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RESEARCH SUMMARY 0.56

The research activities of theMicroelectronics and Optoelectronics Groupof Prof.
Dr. Hans Melchior are oriented towards optoelectronics, device physics, and device
technology. Component developments are mainly driven by applications in fiber opti-
cal communications and optical interconnects.

Studies in device physics include modeling of optical and optoelectronic properties
of semiconductor optical amplifiers, investigations of optical switching phenomena in
indium phosphide waveguides and basics for the design of optoelectronic components.
For the realization of optical waveguide devices like Mach-Zehnder interferometers,
laser diodes, semiconductor optical amplifiers, photodetectors and for high-speed elec-
tronics in indium phosphide, we rely on our own three-five compound semiconductor
epitaxy and device processing technology. Our device technology capabilities include
a metal-organic vapor phase epitaxy for indium phosphide and gallium arsenide com-
pounds and a processing laboratory with contact photolithography, and facilities for
wet and dry etching, evaporation and insulating materials deposition.

Our group is also involved in the design of optical fiber components in silica on sili-
con and in CMOS electronics for optical interconnects and in ultraviolet-photodiodes.
These devices are customarily realized in commercial foundries.

Optical and electronic device design and characterization tools complement the phys-
ics, device, and technology activities.

Research highlights in 1999:
• Realization of optically controlled optical signal processing devices consisting of

monolithic indium phosphide Mach-Zehnder waveguide interferometers with
semiconductor optical amplifiers in their arms and demonstration of numerous
applications.

• Demonstration of polarization independent 160 Gbit/s to 10 Gbit/s optical signal
demultiplexing.

• Demonstration of simultaneous optical signal transmultiplexing from 40 Gbit/s to
four separate 10 Gbit/s wavelength-channels.

• Demonstration of all-optical signal regeneration of 40 Gbit/s signals.
• Physical model established of the dynamics of Mach-Zehnder/semiconductor op-

tical amplifiers and applied for accurate description of all-optical demultiplexing,
wavelength conversion and signal regeneration in the 10 to over 100 Gbit/s do-
main.

• Arrayed waveguide filters in silica on silicon with flat-top passbands for polariza-
tion independent 16 channel wavelength division multiplexers.

• Exploitation of indium phosphide heterobipolar technology in high-speed opto-
electronic circuits, including fully packaged high-performance 1,3 and 1,5 mi-
crometer wavelength 10 and 40 Gbit/s receivers.

• Electronic driver- and receiver-arrays designed and realized in CMOS foundry
demonstrating high-speed Gbit/s per link capabilities of CMOS-technology in op-
tical interconnects.
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Research highlights of the group of Prof. Dr. Georg Guekos:
• Application of four-wave mixing in semiconductor optical amplifiers for disper-

sion compensation, without the adverse effects of frequency shifting and phase
mismatch at bit rates of 2.5 and 10 Gbit/s.

• Optical pulse generator using semiconductor optical amplifier in closed fiber loop,
producing optical pulses of 5 picosecond duration with tunable repetition rates
from 10 to 50 GHz and wavelengths tunable within 30 nm around 1550 nm.

• Dual-polarization, dual-mode external cavity diode laser set-up for penalty-free
transmission of 200 Mb/s binary amplitude shift keying and 50 Mb/s binary phase
shift keying signals over 25 km of optical fiber for fiber-optic antenna remote
feeding.

The main activities of theThin Film Physics Group under the leadership of PD Dr.
H. Zogg and Dr. A.N. Tiwari are in the field of infrared sensors and thin film solar
cells. Molecular beam epitaxy (MBE) grown heteroepitaxial PbTe and (Pb,Sn)Se lay-
ers on Si(111) are applied for thermal imaging arrays. For thin film solar cells, poly-
crystalline Cu(In,Ga)Se2 (CIGS) and CdTe/CdS layers are grown by high vacuum
evaporation on Si and GaAs substrates. Transparent conducting ZnO/ZnO:Al layers
deposited by RF sputtering are employed for the thin film solar cells. In a project with-
in the now terminated SSP “Optique II”, extremely wide bandwidth AlGaAs/CaF2
quarter wavelength mirror stacks and saturable absorbers were developed for use in the
generation of ultrashort laser pulses (see report of Prof. Dr. U. Keller).

Highlights of 1999:
Narrow bandgap materials for infrared sensors:
• One- and two-dimensional infrared sensor arrays for thermal imaging developed in

PbTe on active Si-substrates which contain the read-out circuits.
Solar cell research:
• Development of flexible CIGS solar cells on lightweight polymer foils with a

world record efficiency of 12.8%.
• CIGS “superstrate solar cells” with 8% efficiency developed, migration and accu-

mulation of Ga on the ZnO interface detected.
• Recrystallization in CdTe and development of 12.5% efficiency solar cells by

vacuum evaporation.

Educational Activities 0.57

The teaching activities of the Microelectronics and Optoelectronics and of the Thin
Film Physics Group in 1999 included a two-semester course in Semiconductor Electron-
ics and Integrated Circuits with device fabrication in the laboratory by H. Melchior, a
course in Fiber Optical Communication and a course in Optoelectronics by G. Guekos
and H. Melchior, a course in Semiconductor Lasers and Optoelectronics by H. Melchior,
a course in Solar Cells by G. Guekos and R. Minder, a two-semester course in Electron-
ics for physics students by G. Guekos and R. Zinniker and a two-semester course in Thin
Film Physics and Technology by H. Zogg. The group is also actively involved in labo-
ratory exercises of physics and electrical engineering students.
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General Activities 0.58
0.59

During the year 1999 Prof. Dr. Hans Melchior had the honor of being President of the
Laser and Electro-Optics Society (LEOS) of the Institute of Electrical and Electronics
Engineers (IEEE). The Lasers and Electro-Optics Society, being very active world-
wide in the promotion of scientific and application oriented publications and confer-
ences, brought highly rewarding contacts with scientists and engineers throughout the
world.
The Indium Phosphide and Related Materials (IPRM’99) Conference held from May

16th to 20th, 1999 in Davos was a major event for our group. We were conference
organizers and also had several scientific presentations. This conference, it was its
eleventh gathering, brings the major researchers in indium phosphide technology and
indium phosphide electronic and optoelectronic devices together in a location that
rotates between Europe, the Americas and Asia.
Besides numerous invited presentations at different conferences, Prof. Dr. Hans

Melchior received the “Micro-Optics Award for Outstanding Technical Contributions
to the Fundamentals and Applications of Micro-Optics” from the Micro-Optics Con-
ference in Japan (MOC’99).
Prof. Dr. Georg Guekos from our group is active in presenting Switzerland in the

management committee of the European Conference of Optical Communication
(ECOC), the major European conference on fiber optical communication.
He also represents Switzerland as Vice-Chairman in the Technical Committee of
COST (European Cooperation for Scientific and Technical Research), an organization
that promotes coordinated research in Europe. COST has 32 participating countries.
The COST agreement was recently renewed by the Swiss Government.

Our three-five compound semiconductor technology and indium phosphide optoelec-
tronic and electronic device development laboratory is intensively utilized by us and
also by a number of other groups.
These users include the group of Prof. Dr. Eli Kapon of EPF-Lausanne, who regularly

grows the epitaxial structures for his gallium arsenide quantum-well and quantum-
wire lasers in our metalorganic chemical vapor deposition (MOCVD) facility.
Prof. Dr. Jerome Faist’s group at the University of Neuchâtel utilizes our MOCVD

for epitaxial regrowths in connection with his quantum cascade lasers.
Opto Speed S.A., a start-up company, that evolved from our group, relies extensively

on our laboratory for the processing of their semiconductor optical amplifiers, photo-
detectors, high-speed indium phosphide electronics and component packaging activi-
ties.
Prof. Dr. Heinz Jäckel of the Electrical Engineering Department of ETH is greatly in-

creasing his use of the technology laboratory and also further developing our semicon-
ductor optical amplifier and heterobipolar transistor technologies within his own
research efforts.
Also, numerous research groups of the quantum electronics and solid state physics

laboratories have found ways to use the technology laboratory to their advantage.
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Low Pressure Metal Organic Vapor Phase Epitaxy for Three-Five
Compound Semiconductors 0.1
E. Gini

Low pressure metal organic vapor phase epitaxy (LP-MOVPE) is used to grow
III-V compound semiconductor materials with excellent control over their structur-
al and electrical characteristics. The epitaxial growth of a III-V compound is
achieved when column III metalorganic compounds react with hydrides of the col-
umn V elements at elevated temperatures over a single-crystal substrate. MOVPE
permits a fine control of layer thickness, interface structure, material composition,
and impurity concentration. Very thin structures can be grown for investigating
quantum effects in dimensionally reduced systems.

At our Institute we have one MOVPE system installed with six hydride lines and
eight metal-organic lines to satisfy the demands of the large variety of layer struc-
tures needed for the studied devices. The flexibility of our systems allows us to
grow In1-xGaxAsyP1-y/InP as well as AlxGa1-xAs/GaAs structures in the same re-
actor. Layers with excellent purity (background doping around 1014/cm3), layers
for high performance active and passive optical devices, structures for high perfor-
mance transistors, and AlGaAs quantum wires and dots are being grown.

