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Innovations with Microwaves and Light

Research Reports from the Ferdinand-Braun-Institut,
Leibniz-Institut fiir Hochstfrequenztechnik

Preface of the Editors

Research-based ideas, developments and concepts are the basis of scientific progress
and competitiveness, expanding human knowledge and being expressed technologically
as inventions. The resulting innovative products and services eventually find their way into
public life.

Accordingly, the “Research Reports from the Ferdinand-Braun-Institut, Leibniz-Institut fiir
Héchstfrequenztechnik” series compile the institute’s latest research and developments.
We would like to make our results broadly accessible and to stimulate further discussions,
not least to enable as many of our developments as possible to enhance everyday life.

Diode lasers with ever-increasing brilliance are required for applications such as material
processing, where they lead to faster and higher quality cutting and welding, for example.
In this report, details are presented on the development of novel, near-infrared diode
lasers that dramatically increase brilliance by emitting optical energy within particularly
narrow angles. The narrow far fields were enabled by using new diode laser designs with
extremely thick vertical optical waveguides. Sophisticated epitaxial designs were required
to sustain narrow angle operation to the highest optical output powers and to enable the
high power conversion efficiencies essential for industry. Based on the results of the
studies, near-infrared (1064 nm) diode lasers were produced whose far field is threefold
narrowed compared to typical commercial devices and that reach an overall brilliance
higher than any other published source. Such devices are expected to find broad
industrial use in material processing applications.

We wish you an informative and inspiring read. ( ‘/é
——-:—‘_ * b
Muss— IVankle (1) GZ.QA

of. Dr. Gunther Trankle Prof. DgAIng. Ifgang Heinrich
Director Deputy Director

The Ferdinand-Braun-Institut

The Ferdinand-Braun-Institut researches electronic and optical components, modules and
systems based on compound semiconductors. These devices are key enablers that
address the needs of today’s society in fields like communications, energy, health and
mobility. Specifically, FBH develops light sources from the visible to the ultra-violet
spectral range: high-power diode lasers with excellent beam quality, UV light sources and
hybrid laser systems. Applications range from medical technology, high-precision
metrology and sensors to optical communications in space. In the field of microwaves,
FBH develops high-efficiency multi-functional power amplifiers and millimeter wave
frontends targeting energy-efficient mobile communications as well as car safety systems.
In addition, compact atmospheric microwave plasma sources that operate with economic
low-voltage drivers are fabricated for use in a variety of applications, such as the
treatment of skin diseases.

The FBH is a competence center for IlI-V compound semiconductors and has a strong
international reputation. FBH competence covers the full range of capabilities, from design
to fabrication to device characterization.

In close cooperation with industry, its research results lead to cutting-edge products. The
institute also successfully turns innovative product ideas into spin-off companies. Thus,
working in strategic partnerships with industry, FBH assures Germany’s technological
excellence in microwave and optoelectronic research.
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Abstract

The doctoral thesis deals with high power InGaAs/GaAsP/AlGaAs quantum well
diode lasers grown on a GaAs substrate with emission wavelengths in the range of 1050 nm —
1150 nm.

The objective of this thesis is the development of diode lasers with extremely narrow
vertical laser beam divergence without any resulting decrease in the optical output power
compared to current state of the art devices.

The work is focused on the design of the internal laser structure (epitaxial structure),
with the goal of optical mode expansion (thus reduction of the beam divergence), and the
experimental investigation of the electro-optical properties of the processed laser devices.
Diagnosis of the factors limiting the performance is also performed. The optical mode
expansion is realized by increasing the thickness of the waveguide layers. Structures with a
very thick optical cavity are named in this work as Super Large Optical Cavity structures
(SLOC).

The vertical optical mode is modeled by solving the one-dimensional waveguide
equation, and the far-field profiles are obtained from the Fourier transform of the electrical
field at the laser facet (near-field). Calculations are performed by using the software tool QIP.
The electro-optical properties (such as vertical electrical carrier transport and power-voltage-
current characteristics, without self-heating effect) are simulated using the WIAS-TeSCA
software. Both software tools are described in this thesis.

The lasers chips, grown by means of MOVPE and processed as broad area single
emitters, are experimentally tested under three measurement conditions. First, uncoated and
unmounted laser chips with various lengths are characterized under pulsed operation (1.5 us,
5 kHz) in order to obtain the internal parameters of the laser structure. In the second part of
the laser characterization, the facet-coated and mounted devices with large (4 - 8 mm long)
Fabry-Perot resonators are tested under quasi-continuous wave operation (500 us, 20 Hz).
Finally, these devices are also tested under ‘zero-heat’ conditions (300 ns pulse duration,
1 kHz repetition rate). The ‘zero-heat’ test is performed in order to investigate the factors,
other than overheating of the device, that limit the maximum output power. All measurements
are performed at a heat-sink temperature of 25°C. The measurement techniques used to
characterize the electro-optical properties of the laser and the laser beam properties are also
described.

More specifically, the influence of the material composition and the thickness of the
waveguide layers on the vertical beam divergence angle (perpendicular to the epitaxial
structure) and on the electro-optical properties of the laser is discussed. It is shown that, due
to the large cross section of the investigated laser chips, catastrophic optical mirror damage
(COMD) is strongly reduced and that one of the major factors limiting the maximum optical
power of the discussed diode lasers is weak carrier confinement in the active region leading to
enhanced carrier and optical losses due to carrier accumulation in the thick waveguide. The
reason for the vertical carrier leakage is a low effective barrier between the quantum well and
the GaAs waveguide. Moreover, it is shown that the carrier confinement in the active region
can be strengthened in three ways. Firstly, the QW depth is increased for lasers emitting at
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longer wavelength (here ~ 1130 nm). Secondly, utilizing a higher number of QWs lowers the
threshold carrier density per QW. In this case, the electron Fermi-level shifts towards lower
energies for lower threshold currents and thus the effective barrier heights are increased.
Thirdly, in lasers emitting especially at wavelengths shorter than 1130 nm (around 1064 nm, a
wavelength commercially interesting) the quantum wells are shallower and thus the effective
barrier is lower. It is shown that AlGaAs waveguides are required to improve the carrier
confinement. The AlGaAs alloys provide higher conduction and lower valence band edge
energies of the bulk material. Consequently, the potential barrier against carrier escape from
the QW to the waveguide is increased.

Considering the mode expansion in the SLOC structures, it is shown, in simulation
and experimentally, that the multi-quantum well active region, due to its high average
refractive index, contributes significantly to the guiding of the modes. The optical mode is
stronger confined in active regions with a higher number of quantum wells as well as in
structures based on AlGaAs waveguides which are characterized by a lower refractive index
compared to GaAs material. The increased mode confinement leads to a reduced equivalent
vertical spot-size and results in a wider divergence angle of the laser beam. Moreover, by
increasing the thickness of the waveguide layers the active region acts more and more as a
waveguide itself thus preventing a further narrowing of the vertical far-field. As a new
finding, it is presented that the introduction of low-refractive index quantum barriers (LIQB),
enclosing the high-refractive index quantum wells, lowers the average refractive index of the
multi-quantum well active region and thus reduces the beam divergence (the invention is
content of a German Patent Application DEA102009024945).

