zehnder interferometer and an optical
output port. The figure above shows a portion of a
replicated polycarbonate chip with multiple Mach-
Zehnder interferometers and stripe waveguides
embossed simultaneously [2]. The fabrication of this
device required the embossing of a 3 (j.m tall
microrelief (Mach-Zehnder structure) in the same step
as a 12 nm deep nanostructure (the focusing grating
couplers) into a single piece of plastic material.

These investigations and developments on
replicated integrated optical sensor chips provide a
powerful basis for applications in areas such as
industrial process control, chemical, biochemical,
physical, medical, and environmental applications.
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HIGH-RESOLUTION 3D IMAGING WITH MULTICHANNEL OPTICAL LOW-COHERENCE
REFLECTOMETRY (OPTOMO)

S. Bourquin, P. Seitz and M. Stalder; R.P. Salathé, R. Wälti, H. Bleuler (EPFL Lausanne), M. Boehnke
(Inselspital Bern) and U. Dürr (Haag Streit AG, Bern) collaborating

The new imaging technique of optical low coherence reflectometry is implemented with innovative optical
setups and highly parallel arrays of smart pixels with a large dynamic range. A resolution of about 10 /urn
and a measurement range of several millimeters are targeted. A complete depth profile of typically 64
parallel depth channels, laterally spaced by about 30 jim should be acquired, processed and displayed in
less than 40 ms. Primary applications of this work are investigated in the medical field, especially in
ophthalmology.

Optical low coherence reflectometry (OLCR) is based
on the use of a Michelson interferometer with a broad-
band light source of short coherence time, such as a
superluminescent diode (SLD). Light reflected back
from a sample interferes with light reflected from a
moving mirror, as shown in the illustration below. This
coherent cross-correlation is detected with a suitable
array of photodetectors.
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The photodetectors require a very high dynamic
range because the cross-correlation signals are just
small modulations on a large background. Conventio-
nal OLCR systems are realized with scanning mirrors
for the generation of the cross-correlation and one- or
two-dimensional mechanical scanning devices for
producing profiles or range images; a point detector
with high D/R is sufficient in these cases. In the
framework of this Optique II project, we are investi-
gating novel ways of implementing the OLCR mea-
surement principle for the simultaneous generation of
3D images with a depth range of several mm with a
resolution of about 30 (im at a speed of 25 lines per
second.

One approach pursued by the project partners is
the very fast mechanical scanning based on rotating
optical elements with rotation speeds up to 200'000
rpm. An alternative, followed by our laboratory, is the
design of one- or two-dimensional arrays of smart
pixels [1] for the detection, demodulation and enve-
lope-detection in many parallel channels at the same
time.

Two types of detector arrays, based on different
working principles were designed, simulated and
fabricated using Orbit Inc.'s 2 |im CMOS process. The
first approach is based on a conventional AC coupling
scheme to an inverting amplifier. The second
approach employs a feedback amplifier principle,
where a current subtraction stage is operated in series
with the photodiode. A low-pass filter is inserted in the
feedback loop, allowing to suppress DC current
components below a certain critical frequency and to
amplify AC modulation with a significant gain. The
design of an experimental array of eight such pixels,
each covering an area of 60x150 |im2 is shown in the
figure below.

Each photodiode offers a sensitive area of
30x90 ^m2 with a quantum efficiency of about 80% for
the SLD's light in the near infrared. The
transimpedance amplification of this circuit is about 107

V/A, suitable for first OLCR applications. Without
additional filtering and without the envelope detection,
a dynamic range of 60 dB was obtained. An improved
circuit, currently under design, will increase both the
transimpedance amplification and the dynamic range
significantly. This circuit will be complemented by the
necessary on-chip signal processing and analog
sampling electronics, so that it can be used in a first
implementation of a real-time OLCR optical range
profiler for medical applications.
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DIGITAL BEAM STEERING DEVICES WITH LIQUID CRYSTALS

M. Stalder, P. Metzler, H. Schutz, P. Seitz and R. Widmer; M. Wany (IMT, University of Neuchatel) and
M. Schadt (ROLIC Ltd.) collaborating

The goal of this project is to build novel optical devices for imaging applications. One class of optical com-
ponents that have been studied are liquid crystal (LC) based beam steering devices. They consist of elec-
trically controlled blazed phase gratings. This approach allows high diffraction efficiencies and good de-
flection angles, while keeping the expense in electrode complexity and driver electronics minimal.

The switchable beam steering devices presented here
are high resolution one-dimensional spatial phase
modulators [1, 2], LCs represent an electro-optic ma-
terial that allows to control the index of refraction or
the phase depending on an applied electric field. Effi-
cient blazed phase gratings can so electrically be pro-
grammed into these LC devices. A cross-section
through such a device, the electrode top view and the
resulting phase modulation are shown in the following
figure.
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The tested devices allowed 3 states of interest: If
no voltage is applied no deflection occurs. For certain
combinations of voltages the beam is deflected into
the 1st or -1st order as illustrated in the next figure.
Note that only three wires are required to drive this
device.

The theoretical diffraction efficiency corresponding
to the first order depending on the two adjustable
phases is given in the next figure. The saturated black
area corresponds to zero diffraction efficiency, while
the white area belongs to the theoretical maximal
value of 68%, denoted by point C. The origin, point A,
corresponds to no phase modulation in the device and
therefore zero efficiency results. It is also seen from
the figure that the diffraction efficiency into the -1 order
is very low (< 1%), point D and that the maximal dif-
fraction into the first order is not very sensitive to small
phase inaccuracies, which is important for a stable
operation of the device.
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The next graph shows the experimentally obtained
deflection of HeNe laser light into the various diffrac-
tion orders. The maximum diffraction efficiency meas-
ured in the 1st or -1st order is more than 65%, a value
which is close to the theoretical limit.
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The deflection angle of fabricated devices is 0.5° -
2.0° and switching speeds of 10 ms have been ob-
tained. The required voltages are 3 to 5 Vms. Such LC
beam-steerers can be built into imaging systems
equipped with low resolution smart image sensors and
using narrow bandwidth light sources. In this case and
if two LC beam-steering devices are used in series,
the number of accessible pixels can be increased by a
factor of 9. More accessible angles can be obtained
with more sophisticated electrical addressing schemes
but at the expense of smaller deflection angles.
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MULTI-CHANNEL BIOSENSORS WITH VCSEL DIODE ARRAYS

J. Söchtig, M.T. Gale, K.H. Gulden, R.E. Kunz, M. Moser, H.P. Schweizer, R. Stutz, S. Westenhöfer
and R. Widmer; G. Duveneck (Novartis, Basel), J. Edlinger and H. Rudigier (Balzers AG, Liechtenstein)

collaborating

Optical microsystems for multi-cell fluorescence biosensors to examine multiple analytes in parallel are of
growing importance for the diagnostics market. We are currently developing a hybrid microsystem with
VCSEL laser arrays and disposable waveguide evanescent field sensors for biochemical analysis.

This subproject in the frame of a MINAST project on
polymer/semiconductor optical and optomechanical
microsystems (POSEM) aims to develop densely
packed laser and detector arrays for sensors based
upon planar waveguides with wavelength selective
coupling gratings and evanescent field sensing of
fluorescence signals. The technology for the fabrica-
tion of disposable waveguide biochemical sensors,
based on [1], has been further developed to cope with
an array approach.

A customised Ni-master (see figure above) is the
key tool for the fabrication of the replicated waveguide
sensors. Such a 4x6 array of waveguide sensors with
in- and out-coupling grating pads in each cell is visible
in the upper photograph. Dry etched isolation trenches
between neighbouring cells prevent light from cross-
coupling; this is essential for applications where many
of the laser devices will be operated simultaneously for
fast analyte characterisation.
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The most advanced approach for the multi-cell
sensor system would employ one layer of waveguide
sensors with grating couplers, one optical light distri-
bution layer and one layer of interlaced lasers and

photodiodes on the same wafer (see figure bottom
left). Another possible approach uses separate layers
of Si-based photodiode arrays combined with an im-
aging system as the permanent building blocks of the
multi-cell sensor. Other concepts using fibre coupled
detector and laser arrays are also under evaluation.
The sensor system will then be completed with dis-
posable evanescent field coupler waveguide arrays
and a fluid handling system.

Prototypes of up to 16x16 individually addressable
vertical cavity surface emitting laser (VCSEL) arrays
with uniform threshold current and wavelength distri-
bution have already been developed at PSI. Smaller
arrays (see figure below with the example of 2x2 ele-
ments bonded and epoxy glued in a standard chip
package) were fabricated with an emission wave-
length of 780 nm, well adapted to the fluorescence
characteristics of the label molecules developed at
Novartis.

The optical emission characteristics (see figure of
the emission pattern of 4 VCSEL diodes driven simul-
taneously) are currently under evaluation for their
usefulness with respect to grating coupler sensors.
VCSEL diodes are easily fabricated in matrix array
arrangements. Compared to conventional Fabry-Pérot
lasers within their operating range, however, their
transverse mode and polarisation behaviour is more
complex [2]. Due to the strong wavelength and polari-
sation sensitivity of grating couplers careful control
over these parameters is crucial.
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LOW-COST REPLICATED SPECTROMETER MICROSYSTEMS

H. Teichmann, N. Blanc, M. T. Gale, P. Metzler, J. Pedersen, J. Raynor, H. Schütz, P. Seitz, R. Stutz,
S. Westenhöfer and R. Widmer; J. Mohr (Forschungszentrum Karlsruhe), H.P. Herzig, P. Kipfer (IMT, Uni-

versity of Neuchâtel), M. Rossi, F. Schrämmli, Th. Senn (Gretag Color Control Systems AG), T Barney,
A. Sloper (M Squared, Totnes, UK), R. Hammond, S. Smedley (BRFI, Redhill, UK), O. Elsenhans,

K. Schmid, F. Baader (Tegimenta AG, Rotkreuz), K. Eggmann, T. Callenbach, K. Mazenauer
(H. Weidmann AG, Rapperswil) and R. Jenny (Volpi AG, Schlieren) collaborating

Within two projects, the development and realisation of low-cost miniaturised spectrometer systems with
moderate resolution but good stray light suppression is targeted for different industrial applications. A new
CMOS PhotoASIC diode array has been designed and fabricated for use with the LIGA-spectrometer.

Low-cost miniature spectrometer systems for the ul-
traviolet (UV) and the visible (VIS) spectral range have
a broad variety of potential applications including col-
our measurement, medical diagnostics and industrial
process control. Typical system requirements are
moderate with respect to spectral resolution (5-
10 nm), but demanding in terms of optically and elec-
tronically accessible dynamic range. Within two proj-
ects (EUREKA project "MicroSpec" and Swiss KTI
project "RemSpek"), the optical unit as well as the light
detection system are being addressed. Polymer based
replication technology and fabrication by standard
CMOS-processes are key issues in our approaches to
achieving low-cost.

Spectrometer concepts suited for replication:
Several spectrometer concepts (see examples in the
overview below) have been investigated by means of
ray tracing simulations. The calculations have shown
that truly planar spectrometer systems are hardly fea-
sible with extended fibre light sources. Concepts and
fabrication technologies for both established and
newly selected spectrometer types are being as-
sessed and compared.

Ï

Replicated LIGA-spectrometer: Based on the
LIGA-technique, IMT at Forschungszentrum Karlsruhe
(FZK) has developed a replicated waveguide spec-
trometer (upper part of photograph on the right), which
is commercialised by MicroParts (Dortmund, Ger-
many). Light coupled into the PMMA multimode
waveguide is diffracted by a sub-|j.m curved high as-
pect ratio grating and imaged onto a PhotoASIC diode
array outside the waveguide via a 45°-reflecting cor-
ner. A spectral resolution of 12 nm is achieved with a
100/125 |4.m multimode fibre input. PSI is working with
FZK in characterising the performance in selected
LIGA-spectrometers and developing a new PhotoASIC
detector for read-out.