For the characterization of the grown layers x-ray diffraction and room-tempera-
ture photoluminescence are routinely used. For the study of interface quality we
have also access to secondary electron microscopy (SEM) and to transmission elec-
tron microscopy (TEM). Doping concentrations are determined either by Hall-mea-
surements or by capacitance-voltage profiling.

In 1999 we made an upgrade of the gas detoxification system and improved the
quality of the cleanroom atmosphere. The benefit from the reduction of particles
was not only important for our purposes but also for the increasing number of ex-
ternal people which use layers grown with our MOVPE system. Thanks to our qual-
ity control we also grow layer structures for the spin-off company Opto Speed SA
on a commercial base.

.

Photograph of our LP-MOVPE
system with gas mixing cabinet,
reactor and glovebox for loading
(from left).
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Plasma Etching 0.1
E. Gini

Plasma etching has become the dominating process for the patterning of III-V
semiconductor based optoelectronic integrated circuits and is increasingly used also
for microelectronic devices. At our Institute we use a variety of systems for dry
etching. Commonly used are two conventional parallel plate reactors.

One system is exclusively used for the plasma etching of III-V compound semi-
conductors. The corresponding processes are based on mixtures of the gases H2,
CH4 and Ar. Process parameters as gas flows, chamber pressure, RF power density
are optimized in order to achieve a high selectivity to the mask materials and a good
homogeneity. We developed processes for the etching of InP, InGaAs, GaAlAs and
InAlAs.

The same type of system is used for the dry etching of Ti and SiOx layers using
fluorine chemistry. These layers are used as mask material that are capable to with-
stand high temperatures. The etching of optical silica waveguides is done on the
same system. We also etch LiNbO3, polyimides, PMMA or ash organic residues
with an oxygen plasma in this system. Both etching systems are computer con-
trolled. A user-friendly menu allows people to run their dry-etching processes them-
selves without the need of profound technical knowledge.

In the case where high etching rates are needed (for example via holes) we use a
magnetron enhanced reactive ion etching system (MIE). The magnetron allows a
plasma at lower pressures than with conventional reactive ion etchers and gives
raise to less damage of the samples due to ion bombardment. Thanks to a load-lock
system that prevents the chamber from water vapor contamination, the system is
also suited for chlorine based gas mixtures.

Etched structures are inspected by optical and electronic microscopy and the etch
depth is determined by stylus force measurements (alphastep 200).

Cross-sectional view of a plasma etched via hole (80µm depth) into an InP substrate.
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All-Optical-Switches in Mach-Zehnder Configuration for Optical
Communication Systems 0.1
W. Vogt, E. Gamper, M. Bitter, E. Gini, W. Hunziker, H. Melchior

High-speed all-optical-switches using group III-V semiconductors will play an
important role in future optical communication systems. Our all-optical-switches
operate in the 1.55 micrometer wavelength range. They consist of monolithically
integrated InGaAsP/InP semiconductor optical amplifiers (SOA’s), optical
waveguides and multimode interference couplers (MMI) in a Mach-Zehnder inter-
ferometer (MZI) configuration. Introducing a short optical control pulse Pc into one
arm of the MZI results in a dynamic change in the carrier population of the SOA
that changes the refractive index of the MZI. Due to the resulting phase difference
in the two MZI arms, the optical signal Pin is switched from output P= to output Px.
Inside the device, the optical signals are guided from and to the different elements
by straight and curved waveguides. Integrated mode shape adapters provide effi-
cient coupling of the optical signals to optical fibres. The waveguides at the facets
are tilted and antireflection coated to reduce back reflections. A flip-chip packaging
technique that combines electrical interconnections and self-aligned optical cou-
pling between waveguides and arrays of single-mode fibres has been developed.
The device is soldered upside down (flip-chip) onto a Silicon motherboard. The
motherboard also serves as mounting platform for the arrays of single-mode fibres.
This mounting technique guarantees a stable optical interface between all-optical-
switch and fibres.

All-optical switch consisting of semiconductor optical amplifiers (SOA), 3 dB splitters / com-
biners (MMI), waveguides and modeshape adapters (Taper). 0.2
(Top: schematic view of an all-optical switch, bottom: fabricated module) 0.3

Taper    Waveguide    Microstrip line

MMI     SOA
Pin

Px

P=

Pc

10 mm
Silicon motherboardElectrical connection

Fibre
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All-Optical Switches with Monolithically Integrated Phase Shifters 0.1
E. Gamper, W. Vogt, M. Bitter, E. Gini

Optical signal processing is an approach that holds the promise to overcome the
speed limits of electrical signal switching in high speed optical communications. We
realized multi-purpose all-optical switches with monolithically integrated phase
shifters, based on Mach-Zehnder interferometer/semiconductor optical amplifier
structures.

These switches are capable to perform demultiplexing of optical data streams from
high to low data rates. Furthermore, they can be used as wavelength conversion de-
vices to shift optical signals from one wavelength to another. Another application of
the devices is in signal conditioning to re-shape and re-time optical data.

For all these applications, indium phosphide Mach-Zehnder interferometer/semi-
conductor optical amplifier devices are advantageous, especially if they contain
monolithically integrated phase shifters. These phase shifters are useful for electro-
nic channel switching and for the selection of channels after all-optical switching.

The monolithically integrated devices are based on Indium Gallium Arsenide Phos-
phide (InGaAsP) on InP. They feature waveguides that interconnect the light be-
tween the splitters and combiners and the nonlinear optical elements in the Mach-
Zehnder interferometer arms, namely the semiconductor optical amplifiers (SOA’s)
and phase shifters (∆φ).

Mach-Zehnder interferometer switch combining semiconductor optical amplifiers (SOA’s),
phase shifters  (∆φ1, ∆φ2) and multi-mode interference (MMI) couplers.

The phase shifters allow high static extinction ratios at gating occurs of only 2 mA.

Electrical switching characteristics Mach-Zehnder interferometer/semiconductor optical ampli-
fier switch with monolithically integrated phase shifters.
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All-Optical Mach-Zehnder Interferometer Modeling 0.1
M. Caraccia-Gross and H. Melchior

A model has been developed to describe all-optical operations - such as e.g. wave-
length conversion and optical time demultiplexing - of monolithically integrated
Mach-Zehnder interferometers (MZI) with semiconductor optical amplifiers
(SOA’s) in their arms. The model includes gain compression, as well as wavelength
dependence of the gain and of the amplified spontaneous emission in the SOA’s.
The optical properties of the multimode interference couplers are included to de-
scribe the signals propagation through the entire MZI-SOA.

We show here simulation of 3R (re-shaping,
re-amplification and re-timing) regenerative 10
GHz wavelength conversion, demonstrating the
advantage of using MZI-SOA’s to complete
wavelength conversion simultaneously with 3R
regeneration. In all the results presented here the
pump and the probe are 10 GHz signals with
pulses of 20 ps duration. We first show the sim-
ulated wavelength conversion transfer function.
It allows to estimate the best pump power to
choose to get minimal output amplitude fluctuation in case of input amplitude fluc-
tuation. Next we show the same operation, but with a pump signal whose amplitude
fluctuation obeys a distribution corresponding to a quality factor
of 3.9, leading to a bit-error rate of 5E-5. The normalized
eye diagrams of the input degraded and of the output regenerated signals are shown
below for different pump powers and for a 10 mW probe power. We observe that
the pump signal is best reshaped for a 10 mW pump power. The BER are calculated
from these eye-diagrams and traced as function of the pump power. We observe that
the lowest BER, i.e. the best BER, is at lower input pump power for lower probe
power, but that one gets better BER’s with higher probe powers

figure1_caraccia.tif
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Wavelength conversion transfer func-
tion. Probe power is 10 (plain), 20
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Nonlinear Dynamics Simulations and Measurements in Semicon-
ductor Optical Amplifiers. 0.1
 R. Gutiérrez-Castrejón, L. Schares, G. Guekos

An adequate theoretical model to simulate the dynamical behaviour of a photonic
device is useful for project planning, testing, and interpretation and extrapolation
of experimental results. With this motivation in mind we have developed a set of
algorithms that simulate the gain and refractive index evolution of a semiconductor
optical amplifier when one or several co-propagating electromagnetic pulses inter-
act with the active medium. Our simulation tools follow a frequency domain ap-
proach. This guarantees accuracy, efficiency (in computer time and memory) and
flexibility to study different nonlinear dynamical processes, namely, non-degener-
ate four-wave mixing, cross-gain modulation, cross-phase modulation, and others.
Semiconductor optical amplifiers using these light-matter interactions find applica-
tions in the telecommunications domain, for instance, as the key elements for
switching and wavelength conversion.

