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Dear Reader,

Welcome to the second e-Newsletter of the IST Project
WWW.BRIGHT .EU: Wide Wavelengh light for public
Welfare High-Brightness Laser Diode Systems for
Health, Telecom and Environment Use, a European
Integrated Project on high-brightness laser diode
technologies. Indeed, High brightness laser diode
technology is a key enabling technology for the
information society of tomorrow, especially in the fields
of health-care, telecommunication, environment and
security.

The WWW.BRIGHT.EU consortium of 23 partners is
pursuing a long-term vision aimed at pushing the limits
of the current laser diode technology towards higher
brightness, and stimulating the development of new
applications and markets such as biophotonics
(photodynamic therapy and fluorescence diagnosis). Our
approach consists of mobilisingthe expertise of the main
European actors of the laser diode core technology, and
coupling it with highly nnovative optical technologies.
Industrialisation issues are being explored through
packaging and reliability studies.

Our project is going well. A lot of good results have
been obtained as shown by the important list of
publications and conference papers listed in this
Newsletter. There are strong interactions and regular and
various exchanges between partners. This second
Newsletter gives the project news and presents three
technical topics: quantum dot material, modelling of
tapered lasers and micro-optics for coupling into fibres
among the several ones covered by our project.

We hopethat you find our e-Newsletter interesting and
informative. If you are interested in exploring the
advantages offered by high-brightness lasers for your
applications or simply wish to comment upon or discuss
any of the issues touched upon in the e-Newsletter in
greater depth, please do not hesitate to contact us.
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By Nicole PROUST, Clean technology expert, TRT-Fr

Before reviewing the hazards and the risks for operators related to III-V MOCVD, it is necessary to explain briefly
how chemicals can interact with biological cells in order to introduce environmental toxicology.

After exposure to xenobiotics (foreign substances), the objective of the organism is to transform these exogen
chemicals into water-soluble metabolites (by-products) easily excretable - generally through urine.

The solubility is of importance as the starting chemical or its metabolites can exhibit different characteristics:
soluble in water, in lipid, in both or insoluble.

Chemicals can enter the human organism by several routes, the most important are the respiratory, the nasal, the
cutaneous and the oral ones, the oral being a secondary one. [Hugues, 1996]

The respiratory track is composed of three different
specific regions, which prohibit or limit the ability of

toxins to enter. Nasophary s

Larynx and vocal ©lds

In the upper part ofthe respiratory tract, from nostrils to
larynx, the air is cleaned, humidified and thermally
adjusted. Mucus and hairs are able to trap particulates
larger than 5 pum in diameter preventing them from
entering the lower part ofthe respiratory system.

The tracheobronchial region is composed of the
trachea, the bronchi and the bronchioles. A mucociliar
escalator can trap small particulates (2-5 pm) and
water-soluble toxic gases, which will be transported out
of'the lower region ofthe respiratory system.

Respiratory system route

The final part is the alveolar region, where respiration takes place. The end result is 400- 1200 millions alveoli in a
healthy adult human lung, which means a surface area o fapproximately 80 - 120 m? for gas exchange. Particulates
of less than 1 um as well as non-water-soluble gases can reach the alveoli. Then, before the initial pollutant may
enter the cardiovascular system, different biological processes will take place according to the nature of the
pollutant and properties.

The amount of toxin that can enter the body is a function ofthe volume breathed in one minute. This volume for a
normal adult at rest is in the range of 6 litres, this value is very significantly enhanced under physical activity and
this allows increased contact of the pollutant with the alveoli tissue. Due to the specificity of the respiratory tract
and its close association with the blood stream, pneumocytes (cells which form the alveoli) are able to transport the
toxins quickly in the lung blood circulation for a distribution in the rest of the organism.
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The digestive route flom mouth, to stomach
and intestines, also includes organs such as
pancreas and liver... Absorption can take place
across the mucosal lining anywhere along the
digestive system.

Most of the absorption of food and toxins takes
place in the small intestine, while the large
intestine, which is the final region of the
digestive system, is not considered a major site
ofabsorption for occupational xenobiotics.

There is a significant difference between the
pulmonary and the oral routes in terms of
metabolisation. In brief the toxin may go
directly into the circulatory system when
exposure occurs by the pulmonary route. In the
case ofingestion, the toxin may go first through
the liver before passing into the blood stream.
The liver acts as a filter, since many of the
biological processes of metabolisation and
detoxifi cation take place here.

SUBCUTANEOUS TISSUE

Several routes of absorption through the skin are
possible; the most common is the cutaneous
adsorption followed by a passive diffusion through
the epidermis into the dermis, where the xenobiotics
may enter a blood vessel. If the exogen chemical
enters a hair fllicle or a sweat gland, the passage
into the derm will be accelerated.

Molecules small in size, non-polar and lipid-soluble
will diffuse quickly.

Skin burns enhance penetration and distribution of

toxins into the organism.

Pharynx

Esophagus

Spleen

Pancreas

Ascending Descending
Colon Colon

Small
intestine

Digestive system route
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After exposure, absorption will occur. Absorption is the process by which toxins cross the epithelial biological
cell barrier. Depending on a lot of factors (nature of the chemical, dose, duration and type of exposure), the
toxin may limit its contact with the outer surface of the cell or cross the cell barrier, enter into the cell, move
through the cell, enter into the circulatory or lymphatic system.

To enter into a cell, chemicals have to diffuse through its lipidic membrane, which is easy for lipid-soluble
substances. Xenobiotics when in the blood stream may be transformed and are disseminated into the organism.
Some biological trans formations take place in various organs (liver, kidney...); tissues (skin....) or blood and
by-products are created. The various reactions of metabolisation are more or less sophisticated, sometimes
they can they can take time, particularly for lipid-soluble substances. Such specie, during their "travel" into the
organism, will stay and be stored in some organs for a variable period oftime, from hours to years depending
on the chemical molecule. This results in more or less important toxicity problems. The figure below
summarises the situation from exposure to intoxication and excretion.

The liver is a very important organ that acts as a filtering system. Many xenobiotic chemical metabolisation
reactions take place into this filter and its role is important for arsenic.

EXCRETION
Excretion without any
modification (expiration...)
T WATER-SOLUBLE COMPOUNDS
IN BLOOD METABOLISATION (liver,

ABSORPTION * STREAM ﬁ lung, skin, ...)

exposure route \ DISTRIBUTION / |

TSI COMBINATION WITH
(pulmonary, MACROMOLECULES
dermal or oral) STORAGE ¢

(Kidney, liver, nervous system...

- or - LONG TERI
I P oo

From exposureto intoxication and excretion

5
http://www. bright-eu. or



e-Newsletter n°2 - May 2006

2- Important properties of chemicals

Some physicochemical properties of'chemical species are very important because they give useful information to
try to understand toxicity mechanisms. The physical state of the molecule at room temperature, the melting and
boiling temperature, the solubility... are some parameters that help to evaluate the way of penetration and the
magnitude of the potential exposure. Reactivity with water, dioxygen and others is also important. We have to
keep in mind that water is one of the preponderant constitutive components of biological environments (75 %)
and some toxins will interact with this ubiquitous molecule. Chemical solubility determines the penetration
kinetics into the cells and then the metabolisation and excretion kinetics. The figure opposite illustrates the
influence of solubility on the metabolisation pathway. As indicated above, toxic molecules can be insoluble,
lipid-soluble or water-soluble. Sometimes chemicals have a partition coeflicient between water and lipids, which
complicates the situation, but is very important Absorption repartition and storage of an element in the
organism depend on the chemical species concerned (speciation) and are a function ofthe speci fic compound.

- XENGBIOTIC

\
4’

STORAGE IN

TISSUES

Entero-hepatic Cyck URIN ARY

llh MINATIC M

Influence of solubility on the metabolisation pathway

In summary, the toxicity of ions and molecules depends on their physicochemical properties at ambient
temperature, volatility, solubility in water and/or in lipids, reactivity with di-oxygen, possibility to form
organomineral compounds... This first part is a briefintroduction to environmental toxicology, it will be followed
by other parts giving information on arsenic, gallium and indium toxicity and on risks related to III-V MOCVD
(see the next e-Newsletter).