Linear PhotoASIC diode array: The use of stan-
dard-CMOS processes for PhotoASIC devices with
optical functions allows one to take advantage of
commercial multi-project wafer services typically of-
fered primarily for ASIC electronics. A new PhotoASIC
diode array (lower part of picture above) with 210
smart pixels and a pixel pitch of 30 |im was devel-
oped. Each pixel has its own separate charge amplifier
to assure excellent linearity and a large dynamic range
[1]. A first run including design, mask layout and com-
mercial prototype fabrication has been completed. A
micro-processor based readout system will be realised
by one of the industrial partners.

Miniaturised spectrometer system: For the as-
sembly of the miniature spectrometer system, a flex
wire was fabricated onto which the detector can be
bonded. The LIGA-spectrometer is glued onto the
PhotoASIC under active alignment control. Functional
models of this spectrometer microsystem have been
fabricated and are being tested in several different
industrial applications.
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ACTIVE IMAGING WITH SMART IMAGER SENSORS

T. Spirig and P. Seitz; O. Kubler (ETH Zurich) collaborating

Using standard CMOS/CCD semiconductor processes, optoelectronic smart image sensors are investi-
gated as cost-effective, small and fast solutions for industry-relevant image processing problems. An on-
chip 2D feature extractor is described.

The combination of light-sensitive devices, analog and
digital electronic signal processing circuits with uncon-
ventional CCD layouts makes it possible to provide
each pixel of an image sensor with additional function-
ality. In this work, investigations are made as to how
certain image processing tasks can be performed
directly on the image plane.

In general, the first stage in still image processing
involves the extraction of the orientation and/or the
spatial intensity change representation. The intensity
change representation at a pixel site is given by the
length of the gradient vector, whereas the orientation
representation is given by the orientation (azimuthal-
angle) of this vector. To calculate the gradient vector,
the image is convolved, e.g. with an orthogonal pair of
Sobel, difference of Gaussian operators or with differ-
ence of boxes filters.

Outputs

Sensing area of
2D convolution CCD

first convolution second convolution

Amplifier Current subtraction stage charge to current
converter

In our implementation, this algorithm is realized
using the concept shown in the first figure. The device
is capable of performing two convolutions within a very
short time without the intermediate read-out of the
sensor [1]. The 2D convolver CCD is a fully parallel
CCD sensor array which performs image acquisition
and convolution with arbitrary kernels. The schematic
layout of the sensor is given in the second figure. The
real-time programmable spatial convolution is gener-
ated for all pixels in parallel during the exposure. The
problem of negative coefficients is solved by taking the
difference of two convolutions each with only positive
weights. An on-chip subtraction stage provides the
pixelwise subtraction during the read-out of the sen-
sor. The r.m.s. linearity of the measured output volt-
age versus increasing minuend is 2.3% while the
r.m.s. linearity versus increasing subtrahend is 1.5%.

The rise time was measured to be 200ns, which is
suitable for a pixel rate of 2MHz. To facilitate the sen-
sor's use in practical applications, the number of ex-
ternal control signals is reduced by providing an on-
chip analog 5:10 multiplexer.

Storage
gates

OMW
Photo-gate

Shift with vertical
4-phase CCDs

Shift with horizontal
4-phase CCDs

Convolutions with a variety of filters that are com-
monly used in machine vision such as the Canny fil-
ters, Laplacian of Gaussian filters, Gabor filters etc.
have been demonstrated. Experiments show that typi-
cal r.m.s deviations from the ideal filter characteristics
are between 1 -2% of the largest kernel tap. Examples
of images acquired and convolved with an experi-
mental 43x32 pixel 2D feature detector are given in
the following figure. The original figure is shown in (a),
the derivative in horizontal (b) and in vertical direction
(c) was approximated using difference of boxes filters.

(a) (b) (c)

The work presented demonstrates that smart im-
age sensors with spatial convolution capabilities can
be practical solutions for a restricted range of machine
vision problems, thanks to the large degree of analog
parallelism offered in a suitable VLSI implementation.
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A TOOLBOX FOR HIGH-PERFORMANCE SMART CMOS IMAGE SENSORS

O. Vietze and P. Seitz; H. Jacket (ETHZ) collaborating

CMOS technology with its many analogue and digital circuit building blocks is an essential ingredient for
the development of a toolbox of "smart pixels", customised pixel architectures that are capable of solving
special, application-specific problems with a performance that comes close to the physical limits.

The CMOS active pixel sensors (APS) concept of
having pixels with added functionality on a per pixel
base thereby defining the main performance of the
sensor, independently of the size of the imager array,
allows a modular sensor toolbox approach to be de-
signed [1, 2].

Based on a standard 64x64 photodiode APS with
a dynamic range of 80dB, we have developed a tool-
box of active pixel cells with application specific opti-
mised performance. The picture above shows a series
of images acquired with the standard CMOS 64x64
pixel APS.

A common problem for many machine vision and
optical metrology applications is the large dynamic
range of optical signals which often exceeds the dy-
namic range of standard image sensors which is typi-
cally below about 100dB. If a linear readout charac-
teristic is not required, logarithmic signal compression
is an effective method to process optical signals with
an extremely large dynamic range (DR).
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Our logarithmic 64x64 pixel APS has a maximum
DR of >120dB with a contrast resolution of <2% over
the whole working range. The pixel's fill factor is 40%
on a pitch of 30|im (2|am CMOS). The previous picture
shows two images taken with the logarithmic APS.
They show a 75W light bulb.

Another field of interest is image sensors with high
responsivity. High responsivity frequently is an impor-
tant demand in machine vision where images of fast
moving objects have to be acquired. High picture
frame rates result in short integration times making it

necessary to employ image sensors with high respon-
sivity. The gain-pixels present a novel approach to
implement on-pixel photo current multiplication which
increases the responsivity of APS by more than three
orders of magnitude compared to standard devices.
An experimental 28x26 pixel image sensor was dem-
onstrated with a sensitivity of >40mV per photoelec-
tron. The sensor shows a signal to noise performance
of 43dB for an average incident photon flux per pixel of
only 15 photons per frame. The following picture
shows a photograph of the 26x28 pixel test device.

With the lateral field pixels, a novel technique has
been formulated and tested which enhances the re-
sponse speed of highly sensitive MOS photo-
detectors. Pixels with a length of 1500|im have been
integrated with an effective conversion capacitance of
60fF. The responsivity of such pixels was improved by
a factor of 28 compared to conventional diode pixels of
the same dimensions.
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FABRICATING CCD IMAGE SENSORS WITH A MODIFIED SWISS CMOS PROCESS

O. Vietze and P. Seitz; T. Feudel (Institute for Integrated Systems, ETHZ) and E. Doering
(EM-Microelectronic-Marin SA) collaborating

With charge-coupled device structures (CCDs), it is possible to realise fast, low-noise signal processing
circuits that can be integrated into future active pixel sensors to perform additional "smart" functions. For
the monolithic integration of CMOS and CCD structures, a buried channel CCD (BCCD) option has been
developed for a standard industrial CMOS process.

High performance CCDs are made using production
processes which are not compatible with standard
industrial CMOS technology. To combine CCD circuits
with recently developed CMOS active pixel sensors, a
buried channel CCD process option has been devel-
oped for a standard 2p.m CMO S process.

Modern process and device simulation programs
[1] were employed to develop this extension. The fol-
lowing picture shows a simulation plot of the potential
distribution inside the buried channel structure.

gatel
gate2

gate3

CMOS / BCCD 3 gate structure
zero bias channel potential

simulation

To maintain cost effective system integration, the
buried channel option has been designed to require
only one additional lithography mask and one single
additional implantation applied to the conventional
CMOS process [2]. Since the CCD option remains
fully compatible with the original CMOS process, this
opens up exciting prospects of high quality CCD im-
age sensing combined with on-chip CMOS circuits for
integrated imaging systems used in optical metrology
and machine vision.

The performance of this improved BCCD / CMOS
process is demonstrated with a first 2-D matrix CCD
image sensor. The sensor is designed as a frame
transfer device with a sensitive area of 40x80 pixels
on a pitch of 20|im. The following picture shows a
photograph of the chip.

The device is fully compatible to standard 5V
CMOS operation. A charge transfer efficiency (CTE) of
99.995% has been achieved. With a similar line array
device, a signal dynamic range of 88dB has been
demonstrated. This represents an excellent perform-
ance which compares very favourably with commer-
cially available chips. The next figure shows an early
image acquired with the 40x80 pixel CMOS/CCD im-
age sensor.
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HIGH-SENSITIVITY IMAGE SENSING

A. Biber, O. Vietze, P. Seitz and L. W. Snyman; H. Jacket (ETH Zurich) collaborating

Image sensors with very high sensitivity and responsivity are desirable for many applications in optical
metrology, image reproduction and machine vision in low-light environments. Two approaches are being
investigated for this purpose, a CMOS-compatible pixel with programmable gain ("gain pixel") and ava-
lanche photodiodes (APDs) realized in standard CMOS. First implementations of both pixel types have
been shown experimentally to increase the responsivity by more than 3 orders of magnitude.

The detection of light at very short integration times or
at low light levels requires a performance as close as
possible to the single-photon detection limit. Since the
most widely used photosensors today have no gain
element in the pixel, the signal from a single photon
tends to be lost in the noise of the detector. In the
high-responsivity structures investigated here, the
current produced by the photon flux is amplified, either
through an electronic multiplication as in the gain pixel
(see page 55) or through a physical multiplication as in
avalanche photodiodes. Either approach represents
the basis for a novel type of CMOS-compatible image
sensor with a responsivity that exceeds the one of
traditional image sensors by more than three orders of
magnitude.

One of the high-sensitivity photosensing compo-
nents of the CMOS image sensor toolbox is the gain
pixel, derived from the Active Pixel Sensor architec-
ture [1] by supplying each pixel with a programmable
photocurrent multiplication. The programming voltage
doubles the sensitivity of the pixel for each voltage
increase of 30 mV. In this way, an effective sensitivity
range of about 103 to 105 |aV/photoelectron can be
obtained, compared with a fixed sensivity of typical
CCDs of around 5 (j.V/electron. An experimental de-
vice with a fixed photocurrent gain of around 8500 has
been demonstrated, showing an effective rms noise
figure of only 0.1 electrons. This was achieved at the
cost of reduced response speed, i.e. by the circuits'
inherent property of lowering the bandwidth at low
photocurrents. Four examples of low-resolution im-
ages taken with a gain-pixel image sensor are shown
below. The very short exposure times of only 10 \is
under normal room illumination implies an average
number of only 20 photoelectrons collected in a pixel
per frame time.

Avalanche photodiodes can also provide a large
gain when operated near the breakdown voltage.
These diodes are well known for their high sensitivity,
large breakdown voltages, potentially destructive cur-
rents and are usually designed in specialized tech-
nologies. We are currently investigating ways to real-

ize APDs in standard CMOS technology, so that they
can be designed as one- and two-dimensional arrays
of high-sensitivity photosensors with a physical gain
mechanism, requiring only moderate voltages below
about 50V.

Our first CMOS APD designs are circular struc-
tures optimized for light sensitivity and low breakdown
voltage. The breakdown occurs at the surface of the
silicon due to surface states and higher impurity levels
which cause most of the current to flow laterally rather
than vertically, calling for guard-ring protections.
Breakdown voltages varying from 15V to 40V have
been measured for different types of APDs. Initial ex-
periments demonstrate significant levels of multiplica-
tion, as shown in the graph below. A gain of 1500 has
been measured at a light power level in the nW range
close to the 40V breakdown voltage by using a local-
ized point source illuminating the APD device.

Some of the problems of our first CMOS APDs are
already identified, and they are currently under inves-
tigation. This includes a light-dependent hysteresis in
the breakdown voltage and the inter-pixel variation of
the breakdown voltage for the same device.
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LOW-POWER OPTICAL SENSOR SYSTEMS FOR ROBOT VISION

A. Biber and P. Seitz; R. Pfeifer (Univ. Zurich) and H. Jacket (ETH Zurich) collaborating

The primary objective of optical sensor systems for robot vision is to be a navigational aid for the autono-
mous robot. In particular, a robot given tasks in an unstructured environment must be able to avoid colli-
sions with unknown arbitrary objects. The vision sensor developed here is a one dimensional array of
smart pixels to support collision avoidance by implementing active triangulation. As an additional prere-
quisite, the power consumption has been restricted to allow use with battery powered robots.