Through systematic model-based experimental investigations of a series of laser diode
structures, the vertical beam divergence was reduced from 19° to 8.6° at full width at half
maximum (FWHM) and from 30° to 15°, at 95% power content. The achieved vertical far-
field angle is smaller, by a factor of ~3, than state-of-the-art laser devices. The 8 mm long and
200 pm wide single emitters based on the investigated SLOC structures deliver more than
30 W peak-power in quasi-continuous wave mode. The large equivalent spot-size together
with the facet passivation prevent COMD failure and the maximum measured power is
limited due to the overheating of the device. Moreover, a 4 mm long and 200 um wide single
emitter tested under ‘zero-heat’ condition delivers 124 W power. The maximal measured
power was limited by the current supply.
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Kurzzusammenfassung

Diese Doktorarbeit handelt von Quantum-Well-Laserdioden hochster Leistung
basierend auf einem InGaAs/GaAsP/AlGaAs-Materialsystem auf GaAs-Substrat. Die Laser
emittieren in Wellenldngenbereich von 1050 nm bis 1150 nm.

Die Zielstellung dieser Doktorarbeit besteht in der Entwicklung von Laserdioden mit
einer extrem geringen vertikalen Strahldivergenz ohne das dadurch die optische
Ausgangsleistung gegeniiber aktuellen Stand der Technik reduziert wird.

Der Fokus dieser Arbeit liegt auf dem Design der internen Laserstruktur mit dem Ziel,
die Feldverteilung der optischen Mode aufzuweiten, um die Strahldivergenz zu reduzieren.
Ein weitere Fokus der Arbeit liegt auf der experimentellen Untersuchung der elektro-
optischen Eigenschaften der entwickelten Laserprototypen. Aullerdem werden die Faktoren
bestimmt, welche die maximal mogliche Ausgangsleistung limitieren. Die Ausweitung des
optischen Modes wird durch die Verbreiterung des Wellenleiters erreicht. Strukturen mit
einem breiten, vertikalen optischen Resonator werden in dieser Arbeit als Super Large Optical
Cavity (SLOC) bezeichnet.

Der vertikale optische Mode wird durch die Losung der eindimensionalen
Wellenleitergleichung modelliert. Die Fernfeldprofile werden durch die Fourier-
Transformation des elektrischen Felds an der Laserfacette (Nahfeld) bestimmt. Die
Rechnungen wurden mit Hilfe der QIP Software durchgefiihrt. Die elektro-optischen
Eigenschaften (wie vertikaler Ladungstragertransport und Leistungs-Spannungs-Strom-
Kennlinien ohne Eigenerwdarmung) werden mit Hilfe der WIAS-TeSCA-Software simuliert.
Beide Programme werden in der Arbeit néher beschrieben.

Die Laserdioden werden mittels Metal Organic Vapor Phase Epitaxy (MOVPE)
hergestellt und als Breit-Streifen Einzelemitter prozessiert. Die Laser werden mit drei
verschiedenen Messmethoden untersucht. Als erstes werden unter Pulsstrom Anregung
(1.5us, 5kHz) unbeschichtete Laser mit verschiedenen Resonatorldngen zur Bestimmung der
internen Laserparameter untersucht. Folgend werden beschichtete Laser mit langen Fabry-
Perot Resonatoren (4—8 mm) unter quasi-Dauerstrich (500 pus, 20 Hz) Anregung
charakterisiert. AbschlieBend werden die Diodenlaser unter Verwendung sehr kurzer
Stromimpulse (300 ns, 1 kHz) vermessen. Die letztgenannte Messmethode wird verwendet,
um die Einflussfaktoren zu ermitteln, welche die Ausgangsleistung der Laserstruktur
limitieren. Die Verwendung solch kurzer Pulse ist notig da es hier zu keiner Eigenerwarmung
der Laser kommt, was iiblicherweise die Ausgangsleistung limitiert. Alle Messungen werden
bei einer Wirmesenkentemperatur von 25°C durchgefiihrt. Alle Messmethoden fiir die
Untersuchung der elektro-optischen Eigenschaften der Laser und der optischen Eigenschaften
des Laserstrahls werden in der Arbeit ndher beschrieben.

Insbesondere werden die Auswirkungen der Materialzusammensetzung und der Dicke
des Wellenleiters auf die Laserstrahldivergenz in vertikaler Richtung, sowie auf die elektro-
optischen Eigenschaften der Laserstruktur diskutiert. Es wird gezeigt, dass durch das grof3e
Modenbreite die Gefahr der katastrophalen optischen Facetten-Degradation (Catastrophic
Optical Mirror Damage, COMD) reduziert ist. Aulerdem wird gezeigt, dass die maximal
erreichbare optische Leistung stark durch den schwachen Einschluss der Ladungstréger in der
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aktiven Zone, limitiert ist. Dies fiihrt zu erh6hten Ladungstréger- und optischen Verlusten auf
Grund von Ladungstrigeransammlung in dem Wellenleiter. Der Grund fiir die
Ladungstragerverluste ist die niedrige effektive Barrierenhohe zwischen Quantum Well und
Wellenleiter. Es wird gezeigt, dass man den schwachen Ladungstrigereinschluss in der
aktiven Zone auf drei Weisen verstirken kann. Erstens, durch Erh6hung der Quantum Well
Tiefe. Hier gezeigt flir Laser mit einer groBBeren Wellenldnge von ~ 1130 nm. Zweitens, durch
Erhohung der Anzahl der Quantum Wells dies reduziert die Ladungstriagerdichte pro
Quantum Well an der Laserschwelle. Dadurch verschiebt sich das Fermi-Niveau fiir die
Elektronen in Richtung niedrigerer Energien wodurch sich die effektive Barrierenhdhe
vergrofert. Als Drittes, bei den Lasern, deren Emissionswellenldnge kleiner als 1130 nm ist
(ca. 1064 nm, Wellenldinge kommerziell wichtig). Hier sind die Quantum Wells flacher und
die effektive Barriere ist kleiner. Es wird gezeigt, dass um den Ladungstragereinschluss zu
verstirken, ein AlGaAs-Wellenleiter notwendig ist. AlGaAs als Wellenleitermaterial hat eine
hohere Leitungsbandkante und niedrige Valenzbandkante im Vergleich zu GaAs al
Wellenleiter. Im Resultat ergibt sich eine Barriere gegen vertikale Ladungstragerverluste und
damit wird der Einschluss der Ladungstrager in der aktiven Zone verstérkt.

Es wird sowohl in Simulationen als auch experimentell gezeigt, dass eine aktive Zone
bestehend aus mehreren Quantum Wells, durch deren hohe mittlere Brechzahl, einen
entscheidenden Einfluss auf die Wellenleitung hat. Der optische Mode ist bei Strukturen mit
hoherer Quantum Well Anzahl in der aktiven Zone stirker eingeschlossen, vergleichbar zu
Strukturen mit einem erhohtem Al-Anteil im Wellenleiter. Ein hoherer Al-Anteil im
Wellenleiter fithrt zu einer kleineren Brechzahl im Vergleich zu einem GaAs-Wellenleiter.
Die erhohte Beschrankung des Modes bewirkt eine geringere vertikale Modenbreite und hat
dadurch einen breiteren Divergenzwinkel des emittierten Lichts zur Folge. Auflerdem fiihrt
die Erhohung der Wellenleiterdicke dazu, dass die aktive Zone mehr und mehr selbst wie ein
Wellenleiter wirkt. Das wiederum verhindert eine weitere Verringerung des vertikalen
Divergenzwinkels.