Although our algorithms are limited to the interaction of copropagating beams,
they take into account the effect of gain dispersion, energy inter- and intra-band
processes, and we are on the way to incorporate the effect of amplified spontaneous
emission. They have been able to successfully reproduce measurements of gain re-
covery time in a 0.5 mm long bulk semiconductor optical amplifier. We expect to
promptly extend the simulation capabilities to study a 1.0 mm long device. Curves
of gain recovery time and modulation depth against saturation level have also been
calculated considering the cases whether the gain compression produced by ultra-
fast effects (carrier heating (CH), spectral hole-burning (SHB)) can or cannot be de-
tected by the experimental set-up.
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Novel Concept for All-Optical Add/Drop Multiplexing with Regenera-
tive Capability 0.1
 St. Fischer, M. Dülk, E. Gamper, W. Vogt, W. Hunziker, E. Gini, H. Melchior

Demultiplexing and add/drop multiplexing are amongst the key functions re-
quired within a optical time division multiplexed (OTDM, means different channels
temporally interleaved) network nodes. In the add/drop multiplexer one channel has
to be completely extracted out of the incoming data stream while leaving the re-
maining channels undisturbed. A new channel can be added into this cleared time
slot by a passive coupler and the appropriate time delay. Simultaneous good drop-
ping and complete clearing are indispensable to guarantee further error-free data
processing because insufficiently suppressed pulses can cause interference noise
while adding a new channel into this vacant time slot.

A novel concept
for perfect clear-
ing and dropping
including data re-
generation capa-
bility at 40 Gbit/s
has been demon-
strated in collabo-
ration with the
Technical Univer-
sity of Denmark
using a monolithic Mach-Zehnder interferometer (MZI) with integrated semicon-
ductor optical amplifiers (SOA). The basic idea is founded on two counter-propa-
gating probe pulse streams which are all-optically modulated by the MZI-SOA.
One stream consists of high-quality 10 GHz pulses forming the base for drop chan-
nel (black). The other stream consisting of 3x10 GHz pulses forming a 40 GHz
stream with an empty time slot. On this stream the data of the three remaining chan-
nels are imposed (gray). Due to the empty time slot in the 3x10 GHz probe stream
the drop channel is automatically ignored and is therefore perfectly removed out of
the remaining channels. The same applies for the drop channel which is furthermore
simplistically extracted due to its different propagation direction.

Bit error rate measurements have been performed showing a low penalty of only
2 dB for the dropped 10 Gbit/s channel as well as for the remaining 3x10 Gbit/s
channels. Adding a 10 Gbit/s channel into the emptied time slot showed no extra
penalty which demonstrates the perfect clearing functionality.

References: St. Fischer, M. Dülk, et al., accepted for publication in IEEE Photon. Techn. Lett.
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Optical Data Regeneration at 40 Gbit/s 0.1
 St. Fischer, M. Dülk, E. Gamper, W. Vogt, W. Hunziker, E. Gini, H. Melchior

In optical high-capacity networks, accumulation of impairments of optical signals
due to long-haul transmission or signal processing at network nodes require period-
ical restoration of the data. Optical 3R regeneration (Reamplification,Reshaping
andRetiming) is an interesting alternative to electronic regeneration, allowing sig-
nificant reductions of timing jitter and amplitude noise after long transmission
spans. It thereby allows optical signals to be maintained in the optical domain over
long transmission distances and through network nodes.

Schematic view of a 3R regenerator with its basic three units.

Optical 3R regenerators consist of a clock recovery unit, an optical pulse source
and an all-optical decision gate. The clock recovery unit extracts the repetition rate
of the deteriorated data and drives the optical pulse source which produces high-
quality optical clock pulses at exactly this rate. This pulse stream is then on-off
modulated by the data signal in the decision gate.

A 3R-regeneration at 40 Gbit/s has been
performed in a collaborative experiment
with British Telecom using an integrated
Mach-Zehnder interferometer in connec-
tion with an electronic clock recovery and
a compact pulse source. The results are
summarized in the bit error rate (BER)
graph on the right side demonstrating a
low penalty of less than 2 dB for the regen-
erated data in respect to the back-to-back
measurement (transmitter and receiver
alone). The insert shows the regenerated
40 Gbit/s output eye diagram indicating
the good separation of the 1s and the 0s.

Reference: St. Fischer, M. Dülk, et al.,Electron.
Lett.,35, (23), 2047, (1999)
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Ultra-fast All-Optical Demultiplexer for 160 Gbit/s Networks 0.1
 St. Fischer, M. Dülk, E. Gamper, W. Vogt, H. Hunziker, H. Melchior

Future ultra-high speed optical networks will exploit optical time division multi-
plexing (OTDM, means different channels temporally interleaved) with data rates
of up to 160 Gbit/s per wavelength. Consequently, optical devices in network nodes
like add/drop multiplexers or demultiplexers are requested to process these data
rates. The task of demultiplexers is to drop one channel out of the high-speed
OTDM data stream for further data processing or routing at lower speed.

Principle of 160 to 10 Gbit/s demultiplexing using a Mach-Zehnder interferometer module

A 160 to 10 Gbit/s all-optical demultiplexing experiment has been performed in
collaboration with the Technical University of Denmark using a monolithic Mach-
Zehnder interferometer with integrated semiconductor optical amplifiers (MZI-
SOA). Therefore, the 160 Gbit/s data stream is launched into the input port of the
MZI-SOA. Two 10 GHz control pulse sequences with the prober delay in respect
to each other switch the 160 Gbit/s data stream from one output to the other and
back again. This periodic switching results in the dropping of one 10 Gbit/s channel
out of the 160 Gbit/s stream. The clear and open eye diagram of the 10 Gbit/s drop
channel is shown in the figure below. It demonstrates good separation of the 1s and
the 0s and proves the modules fast switching capability for high-speed networks.

Eye diagram of the 10 Gbit/s drop channel,
extracted from the 160 Gbit/s OTDM stream

References: St. Fischer, M. Dülk, et al.,submitted to Electron. Lett.
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All-optical wavelength conversion at 10 Gbit/s over extended 80 nm
wavelength range 0.1
 M. Dülk, St. Fischer, E. Gamper, W. Vogt, W. Hunziker, E. Gini, H. Melchior

To satisfy the increasing demand for bandwidth in optical networks, wavelength-
division multiplexed (WDM) systems will not only use the standard 1530 to
1565 nm (C-band) wavelength range of standard Erbium doped optical fiber ampli-
fiers but also the 1565 to 1610 nm wavelength range (L-band) of new optical am-
plifiers. Therefore, to route traffic through optical network nodes, optical
wavelength converters are thus needed to cover this full 80 nm span. Since the data
passes numerous network nodes before reaching the user, regenerative capabilities
are an important feature of such wavelength converters.

Operation principle of MZI-SOA wavelength converter

Our wavelength converters, that use a
cross-phase modulated Mach-Zehnder in-
terferometer (MZI) with integrated semi-
conductor optical amplifiers (SOA’s), have
been modified to cover this extended wave-
length span. In the experiment, a 10 Gbit/s
signal at 1546 nm has been wavelength up-
and down-converted within the entire C-
and L-band span. The wavelength convert-
ed output signals exhibit very low noise and
chirp that has been demonstrated by an 80
km transmission experiment in the L-band
at 1600 nm. The low noise characteristics,
as well as the regenerative capabilities,
originate from the interferometric structure of this wavelength converter and is ac-
companied by a negative penalty and steep bit error rate curves. The inset shows the
eye diagram of the 10 Gbit/s converted output signal.

References:  M. Dülk, St. Fischer, et al., accepted for publication inElectron. Lett.
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Mode-locked laser diodes with external fiber Bragg grating cavity 0.1
 M. Dülk, H. Melchior

Optical pulse sources are key components for high-speed optical networks. Qual-
ities needed are short optical pulses, high repetition rate, precisely chosen wave-
length, low timing jitter and synchronization capabilities to the external clock of the
electrical network components. Actively mode-locked lasers are promising candi-
dates featuring these requests.

We have realized a hybrid external cavity laser with a round-trip frequency of
9.95328 GHz, corresponding to the communication network standard STM64. As
laser we use an InGaAsP/InP ridge waveguide laser diode (LD) of a length of 250
µm with anti- and high-reflection coatings at the facets. The diode has been addi-
tionally provided with a saturable absorber fabricated by heavy ion implantion. The
light output of the laser diode is partially reflected back by a broadband non-
apodized fiber Bragg grating (FBG) for optical feedback and wavelength selection.
The center wavelength is 1552.4 nm, the 3dB optical bandwidth of the Bragg grat-
ing is 2.4 nm which is sufficiently broad for pulses with duration of about 2 ps. The
position of the FBG inside the fiber defines the longitudinal mode spacing of the la-
ser cavity which has to match the desired modulation frequency of STM64.

Laser diode (LD) with external fiber Bragg grating (FBG)

With this external cavity set-up, trans-
form-limited short optical pulses with a
duration of 6.5 ps FWHM, sech2 shape
and an extinction better than 25 dB have
been generated at a repetition rate of 10
GHz. Center wavelength is 1552 nm.

Measured auto-correlation trace of 10 GHz
mode-locked optical pulses with 10.0 ps
FWHM. The Levenberg-Marquardt fit (dot-
ted line) demonstrates perfect sech2 pulses
with 6.5 ps duration
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Saturable absorbers realized by heavy ion implantation for mode-
locked semiconductor laser diodes 0.1
 M. Dülk, H. Melchior

Semiconductor lasers are key components in optical fibre communication sys-
tems. Due to their small size the modulation bandwidth usually exceeds 10 GHz,
which makes them attractive as optical pulse or clock sources. Mode-locked semi-
conductor lasers with saturable absorbers exhibit superior optical pulse quality like
chirp-free narrow pulses with very good extinction ratio. The aim of this investiga-
tion was to create saturable absorbers in bulk semiconductor laser diodes by MeV
ion bombardment.