The most widely used optical method for a technical
realisation of distance measurement is active triangu-
lation [1], Triangulation requires the measurement
system to have at least two different views of the ob-
ject. In our approach, a light source projects a line
onto the object to be measured from one direction.
The reflection of this line is focused from another di-
rection onto the image sensor, whose position sensi-
tive device allows the determination of the profile, es-
sentially without additional computation.

In this project, the goal was to design and develop
a profilometer using a CMOS position sensitive pho-
todetector. This device is a one dimensional array of
triangular-shaped pixel pairs. In a first implementation,
the length of pixels was varied for the experimental
verification of different sensitivity and measurement
range predictions, as illustrated with the chip micro-
graph shown in the figure below. A pixel pitch of 30 jam
was selected to be compatible with other smart pixel
designs. The pixel pairs are used to determine the
position of the light stripe focused onto the array.

A low-power shift register requiring a small silicon
area was designed for simple readout. The design
consists of one flip flop for each bit, each with 14 tran-
sistors, carefully sized to prevent shifting in the wrong
direction. The layout is also on a 30 (im pitch to match
the pixel pitch. In comparison to an address decoder,
when adding another pixel to the linear array the shift
register only requires adding another bit and remains
the same height. An address decoder requires an
expansion in height also when another bit is added. A
slight disadvantage of this design is that the outputs
are not valid during one portion of the clock cycle. By
sampling the data during the valid portion of the clock
cycle, however, adverse effects can be avoided.

The photosensor and its electronic circuits have
been fully characterised, verifying the design function-
ality and the simulation predictions. For 48 pixel pairs
and a readout speed of 100 kHz, a power consump-
tion of only 165 (iW was experimentally confirmed.

Recently, a demonstration distance measurement
set-up has been completed (see photographs below)
with which we are currently measuring actual distance
profiles for demonstrating the ranging performance of
the complete low-power optical distance profiler.
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MICROCAMERAS

N. Blanc, K. Engelhardt, S. Lauxtermann, P. Seitz and O. Vietze; F. Pellandini, M. Ansorge, A. Heubi,
S. Tanner (IMT, Neuchâtel), W. Salathé, Ft. Dinger (SMH/Asulab, Marin), M.E. Meyer, E. Doering

(EM Microelectronic-Marin SA, Marin-Epagnier) and H. Mahler (Cerberus, Männedorf) collaborating

Low power miniature camera modules have been developed based on high performance Active Pixel Sen-
sors (APS) fabricated with standard CMOS technology. These image sensors feature a dynamic range >
80 dB and a maximum readout speed of 5 Mpixel/sec. Various microcameras combining the APS sensors
with control electronics and either standard 1/3" glass lens or custom designed compact imaging optics
were demonstrated with an overall size as small as = 6x8x30 mm3.

Ultra compact low-power camera modules are devel-
oped for consumer electronics and industrial applica-
tions, e.g. in surveillance and security. The challenge
is in the realisation of a complete stand-alone elec-
tronic imaging system combining several functions in a
very small volume and with low power consumption.
For the surveillance field novel image sensors with
integrated local intelligence and network capability are
required. The different novel components of the com-
plete miniature camera module are developed concur-
rently. Some key components have already been suc-
cessfully designed, simulated, produced and tested. In
particular new photodiode Active Pixel Sensor (APS)
image sensors have been developed with the following
characteristics:

• standard 2 |am CMOS process
• resolution: 32x32 and 64x64 pixels
• pixel pitch: 30 (im
• readout speed: < 5 Mpixel/s, < 1000 frames/s
• sensitivity: 2 |iV/e
• maximum signal swing: 2.5 V
• dynamic range: 81 dB
• single-voltage supply: 3-5 V
• power consumption: < 1 mW
A first demonstrator included a 1/3" format glass

lens, an APS image sensor and control electronics
(microcontroller, output buffer amplifier and passive
elements). The system is based on a single-voltage
supply of 5 V, producing an analogue video signal and
digital synchronisation signals, with an overall size of =
30x30x28 mm3.

To further decrease the camera size, compact im-
aging optics (0 2 mm, height 3 mm, without field stop)
have been specially designed for small, low-resolution
image sensors. The f/4 lens has a focal length of
2 mm and a useful image diameter of 1.5 mm which
corresponds to a field of view of ± 20°. The lens sys-
tem is directly glued on top of the APS sensor, thus
requiring no additional mechanical support.

Using chip-on-board technology, a miniaturised
black and white video camera with a resolution of
64x64 pixels has been successfully demonstrated.
The microcamera is so small ( = 6x8x30 mm3 ) that it
can be integrated in items of everyday use such as a
pen.

The newest image sensors currently in production
aim at a higher resolution of 256x256 pixels and, in
order to keep the chip size below 5x5 mm2, are based
on a 1 jam CMOS process.
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MINIATURIZED OPTICAL RANGE CAMERA FOR SAFETY, SURVEILLANCE AND SECURITY
APPLICATIONS (MINORA)

P. Seitz, P. Metzler, T. Spirig and O. Vietze; D. Mlynek and S. Wolff (EPFL), F. Ade and E. Meier
(ETHZ), H. Bunke, X. Jiang and K. Sobottka (University of Bern), N.C. Bui, J. Kowalczuk and G. Visalli

(MicroSwiss Center, Yverdon), B. De Coi and M. Dürmüller (CEDES AG, Landquart), B. Gächter,
Ch. Betschon and R. Appius (Leica AG, Heerbrugg) collaborating

Range camera modules are developed, based on the time-of-flight technique: Modulated laser light, re-
flected back from a target, is detected and demodulated with PSI's patented lock-in CCD principle. The
most recent lock-in CCD offers a programmable offset compensation for a dynamic range exceeding 100
dB. The other project partners support this work with the development of fast digital sequencer electronics,
integrated CCD power drivers, range image processing algorithms and complete optical systems for safety
and surveillance applications in automotive and industrial environments.

Our everyday life requires an increasingly close
collaboration between man and machines, leading to a
growing number of potentially harmful situations for
human beings. The purpose of this Optique II project
is to develop reliable presence détection systems us-
ing fast sequences of coarsely resolved range images.
The work is based on novel types of optical ranging
techniques (time-of-flight or AM laser radar), imple-
mented with custom synchronous (lock-in) image
sensing. This hardware is supported by developments
contributed by the other partners, such as integrated
CCD power drivers in BiCMOS technology, several
versions of fast digital sequencers and the necessary
analog and digital signal processing electronics. The
acquired range image sequences will be interpreted by
novel types of 3D image analysis algorithms, capable
of extracting reliable information out of the incomplete,
spatially undersampled and ambiguous range images.

The measurement technique is based on our syn-
chronous lock-in image sensor principle [1], for which
we were awarded broad patent coverage [2]. Various
types of lock-in pixel realizations were designed, fabri-
cated and characterized. The most recent lock-in
pixel, with a dimension of 300x150 jxm2 is illustrated in
the micrograph above.

This lock-in pixel exhibits one photosite per pixel
(two photosites are shown in the figure in the upper
row), and for each photosite eight storage areas are
provided. The photocharge packets accumulated in
this multi-tap lock-in CCD can be employed to extract
more Fourier coefficients of a periodic waveform, or
time-coded signals can be convolved during exposure
with programmable temporal convolution kernels. Ad-

ditionally, a novel offset-control mechanism has been
provided, with which offset charge can be subtracted
in a controlled manner, and only the difference charge
is stored in the lower row. Experimentally, a dynamic
range exceeding 100 dB has been demonstrated with
this device, with a noise performance only about 2-3
times higher than the ultimate quantum shot noise
over the whole light intensity range.

This multi-tap lock-in CCD with offset control has
been integrated into a complete camera head, shown
in the next figure, used for characterizing its properties
in a complete range imaging setup.

The mid-term goal is to achieve a range precision
of around 10 cm, over distances exceeding 100 m,
with a low spatial resolution of about 40x20 pixels and
a frame rate of 25 Hz. Reaching these specifications
in a miniaturized optical range imaging module will
open up a large variety of industrially relevant applica-
tions.
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HIGH SPEED LINE SENSORS WITH SMART PIXELS

J.M. Raynor, N. Blanc, K. Engelhardt, P. Metzler, P. Seitz and A. Vonlanthen; R. Hensel and
R. Wampfler (Zellweger Uster) collaborating

A wide range of high-performance optical metrology systems can be realized by incorporating on-chip
analogue and digital CMOS electronics with photodiodes using low cost photo-ASICs.

One of the most common performance criteria for
industrial sensors is the speed of operation as this can
be the bottleneck in process control operations. There
are several ways to increase the speed of a sensor,
but one of the most effective ways is to change the
architecture and to increase the amount of parallel
signal processing performed on the device. For exam-
ple, instead of having a single amplifier, there can be
many, one-per-pixel, effectively sharing the load and
increasing throughput. With linear arrays, there is
room to extend the electronics without adversely im-
pacting on the light-sensitive area.

Several sensors have been designed and tested
using this technique. There are two basic types, those
with analogue outputs and those with digital, the latter
performing analogue-digital conversion (ADC) using
on-chip comparators - again one-per-pixel. As all the
sensitive nodes are on-chip, the effects of stray ca-
pacitance and external noise sources are minimised,
allowing a wide operating range of 145dB to be
achieved [1].
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For use in industrial dimensional control, a linear
sensor with integrated charge-amplifier, comparator,
latch and multiplex circuitry has been developed. By
interleaving the photodiodes and electronics, the pixel
pitch was halved.

Other applications require an analogue output, so
the existing building blocks were re-used for a new
design. This photoASIC improves on the signal-noise

performance especially at lower frequencies when
used with correlated double sampling (CDS), which
involves sampling the pixels' output shortly before and
after reset. Taking the difference reduces the 1/f noise
contribution. To facilitate this, each channel has indi-
vidual reset of the charge amplifiers, allowing them to
run asynchronously.

The output buffer has been designed to include a
range of pre-defined gains. This effectively extends
the resolution of the system, allowing a cheaper, low-
cost ADC to be used.
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This design strategy has successfully demon-
strated the ability of PSIZ designed photoASICs to
solve practical industrial tasks.
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SMART IMAGE SENSOR PARALLEL PORT INTERFACE

O. Vietze, G.K. Lang and V. Monterosso

Smart image sensors for specific applications in machine vision and optical metrology, developed at PISZ,
normally do not have standard video out signal timing. For testing, as well as for demonstration purposes,
a universal smart digital acquisition module has been developed allowing easy interfacing to a PC via the
standard parallel port. A user interface to the hardware has been provided in the form of a Windows pro-
gram.

Customised smart image sensors do not have stan-
dard video output timing. In order to monitor and test
such sensors, a universal acquisition and display
system is required, preferably for use with any stan-
dard PC and without needing to rely on special plug-in
cards, so that portable PCs can also be readily used
for demonstration purposes. These considerations
resulted in the design of a module that can be inter-
faced to any PC via the standard parallel (Centronics)
port, together with support software for Windows to
control the sensor and monitor its output.

The design includes a 20 Msample/sec analog to 8
bit digital converter, with offset and gain adjust for any
analog input signal up to 10MHz. The module contains
64 kByte of on board frame store memory, supporting
frame-grabbing from sensors with up to 2562 pixel
sensors. It operates fully asynchronously with the PC.

The schematic, below, illustrates the functional
operation of the hardware.

PC parallel port

resulting 16 bits can, if required, be used to control
properties of the sensors.

jrproc
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The transfer of pixel intensity data into the PC is
accomplished one nibble (4 bits) at a time via the
status port of the parallel adapter because the
adapter's 8-bit data port is designed for output, only.

The finished module, shown in the photograph,
opposite, with its cover removed, consists of a box
measuring about 15x8x2.5 cm3 and containing two
PCBs of SMD electronics, powered from a single 9V
power supply. The connector on the left connects to
the PC parallel port and that on the right to a special
camera board that is customized for each type of im-
age sensor.