Bibliography

Hugues W. W., Essentials of Environmental Toxicology : the effects ofenvironmentally hazardous substances on
Human health, 1996, Taylor and Francis, London.
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PRESENTATIONS OF SOME OF THE PARTNERS

Partner 14- Lund Laser Centre

Lund Laser Centre (LLC) is located within Lund
University in Sweden and specializes in exploring
light-matter interaction both for basic research and
for a large number of applications. Being one of
the largest laser laboratories in Northem Europe, it
is included in the European Commission Large
Scale Infrastructure programme, meaning that any
researcher within EU can apply to utilize this
laboratory for projects requiring unique equipment
or expertise available at LLC. Information about
the facilities and the application procedure is
available through the home-page: www.llc.Ith.se.

Lund University also hosts a Medical Laser Centre
as an active part of the Lund Laser Centre. This
Centre is heac{)ed by Prof Stefan Andersson-Engels
from Department of Physics and Associate
Professor Katarina Svanberg fiom Department of
Oncology. These persons also lead the LLC
activities within the Bright project. The research at
the Centre is within the field of biomedical optics
with clinical applications. We have been working
with methods to measure optical properties, both
for diagnostic purposes and for dl())sirnetry in
connection to photodynamic therapy. The expertise
gained in modeling and measurements of optical
properties has been used to develop a novel
mnterstitial photodynamic system with on-line
feedback. Spectroscopy is here used to reveal the
presence of important constituents for PDT during
the treatment: light, photosensitizer and oxygen.
For these measurements, we have also employed
the long experience of fluorescence spectroscopy
for tissue diagnostics, another main area of
research within the Centre, with numerous clinical
evaluation studies with positive results. Much
effort has also been paid to develop tools for time-
resolved diflise remittance spectroscopy to
measure absorption and scattering  spectra.
Developed instruments and evaluation routines
have been used in optical mammography research
and have also gained interest for in-line control
measurement in the pharmaceutical industry. The
development of a novel technique to measure the
absorption of a gas in highly scattering materials
has been successful. This technique has been
explored for monitoring the sinus cavities. Another
direction of the researc%l at the Centre has been to
develop novel laser- based X-ray sources for
radiographic imaging, where the small source size
and possibilities for gated imaging suppressing
scattered X-rays, provide interesting prospects in
reduced absorbed dose.

The Centre has contributed significantly to the field
of biomedical optics. Historically, the group has
been a pioneer in both fluorescence spectroscopy
and time-resolved remittance measurements for
tissue diagnostics, as well as in photodynamic

therapy  using
photosensitization.

topically applied ALA for

The research interest of the group has since
expanded both on the basic research level and on
clinical applications. During recent years, the most
outstanding research activities involve clinical
evaluation of fluo-rescence spectroscopy and
imaging in a number of clinical specialities,
development of a system for interstitial
photodynamic therapy utilizing results ffom on-line
feed-back measurements for treatment guidance,
tissue  characterization using  time-resolved
spectroscopy, as well as the development of a
technique to measure concentration of gases in
turbid media, such as tissue.
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The ongoing research and development in
photodynamic therapy yields a possibility to treat
larger tumour volumes and may thus allow
inclusion of new indications to be treated.
Presently, a pilot clinical study for treatment of
malignant lesions in the prostatic gland is planned.
Clinical fluorescence spectroscopy/  imaging
studies have been conducted to evaluate the
potential of the technique in characterizing colonic
polyps as well as laryngeal and brain tumours with
very good results. Fluorescence techniques are also
refined to enable improved depth resolution in
fluorescence molecular imaging. We have
furthermore pursued time-resolved measurements
for tissue charac-terization, by, for instance,
developing a system based on whitelight
generation in a micro-structured optical fibre, and
detection of the remitted broad-band light with
both wavelength and temporal resolution using a
spectrometer equipped with a streak-camera. The
time-resolved  technique has been wused for
characterizing breast tissue in vivo, and has also led
to a spin-off project, where AstraZeneca are very
interested in developing a technique for inline
production analysis of pharmaceuticals. The aim
with another project within the group is to employ
the unique fatures of the GASMAS technique
developed within the group for specific clinical
problems. Here sinus cavity diagnostics is a first
application. Premature / Neonatal lung diagnostics
is a further possibility to explore.

Activities in WWW.BRIGHT-EU

The research activities within the BRIGHT.EU
project is concentrated to the development and
evaluation of pulsed 405 nm diode lasers for
fluorescence diagnostics. The partner has already
participated in two joint measurement campaigns
within the biomedical application workpackage;
one at ICCS in Athens and one at Biolitec in Jena.

For further information, please contact Prof Stefan
Andersson-Engels, tel: +46-46-2223121

(Stefan.and ersson-engels@fysik. Ith.se).
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Partner 20- The University of
Nottingham

The Photonic and Radio Frequency Engineering
Group (PRFEG) in the School of Electrical and

Electronic Engineering pursues cutting edge
research topics in photonics and microwave
technology. PRFEG researchers have come
together fom a wide range of cultural backgrounds
to create a dynamic and enthusiastic research
environment. The group’s research activities are
organised along three research strands, which are
finded by the European Commission, EPSRC and
industry.

The research activities of the High-Power
Optoelectronics research strand, established in
1995, have contributed to the European high-power
laser  diode  projects WWW.BRIGHT.EU,
POWERPACK, ULTRABRIGHT and also
NODELASE. The group’s activities focus on: a)
the design and modelling of high-power and high-
brightness lasers; b) reliability and degradation
studies of high-power laser diodes; and c) the
development ofnovel high-brightness laser diodes.

Mounting a laser bar for a spectroscopic
electroluminescence microscopy measurement

The Group has successfully developed 2.5D & 3D
coupled models (i.e. optical, electronic and
thermal), including a multi-wavelength “spectral”
model fr the predictive design and simulation of
high-brightness laser diodes.
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Advanced models for gain dynamics and thermal
effects in laser diodes are also being developed.
We have developed a high-current (50A) non-
destructive probe for CW testing of unmounted
laser bars and a flexible, state-ofthe-art facility for
characterising  optoelectronic ~ materials  and
devices. Recently, we proposed a “by-emitter”
degradation analysis method, which allowed us to
identify a packaging-induced strain threshold for
emitter degradation.

The research activities of the Photonic
Communications Technology research strand are
focused on studying devices, physical effects and
materials that will have a major impact on
communications infrastructure over the next
decade. These include gain dynamics and non-
linear optical effects in semiconductor optical
amplifiers (SOAs) for wavelength conversion and
functional photonics, novel optical materials and
optical power budget / amplification in photonic
integrated circuits (PICs). A particular emphasis is
given to optical sampling using SOA-based four
wave mixing for pulse characterisation and bit
error rate (BER) estimation. Optical regeneration
technologies and optical performance monitoring
techniques are also being investigated. Further-
more, there is an activity looking at the non-linear
effects of real com{)onents in optical network /
system contexts including the transmission of rf
signals over optical communication channels.

The RF Devices, Circuits and Materials research
strand activities, grew out of a close interaction
with the School of Physics. The activities are more
oriented towards the interaction of microwaves
with materials in general as well as the design of
microwave integrated circuits for material
assessment applications. In collaboration with the
applied optics group, we are investigating active
pixel circuits operating above 1GHz. Devices for
microwave power and millimetre waves are being
actively investigated. The strand is benefiting from
the purchase of a new vector network analyser that
will allow the characterization of active and
passive rfdevices and circuits to 330 GHz

PRFEG belongs to the University of Nottingham
Institute of Materials (UNIMAT) and plays a
leading role in the UNIMAT Interdisciplinary
Doctoral Training Centre (IDTC) for Photonics and
Electronics, which is finded by the University to
stimulate interdisciplinary research and training
between the Schools of Electrical and Electronic
Engineering, Physics, Chemistry, Mechanical,
Materials and  Manufacturing  Engineering,
Pharmacy, and Medical and Surgical Sciences.
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The IDTC promotes interdisciplinary research and
the training of interdisciplinary researchers.

Activities in WWW.BRIGHT-EU

Within the project, UNott are contributing in the
areas of laser simulation and design, advanced
characterisation, and reliability. UNott are develo-
ping a new spectral laser simulation tool for the
simulation of high-brightness extemal cavity laser
diodes and are also working with UPM on the
simulation and design optimisation of tapered
lasers. UNott is performing detailed intracavity
electroluminescence imaging measurements on ta-
pered lasers, which will be used for advanced
validation of the laser simulation tools. UNott is
using the by-emitter technique to look at bar-level
degradation processes due to thermal, electrical
and mechanical interactions between emitters.
Spectroscopically-resolved photoluminescence mi-
croscopy measurements are being used to in-
vestigate correlations between degradation and the
distribution of strain. Finally, UNott are also co-
ordinating the WWW.BRIGHT.EU training and
dissemination activities.