The semiconductor laser diodes were ridge waveguide lasers with an overall
length of 250µm and with an InGaAsP bulk active layer of 110 nm thickness. Initial
lasing threshold was 29 mA, the gain peaked at a wavelength of 1550 nm. Ion im-
plantation allows to fabricate an absorbing section inside the active layer with a
width of some tens of microns. The targeted ion range is five to ten microns from
the laser facet whereas the damage to the facet should be kept as low as possible.

Oxygen with an energy of 12 MeV and phosphorus ions with an energy of 26
MeV were chosen as good candidates for producing optically absorbing layers with
the appropriate width and depth. Several laser diodes with equal initial output char-
acteristics have been bombarded by successive doses of P or O ions, respectively.
Immediately after each irradiation, the laser diodes were characterized.

The dependence of various laser parameters, like lasing threshold, internal quan-
tum efficiency, wavelength shift and others, on the ion fluence has been investigat-
ed. For both ion species, the lasing threshold increases with a functional dependence
of the form 1-exp(-F/Fo) as a function of the fluence F up to a certain dose Fo. For
higher fluences a linear increase is observed. As expected from the simulated num-
ber of displaced atoms per implanted ion, the saturation takes place faster for the
phosphorus bombardment.

Dependence of lasing threshold on the fluence for phosphorus and oxygen ion implantation
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Wavelength-Tunable Pulse Source at 5-40 GHz by Optical Modula-
tion of a Semiconductor Optical Amplifier in a Fibre Ring Laser 0.1
 L. Schares, R. Gutiérrez-Castrejón and G. Guekos

Short optical pulse sources operating at high repetition rates are key components
in high-speed optical communications networks and all-optical logic circuits. Its
broad wavelength tunability is a highly desirable feature in WDM applications. A
convenient method for generating short pulses is based on active mode-locking in
fibre ring lasers (FRL). The use of a semiconductor optical amplifier as active me-
dium in the ring is attractive, since it can provide both gain over a broad wavelength
range and modulation due to its fast gain (and phase) dynamics.

We have set up a harmoni-
cally mode-locked FRL,
based on optical modula-
tion of a SOA by 5 GHz
seeding pulses, delivered by
a gain switched DFB laser.
Fast gain saturation togeth-
er with relatively slow re-
covery form a short
temporal window within
which the mode-locked
pulses may form.

When the frequency,fext, of the seeding pulses is adjusted to theNth harmonic of
the ring oscillatorfring, a mode-locked pulse train at about 5 GHz is generated. A
larger repetition rate ofn fextcan also be obtained by settingfext=(N+1/n) fring (with
n>1). In particular we have achieved up to 8 times frequency multiplication, from 5
to 40 GHz. In this case an almost constant pulsewidth of 3.8-4.3 ps after dispersion
compression was observed over more than 30 nm wavelength tuning range.

Synthesizer

DFB

Iso. PC

EDFA

DCF

SOA 1

PC

filter

DCF
Output

EDFA

SOA 2

80:20
coupler

50:50
coupler

Experimental Setup of the Fibre Ring Laser. SOA 1 is opti-
cally modulated by the seeding pulses. SOA 2 may be used
to reduce a 5 GHz amplitude modulation of the output pulse
train.

25 GHz pulse train (100 ps/div.)
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Chirp Dynamics in Wavelength Conversion using Semiconductor
Optical Amplifiers 0.1
 L. Occhi, L. Schares, R. Gutiérrez-Castrejón and G. Guekos

All-optical wavelength converters can become key elements in future optical net-
works employing wavelength division multiplexing (WDM). They have the poten-
tial to resolve wavelength congestion at the network nodes.

Wavelength conversion can be achieved using nonlinear effects in Semiconductor
Optical Amplifiers (SOA’s) in three different ways: cross-gain modulation (XGM),
cross-phase modulation (XPM) and four-wave mixing (FWM).

One important parameter to judge the quality of the converted signal is its chirp,
i.e. the instantaneous deviation of the optical signal frequency.

We are investigating the dynamics of the chirp induced by SOA’s used as wave-
length converters. Typical waveforms at the SOA output in the case of XGM are
illustrated below. Two beams are injected in the SOA: the signal that modulates the
gain of the SOA, and the probe that is a cw beam at a wavelength to which the signal
will be converted. The SOA-gain is modulated by the signal and consequently the
probe at the output becomes an inverted replica of the signal (Fig. A). The gain
modulation is accompanied also by a phase modulation, which chirps the probe.
Fig. B shows the chirp of the probe as a function of time. Typical in XGM is the
positive chirp of the probe, i.e. a blue shift during the rising edge and a red shift dur-
ing the falling edge of the probe.

The investigations show that wavelength conversion based on XGM is always ac-
companied by signal chirp. The chirp deteriorates the signal quality and can be min-
imized by increasing the optical power of the probe.
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Active Multi-Mode-Interferometer Semiconductor Optical Ampli-
fier 0.1
K. Hamamoto, E. Gini, C. Holtmann, and H. Melchior

Enormous demands for capacity growth of telecommunications is continuing to
increase world-wide. Optical telecommunication systems are spreading into local-
areas presently, and semiconductor optical amplifiers (SOA’s) are one of the key-
devices for such purposes.

We have already demonstrated, that laser diodes which exploit the concept of
multi-mode interference type active structures are capable of increased kink-free
saturated output powers.

Here we also explore the concept of multi-mode interference in the active sections
of semiconductor optical amplifiers. Active multi-mode interference regions allow
optical input signals that are amplified in large active areas to be refocussed and su-
perimposed into a coherent output beam. We expect this active multi-mode inter-
ference amplifier concept to be a key-technology for semiconductor amplifiers.

Schematic view of Semiconductor Optical Amplifier in active
multi-mode-interferometer configuration.

Optical Input Signals

Semiconductor
Optical Amplifier
with Active
Multi-Mode
Interference
Region

Amplified Optical
Output Signals
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Analysis of Electro-Optic Effects in InP / InGaAsP Based Waveguide
Structures 0.1
G. Hagn

The most important electro-optic nonlinear effects in a reverse biased pin-diode
are the Franz-Keldysh effect, the Pockels effect and the carrier depletion effect.
Electro-optic effects in InP/InGaAsP were examined by analysing the switching be-
haviour of Mach-Zehnder interferometers. The phase shifting arms of the interfer-
ometer are implemented as pin-diodes oriented under various angles with respect to
the [011] crystal axis. The electric fields necessary to change the refractive index
are generated by reverse biasing the pin-diodes.The Pockels effect can be separated
from the other effects by using its cos(2φ) angularφ dependency with respect to the
[011] crystal axis. The coefficients of the electro-optical effects were obtained by
comparison of the measured refractive index change with the average of the electric
field averaged with the optical mode.

Detailed knowledge of the electro-optic coefficients is essential for the design of
optimized electro-optic space switches. It allows to maximise the efficiency of the
effects, and thereby switching voltages low, while maintaining polarisation insen-
sitivity and keeping the optical losses within acceptable limits. Low switching volt-
ages are required for high speed switching. This is important as electrically
controlled optical space switches are key components for use in practical optical
communication networks, where they can perform fast switching, rerouting and
channel add-drop functions. The InP/InGaAsP material system is of special interest
because it allows monolithic integration of space switches, lasers, amplifiers and
photodetectors.

Measured coefficients and theoretical
curve of the Franz-Keldysh electro-optic
effect

Refractive index changes versus applied voltage
measured and calculated for various photon ener-
gies with respect to the bandgap energy in InGaAsP
in meV
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High Output Powers from Semiconductor Laser Diode Arrays
Coherently Coupled in Mach-Zehnder Configuration 0.1
Ch. Vélez and H. Melchior

High single-mode optical powers coupled into single-mode fibers are a key for
many applications in optical communications, meteorology, medical surgery and
laser machining.

Towards this end, we are exploring the coherent coupling of semiconductor laser
diode arrays in Mach-Zehnder Interferometers (MZI) consisting of SiO2/Si
waveguides and Multi-Mode Interference Coupler (MMI), and an external fiber
grating.

In the case where two laser diodes are coupled coherently the total output power
Ptot adds up to:

.

If only one laser diode is operative the output power is just . As
shown in the adjoined figures, we were able to show that such a hybrid laser-array
operating at a wavelength of 980 nm is able to coherently couple light into a single
mode-fiber, thereby achieving high single-longitudinal mode output powers.

P
tot

1
2
--- Pld1 Pld2 2 Pld1 Pld2⋅ φ1 φ2–( )cos⋅ ⋅+ +( )⋅=

Pld1
1
4
--- Ptot⋅=

Laser diode (ld1)
coupled to MMI and
fiber grating: Output
spectrum shows sin-
gle-longitudinal
mode (spectral reso-
lution of spectrome-
ter is 0.2nm).