Two other connectors (top, left) each provide 8
bits of parallel binary output data (TTL levels). The

The Windows software provides a user interface to
the hardware and provides the functionality normally
required for operating experimental image sensors.

Features include: fixed pattern non-uniformity cor-
rection, automatic gain control, min/max/mean pixel
intensity display, automatic storage of selected frames
in BMP or binary format, printing of selected frames to
the standard output device, etc. Digital data can be
sent out as individual byte pairs or originating from a
file with selected delay periods between the pairs.

The image, below, illustrates the use of the system
to store a frame grabbed from an experimental 64x64
pixel sensor.
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OPTICAL ENCODER MICROSYSTEMS

K. Engelhardt, N. Blanc, M.T. Gale and P. Seitz; R. Dändliker (IMTNeuchâtel), S. Schneider (Baumer
Electric AG, Frauenfeld), H.M. Schneeberger (W. Schneeberger AG, Roggwil), K. Corbach (Reishauer AG,
Wallisellen), E.F. Pfister (Sonceboz SA, Sonceboz) and P. Scherrer (Axesta AG, St. Gallen) collaborating

A new type of optical encoder microsystem is investigated for the accurate measurement of absolute linear
or rotational position. The main advantages of the novel encoder setup are compactness of the encoder
head, reduced costs in assembly, and robustness against mechanical misalignments.

Typically, position encoders are implemented in com-
puter numerical controlled (CNC) machine tools to
precisely control each axis of movement. Standard
optical encoders acquire position incrementally rather
than absolutely and usually employ a glass scale with
a fine grid in transmission. The high spatial grating
frequency is demodulated to a low frequency intensity
modulation at the photodetectors by application of the
Moiré effect. Typically, those standard encoders pro-
vide a position resolution of about 5|xm to 1|im from a
scale of 20p.m pitch.

In a previously completed KTI [1] project an ab-
solute, high-resolution optical encoder was developed
which is currently marketed by project partner Baumer
Electric AG, Frauenfeld. The encoder is based on the
"Fourier transform based Phase Detector" (FPD)
structure, which provides high-quality quadrature sig-
nals that can be widely interpolated to achieve a high
position resolution below 0.1 (am using standard scales
of 20(im pitch [2]. The high-resolution but incremental
position readout is combined with a coarser, but ab-
solute position readout from an absolute position en-
coder subsystem which is integrated to form a single
position encoder unit. To facilitate assembly and
alignment the two encoder subsystems share a com-
mon light source, a common glass scale, a common
telecentric imaging system and a common photo-ASIC
for detection.

The goals of the current project are a more com-
pact encoder setup with a reflective readout of the
scale, facilitated assembly and alignment when mass-
produced and increased mechanical tolerances espe-
cially in the critical alignment of yaw, the rotation of the
detector within a plane parallel to the scale.

The main innovation in the new encoder develop-
ment is the concept of a monolithic micro-optical sys-
tem manufactured by injection molding which, in addi-
tion, serves as the substrate for mounting the elec-
tronic components including the detector chip and the
light source, a light emitting diode (LED).

Both, the detector chip and the LED, have to be
flip-chip mounted face-down to the optical module.
Since the material of the optical module is thermoplas-
tic, conventional flip-chip processes based on solder
bumps which require high temperatures of around
300°C cannot be employed. Therefore, a novel flip-
chip process based on an electrically isotropic con-
ductive polymer will be used which runs at moderate
temperatures of about 120°C.

For increased tolerances in the yaw an improved
phase detector structure has been designed, the
"Segmented Fourier Phase Detector" (SFPD) shown
below in an SEM picture. The SFPD provides an about
seven times lower susceptibility to yaw compared to
the FPD. With the SFPD a misalignment of yaw as
large as ±12mrad is allowed for an interpolation accu-
racy better ±0.1 urn [3].

References
[1] KTI project No. 2355.1.
[2] K. Engelhardt and P. Seitz, Appl. Opt. 35, No. 1,

201-208(1996).
[3] K. Engelhardt and P. Seitz, Proc. SPIE 2783. 184-

191 (1996).

Funding: SPP OPTIQUE II
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LABORATORIES AND TECHNOLOGIES FOR MICRO- AND NANOSTRUCTURING

J. Gobrecht, F. Glaus, U. Rimann and P. Schwaller; R. Kaltenbrunner (gp-i) collaborating

For the third year in a row, 1996 was was characterised by the putting into operation of additional lab
space for micro- and nanotechnology at PSI Villigen. In particular, the main clean room in the Diorit
building, planned and awaited for a long time, was officially inaugurated on March 8. Since then a lot of
effort has been put into the ramping up and the stabilization of the processing technologies. Lithographic
technologies in the nano-regime will be greatly enhanced by an electron beam lithography tool in the near
future for which the order was placed in the last days of 1996

In fall 1994, the processing lab in the Diorit building at
PSI Villigen was completed and processes were
ramped up, in particular for the then still running Si
solar cell project and the epitaxy for semiconductor
nanostructures research. 1995 was characterised on
one hand by the first successful results from this lab
(21.2% confirmed efficiency Si solar cells), and on the
other hand by the intensive planning of the main clean
room laboratory for micro- and nanotechnology in the
Diorit together with the general contractor gp-i AG.
Construction of this lab started in fall 1995 [1]

After only seven months, the official inauguration
of the new clean room lab was celebrated on May 8,
1996 with over 100 invited guests from academia and
industry. The opening speech on the potential of
nanotechnology was given by Nobel-laureate Dr. H.
Rohrer(IBM).

For the rest of 1996, a lot of effort and time was
spent to ramp up and stabilize equipment and
processes in the new lab. Photolithography, high
temperature processes, reactive ion etching, and
evaporation as well as most wet cleaning and etching
processes now work reliably and stably.

A very large but most important investment for
LMN's technical core competence, i.e. the
nanostructuring of surfaces, was finally decided upon
and the order was placed in December 96. It is an
electron beam lithography machine, a LION LV1
manufactured by Leica. Delivery is expected in
February 97. This equipment will allow LMN to pattern
resist layers down to below 50 nm.

Finally, a new, additional laboratory for the testing
and the characterisation of micro- and nanostructures
has been assigned to LMN. It is situated in the Diorit
between the processing lab and the clean room.

After the talks, posters on the LMN research
projects and the laboratories were shown to the
guests.

Reference
[1] PSI-F3B Annex 1995,51.

Funding: PSI
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NEW FABRICATION AND REPLICATION FACILITIES FOR PLANAR MICRO-OPTICS

M. T. Gale, J. Pedersen, M. Rossi, H. Schütz, R. Stutz, H. Teichmann and S. Westenhöfer;
D.L Greenaway (3D AG, Unterägeri), T. Harvey (EPIGEM, Wilton, GB), H. Krüsi and R. Kugler

(OMD, Diessenhofen), T. Callenbach (Weidmann AG, Rapperswil) collaborating

New facilities for the fabrication of continuous-relief diffractive and refractive micro-optical elements and for
their replication into polymer foil have been installed at PSI Zurich. These facilities enable the production of
prototype micro-optical elements by direct laser writing as well as small series production runs by hot
embossing or uv-embossing. Additional replication technology has been developed in collaboration with
external replication houses.

Laser writing technology for the fabrication of con-
tinuous-relief micro-optical elements is being devel-
oped at a number of institutes worldwide [1]. It repre-
sents a very powerful and flexible fabrication tech-
nique and fits well to replication technology in which
the resist surface-relief microstructure can be electro-
formed and replicated into plastic material.

The new LaserWriter III facility [2] at PSI is now
used routinely for micro-optics fabrication work. During
the past year, Fresnel lenslets and lenslet arrays have
been fabricated for a number of customers, as well as
for in-house developments and applications. At the
same time, the system is being further upgraded to
improve the xy-scan positioning accuracy, to include a
9-stage for rotational scanning and to enable writing
on non-planar substrates such as concave and con-
vex surfaces. The fabrication of 'deep' reliefs, up to
about 20 urn, in thick resist films has also been devel-
oped.

New facilities for the hot embossing of micro-opti-
cal elements for prototyping and small series produc-
tion have also been established and tested during
1996. A hot embossing press (from Jenoptik) has
been installed at PSI Zürich. The press (see below) is
capable of embossing up to 120 mm diameter polymer
disks, for example polycarbonate or PMMA, of thick-

ness up to about 1 mm. It has been used for emboss-
ing samples of a wide variety of diffractive and refrac-
tive optical elements fabricated on the PSI laser writ-
ing system.

The continuous hot roller embossing of planar
optical elements has been demonstrated on a system
installed at 3D AG (CH-Unterägeri) and a custom
roller for mounting PSI shims has been constructed.
The figure above shows a Ni shim and a roll of metal-
lised polycarbonate foil embossed with diffractive opti-
cal elements.

The application of injection moulding (both CD and
standard) and uv-embossing has also been demon-
strated in collaboration with external companies. A
number of replication technologies, both in-house and
in collaboration with external replication houses, have
now been tested for the mass-production of micro-
optical elements. The information gathered enables an
optimum choice of a technology for a particular appli-
cation, depending upon such factors as the detailed
surface relief, the number of pieces required and addi-
tional parameters such as flatness and mounting fea-
tures.

References
[1] M.T. Gale, "Direct writing of continuous-relief

micro-optics" and "Replication", Chapters 4 and 6
in MICRO-OPTICS, H.P. Herzig (Ed.), Taylor and
Francis (1996), ISBN: 0 7484 0481 3 HB.

[2] M.T. Gale, Th. Hessler, R.E. Kunz and
H. Teichmann, OSA Technical Digest Series 5,
335-338(1996).

Funding: SPP OPTIQUE II, KTI (EUREKA), PSI
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IV. WORK STATISTICS

The numbers shown in the figure below represent the total workpower during 1996 in person-years / year for each
research theme. The numbers in brackets are the change with respect to the previous year. The trend is clearly
visible: At LMN, PSI Villigen, Nanotechnology is still growing, although not as fast as in previous years. The
increase of 40% is mainly due to the reassignment of workpower from photovoltaics, a project transferred out of
F3Bin 1995.

For the activities located at PSIZ in Zurich, a slight increase in micro-optical systems technology is observed,
mainly as a result of the many OPTIQUE II projects started in 1996.

Nanotechnology
Photovoltaics
SC Quantum Structures
Ill-V Optoelectronics
Micro- and Integrated Optics
Optical Metrology

21.3
0.1

10.3
16.7
24.1
7.9

(+5.9)
(-5.8)
(+3.3)
(-3.3)
(+3.8)
(+1.8)

Who is doing all this work? This can be seen from the next figure.