For further information, please contact: Professor
Eric Larkins (eric.larkins(@nottingham.ac.uk) Tel:
+44 115 951 5534.

Partner 22- University of Wiirzburg

Overall presentation

Microstructure Laboratory of the Technische
Physik with 550 m? clean room.
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The group at Wiirzburg University is investigating
different III-V material systems and new concepts
or the development of opto-electronic devices.
Based on high-resolution lithographic systems,
nanostructure patterning techniques with minimum
feature sizes below 10 nm were developed for
opto-clectronic applications as well as for basic
physics studies. The Microfabrication Laboratory
of the group (550 n? cleanroom) includes solid
source and gas source MBE systems for different
II-V material systems, high resolution electron
beam lithography, a high resolution focused ion
beam system, different dry etching systems, cw-,
pulsed and high frequency measurement tools for
opto-electronic devices. For basic material studies
e.g. high-Q cavities high resolution photo-
luminescence setups are available. Also, transport
properties ofnano-structured el ectronic devices are
investigated. Based on molecular beam epitaxy,
low threshold, high efficiency quantum well and
quantum dot laser structures were developed for
high power and telecommunication applications.

Based on different material systems (GaAs, InP,
GaSb), we cover the whol e wavelength range from
about 0.8 to 27 um Record values in cw output
powers of quantum dot lasers of 6.3 W were
achieved at 980 nm. Quantum dot lasers for 1.3 pm
emission wavelengths were realized with high
device performance (e.g. Ith = 2 mA for 400 pm
long device) and for longer wavelength appli-
cations quantum dash structures were developed on
InP substrates with transparency current densities <
500 A/em2 and emission wavelengths in the range
between 1.4 to 2 pm Ridge waveguide lasers
achieved threshold currents below 20 mA at room
temperature (300 pm long device). The first room
temperature lasers worldwide emitting > 1.5 pm on
GaAs using nitride-containing layers were reported
in 2000. Also research activities on quantum
cascade lasers for mid and far infra-red on GaAs
and on InP are performed within the group.

By using high-resolution lateral patteming tech-
niques (electron and focused ion beam
lithography), complex-coupled DFB lasers with
first order gratings were developed for
telecommunication and sensor applications in
different material systems and for different
wavel ength ranges (0.8 - 1 um, 1.3 pum, 1.55 pm
and > 2 um) Devices in the 1.55 pm wavelength
range were developed for high speed applications.
High frequency operation up to 22 GHz has been
achieved on high performance single mode lasers.
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New design concepts were developed based on
multi-section structures, which allow a strong
enhancement of the high frequency properties. Up
to 37 GHz small signal modulation bandwidth was
demonstrated. Another major research activity is
the fabrication and characterization of photonic
crystal structures, which require both high
resolution E-beam and dry etching techniques. This
approach requires the development of etch
processes with high aspect ratios, smooth sidewalls
and excellent geometry control. A number of novel
opto-electronic devices (e.g. PC based lasers) as
well as structures for fundamental studies of
photonic crystals have been realized with this
technology.

The major devices and device concepts have been
developed within the frame of different national
and European projects in cooperation with large
industrial partners (e.g. Infineon, Alcatel, Thales
...) and different medium and small size
companies.

The research group was and is active as
coordinator and partner in different EU projects
(e.g. NANOPT, NANOLASE, Q-SWITCH, PCIC,
ULTRABRIGHT, NANO-TCAD, BIGBAND;
FUNFOX, ZODIAC, WWW. BRIGHT-EL, ...).

Activities in WWW.BRIGHT-EU

Within the project, the group at Wiirzburg
University is realizing quantum dot laser structures
at 915 nm for uncooled pump applications.

Molecular Beam Epitaxy machine for GaAs
inside the Microstructure Laboratory.
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The goal is to make use of the improved
temperature stability ofthe emission wavel ength of
the quantum dots to achieve a thermal induced
wavel ength shiff lower than 0.1 nm/K. From these
structures, tapered lasers are processed to
investigate the capability of quantum dots in
uncooled pump modules. Another task is the
implementation of lateral gratings on tapered lasers
for wavel ength stabilization and multiplexing The
aim within this project is to achieve more than 1 W
of single mode output power fiom a 915 nm
quantum dot laser.

Partner 21- Universidad Politécnica de
Madrid (UPM)

The Universidad Politécnica de Madrid (Technical
University of Madrid) is the largest academic
institution in Spain devoted to education and
research in engineering and applied sciences. Its
more than 4000 faculty staff personnel and PhD
students participate in research and development
projects founded by local, national and European
institutions both public and private. Since 1998
UPM is one of the most active European
institutions in the EU Framework Programs: it
participated in 162 projects of FP5 with a total
funding of around 24 ME. At present, it is involved
in 56 projects in the FP6 in different thematic
priorities.

UPM is participating in WWW.BRIGHTEU
through the “Applied Photonic Group” at the
“Departamento de Tecnologia Fotonica” (Photonic
Technology Dept.). The group started its activity in
semiconductor lasers in 1992 and since then it has
conducted research in this activity in different
European  projects (NODELASE — 1996-99,
ULTRABRIGHT 2000-03, WWW.BRIGHT.EU
2004-06) and national projects in collaboration
with intemational and national groups. The main
research fields of the group in the last years have
been: modelling of high speed laser dynamics,
including carrier capture and escape balance, new
techniques for laser diode characterisation
(Capacitance—Voltage, sub-threshold Power-Cur-
rent -Voltage measurements, spatially resolved
spectral analysis, gain and linewidth enhancement
factor measurements), modelling of high brightness
tapered lasers, and modelling and applications of
VCSELs.
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The group has published more than 100 journal and
confrence papers on laser diodes, and has
developed and registered a soffware program for
the simulation of High Power Lasers (HAROLD
3.0) which is currently under commercial
exploitation.

Activities in WWW.BRIGHT-EU

The activity of UPM in the project consists of the
modelling, simulation and design of optimised
tapered lasers emitting at several wavelengths in
the near infrared. The final goals of'this activity are
twofold. The first goal is to provide the fabri cating
partners with design recommendations of tapered
lasers with optimised brightness.

X coordinate (ptn)

00 02 04 06 08 1.0 12 14 16 18 2.0
Z coordinate (mm)

X coordinate (um)

00 02 04 06 08 10 1.2 14 16 18 20
Z coordinate (mm)

Simulation ofthe normalised forward (top) and
backward (bottom) field intensity profile of an
index guided tapered laser.
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The second goal is to gain, based on simulations,
an understanding of the underlying physics that
determines the behaviour of'the devices, which will
help in the optimisation of the design.

UPM and UNott in a collaborative work have
developed a steady state simulation tool (ILDSP) in
the framework of a previous project (ULTRA-
BRIGHT), that has demonstrated to be able to
predict the behaviour of several tapered lasers. A
first task of UPM inthe project is to simulate with
the ILDSP tapered lasers at 975 nm and 915 nm
with different geometries and different epitaxial
layer

structures to seek an optimised design. A second
task, in collaboration with UNott, is the upgrading
of ILDSP by incorporating capabilities for the
simulation of lasers with new geometries (built-in
lenses, curved mirrors). Finally, athird task (also in
collaboration with UNott) is to wse the upgraded
tool to perform simulations and provide the
fabricating partners with design recommendations
or the new devices.

For farther information please contact: Professor
Ignacio  Esquivias  Tel: +349133673309.
(esquivia@t f0.upm.es)

Consortium of WWW.BRIGHT.EU
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Micro-optic cylindrical aspheric laser collimator for high power diode lasers
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FISBA OPTIKAG

FISBA OPTIK AG is a company based in St. Gallen, Switzerland, with around 370 employees, specialising in high quality
optics and optical systems for high-tech applications. Featured products are high power diode laser systems, camera objectives
and interferometers. Areas of expertise with respect to BRIGHT.EU are micro-optics design and fabrication, specific laser
coatings, micro-optics packaging, high-brightness laser module assembly and system integration. The optical design, the
development and the in house production of optical and optoelectronic systems based on diode lasers is the basis for many
successful OEM-products in diverse application areas, such as industrial printing, industral plastic welding and soldering,

medicine, defence and aerospace.