Laser diode (ld2)
coupled to MMI and
fiber grating: Output
spectrum shows sin-
gle-longitudinal
mode.

Two laser diodes
coupled to MMI and
fiber grating: Pro-
vided phase adjust-
ment φ1 and φ2 is
optimized, outputs
add to single-longi-
tudinal mode of
high power.
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Silica-on-Silicon Multi-Channel Phased Array Wavelength Filters 0.1
E. Wildermuth, M. Lanker, and H. Melchior

High-capacity multi-wavelength fiber-optical communication systems need spe-
cial wavelength multiplexer and demultiplexer filters that are polarization insensi-
tive, have low losses and low crosstalk as well as passbands that are tolerant to
deviations of the channel wavelengths. Filters of our design that were realized in a
foundry for silica-on-silicon optical waveguide components meet the stingent re-
quirements, including standardized frequency allocations.

Optical transmission and performance characteristics of flat-top passband 16 channel/200 GHz
channel spacing silica-on-silicon wavelength division multiplex filter.

Parameter
SiO2/Si Wavelength Division

Multiplexer
Unit

Number of Channels 16

Channel Spacing 200 GHz

Wavelength Region 1530-1560 nm

Loss (Fiber-to-Fiber) 6.1 (minimal), 7.9 (typical) dB

Optical Crosstalk < -34.9 dB

Uniformity 0.5 (minimal), 0.9 (typical) dB

1 dB Bandwidth 1.00 (63% of channel spacing) nm

3 dB Bandwidth 1.38 (86% of channel spacing) nm

Polarization Shift 0 (minimal), 0.04 (typical) nm

Polarization Dependent Loss 0.2 (minimal), 0.5 (typical) dB

Temperature Dependence 0.01 nm/oC
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Spectrally Sliced Amplified Spontaneous Emission Source 0.1
C. Holtmann*, E. Wildermuth, and H. Melchior

The combination of superluminescent light emission diodes (SLED’s) with ar-
rayed waveguide grating (AWG) filters leads to an amplified spontaneous emission
(ASE) light source with geometrically separated wavelength-channels that is of in-
terest for optical communications, sensors and metrology.

For such a multiwavelength source we combined the newly developed superlumi-
nescent LED’s of Opto Speed for the 1.3 and 1.5 wavelength ranges that are capable
of delivering up to 25 mW into 10 micrometer core single mode fibers with our 16
channel flat-top passband AWG-filters. Despite overall insertion losses of the
AWG of 8 dB, up to 120 microwatts of light emerge from each of the sixteen geo-
metrically separated 200 GHz spaced wavelength channels.

SLED AWG

λ1

λ16

25 mW at 1.3 or 1.55 µm
for SLED bias of 500 mA

120 µm per 200 GHz spaced, flat-top
passband channel

Superluminescent diode (SLED) driven sixteen wavelength channel arrayed waveguide
grating (AWG) source.

Spectrally sliced amplified spontaneous emission source combining superradiant LED’s
with 16 channel, flat-top-passband AWG-filters (SLED and AWG spectra are shown).

* Opto Speed SA, Mezzovico
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Polarization Insensitive Arrayed Waveguide Grating Filters in Indium
Phosphide Applying Birefringence Compensation Scheme 0.2
 M. Lanker

Arrayed waveguide grating filters are key components for wavelength channel
multiplexing and demultiplexing in wavelength division multiplexed fiber optical
communication systems. We realized such filters in the InP / InGaAsP material sys-
tem which results in compact devices that offer the potential for integration with ac-
tive optical elements, i.e. amplifiers, photodetectors as well as electronics.

The response of arrayed waveguide gratings depends on the refractive index of
the base waveguides. Since these waveguides are in general birefringent, i.e. their
effective refractive index is different for TE and TM polarization, the response of
such filters is polarization dependent. This is unwanted for optical telecommunica-
tions.

To obtain polarization insensitive devices, we applied a polarization dispersion
compensation scheme to our phased arrays. This is done by inserting a modified
waveguide section in each waveguide grating arm. The modified waveguide has a
birefringence different to the one of the standard waveguide, . Furthermore, the
length of the modified section between one arm and its neighbor is increased by a
constant value. The polarization dependent peak wavelength shift of such a filter is
proportional to

where is the ratio between the length increase of the standard wavelength and
the one of the modified waveguide. It is chosen by design for .

Modification of the waveguide structure is done by varying the core width. Polar-
ization insensitive phased arrays have been fabricated on InP substrate exploiting a
buried waveguide structure. Measured results are shown in here.

B′ B

∆λ 1 x–( )B xB′+( )∼

x
∆λ 0=

Transmission of an arrayed
waveguide grating filter with 4
channels showing polarization
insensitive operation. The de-
vice was implemented in the
InP/InGaAsP material system.
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Monolithic InGaAs/InP pin/HBT Optical Receiver Front-End Module
for Datarates up to 40-Gb/s 0.1
 M. Bitter, R. Bauknecht and W. Hunziker

Future time-division multiplexed (TDM) fiber-optic transmission systems with
datarates up to 40 Gb/s require high-speed baseband optical receivers to detect and
convert the incoming optical signals. The monolithic integration of such optical re-
ceivers offers the advantages of high-speed performance, reproducibility, small size
and possible cost reduction of packaging. For the realization of our optical receiver
chip we developed a fabrication technology to monolithically integrate top-illumi-
nated pin photodiodes with single-heterojunction bipolar transistors (HBT) in the
III-V InGaAs/InP material system. The optical receiver chip consists of a pin pho-
todiode attached to a broadband darlington feedback amplifier circuit. To assembly
the fully packaged module, the receiver chip is connected to an alumina mounting
substrate by wire bonding. Both are incorporated in a brass housing featuring a
slant-ended single-mode fiber to couple the incoming light into the top-illuminated
pin photodiode and connectors for the DC power supply and the RF output signal.
Our optical receiver module achieved an overall conversion gain of 48 V/W, an op-
toelectronic small-signal bandwidth of 30 GHz and clearly opened eyes for trans-
mission experiments at 10 and 40 Gb/s, respectively.
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High-Current Indium Phosphide Double Heterostructure Bipolar
Transistor Driver Circuits for Laser Diodes 0.1
H. Schneibel, R. Bauknecht, and C. Graf

Electronic laser diode driver circuits are key elements in fiber optical communi-
cation networks. They provide enough current to operate a laser diode and also con-
trol the biasing condition of the diode to ensure fastest possible operation speed.

Today’s general electronic equipment processes information which is represented
as electrical voltage levels. To exchange information between devices separated
trough a long distance, optical pulses are much better suited than electrical pulses.
Driver circuits convert electrical signals to currents qualified for driving laser di-
odes which therefore transmit optical signals corresponding to the electrical ones.

A current switch consisting of large multifinger heterostructure bipolar transistors
builds the output stage that is designed to drive 200 mA into a laser diode load at
frequencies up to 8 Gbit/s. Standard high speed ECL signals can be used to control
this driver circuit. Input pins of the circuit are terminated to signal ground with on-
chip 50 ohm resistors to match the impedance of signal sources and electrical wires.
To cope with power dissipation at high driving currents, the dye is thinned to
120µm and soldered onto copper heat sink to guarantee adequate cooling.

Best performance is achieved with a laser diode located next to the driver circuit.
A thermal isolation gap between the driver circuit and laser keeps the diode ther-
mally independent. Contrary to the passive cooling of the driver through a copper
heat sink and housing, the laser diode is cooled actively with a peltier element.

For the optical measurements a pattern generator with 45 ps rise- and falltime was
used as signal source for the driver circuit. A high speed photo diode with band-
width of 40 GHz was connected to a 50 GHz sampling oscilloscope analyzing the
optical pulse. The resulting rise- and falltimes of the optical pulse remain below
70 ps including laser relaxation effects.
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Fiber Optical Burst-Mode Packet Receivers Operating at 155 Mbit/s
and 622 Mbit/s 0.1
 M. Bossard, C. Graf

In fiber optical networks receiver electronics often has to be capable of recovering
traffic cells from a large number of different sources. Quick adaption to the different
signal amplitudes and phases of consecutive incoming traffic cells is required. A
Burst-Mode Receiver Module was designed and realized in CMOS technology that
is capable of receiving 16 optical input channels at bit rates of 155 and 622 MBit/s.
Long traffic cells with up to 10’000 bits and signal dynamics of 10 dB’s can be se-
lected rapidly within less than one microsecond.

The actual implementation of Burst-Mode Receiver Module combines InGaAs/
InP photodetector wire bonded to custom-made silicon (CMOS) receiver electron-

ics divided into three chips on an alumina MCM carrier substrate.
Two identical silicon chips feature two 8-channel receiver arrays including

preamplifiers, peak-detectors, quantizers and channel selectors. The quantizers set
the outputs to high in case the input signals exceed a threshold value, otherwise the
outputs remain low. The threshold values are calculated internally for each individ-
ual traffic cell using peak-detection. This allows cell to cell optical input power vari-
ations of up to 10 dB.