Administration
Practicants

Scientists

PhD Students

Engineers
— -—

Technicians

We are especially proud of the high number of PhD students. We take this as a sign of the relevance of our
research topics at a time in which young people often face a rather uncertain professional future and are very
critical in the choice of their professional education.
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V. CONTRACTS

Industry partners

AGIE
Alusuisse-Lonza Services AG
Ascom Tech AG
Asulab
Axesta AG
Baize rs AG
Baumer Electric AG
BIOSYM Technologies, Inc.
CARDAG
CEDES AG
Cerberus AG
CSEM
3D Ltd
Drägerwerke AG
elfo
EM Microelectronic-Marin SA
Enecolo AG
EPIGEM
Fisba Optik AG
G retag AG
Haag-Streit AG
Hologram.Industries
Holtronic Technologies S.A.
IBM Zürich Research Laboratory
IFE Industrielle Forschung und Entwicklung GmbH
IMM Institut für Mikrotechnik GmbH
IMT Industrielle Messtechnik AG
Integrated Systems Engineering AG
Landis & Gyr
Leica Heerbrugg AG
Logitech SA
Microswiss Center West
MSquared
Novartis
OMD
Omicron Vakuumphysik GmbH
OPTICOM AS
Paul Bucher Analytik AG
Philips
Pirelli Cavi SPA
Reishauer AG
ROLIC AG
W. Schneeberger AG
SINAR AG
SMH
Sonceboz SA
Société Genevoise Instruments de Physique (SIP)
Tegimenta AG
Tekelec Neuchâtel Time
Tesa SA
Volpi AG
Weidmann AG
Zellweger Uster AG

Losone
Neuhausen
Bern
Marin
St. Gallen
Balzers, FL
Frauenfeld
San Diego, CA, USA
Unterentfelden
Landquart
Männedorf
Neuchâtel
Unterägeri
Lübeck, D
Sachsein
Marin-Epagnier
Mönchaltorf
Cleveland, UK
St. Gallen
Regensdorf
Bern
Fontenay-sous-Bois, F
Marin
Rüschlikon
Laufen
Mainz, D
Greifensee
Zürich
Zug
Heerbrugg
Renens
Yverdon
Totnes, GB
Basel
Diessenhofen
Taunusstein, D
Oslo, N
Basel
Eindhoven, NL
Milano, I
Wallisellen
Basel
Roggwil
Feuerthalen
Biel
Sonceboz
Meyrin
Rotkreuz
Neuchâtel
Renens
Schlieren
Rapperswil
Uster



- 6 8 -

KTI projects Optische Bildverarbeitung mit Photo-ASICs und mikrooptischen
Elementen für die On-Line Prozesskontrolle bei der Herstellung
textiler Garne

FOTA: Flat Optical Element Technologies and Applications
(EUREKA project EU 922)

MICROSPEC: Miniature Spectrophotometers
(EUREKA project EU-1356)

Replizierte mikrooptische Spektrometer: REMSPEK
LED/PD-Transceiver for „Fiber in the Loop" (FITL)
Replizierte integriert-optische Sensoren (RIOS)
Biosensor Microplate Reader

(#2652.1)

(#2791.1)

(#3095.1)

(#2979.1)
(# 2869.2)
(# 2844.2)
(#3257.1)

BEW project ALUCOSOL - Entwicklung eines Fassadensystems mit integrierten
Solarzellenmodulen

(#14785/54318)

BBW projects Network project: Microfabrication with Synchrotron Radiation (# 93.0316)
(EU-programme: Human Capital and Mobility
EU No. ERBCHRXCT930394)

Microfabrication Capability and Expertise for User-defined Purposes (# 94.0167)
(EU-programme: Human Capital and Mobility
EU No.CHGECT 930052)

Tailoring of in situ Synthesised Films of Single Crystal Zeolite on
Nanostructured Surfaces for Gas Sensing
(COST project No. D5/001/93)

SPOEC: Smart Pixel Optoelectronic Connections (# 96.0108)
(EU-programme: ESPRIT, EU No. EP 22.668)

SNF projects Surfaces Structured by Nanolithography Applied for Integrated
Immunosensor Devices

Feasibility of an Automated Immunosensor Device for Penicillin
in Milk

Biochemical Recognition of Individual Molecules
Investigations of the Elastic Properties of Crystals by High-

resolution Near-infrared Brillouin Scattering
Electro-optic Effects in Nanocrystalline Si and Column IV Alloys
Intersubband Excitations in Nanostructured Electron/Hole

Systems Based on Si/SiGe and Related Material Systems
Nanoreplikation
Nano-Türme, Herstellung, Charakterisierung und Photochemie
Chemische Oberflächenanalyse mittels kraftmikroskopischer

Methoden
Electrochemistry at Non-ideal and Nanostructured Electrodes

(# NF 5002-035137)

(# N F 5002-044552/1)

(# 4036-043973)
(#2100-042350.94/2)

(#2129-045434.95/1)
(#2100-045512.95/1)

(# 4036-044042)
(# 4036-044036)
(#4036-044021)

(#20-47184.96)

FSRM project Miniature Integrated Optical Sensors (MIOS) (# 92/07)

Priority Program OPTIQUE II projects
Miniaturized Optical Range Camera for Safety, Surveillance and

Automotive Applications (MINORA)
High Resolution 3D-lmaging with Multichannel Optical Low-coherence

Reflectometry (OPTOMO)
Optical Encoder Microsystems (OPTENCO)
Liquid Crystal Devices for Optronic Systems (LC OPTICS)
Replicated Micro-optical Systems (REMIS)
MICRO-OPTICS
Absolute Interierometry and Distance Measurement with Tunable Diode Lasers

(AIDME)
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Priority Program MINAST projects
Chemical Identification and Detection (CHEMIDE)
Biologically Addressable Monolayer Structures for the Development of New

Sensing Devices (BAMS)
Defect-free Nanoprocessing (NANOPROCESSING)
Nanoscale Electrochemical Processing (ELECPRO)
Simulation and Modelling of Nano Devices (SIMNAD)
Replicated Microsystems (REMSYS)
Polymer/Semiconductor Optical and Optomechanical Microsystems (POSEM)
Nano-sensors (NOSE)
Miniaturized Low-power Camera System for Integration in Consumer

Microsystems and Intelligent Surveillance Networks (MICROCAM)
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VI. ACADEMIC ACTIVITIES

H. Kiess
Lecture course "Photophysik und Photochemie" at ETHZ, Abt. Ill D, Abt. IV
(Winter semester 1995/96, 2 h/week, together with Dr. N. Buhler)

Organisation of the colloquium "Photographie und Bildaufzeichnung"
(Winter semester 1995/96, 1 h/week, together with Prof. U. Wild and Dr. R. Gschwind)

K. Knop
Lecture course at ETHZ, Abt. VIII and III B
"Elektronische Bildsensoren"
(Winter semester, 2 h/week together with P. Seitz)

P. Seitz
Lecture course at ETHZ, Abt. VIII and III B
"Elektronische Bildsensoren"
(Winter semester, 2 h/week together with K. Knop)

"Grundlagen und Technologie der modernen Fotosensorik"
Nachdiplomstudium Mikroelektronik, Interkantonales Technikum Rapperswil
(Summer semester 1996, 4 one-hour lessons)

Lecture course at University of Neuchatel, Faculte des Sciences:
"Semiconductor Photosensors "
(Summer semester 1996, 2h/week)

B.D. Patterson
Lecture course at University of Zurich:
"Solid State Physics II a: Optical Properties of Materials"
(1/3 winter semester 1996/97, 3 h/week)

Organisation of the "Solid State Physics Seminar",
Institute of Physics, University of Zurich
(Winter and summer semester, 1 h/week)

H.C. Sigg
Lecture course at University of Zurich:
"Optical Spectroscopy in Solid State Physics "
(Winter semester 1996/97, 1 h/week)

H.P. Zappe
Lecture course, Neutechnikum Buchs, Fachbereich Integrierte Mikrosysteme:
"Integrierte Optik"
(Summer semester 1996, Nachdiplomstudium, 60 hours)

R.E. Kunz
Lecture course at University of Fribourg:
"Integrierte Optik"
(Winter semester 1996/97, 2h/week)
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VII. HIGHER DEGREES AWARDED

During 1996 higher degrees have been awarded to the following candidates to whom we extend our
warm congratulations:

Lothar U. Kempen

Title of thesis:
Integrated Optical Sensor Modules

University of Neuchatel, Institute of Microtechnology

PSI-section:
Optics

Degree awarded:
Dr.sc.nat., July 22, 1996

Thesis advisors:
Prof. N. de Rooij (Univ. of Neuchatel)
Dr. R.E. Kunz (PSI

Daniel Hofstetter

Title of thesis:
Monolithically Integrated Interferometer for Optical Displacement
Measurement

University of Neuchatel, Institute of Microtechnology

PSI-section:
Optics

Degree awarded:
Dr.sc.nat., August 16, 1996

Thesis advisors:
Prof. R. Dandliker (Univ. of Neuchatel)
Dr. H.P. Zappe (PSI)
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Otte Homan

Title of thesis:

A GaAs/AIGaAs DBR-laser Diode with Side-coupled Bragg Gratings

ETHZ

PSI-section:
Optoelectronic Devices

Degree awarded:
Dr.sc.nat., November 25, 1996

Thesis advisors:
Prof. W. Bachtold (ETHZ)
Dr. H.W. Lehmann /Prof. B.D. Patterson (PSI)

Claus Heine

Title of thesis:
Thin Film Coated Submicron Gratings:
Theory, Design, Fabrication and Application

University of Neuchatel, Institute of Microtechnology

PSI-section:
Optics

Degree awarded:
Dr.sc.nat., November 25, 1996

Thesis Advisors:
Prof. R. Dandliker (Univ. of Neuchatel)
Dr. R. Morf/M.T. Gale (PSI)
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Thomas Spirig

Title of thesis:
Smart CCD/CMOS Based Image Sensors with Programmable,
Real-time, Temporal and Spatial Convolution Capabilities for
Applications in Machine Vision and Optical Metrology

ETHZ

PSI-section:
Image Sensing

Degree awarded:
Dr.sc.tech., December 19, 1996

Thesis advisors:
Prof. O. Kubler (ETHZ)
Dr. P. Seitz (PSI)

Gunnar Binder

Title of thesis:
Gastmolekule in ausgerichteten Zeolithen und
Rasterkraftmikroskopie an Zeolithoberflachen

ETHZ, Dept. of Chemistry

PSI-section:
Micro- and Nanostructures

Degree awarded:
Dr.sc.nat., November 29. 1996

Thesis advisors:
Prof. R. Prins (ETHZ)
Dr. J. Gobrecht (PSI)
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VIII. PUBLICATIONS

DISSERTATIONS

Monolithically Integrated Interferometer for Optical Displacement Measurement
PhD Dissertation, University of Neuchatel and Paul Scherrer Institute
June 1996
by D. Hofstetter

Integrated Optical Sensor Modules
PhD Dissertation, University of Neuchatel and Paul Scherrer Institute
July 1996
by L.U. Kempen

Thin Film Coated Submicron Gratings: Theory, Design, Fabrication and Application
PhD Dissertation, University of Neuchatel and Paul Scherrer Institute
November 1996
by C. Heine

A GaAs/AIGaAs DBR-laser Diode with Side-coupled Bragg Gratings
Thesis No. 11932, ETH Zurich (1996)
by O.J. Homan

Smart CCD/CMOS Based Image Sensors with Programmable, Real-time, Temporal and Spatial Convolution
Capabilities for Applications in Machine Vision and Optical Metrology

Thesis No. 11993, ETH Zurich (1996)
by Thomas Spirig

Gastmolekiile in ausgerichteten Zeolithen und Rasterkraftmikroskopie an Zeolithoberflachen
Thesis No. 11947, ETH Zurich (1996)
by G. Binder

PAPERS

Ultrafast Far-infrared GaAsAAIGaAs Photon Drag Detector in Microwave Transmission Line Topology
Appl. Phys. Lett. 67, 2827 (1995)
by H. Sigg, M.H. Kwakernaak, B. Margotte, D. Erni, P. van Son and K. Kohler

Evolution of Surface Topography during Metalorganic Vapor Phase Epitaxy of AlxG1xAs(O<x<1)
Physica Status Solidi (b) 152, 103 (1995)
by J.E. Epler

Semiconductor Integrated Photonic Transducer Chip for High-resolution Displacement Measurement
Applications of Photonic Technology, Vol. 2, ed. by G.A. Lampropoulos and R.A. Lessard, Plenum Press, New
York, 1996
by H.P. Zappe and D. Hofstetter

Microtopographic and Molecular Scale Observations of Zeolite Surface Structures: Atomic Force
Microscopy on Natural Heulandite

Zeolites 16, 2(1996)
by G. Binder, L. Scandella, A. Schuhmacher, N. Kruse, R. Prins

Nanostructuring of Gold Electrodes for Immunosensing Applications
J. Vac. Sci. Techn. B 13, 2781 (1995)
by Ch. Musil, D. Jeggle, H.W. Lehmann, L Scandella, J. Gobrecht and M. Dobeli
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Absolute, High-resolution Optical Position Encoder
Appl.Optics 35, 380 (1996)
by K. Engelhardt and P. Seitz

Monolithically Integrated Interferometer for Optical Displacement Measurement
SPIE Vol. 2695. 380 (1996)
by D. Hofstetter and H. Zappe

Alignment of Single-crystal Zeolites by Means of Microstructured Surfaces
Adv. Mater. 8, 137(1996)
by L. Scandella, G. Binder, J. Gobrecht, J.C. Jansen