High power diode Ilaser

collimation lens

Fast-axis aspheric laser collimators have found
numerous applications in high-power diode laser
systems. The laser radiation is used indirectly as a
pump source for solid-state laser systems as well as
for direct applications of the laser-diode emission
in industrial processing, defence, space and for
medicine. High-power diode lasers will continue to
economically  penetrate  application  fields
traditionally occupied by conventional laser
systems, with more than several Watts available
from a single diode laser emitter or emitter arrays
at infrared and visible wavelengths. The high
brightness exhibited by the diode-laser source can
only be transferred to the application area by a very
high-quality collimation of the emitted radiation.
This starts at the very first lens afer the laser facet,
where the highest numerical aperture of the optical
imaging system is needed.

Especially for applications with an array of several
diode laser emitters on a single substrate along a
common emission facet (known as “bar”), a
cylindrical collimation system common

Optical design considerations

High-power diode lasers are built from edge-emitting Fabry-
Perot cavities on p-njunctions in semiconductor crystals. The
edge-emitting facets are formed by cleaving resonator mirrors
along crystal lattice surfaces and coating them. The lateral
dimensions ofthe laser cavity are determined by the epitaxial
processing of the base wafer material. The wave-guiding
propetties of the laser cavity provide varying resonator
functions such as single mode emitter, broad area emitter or
amplification by trapezoid geometry.

to all emitters proves most usefil

An optical imaging system of highest quality is needed
Pr singlemode lasers and arrays thereof Future
application fields for fast axis aspheric laser collimators
include the use of the diode laser in integrated external
cavity systems for wave-length and mode stabilisation.

Figure 1: Plane aspheric fast axis collimators with
different focal length

All of these laser-cavities are also available in parallel
structures aligned at a defined pitch in an array on a common
semiconductor substrate known as a diode laser bar. They
have an almost single mode Gaussian laser emission in the
axis vertical to the p-n interface, commonly known as the fast
axis (fast rate of increase ofspotsize in free-space due to the
larger divergence) and different degrees of mode content in
the horizontal axis along the p-n interface known as slow
axis.
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Optical design considerations

The very high quality ofthe diode laser emission inthe Due to the very small aperture of the diode laser
fast axis is advantageous in different coupling and waveguide along the fast axis, collimation in this
application schemes. Collimation and imaging with direction usually is achieved with cylindrical lenses
rotationally symmetric optics is useful only when the with a numerical aperture (NA) of the order of
spot-size ellipticity or the prevailing astigmatism is not NA>0.8. Optical solutions looked into for this purpose
of any importance to the application, or when enough are numerous. They range from spherical plano-convex
space is available fOr subsequent anamorphotic lens systems with various high refractive indexes, over
magnification or correction. Cylindrical collimation combined systems made ffom difierent plano-convex
and imaging optics, however, offer the advantage of cylinders to hybrid lens systems with diffractive or
simultaneous anamorphotic magnification and cor- refractive aspheric correction layers, aspheric plano-
rection for astigmatism ofthe diode laser. convex lenses or spherical or plano-parallel graded
index lenses.

. . o D o] ] @16 10 [ e | e Binie
Figure 2: Interferometric measurement of cylindrical i e
FAC with FISBA’s mPhase® 2 and mShape™ measu- s

rement and analysis software

Process and Performance
Parameters

The performance of the different optical systems can
be theoretically compared in terms of the residual
wave-fiont distortion (See figure 2).

Each has specific advantages for certain applications.
Nevertheless, under the aspect of optimum quality
and the concurrent demand fr economic production
processes, the optical design of the aspheric plane Most important for high brightness applications is an
convex system is the most performing and is optimum surface quality and an effective broadband anti-
therefore used for collimation and imaging purposes reflection coating. For specific applications targeting
in various applications. only one wavelength the coating can even be optimised
The aspheric design parameters used for the second to reach values of less than 0.1% residual reflection loss
surface of the plano-convex system depend on the per surface.

desired focal length. However, for actual systems the The focal length can be produced in a range from as low
aspheric constants up to the third order are by far as 0.1 mm to 2.5 mm with NA>0.8. In this range, each
sufficient to reach the diffraction limit. focal length requires a speci fic aspheric design.

The main drawback with the cylindrical collimation The production technologies available for the qualified
systems is found in the imperfect optical performance production range fiom etching, grinding and polishing or
with respect to the oblique rays emitted in directions wafer-scale fabrication together with appropriate coating
between fast and slow axis. and miniaturisation processes.
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Optical Materials

The materials used for the fabrication of the aspheric fast axis collimators are chosen from the available high
index glass types with a focus on glass with a low dispersion coeflicient, when the lenses are to be applied with
diode lasers at a spectral range in the near IR-band. Before being processed the glass is checked for the
homogeneity of the refractive index. Only very high index materials (n>2.3) are able to minimise the spherical
aberration to acceptable values, when focusing with spherical fast axis collimators.

UNITS: W |

JPTICAL SYSTEM LAYQUT

A

Y
—

Figure 3a: Optical design layout for a plane-aspheric  Figure 3b: Mechanical design layout for a FAC
FAC with f = 300 microns with f = 300 microns and FAC-nount (width of the

holder 12 mm)

Typical manufacturing tolerances

Special factors affect the relation between the effective ©cal length and the back focal length which is the distance
between the laser facet and the first optical surface. The back focal length should be as small as possible. Assembly,
however, requires a security margin of some 30-100 microns. Straightness tolerances of the optical focus line set
special manufacturing demands in the diferent directions of the laser emission in fast axis as well as in beam
direction.

It is most important, finally, that the active surfices be kept absolutely free of any absorbing residuals leading to
thermal heat-up and eventually to the destruction ofthe lens. A typical list of lens manufacturing tolerances is given
in table 1.

The handling of micro-optic cylindrical lenses is critical fr collimators with a focal length below approximately
0.5 mm This is typically solved with specific mounts and assembly structures also used fr joining the lenses with
the diode lasers (Figure 3b for details).

Typical tolerance Remark
Effective focal length 0.1-2.5 0.005-0.05 mm EFL
Residual divergence <15 0.1 mrad @EFL=10mm
Numerical Aperture >0.8 0.05 NA
Anti-Reflection Coating > 98% 0.005% 780- 1000 nm
Transmission
Back focal length 0.01-0.15 0.05 mm

Table 1: Typical manufacturing tolerances for plano-aspheric cylindrical laser collimator
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Interferometric quality control

To verify the performance, the lenses can be measured interferometrically with the FISBA’s mPhase® 2 Twyman-
Green digital interferometer. The mega-pixel resolution of this CCD-based evaluation allows for full qualification
along the cylindrical axis in a single interferometric measurement (see figure 2)

Additional direct testing concems the optical performance in cooperation with diode laser emission. In these tests,
either the residual power in the imaged pedestals or the transmission through variable slit widths is utilised for a
qualifi cation ofthe performance (See figure 4).
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Figure 4: FAC performance
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Comments and Outlook

The future driver of the FAC-performance is the availability of low cost and optimised standard designs for
specific industrial applications. The residual wave-fiont distortion as well as the transmission properties still can
be optimised. Further development trends are given with the requirement for shorter focal length as well as the
integration of specific and optimised assembly structures, which will allow for processes adapted to low cost
industrial assembly of micro-optic components and high-power diode lasers.

References

R. Diehl, U. Brauch, High Power Lasers for Direct Applications, in “High Power Lasers” ; Springer Verlag,
IBSN: 3-540-66693-1
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Quantum Dot Material for Uncooled High Brightness Laser
Diodes
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! Technische Physik, Universitit Wiirzburg, Am Hubland, D-97074 Wiirzburg, Germany
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Introduction

Since the first realization of semiconductor lasers about 40 years ago, tremendous improvements in device
performance have been achieved. The technology of the device fabrication was advanced at an enormous rate and
intensive research and development provided a deeper insight in the underlying physical effects. But only the
implementation of quantum wells in the carrier recombination zone, which was first realized in the end ofthe 70s
of the last century [1], made the breakthrough ofsemiconductor lasers possible. The reduction of the dimension of
the active region leads to a discretization of the energy states due to quantum mechanical principles. As a
consequence, a strongly reduced threshold current density as well as an increased material gain is permitted [2].

Nevertheless, many theoretical studies were conducted in order to allow a firther enhancement of semiconductor
devices. At the beginning of the 80s of 20t century, Arakawa and Sakaki pointed out that a further reduction of
the dimension ofthe active region could improve the device performance of semiconductor lasers [3]. Due to the
carrier confinement in all three dimensions, quantum dots should exhibit a significantly reduced threshold current
density and an enhanced temperature stability [4]. However, it took more than a decade to progress fiom the
theoretical prediction to the first realization of quantum dot (QD) lasers. Only since 1994, has the material quality
and the fabrication technique of quantum dots been good enough to allow the first laser with a quasi zero-
dimensional gain region [5]. Due to further improvements, QD lasers nowadays already show device properties
comparable to high performance QW structures [6], while some fatures are even superior.