The third chip contains a Data Retimer circuit. The circuit evaluates an appropri-
ate phase of a plesiochronous clock reference for sampling the selected data chan-
nel. A PLL produces seven equidistant phases of the reference clock. The optimal
clock phase is chosen by comparing samples, produced for all clock phases of the
first few cell bits to an expected bit pattern. The optimal clock phase is then in the
middle of the first and last hit. Further a validator/demultiplexer serves for word
alignment and provides a decomposition of the data stream into 8 bit words.

Top View of 16:1 Burst Mode Receiver
Module and Data Retimer

Digital 622 Mbit/s receiver array output,
showing a) amplitude equalized outputs b) re-
generated data, c) aligned clock

Fiber Ribbons

Receiver Arrays

Data
Retiming

1V
5 ns

a) Output from Receiver Array

b) Output from Data Retimer

c) Aligned Clock
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Complimentary Metal-Oxide Semiconductor Electronics for Proces-
sor to Processor Optical Interconnects 0.1
P. Zenklusen, R. Annen, H. Melchior

Massively parallel optical interconnects combining hybrid mounted light sources
(vertical cavity surface emitting lasers, VCSEL’s), plastic optical fibers and photo-
detector arrays on digital CMOS-VLSI electronic circuits with monolithically built-
in laser transmitters and photodetector-receivers are of interest for board-to-board
communication.

In the frame of a European Research Project, a VLSI to VLSI optical interconnect
is being demonstrated, that provides especially designed Field Programmable Gate
Arrays(FPGA)-processors with four 8x8 optical links that are capable of data rates
of up to 160 Mbit/s per link.

Our group designed the 8x8 CMOS transmitter and receiver electronics that was
integrated into the digital FPGA-processor. Realized in a 0.6 micron gate-length
CMOS technology, the VLSI-chips are currently being assembled with their opto-
electronic and optics parts for the demonstration of an optical VLSI-processor to
processor interconnect with a communication capacity of up to 256 x 160 Mbit/s.

Field programmable gate array-processor
chip (165’000 transistors) with transmitter
and receiver arrays in complimentary metal
oxide semiconductor (CMOS) technology

  8x8
receiver
array

 8x8
trans-
mitter
array

FPGA
proces-
sor {

Eye-diagrams of CMOS photo-
detector-receiver outputs,
demonstrating high-speed ca-
pabilities:
upper trace with mean photo-
currents of 12µA at 250Mbit/s,
lower trace with mean photo-
currents of 110µA at 500Mbit/s
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CMOS Laser Drivers for 4 Gbit/s Optical Interconnects 0.1
Richard Annen

Optical links employing vertical-cavity-surface-emitting-lasers (VCSEL) are a
promising alternative to electrical links for inter- and intra-board communication.
In particular the low threshold current and low size of these devices make the real-
ization of power efficient, high density parallel optical transmitters feasible. NxN
multi-dimensional laser arrays are flip-chip mounted on CMOS VLSI chips which
have appropriate I/O ports with CMOS laser driver circuits.

However the inherent high series resistance of low threshold VCSEL’s may limit
the modulation speed to less than 1 Gbit/s if conventional driver techniques are
used. Therefore we developed driver circuits in 0.25µm CMOS technology with
optional current peaking operation mode to pre-compensate potential laser band-
widths limitations and thereby allow operation to higher bit rates.

A VCSEL driver realized in 0.25µm CMOS technology, when operated in non-
current peaking mode, allows VCSEL’s with 270 Ohm series resistance to be driven
up to bit rates of 500 Mbit/s. The same driver operated in peaking mode allows the
same VCSEL to be driven up to much higher bitrates of 4 Gbit/s.

40mV/div; 1ns/div

2ns

Optical output of 850 nm VCSEL with CMOS driver operating in non-peaking mode. Open
eye diagrams show speeds extends to 500 Mbit/s.

40mV/div; 100ps/div

250ps

Optical output of 850 nm VCSEL with CMOS driver operating in current peaking mode.
Clear open eyes are maintained up to bit rates exceeding 4 Gbit/s.

Poff=70uW

Pon=230uW

Poff=35uW

Pon=370uW
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Large Area Solar-blind PtSi-nSi Photodetectors

K. Solt, and H. Melchior (ETH-Z, IQE, Micro- and Optoelectronics),
H. Henneken, P. Kuschnerus, H. Rabus, F. Scholze M. Richter
(Physikalisch-Technische Bundesanstalt Berlin)

A new kind of solar-blind photodetector has been developed, that combines
the high stability and sensitivity in the UV with a suppressed photoresponse in
the visible-near-infrared spectral ranges. The device is basically a PtSi-nSi
photodiode that has an exceptionally large radiation hardness all along from the
UV to soft X-ray range, as measured at the soft X-ray and UV/VUV detector
calibration facilities of the Physikalisch-Technische Bundesanstalt in Berlin [1],
containing, however, an additional, sub-surface potential barrier, that prevents
collection of charge carriers created at depths below this barrier.

The advantage of this structure over the traditional junction diodes is its
radiation hardness, due to the lack of protective oxide on the light-sensitive
surface. Moreover, the light-sensitive area of the diodes is not limited by any
technological factor, it can be as large as those of the common silicon Schottky
diodes, which is their great advantage over the GaN and other compound-
semiconductor solar-blind diodes.

New achievement is, that for the first time, the optical constants n and k of thin
PtSi layers for wavelengths ofλ<200 nm have been experimentally determined
[2].

[1] H. Rabus, V. Persch and G. Ulm, Appl. Optics36 (1997) 5421-5440
[2] P. Kuschnerus, "Quantenausbeute von kristallinem Silizium im Spektralbereich von 40 nm

bis 400 nm.", Dissertation der Technischen Universität Berlin, D83, 1999.
[3] C.K. Chen, B. Nechay, and B-Y. Tsaur, IEEE Trans. Elect. Dev.38, 1094, 1991
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Refractive index n, and extinction
coefficient k determined on our thin PtSi
films in the wavelength range of 50 to 500
nm. As a comparison, the n and k values of a
20 Angstrom thick PtSi film aboveλ=200
nm [3] are also shown.
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New insights into low dimensional structures and wafer fused
devices 0.1
A. Rudra, F. Lelarge, K. Leifer, E. Kapon, E. Gini, M. Ebnoether

This is a selection of results obtained through the collaboration with the nanostruc-
ture group of Prof. Kapon in EPFL.

Quantum wires and microcavities
(C. Constantin, E. Martinet, B. Gayral, J.M. Gérard)

Dense arrays of ~10nm size, strained InGaAs/GaAs V-groove quantum wires
(QWRs) were incorporated in a wavelength-size planar Bragg microcavity using
several growth steps. Ridge- and pillar-like microresonators were then processed
from the planar cavity using lithography and etching techniques, in order to provide
the lateral photon confinement in photon wires and boxes. Resonant coupling be-
tween the wires and a planar microcavity results in a strong reduction of the photo-
luminescence linewidth (~ ¸10), and a significant increase of the on-axis intensity
(~ x50) of the InGaAs QWRs. When the planar microcavity is etched into a 4mm-
wide pillar, the coupling with the resonant modes of the photon box leads to a series
of extremely narrow (0.45meV) PL emission peaks.

Wafer-fused VCSEL’s and resonant photodetectors at 1.5 m
(A. Sirbu, V. Iakovlev)

8x1 VCSEL arrays with emission wavelengths regularly spaced between 1520nm
and 1530nm were obtained by adjusting the cavity length before the wafer fusion
process. Anodic oxidation was used to adjust the height of the mesas used in the lo-
calized fusion process to correspond to each laser of the array.

Single mode emission with a side mode suppression in excess of 40 dB is obtained
under optical pumping.

VCSEL structures were also evaluated as resonant photodetectors and showed a
detection spectrum with a FWHM as narrow as 0.02nm at 1527nm under forward
bias.

Few-particle states in the optical spectra of single quantum dots
(A. Hartmann, Y. Ducommun, D. Oberli)

The number of excess electrons in pyramidal shaped quantum dots (QDs) was
controlled using above barrier laser excitation. In the micro-photoluminescence
spectra, we identify transitions corresponding to the recombination of neutral and
up to 5 times charged single- and multi-excitons.
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Optical processes in AlGaAs/GaAs V-groove quantum wire waveguides, di-
odes and LEDs (E. Martinet, H.Weman, M.A. Dupertuis, L. Sirigu)

- Electron injection was shown to be the most effective mechanism for altering the
QWR absorption. We observed a complete quenching of the absorption edge in n-
Schottky diodes with a Burstein-Moss blue shift associated with the filling of sever-
al electron subbands. An electro-optic modulator was hence realized using a single-
QWR p-i-n diode embedded in a V-shaped dielectric waveguide. The room temper-
ature absorption edge was red-shifted by more than 40nm under electron injection.

- Efficient selective carrier injection through the vertical quantum well results in
narrow linewidth electroluminescence at room temperature. Injection experiments
into asymmetric double QWRs under high magnetic field indicate that emission
originates from strongly Coulomb-correlated 1D excitons up to very high carrier
densities.