In dieser Arbeit wird erstmalig gezeigt, dass durch die Verwendung von Quantum
Barrieren mit einer niedrigen Brechzahl (Low-Refractive Index Quantum Barriers, LIQB) die
hohe mittlere Brechzahl der aktiven Zone reduziert wird und dadurch die Strahldivergenz
vermindert werden kann. Aus dieser Entwicklung resultierte eine Anmeldung fiir ein
deutsches Patent DEA102009024945.

Durch die systematische, modelgestiitzte und anschlieBende experimentelle
Untersuchung der Laserdiodenstrukturen konnte die Strahldivergenz von 19° auf 8.6° (full
width at half maximum, FWHM) bzw. von 30° auf 16° (95 % optischer Leistungsinhalt)
reduziert werden. Die erreichten vertikalen Fernfeldwinkel sind um Faktor 3 kleiner als bei
vergleichbaren Laserdioden. Einzelemitter mit einer Ldnge von 8 mm und einer Streifenbreite
von 200 pm erreichten eine optische Leistung von 30 W im quasi-Dauerstrich Betrieb. Die
groBe Modenbreite zusammen mit der Facettenpassivierung verhindern COMD und
ermoglichen so hohere optische Leistungen. Dadurch ist die maximale Roll-Leistung
hauptsdchlich durch thermische Effekte begrenzt. AuBerdem, erreichte ein 4 mm langer
Einzelemitter mit einer Streifenbreite von 200 um unter 300 ns Kurzpuls Anregung, eine
optische Leistung von 124 W. Hierbei war die maximale Leistung durch die Stromquelle
begrenzt.
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1

Introduction and motivation

This work concerns high-power semiconductor diode lasers with emission
wavelengths in the range of 1050-1150 nm. Diode lasers typically demonstrate high
electrical-to-optical conversion efficiencies at relatively high optical power and cover a wide
spectral range. These characteristics, together with their compactness, make them very
attractive optical sources for commercial applications. Therefore, diode lasers are currently
widely applied in industry as pump sources of solid state laser systems, in direct material
processing, in fiber and space telecommunications, and in various medical treatments.
Currently, significant diode laser research and development is in progress, aiming on
achieving the maximum possible optical power and electro-optical efficiency, together with
an improved beam quality. In the future, diode lasers will enable high performance optical
systems with reduced overall cost. Table 1 shows the best published results of single emitter
laser diodes and table 2 the best commercially available products.

The main aim of this work is the realization of diode lasers which emit high optical
power within an extremely small vertical divergence angle (direction perpendicular to the
active region). High performance diode lasers, which emit a power above 20 W within a far
field angle below 10° (defined as full width at half maximum, FWHM) are sought-after. The
focus on the reduction of the vertical divergence angle is dictated by application needs such as
easier and more efficient beam shaping, which makes optical systems less expensive. A small
vertical divergence angle (containing 95% of the optical power) minimizes the power loss and
aberrations during the beam collimation process.

The general concept chosen for the reduction of the vertical far field angle are

epitaxial structures based on very wide waveguides which are named Super Large Optical
Cavity structures (SLOC) in this work. The SLOC concept is considered mainly due to three
reasons. Firstly, the beam divergence can be reduced simply by widening the waveguide. The
vertical beam profile has a Gaussian shape and the divergence angle containing 95% optical
power is stable up to high carrier injection levels.
Secondly, the SLOC design provides a large equivalent vertical spot-size — the high optical
field intensity is distributed over a larger area in the vertical direction. This reduces the risk of
optical damage of the internal structure and the laser mirrors (catastrophic optical mirror
damage, COMD). Consequently, higher output powers can be emitted before the damage
occurs. Thirdly, the advantage of this design is the robust tolerance of the growth of the thick
waveguides and claddings. Higher order modes are suppressed in a loss discrimination
process by varying the thickness of the claddings, whereby good mode suppression with high
tolerance of this thickness is achieved.

The emission wavelength of 1050-1150 nm requires an active region consisting of an
In, Ga.xAs quantum well with high incorporation of indium content (x = 0.28 to x = 0.37,

1
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respectively). In structures based on thick waveguides, the overlap of the optical mode with
the active region is low. In order to obtain high optical gain, the laser structures comprise a
multi-quantum well active region where the quantum wells are separated with GaAs;. /Py
barriers. For structures emitting at wavelengths beyond 1100 nm, the material chosen for the
waveguides was GaAs. This choice was made for two reasons. Firstly, for the laser structures
emitting at longer wavelengths the GaAs waveguide is expected to build a sufficiently high
barrier which confines the electrical carriers in the active region. Secondly, the GaAs material
features high electrical and thermal conductivity. Therefore, the thick waveguide layers can
be lowly doped. A low free carrier density results in low internal absorption loss making the
realization of lasers with a longer gain medium possible. For structures emitting at shorter
wavelengths than 1100 nm, an Al ;Gag9As waveguide is utilized in order to strengthen the
carrier confinement in the active region. The AlyGa;xAs alloy, however, is characterized by
lower electrical and thermal conductivity (due to higher effective mass of the electrons and
thus lower mobility). Therefore, in this case higher doping of the waveguide is required. The
thick waveguides are embedded in AlyGa; As-cladding layers with aluminum contents
between 10% and 25%. The aluminum content in the claddings is chosen in a way to obtain a
low refractive index step at the waveguide-cladding interface and thus to reduce the number
of higher modes in the vertical cavity.

The laser structures optimized for narrow beam divergence angles are processed as
broad area single emitters with long (4 - 8 mm) Fabry-Perot optical resonators in order to
reduce the thermal and series resistance of the devices. The long gain medium reduces the
out-coupling losses and allows the use of low reflectivities of the front facet. Low reflectivity
reduces the optical load on the facet and is expected to reduce the risk of COMD.
Consequently, higher overall optical output power is expected to be achieved before a failure
of the device occurs.

This work involves a theoretical study of the waveguiding and carrier-transport
properties of the laser structures and an experimental part dealing with the electro-optical
characterization of processed laser devices, intended in part to diagnose what limits the laser
performance.
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Vertical Maximum Maximum Single emitter

Wavelength | divergence | optical power, | wall-plug geometry, Company
angle (CW, 25°C) efficiency (stripe x length)

Axcel

915 nm 35°(FWHM) |23 W 65% 90 um X --- Photonics 2008
[1]

940 nm 26 W (15°C) 64% 90 um % 5 mm Bﬁeme 2009

22° (FWHM) o N
980 nm 40° (95%) 25 W (15°C) 54% 96 um X 4 mm FBH 2009 [3]
975 nm 15% (FWHM) 11w 58% 90 um X 3 mm FBH 2009 [4]

28° (95%)

1060 nm — | 31° (FWHM)

050 mm | 2s0s o50p) | | 16W 74% 100 um x 2-3 mm | Toffe 2004 [3]
1s0nm |3, S(nglf/l\f) 13W 53% 100 um X 4mm | FBH 2005 [6]
1060 nm | 14° (FWHM) |15 W 52% 100 um x 4mm | FBH 2008 [7]
1130 nm éé g;V%IiM) 38 W (QCW) 40% 200 um x 8 mm | FBH 2008 [8]

8.6°( FWHM) | 12.5 W

1060 mm 1 150 950 | 30 W (0CW)

27% 200 um < 8 mm in this thesis

--- - data not available

Table 1.1. The opto-electrical parameters of single emitter prototypes presented in the years 2001-2009. The
laser devices are presented in respect to decreasing vertical divergence angles and the emission
wavelength range, first 915-980 nm, second 1060-1150 nm.