Owing to the three-dimensional carrier confinement, quantum dots show a discrete energy spectrum with splitting
energies controlled by the geometric size. This discretization ofthe energy spectrum results in a d-peak as density
of states and therefore to a density of states at the laser energies, which is much higher than in bulk or quantum
well materials, so that a strongly improved probability of stimulated emission in laser structures is obtained. As a
result a higher spectral gain as well as a reduced threshold current density can be achieved with quantum dot
devices. The newest publications show that lasers with quantum dots as the active region exhibit ultra-low
threshold current densities with record values of only 17 A/cm? [7]. In addition, further important effects make
quantum dots especially attractive for semiconductor laser applications. So it is possible to tailor speci fic material
properties by the dot geometry itself As the quantum dots provide lower energy states than the surrounding
quantum well material, the recombination occurs spatially localized at the dot positions. This localization results
in areduced carrier diffusion length and therefore a reduction ofthe leakage current is expected. Additionally, the
symmetric gain profile of quasi zero-dimensional active regions leads to a small o-factor [8], which has a great
influence on many important device effects. A low o-factor improves the high frequency properties (chirp) and
leads to a reduced filamentation, which is of special interest for high brightness applications.
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To analyze the dependency of the beam profile on the dimension of the active region, different high brightness
lasers were fabricated in cooperation with Thales Research and Technology. Tapered lasers based on quantum dot
and quantum well material were realized and the near-field pattern was measured at various output powers.
Especially at a higher output power above 1 W, the quantum dot device shows a noticeable reduction of the
filamentation, which correlates with the smaller linewidth enhancement factor o. [9]. In Fig. 1, the near-field
pattemns of two identical tapered lasers with different active regions are depicted at an output power of 2 W. But
only the QD device shows a Gaussian beam profile, which demonstrates the advantages of quantum dots as the
active region in high brightness devices.

Growth of Self-Assembled Quantum Dots

The realization of the application relevant quantum dots became possible by the introduction of sel forganized
growth based on metal organic vapor phase epitaxy (MOVPE) and molecular beam epitaxy (MBE). These
techniques are capable ofthe controlled deposition of a fraction of an atomic monolayer and exhibit an enhanced
dot quality compared to prior etching or overgrowth methods. The driving force behind the selfformation is the
lattice mismatch between the underlying semiconductor layer and the dot material. In the case oflasers emitting in
the 1 um wavelength region, dots realized by In,,Ga, ,As on GaAs barriers showed the best results. The lattice
mismatch leads to selfassembled quantum dots with a high dot density of about 1 x 10'" cm? and a good
homogeneity with small size fluctuations. Thus, the gain is very high and a single quantum dot layer is suffi cient
to drive a laser device. Various layer designs were already studied to establish quantum dots for diferent laser
applications at various emission wavelengths. Today, GaAs-based quantum dot lasers emitting in the wavelength
range between 900 nm and 1.3 pum are main part ofthe research ofvarious working groups. Due to the simplicity
of the sel f-formation, the principle of self-assembly can easily be transferred to different material compositions
[10-12], so that a wide wavelength range can be covered easily.
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Fig. 1: Near-field pattems oftapered lasers diodes at an output power of 2 W. The QD laser shows a clearly
reduced filamentation compared to the quantum well reference (measured by Thales R&T) [13].
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Temperature Stability

Especially for fiber amplifier modules, high power pump sources with a temperature stable device performance
are of special interest. Because the temperature stabilization is expensive and power consumptive, lasers with a
reduced thermal induced wavelength shiff are preferred. With QD lasers, the temperature stability ofthe emission
wavel ength can be enhanced signi ficantly without deteriorating the basic device performance. By a specific design
of the quantum dot geometry in combination with an appropriate waveguide structure and an optimized optical
confinement factor, the temperature dependence of the emission wavelength can be reduced by a factor of more
than three in comparison to conventional QW lasers. In Fig. 2, the thermal induced wavelength shif of different
laser designs is depicted. 100 pm wide broad area lasers with emission wavelengths in the range of 1 pm were
measured under pulsed excitation with a duty cycle of 0.03 % at different temperatures between 20 and 80 °C.
According to Eq. 1, an increase ofthe operation temperature leads to reduction of the band gap energy.
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Fig. 2: Thermal induced shiff of the emission wavelength as a function of the operation temperature.

This shrinking of the band gap results generally in a red shiff of the emission. Therefore, the quantum well laser
shows a thermally induced wavelength shiff of 0.32 nm/K, which is typical for GalnAs QW lasers in this
wavel ength range. With quantum dot active regions, this behavior can be improved significantly. Owing to their
flat gain profile, QD lasers can partially compensate the inevitable red shiff of the wavelength [14], which results
in a more stable emission wavelength. To illustrate this effect, the spectral gain functions for different carrier
densities are plotted in Fig 3. For the QD structure, the ground and first excited transition state are taken into
account and a Gaussian shape broadening is assumed.
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In semiconductor lasers, an increase in temperature generally leads to higher intemal absorption and therefore
higher carrier intensities are needed to achieve lasing. But with increasing carrier densities, the gain maximum
shiffs towards higher energy due to the increased state filling. While the energy shift is relatively small in QW
lasers, QD lasers exhibit a much larger blue shiff of the gain maximum. This blue shiff can partially compensate
the aforementioned red shi ff, which is caused by the shrinking band gap. Especially near the flat region ofthe gain
curve of the QD lasers, an increase in carrier density leads to a large energy shiff and therefore to a temperature
stable emission wavelength. By tailoring the dot geometry, the slope of the gain curve can be improved, which
results in an optimized thermal stability with wavelength shifis as low as the temperature-induced change of the
refractive index [15]. Quantum dot samples with a larger energy splitting between the ground and first excited
transition states exhibit a very flat gain profile and thus a wavelength shiff ofless than 0.1 nnvK [13]. Similar
effects can be seen with InP or GaSb based QD lasers emitting in different wavelength regions [16, 17], which
confirms the unique quantum dot fature.
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Fig. 3: Theoretical material gain for different quasi-Fermi levels in case ofa quantum well (QW) and a quantum
dot (QD) active region.

High Power Device Performance

High power diode lasers using a quantum well as active region are state-ofthe-art and output powers up to 16 W
from a 100 wm wide facet were already published [18]. But due to the small linewidth enhancement factor and the
aforementioned very good temperature stability and reduced filamentation, quantum dot lasers are a promising
altemative to conventional devices. In Fig. 4, the light output characteristic of a 100 pm wide and 1 mm long
broad area quantum dot laser is depicted. The measurement was performed under continuous wave conditions at

12 °C. Despite the improved temperature stability, this laser exhibits a high output power of more than 3 W at a
drive current 0f3.5 A.
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A high slope efliciency emphasizes the good device properties and results in a high wallplug efficiency of55 % at
an injection current of 1.7 A. Similar results were already obtained with QD lasers at various emission
wavel engths [19, 20] and 100 um wide lasers with quantum dots as the gain region have already shown output
powers up to 6.3 W [21].

Temperature dependent measurements reveal a good thermal stability of the basic device data, so that even at an
operation temperature of 100 °C, a total output power of more than 1 W could be obtained. These device data are
comparable to high performance QW lasers and prove the suitability of quantum dot lasers for the realization of
uncooled high power pump modules.
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Fig. 4: CW light output characteristic ofa I mm long and 100 pm wide broad area quantum dot laser at 12 °C.