In segregation in InGaAs/GaAs quantum wires
(F. Lelarge, K. Leifer, C. Constantin)

Electron Energy Loss Spectroscopy allowed the quantitative mapping of the In
content in InGaAs QWRs. A strong segregation develops at the bottom of the wire
due to the larger diffusion length of the In containing species. This segregation pro-
duces a vertical quantum well structure with a few nanometers wide central branch
showing an InAs content up to 30% for a nominal value of 15%. An intense room
temperature PL emission with a linewidth as narrow as 30meV was obtained from
dense (4/ m) InGaAs QWR arrays at a wavelength of 1.16 m.

Direct observation of quantum contact resistance
(D. Kaufmann, B. Dwir, I. Utke, A. Palevski)

In modulation doped GaAs/AlGaAs QWR structures, the electrons access the
QWRs non-adiabatically through a 2D-1D transition zone. Each level of quantized
conductance is therefore reduced by a quantum contact resistance. This resistance
was measured as a function of the transition zone length through electrostatic con-
trol. It was shown that below a critical contact length, 2D-1D electron transition can
be totally inhibited due to insufficient 1D-2D coupling.
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Opto Speed SA 8.1
R. Dall’Ara, M. Blaser, W. Hunziker, Ch. Holtmann, J. Eckner, R. Bauknecht and
coworkers

Opto Speed SA is a Spin-off company of the Micro- & Optoelectronics Laborato-
ry of the Institute of Quantum Electronics. It has been founded in 1995 to exploit
some of the excellent research work by specific product developments. Based on
the fabrication of chips and modules for the tele- & datacom market realized in InP
based semiconductor technology the company has expanded to 15 employees. Main
product areas are photodetectors, semiconductor optical amplifiers (SOA’s) and su-
per luminescent light emitting diodes (SLED’s), as well as the hetero bipolar tran-
sistor (HPT) technology for integrated optoelectronic devices such as receivers. The
following parts gives some examples of the photodetector, SLED, and HPT area.

InGaAs/InP Photodetectors
The photodetector technology is based on pin photodiodes in InGaAs on InP semi

insulating substrates grown by MOVPE. A large variety of different types of pho-
todiodes for different applications in telecom, datacom and metrology have been re-
alized. Photodiode diameters vary from more than 100µm for tolerant coupling to
multi mode fibers down to 12µm for very high speed applications. Different de-
signs also include single photodiodes or arrays where the pitch between the photo-
diodes for parallel interconnect is kept to 250µm to allow direct coupling to ribbon
fiber cables. Further variations are top- and back illuminated devices for different
applications and packaging technologies. For the back illuminated devices the sen-
sitive wavelength range is limited from 980 to 1600 nm as the shorter wavelengths
between 800 and 980 nm are absorbed by the InP substrate.

Photograph of photodiode chip with Ø
32µm diode and electrical coplanar trans-
mission lines for high speed applications

Layout and photograph of 12 channel
photodiode array chip with 250µm pitch
between photodiodes to allow direct opti-
cal coupling to fiber ribbon cable
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Another strong feature of the photodiode structure is the full depletion of space
charge region at voltages below 2.5V. The full speed of response can therefore be
achieved in connection with standard high speed electronic IC’s. High speed pho-
todetector modules for telecom applications and metrology up to 40 GHz are real-
ized by packaging of high speed photodiodes with bias-T and optical coupling to
single-mode fibers.

Super Luminescent Light Emitting Diodes
Super luminescent light emitting diodes (SLED’s) are of great interest for optical

low coherence reflectometry, spectrum-sliced wavelength division multiplexed
systems, fiber-optic sensors and optical waveguide characterization. Opto Speed
produces SLED’s packaged in DIL housings that can offer ultra high output powers
of more than 20mW in a single-mode fiber, low spectral ripple of less than 0.1dB
or bandwidths of more than 60nm at FWHM. These compact SLED’s are available
for the wavelength ranges around 1310nm, 1400nm as well as for 1550nm. New
SLED’s are developed for the extended wavelength range around 1620nm.
The fabrication of edge-emitting super luminescent light emitting diodes is based
on InGaAsP / InP material system and exploits the ridge-waveguide structure with
bulk or multiple quantum well active region.

High speed photodetector module for
applications up to 40 GHz with single
mode fiber pigtail and integrated bias-T Impulse response of high speed photode-

tector module showing FWHM <12 ps
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High-Speed Optical Receivers
Opto Speed’s high-speed fiber-optical receivers are designed for 10 Gb/s OC-192/

STM-64 SONET/SDH high-capacity fiber-optical communication networks. The
advanced technological concept of these devices is based on the monolithic integra-
tion of InP-HBT (hetero bipolar transistor) preamplifiers and InGaAs-pin-photo-
diodes, which offer both exceptional performance and low power consumption.

References:  Datasheets at www.optospeed.ch
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Development of Superstrate Cu(In,Ga)Se 2 Solar Cells 0.1
F. -J. Haug, M. Krejci, H. Zogg, A.N. Tiwari

Thin film solar cells are grown in a “substrate” or “superstrate” configuration. We
have grown ZnO:Al/ZnO/CdS/Cu(In,Ga)xSey/Mo/glass substrate solar cells with
an efficiency of 15.7%. In this case a transparent encapsulation material as well as
another glass cover are required. In the superstrate solar cells the supporting glass
simultaneously is used as encapsulation. In this configuration the p-type CIGS ab-
sorber layer is grown on a wide band-gap n-type semiconductor which acts as a
front contact also. The chemical and electrical stability of the front contact is impor-
tant as process temperatures of about 500˚C during the absorber deposition may
cause interdiffusion and thus influence the electronic characteristics of the junction.

Superstrate solar cells are fabricated on glass coated with a bilayer of intrinsic and
Aluminum doped ZnO. These layers are grown by RF magnetron sputtering. The
CdS buffer layer which has a beneficial effect in the case of substrate solar cells can
not be used in this configuration due to strong interdiffusion during the vacuum dep-
osition of the absorber-layer.

Transmission Electron Microscopy (TEM) has been used to investigate the micro-
structure of the interface between ZnO and CIGS and an interfacial layer of 5 nm
thickness has been found. Additionally a high content of Gallium was found in the
interfacial region. The migration of Gallium toward the interface causes a non op-
timal doping profile across the junction. This could explain the observation of a
double diode in the I-V-characteristic of Au/CIGS/ZnO/ZnO:Al/glass superstrate
solar cells.

Improvements in the diode characteristics are obtained when the CIGS absorber
layer is grown with a Gallium depleted initial stage. Thus superstrate solar cells
with an  efficiency of 8.5% have been fabricated.

Sponsor: BBW/EU (JOULE project)
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Lightweight and Flexible Cu(In,Ga)Se 2 Solar Cells on Polymer with a
World Record Efficiency of 12.8% 0.1
M. Krejci, D. Rudmann, F.-J. Haug,  H. Zogg, A.N. Tiwari

Development of high efficiency, stable, lightweight and flexible solar cells is im-
portant for novel terrestrial applications. The Cu(In,Ga)Se2 (CIGS) solar cells are
also promising for space applications because their stability against high energy ir-
radiation are superior to crystalline Si and GaAs solar cells. The CIGS cells on poly-
mers can yield a very high specific power of about 1.5 kW/kg, which is 3-4 times
higher than that of conventional Si solar cells.

Typical CIGS absorber layers for high efficiency solar cells are grown on Mo
coated soda-lime glass substrates at temperatures of about 550˚C. A certain amount
of Na and high deposition temperatures are required for an optimum carrier concen-
tration and morphology of the CIGS absorber layer. None of the known polymers
can withstand such high temperatures and they do not contain Na. Thus low effi-
ciency solar cells are expected on polymers.

A lift-off process has been de-
veloped to obtain CIGS solar
cells on polymer films. The ab-
sorber layer is grown by a co-
evaporation method on a poly-
imide layer, which is spin coat-
ed on a NaCl covered glass
substrate. The NaCl intermedi-
ate layer can provide Na to the
CIGS layer during deposition.
After the complete processing
of the cells, the NaCl buffer
layer is dissolved to separate
the glass substrate from the
ZnO/CdS/CIGS/Mo/polyim-
ide stack. The total thickness of
the solar cell including poly-
mer substrate is less than 25
microns. A record conversion
efficiency of 12.8% was inde-
pendently measured at FhG/
ISE, Freiburg, Germany. This
is the highest reported efficien-
cy for any type of solar cell
grown on polymers. Sponsor: BBW/EU (JOULE project)

I-V characteristic of a 12.8% efficiency CIGS solar
cell on polyimide layer measured under AM1.5 illu-
mination.

Schematic diagram of the ZnO/CdS/CIGS/Mo/poly-
imide flexible solar cell.