Vertical Maximum Maximum Single emitter
Company Wavelength | divergence | optical power, | wall-plug geometry,
angle (CW, 25°C) efficiency (stripe % length)
. 915 nm — 27° o
JDS Uniphase 976 nm (FWHM) 10 W 55% 100 pm X ---
Oclaro 915 nm — 23° A >50% 90 um X 3.6 mm
975 nm (FWHM) 11W >55% 90 um X ---
915 nm— 27°
12 W -—- 95 pm X ---
LUMICS 975 nm (I;XZHM)
1064 nm (FWHM) 11W -—- 190 pm X ---
AXCEL 30°
Photonics 1064 nm (FWHM) 3W B 100 pum > —--

--- - data not available

Table 1.2. The electro-optical parameters of the currently (October 2011) commercially available single emitters.
Emission wavelength: 915 — 1064 nm.
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1.1. Overview of chapter contents

Chapter 2: A literature overview of various approaches of the optical mode expansion
targeting the reduction of the vertical far-field angle.

Chapter 3: The basic concept of a diode laser with a Fabry-Perot resonator as well as the
phenomenological laser model is presented. The software used to simulate the one-
dimensional optical mode propagation in a layered media and the vertical far-field
distribution of the emitted light is presented.

Chapter 4: The epitaxy process of high-power, 1050 — 1150 nm, diode lasers based on
GaAs substrates as well as the technology and packaging of high-power broad-area
diode lasers are presented.

Chapter 5: Measurement techniques and experimental setups for the diode laser
characterization utilized within this work are presented.

Chapter 6: The results of the one-dimensional simulations of the basic features of the
SLOC design are presented. The first results concern the variation of the near- and far-
field profile as a function of the optical transverse cavity width. It is further shown that,
in the structures based on extremely wide waveguides, the claddings lose their ability to
confine the mode and that the multi-quantum well active region exhibits guiding
properties. The influence of the active region design (e.g. quantum well number,
quantum well thickness, thickness and composition of the barriers) on the mode
properties like the confinement factor and on the beam divergence is presented. The
study of the mode confinement by the active region leads to an innovation in the far-
field angle reduction. The new concept for far-field reduction based on interpolation of
low-refractive-index quantum barriers (LIQB) to separate the quantum wells is
presented. Moreover, the dependence of the vertical equivalent spot-size on the
waveguide thickness and number of QWs is discussed. The methods used for the
suppression of higher order transverse modes in SLOC structures are presented.

Chapter 7:  Theoretical and experimental studies of limiting factors to the maximum
optical power of the diode lasers based on SLOC design are discussed. The study is
focused on structures with 3.4 pm thick symmetric waveguides and MQW active
regions emitting at 1100 nm. It is shown that one of the factors reducing the peak optical
power is vertical carrier leakage and carrier accumulation in the p-type waveguide.
Moreover, it is presented that the carrier confinement in the active region can be
strengthened by increasing the number of quantum wells in the gain medium. The result
of the study is an increase of the optical power from 45 W to 55 W under ‘zero-heat’
conditions.

Chapter 8:  This chapter is focused on the further development of high power diode lasers
with the simultaneous reduction of the vertical far-field angle. To assure good carrier
confinement in the active region, the tested diode lasers utilize a four QW gain medium
emitting at a longer wavelength of 1130nm. The far-field narrowing is obtained by
increasing the waveguide thickness from 3.4 um to 5.0 um. Based on the experimental
data, the influence of the laser geometry on the reduction of the electrical and thermal
resistance (and thus a further increase of the optical output power) is discussed. The
experimental results of diode lasers based on the design with reduced divergence angle
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from 18° to 13° (FWHM) and simultaneously maintained high optical output power of
more than 35 W are presented.

Chapter 9:  This chapter deals with the theoretical and experimental study of high power
diode lasers emitting at 1065 nm. Factors deteriorating the internal efficiency and
factors limiting the reduction of the vertical divergence angle are discussed. More
exactly, the influence of the composition of the AlyGa,;.<As waveguide on the effective
barrier depth and on the optical mode distribution is discussed. The reduction of the far-
field angle (13° to 10° at FWHM) is realized by widening the Aly;GagoAs waveguide
from 6.0 um to 8.6 um. The further reduction of the divergence angle, especially the
angle containing 95% of the optical power, by widening the waveguide was not
successful. The limit to the minimum far-field angle is caused by the high average
refractive index of the multi-QW active region.

Chapter 10: In this chapter, it is shown that the use of low refractive index quantum
barriers (LIQB) reduces the high average refractive index of the active region and
results in a lower divergence angle of the laser beam. Structures based on 8.6 pm thick
Alp.1GagoAs-waveguides with LIQB are considered. Furthermore, the limits of the
LIQB design are investigated. High power devices delivering 30 W of quasi-CW optical
power enclosed in a beam divergence reduced to 8.6° (FWHM) and 15.4° (95% power
content) are demonstrated. Moreover, the lateral beam profiles of the LIQB design are
presented in comparison to the SLOC design.
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2

Overview of general concepts for vertical mode expansion

The vertical far-field profile is obtained from the Fourier transform of the electric field
distribution at the laser surface (near-field) perpendicular to the active region. Therefore, the
reduction of the vertical divergence angle of the laser beam is mainly based on the extent of
the optical transverse mode. The optical mode is tailored by the refractive indices of the
particular epitaxial layers and their thicknesses [1]. In the literature one can find various
approaches for the optical mode expansion and, consequently, for the reduction of the vertical
far-field angle. Some of them are briefly described below.

2.1. Thin Active Layer (TAL) lasers

The design concerns double heterostructure lasers, i.e. the active layer with low energy

band-gap is sandwiched between two high band-gap layers (Figure 2.1.a).The key concept of
the TAL structure is a significant reduction of the active region thickness (from e.g. 140 nm to
25 nm) so that most of the optical mode penetrates into the adjacent cladding layers, resulting
in a narrower vertical divergence angle (Figure 2.1.b). The drawback of this design is the high
threshold current density due to a low confinement factor and the high free-carrier absorption
loss caused by the light propagation in the highly doped claddings.
To satisfy the requirements of low divergence and low threshold current a ‘thin tapered-
thickness active layer’ (T’ laser) is proposed [2]. The very thin active layer (showing quantum
properties) is placed near the mirror in order to obtain the narrow vertical divergence angle
and is widened in the inner part of the laser (showing bulk material properties) for
maintaining high optical mode confinement and thus low threshold current density (Figure
2.1.c.).

The design performance may degrade due to the optical mode instability with
increasing injection current caused by induced carrier refractive index change.

The vertical far-field angle of 10° and the optical power of 120 mW are presented in
[2] from a 65 pm long laser at a wavelength of 780 nm).

(@ (o) ()
Cladding Cl/addlng/ / Cladding
@m D \ \ \ Aocﬂv'e\regl on D E i Active region
Cladding Cladding Cladding

Figure 2.1. The basic concepts of the (a) DH structure, (b) TAL design and (c) T° design, redrawn from [2].
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H. Kobayashi et al. [3] presented an improved design called ‘Tapered thickness MOW
waveguide’. Here, the multi-QW active region is embedded in a tapered shape waveguide.
The waveguide helps to confine light in the active region and plays a role of a tapered active
layer in the T design where the light is guided. A vertical far-field of 11.8° is reported. The
additional waveguide layers, generally low doped, eliminate the free-carrier absorption losses.
The main disadvantage of this design is the growth method. The so called Selective Area
Growth technique (SAG) has to be used, which is more challenging than the one-step epitaxy.