Summary

Since the first realization of semiconductor quantum dot lasers, much progress has been made to improve the
device performance. Owing to the three-dimensional carrier confinement, quantum dots show various advantages
that render them superior to conventional quantum well lasers like the unique possibility to tailor the material
properties directly by the quantum dot geometry. Reduced threshold current densities together with a small o.-
factor make QD material advantageous for high brightness applications. Due to their flat gain profile, quantum dot
devices have additionally an enhanced temperature stability of the emission with wavelength shiffs less than
0.1 nm/K, which is nearly as low as the change ofthe refractive index. Nevertheless, high output powers of more
than 3 W and high wallplug efficiencies up to 55 % can be obtained, which proves the suitability of QD material
fr high power devices and demonstrates that quantum dot lasers are a possible solution for highly efficient,
wavel ength stabilized, uncooled high power pump modules.
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Operating Principles and Performance Limits of High
Brightness Tapered Lasers

I. Esquivias', H. Odriozola!, JM. Garcia Tijero', L. Borruel', S. Syjecki?, and E C. Larkins?
!ETSI Telecomunicacion, Univ. Politécnica de Madrid, Ciudad Universitaria s/n, Madrid 28040, Spain
2School of Electrical and Electronic Engineering, University of Nottingham, Nottingham NG7 2RD, UK

1. Introduction

The Brightness of an optical source is defined as the power per unit emitting area and per unit solid angle into
which the power is emitted [1]. The Brightness depends on the emitted power and on the beam quality, which is
usually measured by means of the “beam parameter product”, the product of the minimum diameter of the beam
and its divergence. The most usual figure of merit for the beam quality is the M? coefficient, which is the beam
parameter product normalized to that of an ideal Gaussian mode. A value M2 = 1 represents an ideal diffraction
limited source, while values higher than unity indicate a degradation ofthe beam quality.

Semiconductor lasers are optical sources with very well known advantages over other types of optical sources:
small size, high conversion efficiency and low cost. Many applications of semiconductor lasers demand high
brightness, such as material processing, optical pumping of solid state and fiber lasers, medical treatments, optical
wireless communications, and all applications generally requiring high power launched into an optical fiber.
However, the brightness ofa semiconductor laser is usually limited due to the contradictory requirements needed
to achieve high brightness: a large emitting area is required to produce high power with reduced bulk and surface
heating, while reduced dimensions are required to maintain a single spatial mode and its correspondingly high
beam quality. High power semiconductor lasers are based on broad area (BA) devices, with a poor beam quality
along the slow (lateral) axis, while devices with reduced lateral dimensions and good beam quality, such as ridge
waveguide (RW) lasers, suffer fiom a limited maximum output power.

In consequence, an important research efort during the last years has been devoted to improve the brightness of
semiconductor lasers. Various new approaches have been proposed, including lasers with a tapered gain region,
the master-oscillator power amplifier configuration, and the angled grating distributed feedback laser (see [1-2]
and references herein for details and description of other approaches). Tapered lasers, also called flared unstable
cavity lasers [1-20], are possibly the best choice to achieve high brightness at moderate cost, due to the
technological simplicity of their fabrication process. In fact, a relatively high number of industrial and research
laboratories are presently developing tapered lasers, and, as far as we know, they are presently the only type of
high brightness semiconductor laser commerci ally available.

The first technical paper on the operation of a tapered laser was published in 1993 by the group at the
Massachusetts Institute of Technology led by J.N Walpole [3]. These devices operated at 980 nm and achieved an
output power of 4.2W with good beam quality. Since then, tapered lasers at different wavelengths and with
different designs have been reported [3-20]. Tables I and II summarize the best reported performances to date for
single emitter tapered lasers, and for arrays or bars based on tapered lasers, respectively.
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AM(pm) Material Max. Power M? (@ Power) Geometry Year, Ref.
IG/GG L, angle

0.642 AllnGaP 09 W cw M2L3 (@ 0.7 W) GG 2004 [4]
0.735 GaAsP/AlGaAs 33 W M2(1/e) < 1.5(@ 1.5W) GG, 275 mm,  6° 2003 [5]
0.808 GaAsP/AlGaAs 50 Wew M2(1/e) = 1.3(@ 3.9W) GG, 275 mm,  6° 2006 [6]
0.915 AlGalnP/GalnP/GalnAs 1 W cw M2(1/e?) =3 I1G, 2.5 mm, <1° 2005 [7]
0.915 AlGalnP/GalnP/GalnAs  0.65 W cw M2(1/e?) = 1.3 1G, 2.5 mm, 2° 2005 [7]
0.94 InGaAs/AlGaAs 53 Wecew M2(1/e?) <13 (@ 2.2W) GG, 3mm, 6° 2002 [8]
0.98 InGaAs/AlGaAs 125 W cw M2(1/e?) =14 (@ 8.3W) GG, 3.5 mm, 6° 2005 [9]
0.98 InGaAs/AlGaAs 1.1Wcw 1G, 2.5 mm, <1° 2005 [10]
0.98 InGaAs/GaAsP/AlGaAs 5.5 W cw M2(1/e) < 1.5(@ 5.3 W) GG, 4mm, 6° 2005 [11]
1.04 InGaAs/AlGaAs 4.0W cw M2(1/e?) =1.4@ 4 W) GG, 2.5 mm, 6° 2003 [12]
1.3 InGaAsP/In I Wew 3mm 1996 [13]
1.47 InGaAsP/InP 1.6 W cw M2 (1/e?) <1.4(@ 1 W) GG, 2.5 mm, 6° 2005 [14]
1.48 InGaAsP/InP 1.75 W cw GG, 2.3 mm, 6° 2001 [15]
1.91 GalnSb/AlGaAsSb 0.9 W cw M2 1.7 (@ 650 mW) 2.5mm 2005 [16]

Table I: Best reported performance of'single emitter tapered lasers

Mpm) Material Max. Power M2 Geometry Year, Ref.
IG/GG L, angle  Bar width

0.98 InGaAs/InGaAsP 20 W cw 1G, 2.5mm, <1°, 3mm 2003 [17]

0.98 InGaAs/AlGaAs 25 W cw 2.6 2 mm, 6°, 10 mm 1999 [18]

0.98 InGaAs/AlGaAs 9.5W cw 2mm, 0.95°  0.33mm 1999 [19]

1.59 InGaAs/InP 1.4 W cw 1G, I mm, 2.15°  0.33 mm 1998 [20]

Table II: Best reported performance of laser bars or arrays based on tapered lasers.

The maximum achievable brightness in tapered lasers is not limited by thermal effects or by catastrophic optical
damage (COD) as in BA devices, but by beam deterioration due to non-linear effects, such as selffocusing and
filamentation [21-22]. A clear understanding of the mechanisms limiting the device performance is of great
interest in order to propose and fabricate new designs with improved brightness. Numerical simulations, properly
validated by comparisons with experimental results, are a valuable tool {or improving our physical insight into the
non-linear interactions between optical, electrical and thermal phenomena inside the unstable resonator, as well to
provide optimized designs with minimum experimental effort.

The groups at the University of Nottingham and at the Universidad Politécnica of Madrid, partners of project
WWW.BRIGHT.EU, have developed a sophisticated simulator for tapered lasers, called CONAN, which solves
the electrical, optical and thermal equations for these devices (see [21, 22] or a detailed description of the model).
Despite the assumptions needed to reduce the model complexity (steady state, single frequency, two-dimensional
propagation of the optical mode), the simulations have shown good qualitative and quantitative agreement with
experimental results in tapered lasers with different geometries and based on different materials [21, 22].
Furthermore, the simulator has demonstrated to be a useful tool to predict the behaviour of novel designs prior to
their fibrication [23]. Other models in literature [24, 25], based on similar approaches, have also reproduced the
main trends observed experimentally.
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In this article, we present a comprehensive description of the operating principles and limitations of high
brightness tapered lasers. The description is based on the simulations ofreal devices fabricated by Alcatel-Thales
III-V Labs [7, 17] and by Ferdinand-Braun-Institut flir H chst frequenztechnik [2, 5]. In section 2, the usual device
geometry and the operating principles ofthe tapered laser are presented by analyzing the beam propagation inside
the cavity of typical devices. In section 3, the physical origin of the limitations in the maximum brightness is
described.

2. Device geometry and basic operating principles

Tapered lasers consist of two coupled sections (see Fig. 1): a ridge waveguide (RW) section, and an index or gain
guided tapered section. The RW section provides a single spatial mode which is launched into the tapered section,
where it is amplified while preserving its shape.

The length ofthe RW section Ly, is typically around 500 um, although values ranging between 200 pm [19] and
1000 pm [2] have been reported. The total cavity length L, was 2 mm in initial designs [19], witha trend towards
longer cavities, up to 4 mm, in recent years [11]. Two clearly different types of tapered sections have been
reported to date: gain guided (GG) tapers with a relatively large full taper angle 6, (typically 4-8°, depending on
wavel ength), designed to match the free diffraction angle as we will describe later [2-6, 8-9, 11-12, 14-15, 18],
and narrow index guided (IG) tapers with small angle (<1°) [7, 10, 17, 20].