Friction Force Spectroscopy
in "Physics of Sliding Friction", ed. by B. Persson and E. Tosatti, Kluwer Academic Publ. (1996), pp 349-367
by E. Meyer, R. Luthi, L. Howald, M. Bammerlin, M. Guggisberg, H.-J. Guntherodt, L. Scandella, J. Gobrecht,
A. Schuhmacher, and R. Prins

Continuous Relief Fan-out Elements with Optimised Fabrication Tolerances
Optical Eng. 34, 3456 (1995)
by P. Ehbets, M. Rossi, H.P. Herzig

High Performance Near-IR (765 nm) AlAs/AIGaAs Vertical Cavity Surface Emitting Lasers
Electron. Lett. 31, 2176 (1995)
by K.H. Gulden, M. Moser, S. Luscher, and H.P. Schweizer

A Monolithic Optical Displacement Measurement Microsystem
Proc. IEEE MEMS'96 Workshop, San Diego, Feb. 1996, pp 400-405
by D. Hofstetter and H.P. Zappe

Stand und Perspektiven der Halbleiterbildsensorik
Proc. of the 2. Heidelberger Bildverarbeitungs-Forum, Heidelberg, Germany, March 5, 1995, pp 1-17
by P. Seitz

Random Magnetic Field and Weak Localisation Effects in a Dimpled 2D Electron Gas
Superlattices and Microstructures 1_8, 67 (1995)
by G.M. Gusev, U. Gennser, X. Kleber, D.K. Maude, J.C. Portal, D.K. Lubyshev, P. Basmaji, M. de P.A. Silva,
J.C. Rossi and Yu. V. Nastaushev

Single Domain Switching Investigated Using Telegraph Noise Spectroscopy: Possible Evidence for
Macroscopic Quantum Tunneling

Phys. Rev. Lett. Z5, 3513 (1995)
by F. Coppinger, D.K. Maude, J. Genoe, U. Gennser, J.C. Portal, K.E. Singer, P. Rutter, T. Taskin, A.R. Peaker
and A.C. Wright

Submicron Gratings with Dielectric Overcoat: Performance and Stability
OSA Technical Digest Series 5, 304-307 (1996)
by C. Heine, R.H. Morf and M.T. Gale

Fabrication of Continuous-relief Micro-optics: Progress in Laser Writing and Replication Technology
OSA Technical Digest Series 5, 335-338 (1996)
by M.T. Gale, Th. Hessler, R.E. Kunz and H. Teichmann

Submicron Gratings with Dielectric Overcoat: Performance and Stability
OSA Technical Digest Series 5, 304-307 (1996)
by C. Heine, R.H. Morf and M.T. Gale

Photonic Integrated Circuits for Optical Displacement Sensing
OSA Technical Digest Series 6, 549 (1996)
by H.P. Zappe and D. Hofstetter
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The Toolbox Approach to Photosensing - A New Paradigm for Smart Image Sensors in Free-space Micro-
optical Systems

EOS Topical Meetings Digest Series, Vol. 9, "Free-space Micro-optical Systems" 42-43 (1996)
by P. Seitz

Laser Writing and Replication Technology for Continuous-relief Micro-optical Elements
EOS Topical Meetings Digest Series, Vol. 9, "Free-Space Micro-Optical Systems" 18-19 (1996)
by M.T. Gale, Th. Hessler, R.E. Kunz and M. Rossi

Scanning Force Microscopy in the Dynamic Mode Using Microfabricated Capacitive Sensors
J. Vac. Sci. Technol. B 14, 901 (1996)
by N. Blanc, J. Brugger, N.F. de Rooij

Implementation of High Peak-current IGBT Gate Drive Circuits in VLSI Compatible BiCMOS Technology
IEEE J. of Solid State Circuits 31, 924 (1996)
by C. Kuratli, Q. Haung and A. Biber

Fast Calculation of Electrostatics in Crystals and Large Molecules
J. Phys. Chem. 100, 6107 (1996)
by B. Delley

Friction Forces on Hydrogen Passivated (110) Silicon and Silicon Dioxide Studied by Scanning Force
Microscopy

J. Vac. Sci. Technol. B 14. 1255 (1996)
by L. Scandella, E. Meyer, L. Howald, R. Luthi, M. Guggisberg, J. Gobrecht and H.-J. Guntherodt

High Performance Deep Red AlAs/AIGaAs VCSELs for Applications in Sensing
SPIE Proc. Vol. 2682, 125 (1996)
by K. Gulden, M. Moser and S. Luscher

Monolithically Integrated Optical Differential Amplifiers for Applications in Smart Pixel Arrays
IEEE J. Quant. Electron. 32, 770 (1996)
by U. Kehrli, D. Leipold, J.E. Epler, P. Seitz and B.D. Patterson

Polarization Converters Based on Liquid Crystal Devices
Mol. Cryst. Liq. Cryst. 282, 343 (1996)
by M. Stalder and M. Schadt

Influence of Humidity on Friction Measurements of Supported MoS2 Single Layers
J. Vac. Sci. Technol. B 14, 1264 (1996)
by A. Schuhmacher, N. Kruse, R. Prins, E. Meyer, R. Luthi, L. Howald, H.-J. Guntherodt, L. Scandella

Polarization Effect in Light Emitting Diodes with Ordered GalnP Active Layers
Appl. Phys. Lett. 68, 2383 (1996)
by E. Greger, K.H. Gulden, P. Riel, H.P. Schweizer, M. Moser, G. Schmiedel, P. Kiesel and G.H. Dohler

Polarization Dependence of the Electroabsorption in Ordered GalnP
Proc. CLEO'96, Technical Digest Series, 9, 299 (1996)
by P. Kiesel, G. Schmiedel, E. Greger, K.H. Gulden, M. Moser and G.H. Dohler

Feldabhangige Absorptionsspektren von geordnetem und ungeordnetem GalnP
Verhandlungen DPG (VI) 31, 1543 (1996)
by G. Schmiedel, E. Greger, P. Kiesel, K.H. Gulden, M. Moser and G.H. Dohler

Finite Grating Depth Effects for Integrated Optical Sensors with High Sensitivity
Biosensors and Bioelectronics 11, 563 (1996)
by R.E. Kunz, J. Dubendorfer and R.H. Morf
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Monolithically Integrated DBR Waveguide Laser and Intensity Modulator in Erbium Doped LiNbO3

Electron. Lett. 32, 899 (1996)
by J. Sochtig, H. Schutz, R. Widmer, R. Corsini, D. Hiller, C. Carmannini, G. Consonni, S. Bosso and L. Gobbi

Image Sensing with Programmable Offset Pixels for Increased Dynamic Range of More than 150 dB
Proc. SPIE 2654A. 93 (1996)
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SPIE Conf. Lasers, Optics and Vision for Productivity in Manufacturing, Besançon, F., June 10-14, 1996
by M. Stalder

High Resolution Position Encoder Insensitive to Misalignment
SPIE Conf. Lasers, Optics and Vision for Productivity in Manufacturing, Besançon, F., June 10-14, 1996
by K. Engelhardt and P. Seitz

Thin Film Coatings and Submicrometer Gratings for Optical Filters
Talk at Chalmers University, Göteborg, S, June 11, 1996
by C. Heine

From Classical Chaos to Quantum Behaviour: Electron Transport in Lateral Superlattices
Invited talk at Adriatico Research Conf. "Mesoscopic Phenomena in Complex Quantum Systems", Trieste, I,
June 11-14, 1996
by K. Ensslin

Lateral Superlattices: Classical Chaos, Phase Coherent Electrons and Artificial Bandstructure
Invited talk at 17th Nordic Semiconductor Meeting, Trondheim, N, June 17-20, 1996
by K. Ensslin
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Smart Image Sensors: An Emerging Key Technology for Advanced Optical Measurement
Invited talk, Europto Conf. on Micro-optical Technologies for Measurement, Sensors and Microsystems,
Besancon, F., June 12-14, 1996
by P. Seitz

Calculation of Eigenvalues and Eigenvectors of Very Large Matrices by Simultaneous Vector Iteration
Householder Symposium, Pontresina, June 19, 1996
by R. Morf

Embossed Optical Devices
Workshop on "Microfabrication with Synchrotron Radiation", IMM, Mainz, D, June 20, 1996
by J. Sochtig

Miniaturized Optical Range Camera for Safety, Surveillance and Automotive Applications (MINORA)
Optique II Module 5 Meeting, PSI Zurich, June 20, 1996
by P. Seitz

Optical Encoder Microsystems (OPTENCO)
Optique II Module 5 Meeting, PSI Zurich, June 20, 1996
by K. Engelhardt and S.M.O.L. Schneider

Novel Liquid Crystal Devices for Optronic Systems
Optique II Module 5 Meeting, PSI Zurich, June 20, 1996
by N. Collings and M. Stalder

Fotosensorik an den physikalischen und technologischen Grenzen
Workshop on Photosensing, Institute for Electronics, ETH Zurich, June 21, 1996
by P. Seitz and O. Vietze

Nanostructured Semiconductors and other Materials at PSI
Seminar talk at Brown University, Providence, USA, June 21, 1996
by J. Gobrecht

Replicated Integrated Optical Sensor
Seminar fur Festkorperphysik, Univ. Fribourg, June 24, 1996
by J. DCibendorfer

Elastische Eigenschaften von AIGaAs-Filmen
Seminar at University of Stuttgart, D, June 24, 1996
by B.D. Patterson

Poissonverhaltnis in AIGaAs
Solid State Physics Seminar, University of Zurich, June 26, 1996
by P. Schroter

Ein GaAs/AIGaAs-basiertes, integriert optisches Mach-Zehnder Interferometer als Refraktometer und
Immunosensor

Seminar at Univ. Konstanz, D, July 3, 1996
by B. Maisenholder and H.P. Zappe

Travelling Wave Detectors: A New Principle for Terahertz Operation
NATO ASI Workshop on Directions in Terahertz Technology, Toulouse, F, July 1-11, 1996
by H. Sigg

Influence of Pinned Orbits and Run-away Trajectories on the Magnetotransport of Antidot Lattices with a
Diatomic Basis

23rd Int. Conf. on the Physics of Semiconductors, Berlin, D, July 21-26, 1996
by R. Kaiser, B. Irmer, M. Wendel, T. Schlosser, B. Lorenz, A. Lorke, K. Ensslin and J.P. Kotthaus
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Geometrical Commensurability in an Open Ballistic Square
23rd Int. Conf. on the Physics of Semiconductors, Berlin, D, July 21-26, 1996
by R. Schuster and K. Ensslin

Magnetoresistance of Rectangular Antidot Lattices
23rd Int. Conf. on the Physics of Semiconductors, Berlin, D, July 21-26, 1996
by P. Rotter, R. Schuster, R. Neudert, K. Ensslin, J.P. Kotthaus, U. Rosslerand M. Suhrke

Friction Force Spectroscopy
Adriatico Reserach Conf., ICTP, Trieste, I, June 20-23, 1996
by E. Meyer, R. Luthi, L. Howald, M. Bammerlin, M. Guggisberg, H.-J. Guntherodt, L. Scandella, J. Gobrecht,
A. Schuhmacher and R. Prins

Semiconductor Integrated Photonic Transducer Chip for High Resolution Displacement Measurement
Int. Conf. on Applications of Photonic Technology, Montreal, Canada, July 29- Aug. 2, 1996
by H.P. Zappe and D. Hofstetter

Monolithic Optical Interferometers for MEMS Applications
IEEE/LEOS Summer Topical Meeting MEMS and their Applications, Keystone, USA, Aug. 5-9, 1996
by H.P. Zappe, D. Hofstetter and B. Maisenholder

Optical Sensor Systems: What can Ill-V Semiconductors do for you?
Seminar talk at University of Waterloo, Canada, Aug. 8, 1996
by H.P. Zappe

Photoluminescence of Three-dimensional Oriented p-nitroaniline Molecules in Aligned Zeolites
Int. Conf. on Luminescence (ICL), Prague, CZ, Aug. 18-23, 1996
by G. Binder, L. Scandella, J. Gobrecht and H. Auderset