2.2. Separate Confinement Heterostructure (SCH)

The quantum well (QW) layer is too small to effectively confine the light. To
compensate this effect, the active region is embedded between two additional low doped
layers (called waveguide or confinement layer) with a lower refractive index than that of the
QW and higher than that of the cladding layers. The optical mode is confined in the
waveguide by the low refractive index claddings with its maximum intensity in the active
region.

SCH with low-index layers

In [1, 4 - 7] a single-QW InGaAs/GaAs/AlGaAs graded-index-SCH structure (GRINSCH) is
considered. The reduction of the vertical far-field angle is achieved by the implementation of
two low-index layers on both sides of the graded waveguide. The low-index layers strongly
confine the optical field in the active region (index guiding effect). The optical mode effective
index is simultaneously reduced by the low-refractive index layers to the value close to the
refractive index of the claddings. Consequently, due to the index anti-guiding effect, the
optical mode spreads into the cladding layers resulting in a strong reduction of the divergence
angle.

"t (@ "1 ) [

Hi
[ 1
(1R
I AR
1 1
N \1\ \
| Low-index \
layer P v

[}

'

Fer-field intesity, nom.

Low-index

Near-field intensity, norm

\

1]
-60 -30 0

Angle,
Figure 2.2. The vertical near-field (a) and far-field (b) profiles of the structure with and without low-index
layers, redrawn from [4].

\
,"' \ 95% power
- =~ content
" 2 3 0

Using this design, a vertical far-field angle of 13° (FWHM) and 250 mW of optical
power with a slope efficiency of 0.9 W/A from a 2.5 pm-ridge waveguide laser (0.5 mm long)
is reported [4]. A. Malag et al. [8] report 2.4 W optical power emitted into a 13°-14° (FWHM)
vertical angle from a 100 pm wide, 1 mm long single-QW laser device (emission wavelength
800 nm).
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Although the vertical angle at full width at half maximum is reduced, the design
exhibits a far-field with side lobes leading to a wide angle containing 95% of the optical
power that is disadvantageous for practical applications.

In order to minimize the optical losses originating from the light propagating in the
highly doped p-cladding layer, a structure with only one low index layer at the n-doped
waveguide-cladding interface is proposed by Z. Xu et al. [9]. A vertical far-field angle of 12°
is reported for this case. An optical power of 500 mW with a slope of 1.0 W/A for a 5 um-
RW laser with cavity length of 1.5 mm is presented in [9] (emission wavelength 808nm).

The same concept is utilized for MQW structures, e.g. [10], where the optical
confinement, achieved by the competition of the index guiding and anti-guiding effects, is
controlled by the thickness and composition of the low-index layers.

The theoretical analysis of such low-index layer designs emitting at 980 nm results in
a predicted vertical far-field angle of 11° (FWHM) [10].

SCH with high-index mode expansion layers — passive waveguide structures

In this design, additional high-index layers (called passive waveguide) in the otherwise
low index cladding layers are implemented. The composition and the thickness of the mode
expansion layers as well as the distance from the active region are chosen in such way that the
optical mode spreads into the cladding layers consistently with a minimum reduction of the
light overlap with the active region [11-13]. The idea is presented in the figure 2.3.

14 14

(©)

Near-field intensity, norm.
Far-field intesity, norm.

> 0
Position (um) Angle,
Figure 2.3. The comparison of the calculated (a) near-field and (b) far-field profiles between the SCH structure
(black dashed line) and SCH with high-index mode expansion layers (red solid line) [12].

0

P. M. Smowton et al. [12] report a far-field reduction from 37° to 23° (FWHM) using this
structure.

The drawback of this design is the requirement of higher accuracy in the growth
process due to very small tolerance regarding the mode-extension layer thickness and
composition of the high index layers [12]. In order to improve the growth tolerance B. Qiu et
al. [11] propose a structure with a V-profiled (graded) mode-extension layer. Another
drawback is that this design does not improve the emission angle containing 95% of optical
power. B. Qiu et al. [11] present a reduction of the vertical divergence angle (FWHM) from
26° to 18°. The V-profiled mode-extension is implemented only in the n-type cladding layer
in order to avoid the light propagation in the p-doped layer and thus to reduce the optical loss.
Using this technology, 380 mW optical power from a ridge waveguide laser is reported.
Vakhshoori et al. [14] present a structure (980 nm, InGaAs/GaAsP/InGaP) with 17° vertical
divergence angle and 700 mW optical power with a slope of 0.9 W/A from a ridge waveguide
laser (3 um x 750 pm).

8

Dieses Werk ist copyrightgeschiitzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fur den persénlichen Gebrauch.



The number of high-index layers (or passive waveguides) can be increased. For
example, in the work of Y. C. Chen [15] four passive waveguides are symmetrically inserted
around the active region, in the cladding layers. The FWHM-vertical divergence is reduced by
a factor of four, from 44° (standard SQW GRINSCH) to 11.2°. M. C. Wu et al. [16] present a
structure with 16 additional passive waveguides. The 5 umx 750 um RW laser emits
620 mW optical power into a vertical far field of 20° (FWHM).

Antiresonant Reflecting Optical Waveguide (ARROW)

The ARROW has its origin in the passive waveguide structures. Choosing the
thickness of the high-index layer as odd multiples of A,/4, the antiresonant condition is
provided and the layers become highly reflecting (A, is the vertical wavelength in the high-
index layer, see the wave-front in figure 2.4, incident under angle ©) [17-18]. Under such
conditions the optical mode is strongly confined and propagates in the low-index layer (in
contrast to the conventional waveguides) with embedded active area. To maximize the net
reflection, the spacing to the next reflector should also be antiresonant. Therefore, it is chosen
as odd multiples of half width of the low index waveguide core [18]. For higher order modes
the antiresonant condition is not valid. The high-index layers are transparent for the higher
modes and thus they experience large leakage loss. The schematic ARROW structure is
presented in figure 2.4 together with mode intensity propagation.

A vertical far-field angle of 18° (FWHM) is reported in [18].

no<n1 ‘
51\5/ Ny <n,
)
e i
d‘ \7 // 4P ‘\T
52 \/ n, = High-index layers
d v\ N, &

Figure 2.4. The concept of the ARROW structure with the optical mode profile. In the slab s, the active region is
embedded. Redrawn from [19].

2.3. Photonic Band Crystals Lasers (PBC)
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Figure 2.5. (a) The refractive index distribution of the PBC structure with the fundamental and second order
mode patterns. (b) Vertical far-field profiles measured at different current levels. Redrawn from [20-21].
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This type of structures has its origin in the passive waveguide structures. Lasers based
on the photonic band crystal concept utilize very wide (10 pm — 30 pm) waveguides with a
periodic modulation of the refractive index and a localized optical defect — a feature that
violates the index periodicity. By an optical defect one understands a high refractive index
layer that is wider or higher than the corresponding layers of the rest of the periods (Bragg
reflector concept).

The ‘localized optical defect” with an embedded active region causes fundamental
mode localization with a strong overlap with the active region. At the same time, the mode is
widely expanded through the periodic waveguide with a decaying tail. Simultaneously, the
higher order modes are expanded over the entire PBC structure, with a low confinement in the
active region, and are effectively channeled into the substrate or absorbed. Examples of the
refractive index distribution and the profiles of the fundamental and second order modes are
presented in figure 2.5.