Tapered section

Beam spoilers

RW

Fig. 1: Schematics ofa typical tapered laser

The laser facets are coated to achieve high reflectance (HR) at the back facet of the RW, typically around 95%.
Similarly, the fiont facet of the tapered section receives a low reflectance (anti-reflective, AR) coating, with
values ranging between 0.1% and 3%. In most of GG tapered laser designs, a spatial filter or beam spoiling
aperture is formed by etching the region adjacent to the RW section, so that the portions of the beam associated
with the excitation of higher order optical modes are scattered out of the device.
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Fig. 2: Simulated forward (a) and backward (b) optical field intensity inside the cavity for the GG tapered laser
described in the text, when operated at low power.

We analyze the basi ¢ operating principles oftapered lasers by considering as an example a typical device emitting
at 980 nm: 500 um long and 3 pm wide RW section, 1500 pm long GG tapered section with a full taper angle of
4°, yielding an output aperture of 107.7um. Figs. 2a and 2b illustrate the shape of the forward and backward
optical field intensities at low power (slightly above threshold) and under isothermal conditions. The shape of the
findamental mode of the RW section which is launched into the gain section (see curve A in Fig. 3a) can be
approximated by a Gaussian finction. The calculated full width of the mode at 1/& (W,

) ' mode) fOr this example, with
an index step 0f2.2-1073, is 5.2 um.
RW RW
24¢10"
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Fig. 3: Simulated forward (a) and backward (b) optical field intensities at different positions inside the cavity for
the GG tapered laser, when operated at low power.

When entering into the tapered section, the mode is subject to two diflerent effects: 1) amplification by the gain

medium; and ii) free diffraction ifthe full taper angle is larger than the free diffraction full angle 6, (at 1/€?). The
free diffraction angle ofan ideal Gaussian beam is given by:

6 _ 21 [1]
(4

W
mode

where n_gis the effective index ofthe vertical waveguide and A the emitting wavelength.
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In the case of the example device under analysis, the full taper angle has been chosen to match the value of 6
arising from expression [1], around 4°. Fig 3a shows the intensity of the forward traveling light at cross-sections
taken along the tapered region (z= 1 mm, curve B and z= 1.5 mm, curve C — note that z=0 is the back facet) and
the intensity reaching the output facet (curve D). The intensity at the beam center is smaller than that of the
launched mode (see Fig 3a). The beam reaching the output facet has a Gaussian-like shape, although the
wavefront has a convex shape, so that the phase at the facet is far from uniform. The reflected (or backward)
intensity continues diffracting but now the gain medium does not overlap with the freely diffracting beam and the
gain guiding reduces its width Fig. 3b shows the intensity of the backward field at the center of the tapered
section and at the entrance of the RW section (curves E and F, respectively). As the beam entering into the straight
section is wider than the findamental mode of the ridge waveguide (48.3 pm and 5.2 pm at 1/e2, respectively, in
this example), a substantial part of the power is not coupled producing the so-called coupling losses [1] or taper
losses [26]. The beam propagating along the RW section is filtered by the single-mode waveguide, with the help
of the beam spoilers, ifthey exist in the design. The field intensities at the middle ofthe RW and at the back facet
or our example, which includes a beam-spoiling aperture, are shown in curve G and H of Fig. 3b, respectively.
The beam at the back facet is still slightly wider than the single-mode of the waveguide, and side lobes are still
present, but it recovers the original shape during the way towards the tapered section and through a second
filtering process by the beam spoilers.

60
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Fig. 4: Normalized forward (a) and backward (b) optical field intensity inside the cavity for the GG tapered laser,
when operated at low power.
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Fig 5: Integrated Photon density for the forward and backward traveling optical fields along the cavity for the GG
tapered laser, when operated at low power.
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The evolution of the shape of the beam inside the cavity can be visualized with the help ofthe color plot in Fig 4,
where the forward (Fig. 4a) and backward (Fig. 4b) photon densities have been normalized by the peak density at
each longitudinal position. The evolution of the beam power along the cavity is shown in Fig. 5, where we have
integrated the forward and backward photon densities in the lateral dimension at each longitudinal position. In the
logarithmic scale of Fig. 5, an exponential power growth is represented by a straight line, as it happens in the
tapered region for the forward beam. The backward beam shows initially an exponential growth in the tapered
section due to the good overlap with the pumped region. The beam amplification decreases at the end of the
tapered region, due to the reduced overlap with the gain region. Affer entering into the RW section, the total
power decreases by the effect of the beam spoilers. A slight amplification is observed in the RW section, where
filtering and gain are competing mechanisms decreasing and increasing the power, respectively.

1.0 4 Lateral g 1.04 — Lateral
——V ertical e Vertical
. 0.8 %0'8.
]
: [0
% 0.6 - E 0.6 -
° 3
L. 0.4 5 044
© 3
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Fig. 6. Far Field intensities for the GG Fig. 7. Virtual source intensities for the GG
tapered laser, when operated at low power. tapered laser, when operated at low power.

The lateral far-field (FF) pattem for the device in this example is shown in Fig. 6, where the vertical FF is also
shown for comparison. The angular width of'the lateral FF can be estimated by applying Snell’s law to the beam at
the output facet. In this case, this yields a full beam divergence angle 6 ,, (at 1/€?) ~ n 6, =3.4-4°=13.6°
(ng ~ 3.4 ). The simulations at low output power predict a value for 6, of 10.3°, not far ffom the previous
estimation. The beam is strongly astigmatic, as the virtual source (or beam waist) is located at the distance behind
the front facet z,; = 0.5W,/sin(q,,/2) ~ 0.5W,/(ng sin(qpy/2). If qp = q, then zyg ~ L,/ neg where Ly, is the
length of the tapered section. In our example the simulations predict zyg = 438 pm, close to L,/ ngy = 440 pm.
The calculated virtual source intensity is shown in Fig 7, where the vertical mode profile is also shown for
comparison. The width ofthe virtual source at 1/¢?, wyg (7.5 pmin our example), in conjunction with 8 ,, is often
used to provide an experimental estimation of the beam quality by means ofthe so-called beam quality factor M?

at 1/e2 [27], using the expression:

M2(1/e? )=%.eoth Wys . 2]

which takes a value of 1.1 in our example, when operating close to threshold. A more correct characterization of
the beam quality is given by the second moment M2, which can be experimentally determined fiom the measured
evolution of the beam radius along the propagation direction [28]. The calculated value in our example is also
around unity, indicating that an optimal beam quality is obtained in tapered lasers at low power.
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We analyze now the properties of an IG tapered laser with a narrow taper angle and illustrate important
differences in comparison with large angle GG devices. The single-mode pattern launched by the RW section into
the tapered section does not expand by free diffraction. Instead, the beam expands according to the shape of the
lateral waveguide, as defined by the refractive index step. Fig 8a illustrates the forward beam propagation for an
IG example device with same RW section width, length and index step as inthe previous example, and with full
taper angle of 0.9°. The beam expands adiabatically, preserving its shape, with most of the power (98% @
7z=1mm) inside the guided region. The propagation of the backward field includes a combination of competitive
phenomena: diffraction, gain and index guiding, reflections at the waveguide interface. In many cases, it develops
a multilobed shape (see Fig. 8b). The index guiding, as well as the relatively small taper angle, produces a beam
entering into the RW which is narrower than that of the GG devices, reducing hence the taper losses. The RW
section acts again as a spatial filter, and the beam recovers its original single-mode shape affer a complete round
trip.

20
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Fig. 8: Normalized forward (a) and backward (b) optical field intensity inside the cavity for the IG tapered laser
described in the text, when operating at low power.

The output beam diffracts freely in the air, but now the angular width of the FF pattern is not so simply given by
applying Snell’s law to the taper angle. It takes an intermediate value between that for free diffraction fiom the
RW section and that for free diffraction from the output ficet. In our example, the simulations predict 6 ,,, = 4°,
while the free diffraction angle from the RW section, taking into account the change ofmedium would be 13.6° as
in previous example, and the free diffraction angle ffom the output aperture would be 2.7°. In consequence, the
output beam also presents a non-negligible astigmatism at low power, 130 um in our example.
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Fig. 9: Carrier density (a), gain (b), index perturbation (c) and photon density (d) profiles at the output facet for
the GG tapered laser at different output powers.