Encapsulation

CIGS

ZnO

Mo
Polyimide

CdS
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CdTe/CdS Thin film Solar Cells
A.Romeo, D.L. Bätzner, H.Zogg, A.N. Tiwari

CdTe/CdS solar cells are grown by a high vacuum evaporation (HVE) method on
glass substrates covered with a transparent conducting oxide (TCO). The morphol-
ogy of CdS layers and its conformal coverage of the TCO substrate depends on the
deposition process and post deposition annealing treatment. The grain size of HVE-
CdS is in the range of 0.1 to 0.3µm and the layers are rough. If the CdS is grown
by a chemical bath deposition (CBD) then it consists of small grains of about 0.1
µm width which coalesce together and form clusters of about 0.5µm size. A treat-
ment with CdCl2 recrystallizes the CdS layers so that some of the small grains co-
alesce together and form bigger grains of 0.5µm width. The grain size and
crystallographic orientation of CdTe on different CdS layers have been investigated
and correlated with the photovoltaic properties. As shown in bottom figure the
grains of CdTe on HVE-CdS are in the range of 0.5 to 1µm. The CdTe on CBD-
CdS consists of some grains of about 1µm and many grains of about 5µm width.
The grains of the CdTe on CdCl2 treated HVE-CdS are in the intermediate size
range.

A “CdCl2 treatment” is performed for the recrystallization of CdTe and activation
of the CdS-CdTe heterojunction. The cells with CBD-CdS exhibit low efficiency
(5.6%) due to the presence of pinholes and excessive intermixing of CdS-CdTe at
the interface. The efficiency of cells on CdCl2 treated HVE-CdS is 11%, while the
highest efficiency of 12.5% (Voc=800 mV, Isc=23 mA/cm2, FF=0.67) is obtained
for the cells on HVE-CdS.

Sponsor: BBW/EU (JOULE project)

Morphology of HVE-CdS (left), CBD-CdS (centre) and CdCl2 treated HVE-CdS (right).

Morphology of as-deposited CdTe on HVE-CdS (left), on vacuum annealed CBD-CdS (cen-
tre) and on CdCl2 treated HVE-CdS (right).
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Efficient and Stable Electrical Contacts on CdTe/CdS Solar Cells 0.1
D. Bätzner, A. Romeo, H. Zogg, A. N. Tiwari

The long term stability and efficiency of CdTe/CdS solar cells depend on the
“CdTe back contacting” process. CdTe has a high electron affinity (above 5 eV),
therefore a metal of high workfunction is required to form an ohmic contact on p-
type CdTe.Most of the materials form a Schottky barrier with p-CdTe and restrict
the solar cell efficiency. To obtain an Ohmic contact or quasi-ohmic tunneling con-
tact a buffer layer between the CdTe and the metal is incorporated.

This buffer layer is of a degenerated semi-
conductor of high carrier concentration
which reduces the Schottky barrier height.

Conventional back contacts on CdTe/
CdS solar cells are commonly made with
Cu/Au or Cu/graphite. Usually such con-
tacts limit the solar cell efficiency and the
performance degrades because of the Cu
diffusion across the junction.

In order to develop “non-rectifying” and
stable electrical contacts the CdTe surface
was etched. Different etchants were inves-
tigated to clean the CdTe layer and pro-
duce a highly conductive Te-rich surface
which increases the doping concentration
of the back contact. First figure shows the
morphology of CdTe etched with a mix-
ture of nitric and phosphoric acid.

We have used vacuum evaporated
Sb2Te3 and Sb buffer layers for the first
time to obtain highly efficient and stable
solar cells. Investigations have clearly
shown that the long term stability depends
on the metallization also. CdTe/CdS solar
cells with efficiencies of 12.5% and stabil-
ity of more than 10 years according to ac-
celerated test conditions have been
developed.
 Sponsor: BBW/EU (JOULE project)

Long term stability of CdTe solar cells
with different back contacts.

CdTe morphology before (top) and after
(below) etching with nitric-phosphoric
acid.
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Heteroepitaxial high quality narrow gap lead-chalcogenides on
Si(111) and formation of quantum dots
K. Alchalabi, H. Zogg

High quality epitaxial lead-chalcogenide layers like PbTe and PbSe are obtained
on Si(111) substrates by molecular beam epitaxy. The large lattice mismatch as well
as the thermal expansion mismatch lead to a high number of dislocation lines at and
near the interface. Since dislocations are highly mobile in high quality lead-chalco-
genides and due to the thermal mismatch, the threading ends of the misfit disloca-
tions move on each temperature change in order to relieve the thermal mismatch
strain. If two threading ends meet within a certain reaction distance, and if their
Burgers vectors are appropriate, they react: They either annihilate, or fuse in a man-
ner that one dislocation only is left. Therefore, the number of threading ends at the
surface of the layer decreases on each temperature change. From the rate of the de-
crease, we calculated a reaction radius of about 7 nm.

For lead-chalcogenides, the low temperature saturation mobilitiessatare entirely
determined by the dislocation densities (This is contrary to e.g. III-V semiconduc-
tors, where sat is limited by impurity scattering).

The highestsat reported for lead-chalcogenides are~ 3·106 cm2/Vsec and corre-
spond to dislocation densities below 106 cm-2. For our epitaxial layers on extremely
lattice-mismatched Si(111) substrates, the highestsatare still 200’000 to 500’000
cm2/Vsec, this corresponds to dislocation densities in the mid 106 cm-2 range.

Layers with such dislocation
densities allow the fabrication of
infrared devices as well as of well
oriented quantum dots: If the
PbTe layer is overgrown with a
suitable amount of PbSe (lattice
mismatch 5%), equally oriented
dots with triangular side faces
corresponding to (100) planes
form with near uniform sizes.
Such dots are of interest for opto-
electronic applications like quan-
tum dot emitters.
Sponsor: Swiss NF AFM image of PbSe on PbTe(111) quantum

dots. The side faces of the dots correspond to
(100) planes.
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Development steps of a 128 x 96 heteroepitaxial narrow gap infrared
sensor array on a silicon read-out chip
K. Alchalabi, Q. Lai, H. Zogg, E. Gini

Narrow gap semiconductor (NGS) infrared sensors for thermal imaging exhibit
the highest sensitivities at a given operating temperature. The signals of the individ-
ual pixels are read-out serially with a silicon multiplexer. Present systems with e.g.
a large array of InSb or HgxCd1-xTe IR-sensors are fabricated in a hybrid manner:
The NGS sensor chip is mated to the Si read-out chip with indium bumps. The high
number and small pitch of the In-bumps yields to an expensive technology. By
growing the NGS IR-sensor layer directly onto the Si read-out chip, a considerable
simplification results, and a wafer scale technology becomes possible. Such devices
have not been realized up to now.

For our demonstration, we use lead-chalcogenides as NGS-material. These IV-VI
semiconductors are considerable easier to handle, but exhibit the same ultimate sen-
sitivities as e.g. HgxCd1-xTe. The read-out chips with 128 x 96 pixels on 75 mpitch
were fabricated in CMOS technology in Si(111). They contain individual address-
ing transistors for each pixel and a multiplexer.

Layers of PbTe with about 3 mthickness are grown by molecular beam epitaxy
onto the read-out chip. The temperature budget does not exceed 450˚C for 1 h be-
cause of the Al-metallization. The PbTe-layer is etched to individual pixels and sen-
sors are fabricated. The blocking Pb-contacts as well as the ohmic contacts and Al-
fan-out are delineated by lift-off techniques. As insulator layer, a photosensitive
polyimide is employed, and RIE serves for openings in the Si3N4/SiO2 passivation
layer of the read-out chip.

Presently, all these steps are devel-
oped, and a few arrays were successful-
ly processed for the first time.

Schematic cross section, part of the 2-d array,
and some individual pixels after complete
processing.

Al

Si(111)

Pt

insulator

Pb

Al

circuit
n-well

circuit

AlSi3N4/SiO2

PbTe poly PbTe

IR radiation
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Packaging of PbTe-on-Si infrared sensor arrays for thermal imaging
H. Zogg, K. Alchalabi, M. Leopold

A compact sealed package for a thermoelectrically cooled linear PbTe infrared
sensor array sensitive in the 3-5 mwavelength range was designed and realized. The
sensor array contains 128 pixels and is soldered onto a 4-stage thermoelectric cool-
er. The two read-out chips each containing 64 parallel low-noise integrators and one
serial analog output are bonded on a ceramic substrate and operated at room tem-
perature.

The electrical connections between the cooled sensor pixels and the inputs of the
amplifiers are realized with a novel low thermal conductivity flexible kapton foil
which contains thin film gold leads as conductors.

The electrical connections to the outside world are formed on the same ceramic
substrate with the aid of novel planar thin-film feed-throughs. The pitch of the Au-
pads serving as feed throughs is 250 m.For electrical insulation, a low temperature
glass solder is used which solders the substrates containing the electric lines to a ce-
ramic ring. The top of the package with a sapphire window as well as the bottom
onto which the high temperature side of the thermoelectric cooler is soldered com-
plete the package. The solderings have to be performed with different low temper-
ature alloys since the thermoelectric coolers do not withstand temperatures higher
than 138 ˚C.

A nonevaporable getter is used to maintain the vacuum. The sensor array and
package are fully operative, a sensor temperature below -66˚C is reached.

10 mm

sapphire-window Sensor-array,
backside-illuminated

flexible-foil 
connection

Si-read-out-chip

4-stage thermoelectric cooler

bottom

getter

lower cylinder,
soldered

substrate (ceramics)
with Au-pads

glass-solder/
ceramics

upper cylinder,
soldered

Cross section (left), Ceramic substrate
with IR-array and ribbon cables on test
fixture (bottom left), completed package
(bottom).

Sponsors: GRD, KTI
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