Shchukin et al. [22] present a design that exhibits a vertical far-field of 8° (FWHM)
and an optical power of 20 W (under short 300 ns-pulse operation) from a 100 pm stripe
device that is 1.5 mm long. Gordeev et al. [21] also present a PBC laser with 8° vertical
divergence (emission wavelength 660 nm). The design realized as 4 um ridge waveguide laser
with a cavity length of 1.5 mm exhibits 115 mW in CW operation mode and 20 W under short
pulse operation. A 980 nm PBC design, processed as 100 um wide, 2 mm long device, emits
17 W in pulsed operation into a 4.8° vertical far-field angle. A 10 um ridge device with a
cavity length of 1.5 mm delivers 1.3 W optical (however, not kink-free) power in CW
operation mode.

Although the lasers based on PBC design exhibit a very narrow vertical angle at
FWHM, the angle containing 95% of the optical power is very wide due to side lobes (figure
2.5.b). The vertical far-field pattern is also unstable at higher current levels.

2.4. Tilted Wave Laser (TWL)
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Figure 2.6. (a) Concept of the TWL with light wave propagating in the narrow waveguide and leaky waves in
the second large cavity or substrate. (b) The vertical far-field profile at different current levels. Redrawn
from [23].

TWL designs are MQW SCH structures that are based on antiguiding and the resonant
optical wave coupling phenomenon. The light emitted from the active region is weakly guided
into the waveguide and leaks into a second very thick waveguide (10 pm — 30 um) or into a
substrate. The bottom surface of the second vertical optical cavity is usually polished or
coated with a highly reflective layer. The structure is designed so that the back-reflected light
undergoes constructive (in the case of the fundamental mode) or destructive (for higher
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modes) interference with the light propagating in the waveguide. The gain in these structures
is not sufficient to enable lasing without this feedback mechanism [23].

The mode expansion into the second vertical cavity results in a wide equivalent
vertical spot-size and in a vertical far-field pattern with two narrow-peaks (Figure 2.6.b).
However, the design exhibits a very wide angle containing 95% of the optical power.

2.5. Super Large Optical Cavity (SLOC)

SLOC laser designs utilize very thick optical confinement layers (also called
waveguides) for which, due to their superior thickness, the ability to confine the light in the
active region decreases and which mainly serve to expand the optical mode. The
advantageous result of the vertical mode expansion is the Gaussian shaped far-field profile
with a small divergence angle defined at both, FWHM and an angle containing 95% optical
power. On the other hand, wide expansion of the mode leads to a small overlap of the optical
field with the active region (a small confinement factor, I') and hence increased threshold
current. The confinement factor and, thus, the optical gain can be increased by implementing
a multi-quantum well active region (MQW).

a) b)
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Figure 2.7. (a) The refractive index of the SLOC design and the optical mode distribution. (b) Vertical far-field
profiles, measured at 7.5 A, of a SLOC with thinner (3.6 um) and wide (8.6 um) waveguide [24-25].

The wide optical mode distribution in the optical cavity leads to a reduced optical
density in the gain region and at the laser facet (also called large equivalent vertical spot-size).
The reduced optical facet load increases the threshold of the laser mirror damage (COMD).
Consequently, the design has the potential to deliver high optical output power before the
failure occurs.

Another positive feature is the small fraction of the optical mode overlapping with the
cladding layers which are usually highly doped. This results in lower internal optical losses
and allows the manufacturing of devices with long optical resonators.

Moreover, the advantage of this design is the tolerance regarding the thickness of
waveguides and claddings. Higher order modes are suppressed in a loss discrimination
process by varying the thickness of the claddings, whereby good mode suppression is
achieved with a high tolerance of this thickness. Therefore, the design offers stable
fundamental mode operation even up to high carrier injection levels.

Due to the above mentioned features, the SLOC was the design chosen for this thesis.
The final, optimized structure delivers a quasi-CW optical power of 30 W into vertical far-
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field angles of 8.6° (FWHM) and 15° (95% power content) [25]. The vertical far-field profile
is free from side lobes and has a Gaussian shape even for high injection current levels. Until
now, structures with vertical divergence angles of 13° (FWHM) and 21° (95% power content)
for an output power of 38 W from a 200 um wide, 8 mm long laser device are reported in
[24]. The detailed discussion considering SLOC design is presented in the following chapters.
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3

Semiconductor laser model with Fabry-Perot resonator

This chapter deals with the electro-optical features of diode lasers. The basic concept
of a diode laser is presented in section 3.1. Section 3.2 describes the one-dimensional optical
mode propagation in a layered media and the vertical far-field distribution of the emitted
light. Furthermore, the software used for waveguide simulations is described. Section 3.3
deals with basic relations describing carrier injection and stimulated photon generation. The
optical gain and the threshold conditions for a quantum well diode laser with a Fabry-Perot
resonator are presented followed by relations describing power-current characteristics in
steady-state conditions above threshold. The thermal mechanisms influencing the diode laser
performance are discussed as well.

3.1. Basic diode laser concept

A diode laser is a stack of p-confact
semiconductor epitaxial layers, with an eact
active region embedded in a p-n or a p-i-n :
junction and is typically grown on an n- w
type substrate. There are several features Front facet ™ OF
making diode lasers more advantageous
than other types of lasers. Diode lasers, in
contrast to other types of lasers, can be
pumped electrically, which means that no
external light source is required. The  Figure 3.1. Schematic diagram of a broad area diode
optical gain is obtained by stimulated laser.
recombination processes of electrons and
holes in the active region that amplify the present light reflected by the mirrors. In the
stimulated recombination and light amplification process in semiconductors, the energy bands
of the active region are essential and not electronic transitions of excited single atoms, ions or
molecules like in plasma lasers. Due to a considerably higher density of states in the energy
bands, semiconductor lasers provide much higher gain and electro-optical efficiency than
other solid-state or gas lasers. Diode lasers emit light at a wavelength related to the direct
band-gap of the semiconductor utilized as the active region. This way, lasers over a wide
wavelength range can be realized. The semiconductor crystal is embedded between two
parallel mirrors in order to initiate and to sustain the lasing process. The optical cavity is
called a Fabry-Perot resonator. In modern diode laser technology, additional lateral carrier
and/or light confinement is provided. The lateral confinement is achieved by the utilization of

Epitaxial structure
Substrate

Beam characteristics
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various designs like broad area (BA), ridge waveguide (RW) or buried heterostructures (BH).
The schematic drawing of a laser diode manufactured as a broad area device is presented in
figure 3.1.

There are several basic requirements to realize a diode laser; some of them are
described below.

Requirements for light emission. A direct band-gap semiconductor has to be utilized
as an active medium (the p-n or p-i-n junction) in order to obtain an efficient light emission.
Most III-V and II-VI compound semiconductors have a direct transition gap and can therefore
be suitable materials for the realization of diode lasers. The chosen semiconductor materials
have to be lattice matched to the substrate crystal on which they are grown in order to avoid
mechanical defects. The maximum tolerable lattice mismatch is typically 0.1% or less for
bulk layers [1]. The band-gap energy and the lattice constant of some III-V semiconductors
are presented in figure 3.2. The relation between the emitted wavelength and the direct band-
gap energy of the semiconductor is [2]:
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some I11-V semiconductors.