3. Performance limits

3.1 Spatial hole burning and self-focusing: Gain Guided Tapered Lasers with
beam spoilers

The nearly ideal behaviour of a tapered laser observed at low power changes dramatically when increasing the
output power. The main reason is the shape of the optical mode, with a higher photon density in the cavity axis,
which depletes the carrier density due to the higher stimulated recombination in this region, the so-called Spatial
Hole Buming (SHB) effect. Fig. 9a shows the simulated carrier density for the GG device of section 2 at the
output facet for increasing output powers. The carrier density takes a““rabbit-ears™ shape, with maxima at the sides
and minimum at the center. The carrier density minimum is limited by the transparency carrier density, 1.6:10'8
cm3 in our example. The simplified approach by Walpole in [1] suggests that the gain saturation caused by the
SHB would induce an increase ofthe photon density in the side regions, leading to a top hat shape.
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But in semiconductor materials a change ofthe carrier density produces simultaneously changes in the gain and in
the refractive index, which are rel ated by the linewidth enhancement factor or o. parameter [29]. Figs. 9b) and 9c)
show the corresponding gain and index profiles at the power levels of Fig. 9a). The gain decreases at the cavity
axis and the refractive index increases. The shape of the index profile produces a parasitic waveguide for the
beam, with more important consequences on the beam shape than the gain profile. The carrier induced waveguide
produces a convergent lens effect during the propagation along the tapered region, which concentrates the power
density at the center ofthe beam (see Fig. 9 d). The new beam shape further increases the SHB and strengthening
the parasitic waveguide. At a given power density, the strong fedback induces sel f-0 cusing of the beam, leading
to saturation ofthe output power.

The SHB and selffocusing of the beam not only limit the maximum power, but also degrade the beam quality
when increasing the output power: the carrier induced convergent lens narrows the FF divergence and broadens
the width of the virtual source (Fig 10), induces a wandering astigmatism and increases the value of M2 (Fig 11)
Unfortunately, there is not an easy strategy for counteracting SHB and sel£f0cusing, although diferent ideas have
been proposed. The onset of sel £focusing can be delayed by using active materials with a reduced o. parameter
[30, 31] and epitaxial designs with reduced confinement factor I" [32], or with increased d,,/ T" (d,,is the active
layer thickness) [33]. A patterned injection profile matching the shape ofthe optical mode has been demonstrated
experimentally [34, 35] and by mean ofsimulations [36] to be a promising strategy to improve beam quality. It is
clear that firther improvements are still possible by optimising the material quality and device geometry.
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3.2 Lack of spatial filtering: GG device without beam spoilers

The optical pumping phenomenon is found to cause a deterioration of the modal filtering efficiency of the ridge
waveguide section. With the onset of optical bleaching, the light scattered during back propagation can propagate
to the rear facet, where it is reflected and can reach the tapered section. When this unfiltered light reaches the
tapered amplifier, it can seed the formation of filaments. Fig. 12a shows the photon distribution at the fiont facet
of the cavity, for a GG tapered diode emitting at 735 nm, with a full taper angle of 4° and without beam spoilers
(see refS. [5] and [22] for geometrical details), at output powers of 0.2 W and 2 W. The relative sizes of the side
lobes are much smaller at 0.2 W than at 2 W, showing that the filtering efficiency decreases with increasing output
power. To investigate this phenomenon in more detail the gain distribution at the rear facet ofthis device is shown
in Fig. 12b. The intensity of the scattered light in the regions adjacent to the ridge waveguide increases with
increasing output power, providing optical pumping, which increases the local carrier density and the region
outside of the ridge waveguide approaches transparency. As a consequence there is a strong decrease in the

filtering efficiency ofthe straight section
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Fig. 12: Simulated photon density distribution at the font ficet a) and the gain distribution at the rear facet b) for
the laser cavity operating at 735 nm

The role of the regions adjacent to the ridge waveguide can be understood in more detail as Pllows (see Fig.13).
The backward propagating wave is scattered by the tapered structure, because of its curved phase front (which
causes it to diverge). This scattering is particularly significant at the interface between the tapered and straight
sections. Consequently, a significant amount of the power in the backward propagating wave is contained in
higher order lateral modes, which pumps the electrically un-pumped regions. Afler reflection at the rear facet, the
amplified backward propagating wave seeds the forward propagating wave. The side lobes propagate along the
outside of the ridge waveguide and re-enter the electrically pumped region in the tapered section. Thus, if the
angle ofpropagation of the side lobes is smaller than the taper angle they partly scatter from the taper, because the
refractive index perturbation forms an anti-guiding structure and form side lobes in the near field pattems and help
seed the filamentation process. Consequently, the optical pumping effect triggers spatial hole buming effects and
ultimately filamentation.
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Fig. 13: Schematic illustration of optical pumping in tapered laser diodes
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3.3 Narrow angle Index Guided tapered Lasers

The main effect degrading the beam quality of IG tapered lasers is carrier induced lensing and selffcusing,
similar to the effect analyzed in section 3.2 for GG devices, but with important differences. The carrier lensing
reduces the width of the beam at the output facet down to sizes for which diffraction effects become relevant.
Consequently, the angular width ofthe FF patterns increases with the output power. On the other side, the carrier
lensing produces an almost collimated beam inside the cavity, with an apparent virtual source at the output facet.
Figs. 14 and 15 show the evolution of the main beam parameters (FF angle, VS size, astigmatism, and M2) as a
function ofthe output power for the IG device taken as example in section 2. It has been experimentally observed
[37] that in some cases the convergent lens effect produced by the SHB can even fOcus the beam externally to the
cavity, yielding a negative value for the astigmatism. Fig 16 illustrates this effect for a 2.5 mm device at high
power. The evolution ofthe beam inside the tapered region shown in Fig 16 resembles that of a graded-index lens
or optical fiber, due to the graded index carrier induced profile in the tapered region. The strong SHB at high
power produces a sel £focusing ofthe beam leading to saturation of the output power.

A novel IG tapered laser design, called the clarinet laser, was recently proposed to obtain a low a stable beam
divergence, together with a negligible astigmatism at high power [23]. The idea behind it is to balance the two
mechanisms modifying the FF divergence which lead to a decreasing beam divergence with power in GG tapered
lasers (see Fig. 10) and to an increasing beam divergence in narrow IG tapered devices (see Fig 12). This is
illustrated in Fig. 17, where we have plotted the simulated evolution of the beam divergence (measured at 1/e2) for
index guided tapered lasers with different taper angles and a constant output aperture. For this particular active
material and emission wavelength, the simulations predict a low and stable beam divergence in the case of a taper
angle of 2°. Based on the above theoretical results, a clarinet laser with a relatively long RW section and a
relatively short tapered section was fabricated and characterized. The experimental results [23] confirmed the
improved stability of the beam divergence when increasing the power in this new design.

100 - a3

-

N
w
o

80 1

-
o
1

Far field divergence @ 1/€” (°)
(o)
Virtual Source Size (1/e") (um

N

60 4

\

404

M? (1/€7)

4 —
20 4

Astigmatism (um)

21 45

04

00 02 04 06 08 10 12 14 00 02 04 06 08 10 12 14

Output Power (W) Output Power (W)

Fig. 14: Evolution of the FF angular width Fig. 15: Evolution of the astigmatism and

and virtual source size ©r the IG tapered beam quality parameter M? for the IG
laser described in text. tapered laser described in text.

35
\ http://www.bright-eu.org




BRIGHT [l \

LU

N
o
)

° = Y
g o | == F
E! 2 10, —=—25° A
‘>”_< EJ’ /.4"?7’/}
< g |~ = /)
g o ] af___—\-c’—‘i" i e
S % N Corstantoutput
L(E . ' ' ' ape’h‘lte
00 0.2 0.4 0.6 08
0 500 1000 1500 2000 250 Output Power (W)
Cavity Axis (um)
Fig. 16: Normalized frward optical field Fig. 17: Evolution of the_ FF gngular width
intensity inside the cavity for a 2.5 mm IG for IG tapered lasers with different taper
tapered laser operating at high power. angles and a constant output aperture.

Summary

Tapered semiconductor lasers are attracting increasing attention due to their commercial potential as reliable, low-
cost high brightness optical sources. The performance of tapered lasers is critically dependent upon the
optimisation of their structural design. This paper presents a general overview of the key operating principles of
high brightness tapered lasers, in order to convey an understanding of main physical phenomena govemning the
interactions between photons and carriers. The authors provide examples based on simulations which illustrating
the ideal operation oftapered lasers with both gain-guided and index-guided tapered regions at low output powers.
Further examples are provided for high-power operation to illustrate main physical phenomena, which limit the
performance of tapered lasers. Finally, the importance of spatial filtering with a beam spoiling aperture is also
demonstrated.
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