Integrated Optical Sensor Modules
Talk at the University of Neuchatel, Aug. 29, 1996
by L.U. Kempen

Modification of Semiconductor Laser Diodes by Focused Ion Beam Milling
10th Int. Conf. on Ion beam Modification of Materials, IBMM-96, Albuquerque, USA, Sept. 1-6, 1996
by C. Musil, B. Patterson and H. Auderset

Magnetite Particles as a Tumor Contrast Agent in MRI
First Intern. Confer, on Scientific & Clinical Applications of Magentite Carriers,Rostock, Sept. 5-7, 1996
by L. Tiefenauer, A. Tschirky, G. Kuhne and R. Andres

Novel Miniature Integrated Optical Goniometers
Eurosensors X, Conf. on Solid-State Transducers, Leuven, B, Sept. 8-11, 1996
by R.E. Kunz and J. Dubendorfer

A Linear Array of Photodetectors with Wide Dynamic Range & Near Quantum Noise Limit
Eurosensors X, Conf. on Solid-State Transducers, Leuven, B, Sept. 8-11, 1996
by J.M. Raynor and P. Seitz

Achromatic Liquid Crystal Phase Elements
Invited talk, CLEO/EUROPE '96, Hamburg, D, Sept. 8-13, 1996
by M. Stalder and M. Schadt

Polarisation Effects in the Electroluminescence and Electroabsorption or Ordered GalnP Layers
CLEO Europe '96, Hamburg, D, Sept. 8-13, 1996
by E. Greger, K.H. Gulden, H.P. Schweizer, M. Moser, G. Schmiedel, P. Kiesel, G.H. Dbhler

Monolithically Integrated Semiconductor Optical Sensors
Invited talk at CLEO Europe '96, Hamburg, D, Sept. 8-13, 1996
by H.P. Zappe
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Record Performance Near-IR (765 nm) AlAs/AIGaAs VCSELs
LEO Europe '96, Hamburg, D, Sept. 8-13, 1996
by K.H. Gulden, M. Mossier, H.P. Schweizer and J. Epler

A GaAs/AIGaAs-based Mach-Zehnder Interferometer as Integrated Optical Immunosensor
BIOS '96 Conf., Vienna, A, Sept. 8-10, 1996
by B. Maisenhölder, H. Zappe, R.E. Kunz, P. Riel, M. Moserand G.L. Duveneck

Reference and Sensing Pads for Integrated Optical Immunosensors
BIOS '96 Conf., Vienna, A, Sept. 8-10, 1996
by J. Dübendorter, R.E. Kunz, E. Maderand G.L. Duveneck

Ordered GalnP - An Interesting Material for Polarization Sensitive Devices
6th Europ. Heterostructure Technology Workshop, HETECH'96, Lille, F, Sept. 16-17, 1996
by G. Schmiedel, P. Kiesel, G.H. Doehler, E. Greger, K.H. Gulden and M. Moser

Photolumineszenz von Si/SiGe Heterostrukturen
MBE Workshop, Frankfurt (Oder), Sept. 16-17, 1996
by R. Hartmann, D. Grützmacher, E. Müller, U. Gennserand A. Dommann

Real-time 2D Feature Detection with Low-level Image Processing Algorithms on Smart CCD/CMOS Sensors
IEEE Conf. on Image Processing '96, Lausanne, Sept. 16-19, 1996
by T. Spirig, P. Seitz, O. Vietze, F. Heitger and O. Kubier

Properties of Thin Anti-adhesive Films Used for the Replication of Microstructures in Polymers
MNE'96 Glasgow, GB, Sept. 23-25, 1996
by R. Jaszewski, H. Schift, P. Gröning and G. Margaritondo

Integrated Optical Modules for Chemical and Biochemical Sensing
Journées de Microtechnique, EPFL, Lausanne, Oct. 3-4, 1996
by R.E. Kunz

Pinned and Run-away Trajectories in Rectangular Antidot Lattices
Swiss Physical Society Meeting, Zurich, Oct. 10, 1996
by T. Vancura, S. Lüthi, K. Ensslin and R. Schuster

Nanostructuring of Surfaces at PSI: Research Opportunities and Examples
2nd Hasliberg Workshop on Nanoscience, Hasliberg, Oct. 14-18, 1996
by J. Gobrecht

Transport Spectroscopy in Semiconductor Nanostructures: From Classical Trajectories to Quantum
Behaviour

Invited talk at 2nd Hasliberg Workshop on Nanoscience, Hasliberg, Oct. 14-18, 1996
by K. Ensslin

Smart Sensors and Nanotechnology
2nd Hasliberg Workshop on Nanoscience, Hasliberg, Oct. 14-18, 1996
by N. Blanc

Electron Transport in Parabolic Quantum Wells with Controlled Potential Perturbation
2nd Hasliberg Workshop on Nanoscience, Hasliberg, Oct. 14-18, 1996
by G. Salis, B. Graf, K. Ensslin, K.L. Campman and A.C. Gossard

Mikrosystemtechnik
Talk at Meeting of VDI-Ausschuss "Neue Fertigungsverfahren", Lohr, D., Oct. 25, 1996
by K. Knop

Optical Microsystem R&D at PSI in Zurich
Seminar talk at EPFL-IPA, Lausanne, Nov. 7, 1996
by K. Knop
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Klassisches Chaos und Quantenphysik: Experimente an Halbleiter-Nanostrukturen
Physikalisches Kolloquium, Univ. Basel, Nov. 8, 1996
by K. Ensslin

Optik: ein Mittel zum Zweck
PSI Interdisciplinary Workshop on Optics, Villigen PSI, Nov. 11, 1996
by K. Knop

Optische Lithographie
PSI Interdisciplinary Workshop on Optics, Villigen PSI, Nov. 11, 1996
by H. Schift

Design and Fabrication Aspects for Continuous-relief Diffractive Optical Elements
Int. School of Quantum Electronics, Diffractive Optics and Optical Microsystems, Erice, I, Nov. 14-24, 1996
by T. Hessler

Kundenspezifische "Smart Image Sensors" nach dem Baukastenprinzip
Talk at PIX/Cell Seminar, IMS, Institut für Mikroelektronik, Stuttgart, D, Nov. 27, 1996
by P. Seitz

Chaotic Trajectories and Artificial Bandstructure in Lateral Superlattices
Invited talk at Japanese-Swiss Science Seminar, Nanoscience: The Impact of Scanning Probe Microscopy,
Ascona, Dec. 2-4, 1996
by K. Ensslin

Silicon LED's and Optoelectronics
Invited talk, Austrian Microelectronic Systems, Graz, A, Dec. 9, 1996
by L.W. Snyman

Beschichten, Aetzen, Strukturieren
PSI-Workshop Interdisziplinarität, Villigen PSI, Dec. 16, 1996
by J. Gobrecht

Solid State Physics from Scratch: Electrons in Periodic Potentials
Alumni Lecture Series, Materials Dept., Univ. of California, Santa Barbara, USA, Dec. 17, 1996
by K. Ensslin

POSTERS

Influence of Humidity on Friction Measurements of Supported MoS2 Single Layers
8th Int. Conf. on Scanning Tunneling Microscopy, Snowmass, USA, July 23-28, 1995
by A. Schuhmacher, N. Kruse, R. Prins, E. Meyer, L. Howald. H.-J. Güntherodt and L. Scandella

A Monolithically Integrated Optical Displacement Measurement Microsystem
IX. IEEE Workshop on Micro-Electromechanical Systems, San Diego, USA, Feb. 11-15, 1996
by D. Hofstetter, H.P. Zappe and R. Dändliker

Prägen und Beschichten: Ideale Partner für kostengünstige Optosensorik
Poster and demonstration experiments at the Hannover Fair, Hannover D, April 22-27', 1996
by R.E. Kunz, J. Dübendorfer, J. Edlinger, M. Kuhn and D. Kuse

Polarization Effects in the Electroluminescence of Ordered GalnP
15th General Conf. of the Condensed Matter Div. of EPS, Baveno-Stresa, I, April 22-25, 1996
by E. Greger, G.H. Dehler, K.H. Gulden, P. Diesel, G. Schmiedel, H.P. Schweizer and M. Moser

GaAs/AIGaAs Refractometer Platform for Bio-/chemo-optical Sensing Applications
EUROPTRODE III Conference on Optical Chemical Sensors and Biosensors, Zürich, April 1-3, 1996
by B. Maisenhölder, H. Zappe, P. Riel, M. Moser and R.E. Kunz
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Integration aktiver Ill/V-Bauelemente mit Glasfasern mittels replizierter Polymer-Plattformen
Annual Meeting of the DGaO/SGOEM, Neuchâtel, May 28- June 1, 1996
by J. Söchtig, J.E. Epier, B. Graf, B.D. Patterson, J. Pedersen, H.P. Schweizer, R. Stutz, R. Widmerand
A. Vonlanthen

Hochauflösendes, dejustierunempfindliches Längen mess-System
Annual Meeting of the DGaO/SGOEM, Neuchâtel, May 28-June 1, 1996
by K. Engelhardt and P. Seitz

Localization of Individual Biomolecules on Nanofabricated Sensor Surfaces
4. World Congress on Biosensors, Biosensors '96, Bangkok, May 29-31, 1996
by S. Kossek, C. Padeste, H. Siegenthaler and L. Tiefenauer

Nanostructured Electrodes for Amperometric Biosensors
4. World Congress on Biosensors, Biosensors '96, Bangkok, May 29-31, 1996
by C. Padeste, S. Kossek and L. Tiefenauer

Effects of Substrate Bias and Rapid Thermal Processing on the Luminescence of Si/SiGe Multiple Quantum
Wells Grown by MBE

E-MRS 1996, Spring Meeting, Strasbourg, France, June 4-7, 1996
by R. Hartmann, D. Grützmacher, E. Müller, U. Gennserand A. Dommann

Embossed Optical Devices
Human Capital and Mobility (HCM) Meeting, Mainz, D, June 20-21, 1996
by M.T. Gale, H. Schift and J. Söchtig

The Photon Drag Effect: A Fast FIR Detector
NATO Advanced Study Institute, Bonas, Toulouse, July 1-11, 1996
by S. Graf. H. Sigg, H. Siegwart, M. Kwakernaak, B. Margotte, D. Erni, P.C. van Son and K. Köhler

Photoluminescence Study of Si/SiGe Multiple Quantum Wells grown by MBE
Int. Conf. on Molecular Beam Epitaxy, Malibu, USA, Aug. 5, 1996
by D. Grützmacher, R. Hartmann, U. Gennser, E. Müller and A. Dommann

Photon Drag Study of Intersubband Energy and Current Relaxation in AIGaAs/GaAs Quantum Wells
3rd FEL Users' Workshop, Rome, I, Aug. 29-31, 1996
by S. Graf, H.C. Sigg, and P.C. van Son

A New Method for the Manufacture of Large Area Condenser Zone Plates with Small Outermost Zone
Widths

Int. Conf. X-Ray Microscopy, XRM 96, Würzburg, D, Aug. 19-23, 1996
by C. David, D. Kayser, H. Müller, B. Völkel and M. Grunze

High Resolution Spectroscopy of Ill-V Semiconductors in the Near Infrared
NATO ASI on Optical Spectroscopy of Low Dimensional Semiconductors, Ankara, TK, Sept. 9-20, 1996
by S. Gehrsitz, H. Sigg, H. Siegwart, F.K. Reinhart

Replicated Diffract i ve Optical Elements
FOTA Final Meeting, Jena, D. Sept. 27, 1996
by M.T. Gale

Beam Steering Devices Based on Switchable Blazed Gratings
Eurodisplay '96, 16th Int. Display Research Conf., Birmingham, GB, Oct. 1-3, 1996
by M. Stalder and M. Schadt

Polarisationseffekte in der Elektrolumineszenz und Elektroabsorption von geordnetem GalnP
VW Photonik Symposium 1996, Schwäbisch Hall, D, Oct. 7-9, 1996
by P. Kiesel, G. Schmiedel, E. Greger, K.H. Gulden, M. Moserand G.K. Döhler
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Biochemical Recognition of Individual Molecules
2nd Hasliberg Workshop on Nanosciences, Hasliberg, October 14-18, 1996
by R. Ros Seigel, M. Kubon, L. Tiefenauer and H.-J. Güntherodt