The modern semiconductor lasers are realized through vapor-phase growth techniques like
metal-organic vapor-phase epitaxy (MOVPE) and molecular-beam epitaxy (MBE). These
techniques enable the growth of layers with precisely controlled composition and thickness at
the atomic layer level. Therefore, ternary and quaternary components can be grown by
varying the mole fraction of a particular element within a wide range (from 0 to 1), e.g.
indium in InyGa, xAs material. By mixing elements, the band-gap of the layer can be tuned,
enabling lasing operation in a wide wavelength spectrum. Moreover, these techniques enable
the fabrication of matched or strained quantum well (QW) structures by carefully selecting the
composition of adjacent layers.

Requirements for carrier transport. A p-i-n junction has to be created through
appropriate doping of the different layers in order to ensure electrical transport through the
structure. The n-type and p-type semiconductors are realized by embedding impurity atoms
with a higher and lower number of electrons in the outer shell, respectively. The atomic
impurities create new states within the band gap called the donor and acceptor states. Donor
states are located in the vicinity of the conduction band edge. Thus, at 300 K practically all of
their excess electrons are thermally excited to the conduction band. Acceptor states are
located near the valence band. Hence, an electron from the valence band occupies the
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acceptor state, leaving a hole in the valance band. The chemical potential where the
probability that a state is occupied by an electron is 1/2 is called the Fermi-level. In the
absence of an external voltage, this level is flat throughout the entire structure, and the carrier
flow is absent (figure 3.3a). Free charge-carriers (electrons and holes) carry current through
the p-n junction if a forward bias (positive potential difference from p to n) is applied. The
population inversion, required for the stimulated recombination process, is obtained in the
region containing both electrons in the conduction band and holes in the valance band. When
the applied external voltage V is higher than the potential given by the junction gap
(eV >E,=hv), the voltage drop across the junction is sufficiently reduced allowing free
carriers to flow through the p-n junction. Hence, the intrinsic zone between the n- and p-
regions is fed with carriers of both types. The high density of electrons and holes allows
treating them separately as two fermions statistics with the help of two quasi-Fermi levels
(figure 3.3).

Requirements for vertical carrier confinement in the active region. If the active zone
has a lower energy gap than the neighboring p or n layers and the interface electric dipoles are
such that the band offsets for conduction and valence band are toward the chemical potential
(type one alignment) then electrons and holes are both confined in the potential well of the
active zone. These neighboring layers, creating the potential barriers, are called confinement
layers. In typical modern diode lasers the confinement layers are embedded between two
cladding layers forming a waveguide for the optical mode. The energy gap of the confinement
layers is smaller than that of the cladding layer in order to improve the carrier confinement in
the active region. The distribution of the band-gaps of a typical diode laser is presented in
figure 3.3. The active region in modern diode lasers is a thin layer (3-20 nm) exhibiting
quantum size effects. Therefore, the layer is called a quantum well (QW). Often the active
region is spread over several quantum wells. In this case, the structure is called a multi
quantum well. The use of QWs as an active region has the following advantages. Firstly, due
to the small volume, the necessary injection current density to reach threshold is reduced by
over three orders of magnitude in comparison to a bulk layer [3].
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Figure 3.3. Energy band diagram of an InGaAs-SQW diode laser based on GaAs substrate (a) without an applied
voltage and (b) with a forward biased applied voltage. (Emission wavelength: 1.06 um. Energy band
diagram calculated be means of Wias-TeSCA software.)

Secondly, the small thickness of QWs allows the use of materials with different compositions
that do not always fully match the lattice constant of the substrate. The lattice mismatch to the
substrate contributes to compressive or tensile strain in the QW. Compressive strain is
introduced when a layer is grown with a larger native lattice constant than the substrate (e.g.
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InGaAs on GaAs substrate). On the contrary, tensile strain is introduced when a layer with
smaller native lattice constant than the substrate is grown (e.g. GaAsP on GaAs). The
compressive strain increases the energy band-gap and the tensile strain reduces it. The second
effect of the introduced strain is the splitting of the heavy hole ( 44 ) and light hole (/4 ) bands,
each being pushed in opposite directions from the center at the I" point. In compressively
strained layers, the 4/ band shifts upwards and /4 band shifts downwards, while in tensile
strained layers the opposite variation occurs [4]. This process modifies the distribution of the
density of states in the active quantum well layer leading to a lower threshold current density.
Moreover, the polarization-dependent gain is changed by the introduced strain. The optical
gain is mainly TE polarized (transverse electric wave - electric field vector parallel to the
active layer) for the transition between the electron and the heavy-hole bands but can also be
TM polarized (transverse magnetic wave, electric field vector perpendicular to the active
layer) for the transition between the electron and the light-hole bands [2, 4].

Requirements for the light confinement in the gain medium and the light waveguiding.
The carrier confinement layers having a larger band-gap energy than the active region are
almost transparent for the light produced in the stimulated emission process. Simultaneously,
the confinement layers should have a larger refractive index than the cladding layers, so that
the optical wave can be confined within the high index region due to total internal reflection
at the interfaces with the cladding layers. Often the refractive index of the consecutive layers
is tailored in such a way that the maximum intensity of the optical mode overlaps with the
active region for maximum gain. Light propagation takes place along the plane of the active
region. The layers that confine the light build up the waveguide. The distribution of the
refractive index of a single-QW diode laser and the optical mode distribution are presented in
figure 3.4.
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In order to initiate and to sustain the lasing process, a positive feedback situation has
to be created. The resonator is realized by cleaving the laser crystal on two planes
perpendicular to the active region. The cleaved facets themselves create mirrors between
which the optical wave propagates and thus defines the longitudinal plane of the diode laser.
The optical wave undergoes amplification while traveling back and forth along this plane
(gain medium) between the two mirrors. The light intensity at the facet is partly transmitted to
the air and partly reflected back into the cavity. Lasing conditions are fulfilled if the optical
gain exceeds the absorption and reflection losses (appendix 3):

R, R, -exp[2L(g 00 — )] =1 (3.1.2)

where L denotes the distance between the front and the rear laser facets with reflectivities
R and R,, respectively. The traveling wave in the cavity experiences a modal gain g, and
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internal losses ¢, due to absorption and scattering on crystal imperfections. The condition
described by (3.1.2) is best fulfilled in the resonance case:

2L=mA, (3.1.3)

where A is the optical wavelength in the laser crystal and m is an integer that corresponds to
the longitudinal mode number.

3.2. Simulation of an optical mode in a layered media

3.2.1 The Quasi-2Dimensional Semiconductor Laser Simulation Program (QIP)*

The program QIP* solves the quasi-two dimensional waveguide equations in the
effective index approximation. However, for the purposes of this work only the one-
dimensional (vertical) Helmholtz equation is solved and only transverse electric modes are
considered. Based on a given set of refractive indices, the software calculates the fundamental
and higher mode distributions in the waveguide and, consequently, the shape of the far-field
pattern. The effective indices of the propagated modes and their confinement factors are also
calculated. Moreover, this program is used to create input data for more sophisticated WIAS-
TeSCA software, which is described later in appendix 4.

(*The software QIP is a non-commercial program written by Dr. H. Wenzel (Ferdinand Braun
Institute) and Dr. H. J. Wiinsche (Humbolt University Berlin).)
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Figure 3.5. Model of a plane waveguide with a vertical refractive index distribution. The illustrated coordinator
system is utilized during optical waveguide modeling.