Nanoreplication
2nd Hasliberg Workshop on Nanoscience, Hasliberg, Oct. 14-18, 1996
by R. Jaszewski, H. Schift and P. Smith

Replicated Micro-optical Systems REMIS
OPTIQUE II Annual Meeting, Neuchâtel, Nov. 21, 1996
by M.T. Gale

Building Nanotowers for Model Heterogeneous Catalysis
Schloessmann Seminar on Nanostructures in Biology, Chemistry and Physics, Martinsried, D, Dec. 9-10, 1996
by Y. Bonetti

Hydrocarbon Films inhibit Oxygen Permeation Through Plastic Packaging Material
10th Int. Conf. on Thin Films, Salamanca, 1996
by E.M. Moser, R. Urech, E. Hack, H. Künzli and E. Müller

PATENTS

Verfahren zur Korrektur des Emissionsspektrums einer lichtemittierenden Halbleiterdiode
Swiss Patent Application # 00 867/95-7
by B.D. Patterson, K. Knop and C. Musil

Optische Detektionsvorrichtung mit oberflächenemittierenden Halbleiterlasern (VCSEL)
Patentanmeldung im Rahmen des RIOS-Projektes (KTI, Novartis), August 1996
by G.L. Duveneck, K.H. Gulden, R.E. Kunz and J. Söchtig

Optischer (bio)chemischer Sensor beruhend auf dem Prinzip des integriert-optischen Lichtzeigers
Patentanmeldung im Rahmen des RIOS-Projektes (KTI, Novartis), August 1996
by G.L. Duveneck, J. Dübendorfer, R.E. Kunz and G. Kraus

BOOK

Image Sensors
in "Sensor update", ed. by H. Baltes et al., pp 86-103, VCH-Verlag, Weinheim, D, 1996
by P. Seitz and K. Knop
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IX. EQUIPMENT

MICRO- AND NANOSTRUCTURES

Processing equipment

Raith/Orsay Physics focussed ion beam system

Balzers UMS 500 MBE system for SiGe

IBM/Leybold UHV-CVD system for SiGe

Leybold L560 evaporation box coater

Balzers BAK 600 evaporation box coater

Centrotherm 4 stack diffusion furnace

Thermco 3 stack mini brute furnace

PPC rapid thermal processor

Suss MA56 mask aligner

Suss MJB3 mask aligner

Lasarray laser pattern writing system

Oxford Plasmalab 100 RIE system with cryo-chuck

Convac spray development system

Hamatech HME 500 development system

Trebor Hydrodry drying system

Semitool rinser dryers

HMR/Leudolph microgalvanic plating system

Technics plasma deposition system

Analytical/testing equipment

Park Scientific, Autoprobe atomic force microscope

Topometrix Explorer atomic force microscope

Shimadzu high pressure liquid chromatography system

Topcon, ABT 60 scanning electron microscope

Tencor, oc-step 200 surface profiler

Leitz, MPV SP optical thickness measurement system

Perkin Elmer visible/near UV/ near IR spectrometer

Oriel solar simulator

Hall measurement setup

Suss, PM 5 and PM 6 manual prober setups

Hewlett Packard capacitance/voltage and admittance measurement setup

Climet, Ultimate 100 particle counter

Canberra autoradiography imager
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SOLID STATE AND DEVICE PHYSICS

Photoluminescence excitation spectrometer with
white light source
2 x 0.64 m spectrometers (Jobin-Yvon HR640)
cooled Ge detector (North Coast)
L He cryostat

High-resolution scanning Fabry-Perot Brillouin scattering spectrometer with
Ti-sapphire laser
PSI-made interferometer and control system
L He cryostat

Fourier-transform infrared spectrometer (Bruker IFS 85) with
L He cryostat
12 T superconducting magnet

Spectrophotometer (Perkin-Elmer Lambda 9)

Raman scattering / photoluminescence spectrometer with
L He cryostat
Ar-ion, HeCd, HeNe and Ti-sapphire lasers
0.3 m spectrometer ("The Third" 1442)
0.75 m spectrometer (Spex 1401)
cooled photomultiplier

Light-scattering topography instrument (3" wafer surface scanning) with
Ar-ion laser
PSI-made scanning and control system

CO2 far-infrared laser system

OPTOELECTRONIC DEVICES

Processing equipment

Emcore GS-3200 MOCVD system (with optical in-situ characterisation)

Balzers dual source e-beam evaporator (for metals)

Balzers dual source e-beam evaporator (for dielectric materials)

Vacutech dual chamber plasma system
for Si3N4 deposition
and for lnP(CH4/H2) and Si3N, (CF4/O2) etching

AG Assoc. Rapid Thermal Annealing System

MIE-system (home built, etching of GaAs in SiCIJ

K. Suss MJB 3UV 400 aligner

Ar-laser with frequency doubler for fabrication of fine gratings (period > = 90 nm)

K&S Ball - & wirebonder

Dynapert die attach system

Plasmatherm ECR etcher

Oxidation furnace for selective oxidation of AlAs layers

Characterisation tools

Hitachi S-4100 FE Scanning Electron Microscope

Philips 525 Scanning Electron Microscope with EDAX attachment

Philips - Bede double crystal X-ray diffractometer (for exact determination of lattice constants of Ill-V materials)
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Polaron C/V-characterisation system

10 K photoluminescence system

Dektak stylus instrument

L-l-V and spectral characterisation

Atomic Force Microscope

Light scattering topography

FTIR spectroscopy (mode spectra)

Lifetime test station for lasers (simultaneous testing of up to 26 VCSELs and 16 DBR lasers)

Camera and software for near field measurements

OPTICS

Nanoscope III AFM (Atomic Force Microscope) (with large sample stage)
Laser Writing System (fabrication of continuous-relief microstructures)
Holographic recording system (fabrication of submicron gratings, period 300..2000 nm)
lO/Waveguide characterisation set-up (Measurement of planar waveguide

losses at ^.=633,785, 850,1300,1550 nm)
Laser / IO device characterisation set-up (Piezo alignment, loss measurement, electrooptic characterisation)
Coherent ModeMaster beam propagation analyser (measurement of laser spot profile)
Hot replication press (120 mm diameter maximum)

IMAGE SENSING

Optronic Laboratories 740 A absolute optical radiation and detector quantum efficiency measurement system

Mircomanipulator probe station with
Mitutoyo FS60Y microscope
HP 8753C network analyser (3 GHz)
HP 85046A S-parameter test set (3 GHz)
HP 4142B DC source/monitor with 3 HP 41420A SMUs
HP 3589A spectrum analyser (150 MHz)
Textronix TDS 540 digital scope (1 GSPS)

UNION micromeasurement microscope with computer-controlled 5x5 cm2 stage

Kulicke and Soffa 4123 wire bonder

Florod model LCP laser cutter

DFS silk screen printing machine

Finetech flip chip bonding machine

OMO MII-4 Linnik interferometer
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X. ORGANIZATION

(as of Nov. 30, 1996)

SCIENTIFIC ADVISORY BOARD

Prof. Dr. P. Wyder (chairman)
Prof. Dr. M. llegems
H. C. Koch, Dipl. Ing. ETH
Prof. Dr. H.R. Ott
Dr. G. Pfister
Dr. C. von Planta
Prof. Dr. S. Radelaar
Prof. Dr. T.M. Rice
Prof. Dr. N. de Rooij
Dr. S. Strassler

CNRS, Grenoble
IMO, EPFL
SINAR AG, Schaffhausen
Institute of Solid State Physics, ETHZ
Cerberus AG, Mannedorf
Hoffmann-La Roche & Cie AG, Basel
Delft University of Technology, Delft
Institute of Theoretical Physics, ETHZ
IMT, University of Neuchatel
Huba Control AG, Wiirenlos

RESEARCH STAFF

K. Knop, Dr sc nat ETH
Department Head

I. Eisenegger
D. Kuse, Dr rer nat
E. Meisel

Physicist

Secretary (Zurich)
Coordinator, Industrial Relations and Marketing
Secretary (Villigen)

MICRO- AND NANOSTRUCTURES

J. Gobrecht, Dr Ing
Section Head

D. Bachle
G. Binder, Dipl phys
Y. Bonetti,
Ch. David, PhD
U. Gennser, PhD
F. Glaus
A. Grubelnik Dipl biochem
D. Grutzmacher, Dr rer nat
R. Hartmann, Dipl phys
J.-J. Hefti
R. Jaszewski, Dipl phys
H. Kiess, PD Dr rer nat
S. Kossek, Dipl chem
J. Mahler
T. Mezzacasa
E. Muller Gubler, Dr sc nat
C.R. Musil, PhD
C. Padeste, Drphil II
U. Rimann
R. Ros-Seigel, Dipl phys
L. Scandella, Dr phil II
H. Schift, Dr Ing
P. Schnappauf
L. Tiefenauer, Dr rer nat

Physicist

Technical Assistant
PhD Candidate
PhD Candidate
Physicist (since 1.4.96)
Physicist
Technical Assistant
Biochemist (since 1.12.96)
Physicist
PhD Candidate
Technical Assistant
PhD Candidate (since 20.6.96)
Physicist (until 29.2.96)
PhD Candidate
Technical Assistant
Technical Assistant
Physicist (since 11.3.96)
Physicist
Chemist
Technical Assistant
PhD Candidate (since 12.8.96)
Physicist
Electrical Engineer
Diploma Student (1.6.96-1.6.97)
Biochemist
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SOLID STATE AND DEVICE PHYSICS

B.D. Patterson, Prof Dr phil
Section Head

H. Auderset
B. Delley, Dr phil II
M. Brunner
S. Gehrsitz, Dipl phys
S. Graf, Dipl phys
A. Kessi, Dipl phys ETH
R. Morf, Dr phil II
H. Siegwart
H.C. Sigg, Dr rer nat
A. Vonlanthen

Physicist

Technical Assistant
Theoretical Physicist
PhD Candidate (since 12.8.96)
PhD Candidate
PhD Candidate
PhD Candidate
Theoretical Physicist
Technical Assistant
Physicist
Technical Assistant

OPTOELECTRONIC DEVICES

H.W. Lehmann, Dr se nat ETH
Section Head

S. Eitel, Dipl phys
J.E. Epler, PhD
B. Graf
E. Greger, Dipl phys
K. Gulden, Dr rer nat
O.J. Homan, Dipl Ing
D. Jeggle
R. Lenarcic
H. Meier
M. Moser, Dr rer nat
P. Riel, Dr rer nat
H.P. Schweizer
T. Urheim
R. Widmer

Physical Chemist

PhD Candidate (since 15.7.96)
Electrical Engineer (until 30.4.96)
Technical Assistant
PhD Candidate
Physicist
PhD Candidate (until 31.10.96)
Technical Assistant
Technical Assistant (since 15.4.96)
Technical Assistant
Physicist
Physicist
Technical Assistant
Technical Assistant (until.30.6.96)
Technical Assistant

OPTICS

M.T. Gale, Msc
Section Head

U. Bruhin
M. Derendinger
J. Dübendorfer, Dipl phys ETH
C. Heine, Dipl phys
T. Hessler, Dipl phys
D. Hofstetter, Dipl phys ETH
L. Kempen, Dipl Ing TH
R.E. Kunz, Dr se nat ETH
B. Maisenhölder, Dipl phys
E. Meier
J.S. Pedersen
M. Rossi, Dr se nat
H. Schütz
J. Söchtig, Dr rer nat
R. Stutz
H. Teichmann, Dr rer nat
S. Westenhöfer
H.P. Zappe, PhD

Physicist

Technical Assistant
Technical Assistant
PhD Candidate
PhD Candidate
PhD Candidate
PhD Candidate (until 30.9.96)
PhD Candidate (until 31.8.96)
Physicist
PhD Candidate
Technical Assistant
Technical Assistant
Physicist (since 1.12.96)
Technical Assistant
Physicist
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