3.2.2. Calculation of the index of refraction

The optical mode in a layered medium is tailored by the refractive indices of the
particular epitaxial layers and their thicknesses [6]. The refractive index as a function of
photon energy at room temperature is calculated using the Afromowitz model (the modified
single oscillator model) [7]. The oscillator model reflects the fact that the optical wave
interacts with charged particles that behave like mechanical oscillators. The inclusion of a
variation of the imaginary part of the dielectric constant &, (the absorption at the band gap)
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gives results that are in good agreement with measurements on AlGaAs, GaAsP and GalnAsP
for the photon energy ( £) range below and close to the energy gap ( £, ) of the material.

The expression for the refractive index in this model is [8]:

n’—1

where

_E,

2E\E, —E2)’

with E;, E, denoting the energy parameters of the oscillator.

2E; - E’-E?
yBapr Mpagy 220~ B 78 (3.2.1)
E, E ' x E’-E
p=— "L (3.2.2)

A small imaginary part of 5 meV is added to the photon energy E and it starts to matter when
the photon energy equals the band gap energy £ =E, .

The parameters E,, E, and E¢are known for many binary semiconductors and may
be calculated for ternary and quaternary materials by interpolation and by considering
appropriate bowing coefficients for better agreement with measurements.

In this work ternary materials like AlyGa;As, InGa;«As and GaAs,P,., are used.

The interpolation scheme for the parameters E;, E, and E, is as follows:

P(x)=(1-x)-P(x=0)+x-P(x=1)-x-(1-x)-bowing .

(3.2.3)

In the above equation, P stands for the parameter that is interpolated (i.e. E,, E, or E,),

and x is the mole fraction. In table 3.1, the fit parameters for the utilized ternary components

are presented.

Al Gaj4As

In,Ga; . As

GaAs,P;.y

E,=3.65+0.871-x+0.179-x’

E,;=36.1-245x

E, =1425+1.705-x
+1.44 x> +1.31-x°

E,=3.65-28-x
E,=36.1-268-x
E,=1424-1514-x+045x°

E,=4.72-1.07-y
E,=384-23y
E,=2.778-1.566-y+0.21-y’

Table 3.1. The fit parameters for Al,Ga,As [7], InyGa,. As and GaAs,P,., [9] materials. The expressions given

for £ , are for the direct band gap.

The above interpolation scheme for the energy gap value is utilized only for bulk
materials. In this work, the InGaAs and GaAsP materials are used only as thin strained layers
(quantum wells or quantum barriers, respectively). The calculated energy gap for a strained
layer corresponds to the distance between the conduction band and the heavy-hole valance
band. The value of the energy gap is calculated using a model that considers strain and
quantization effects described in [4].
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3.2.3. The one-dimensional (vertical) optical waveguide model

The propagation of an electromagnetic field in one dimension (vertical direction x) is
considered. The boundary conditions, imposed by the waveguide geometry, force the
electromagnetic radiation to propagate as Transversal Electric (TE) modes with a zero E,
longitudinal component or as Transversal Magnetic (TM) modes — modes with a zero H,
longitudinal component. As the electric field is orthogonal to the wave propagation vector
E Lk, thex component of the electric field also equals zero (£ = 0). This is similar for the
magnetlc field of TM modes. Structures utilizing highly compressive strained active regions
that result in nearly 100% TE polarized light [1-2] are studied. Therefore, only TE modes are
considered in further discussions. The coordinate system is presented in figure 3.5

A wave propagating in the plane perpendicular to x=const in direction z is
considered:

E, (x,2,t)= E(x)- explix — ifz), (3.2.4)

with @ denoting the angular frequency of the propagating wave and ﬁ representing the
complex propagation constant in the z-direction. The guided wave obeys the time-
independent wave equation (1D Helmholtz wave equation):

d*E(x)

dx

+ (k22 (x)- ) E() =0, (3.2.5)

W . ) : ~  ~
where k, =— is the wave vector in vacuum (c — vacuum speed of light) and £ =7 denotes

C
the relative permittivity as a complex dielectric function. The term 3mé& describes the optical
gain or losses and 7 denotes the complex index of refraction [4].

During waveguide simulations the software QIP finds the solution of the Helmholtz
equation using the Transfer Matrix Method (step-wise constant) and treats it as a real or
complex vertical waveguide equation by utilizing appropriate boundary conditions.

1. Dirichlet boundary conditions. = There are hard boundary conditions imposed for a TE
mode (tangential E-field vanishes at the boundary £, (x)=0). On the internal layer interfaces
the continuity of the tangential E and H fields is employed. The real waveguide equation is
solved considering only a real dielectric function €, and a propagation constant /. In this
case, the equation (3.2.5) has non-trivial solutions for certain values of A fulfilling the
condition:

(3.2.6)

max

max(ncu NP ) <—<n
kO

with the modal cut-off condition:

B =k, max(ng,,ng, ). (3.2.7)
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The nmax represents the highest refractive index of a semiconductor layer confined between
the claddings with refractive indices ncr; and ncry (presented in figure 3.5), however,
throughout the work symmetric claddings are considered, 1.e. n.,, =n, .

The solutions have a harmonic form in the waveguide. The transversal distribution is
E, (x)=A-cos(k-x)+B-sin(x-x) and k* =kgn’ = > >0,  (3.2.8)

where & = 7/ confinement layer thickness . The number of extremes corresponds to the index
of the guided mode.

2. Outgoing-wave boundary conditions. The complex waveguide equation is solved.
Outside the waveguide [10]:

kin?, —pr=kl, >0 (3.2.10)

substrate = ™ Substrate

leading to an exponential solution with an asymptotic form at |x| —> oo

E, (x)~ expl(-ixfx]). (3.2.11)

The solution of the wave-equation utilizing outgoing-wave boundary conditions results in
leaky modes [10]. For the structures discussed in this work, the propagating mode in the
waveguide is intentionally leaky for higher order modes. This is fulfilled when the real part of
the propagation constant (effective index) for a considered m -mode (Ref,) is smaller than
the refractive index of the GaAs-substrate. The substrate is assumed to be infinitely thick.

Ref, <k, -n (3.2.12)

substrate *

The losses of the m -mode due to leakage are:
a]eak,m = 2 : Smﬁm N

The effective refractive index quantifies the phase delay per unit length in a waveguide
relative to the phase delay in vacuum and is given for an m -mode by [4]:

Eﬁeﬁm

n,, =-—" 3.2.13
eff,m ko ( )

The fundamental mode, having the largest propagation constant (lower frequency and larger
incident angle than higher order modes), experiences higher phase shift per unit length and
exhibits the highest value of the effective refractive index.

The optical mode distribution is graphically presented by the software as the
distribution of the mode intensity on the x-direction:

1,(x)=|E,,(x) . (3.2.14)
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3.2.4. Vertical divergence angle

waveguide . it Figure 3.6. The Cartesian and spherical
coordinator system of the far-field.
Tl (Figure reprinted from [4].)

The emitted optical field is obtained by solving the homogeneous Helmholtz equation
for the free-space region [11].
The assumptions for the calculation of the vertical far-field intensity are as follows [4]:
a) The facet is placed at the z = 0 position ;
b) The far-field is expressed in spherical coordinators: generally (r, ©, ®) and in case of a
vertical far-field ® =90°, see figure 3.6.
¢) The electric field distribution (near-field) £ in the vicinity of both sides of the facet
is, due to continuity the same. The reflection into other modes is neglected.
d) For large values of r (r> 5)) the vertical far-field is approximated by [4]:

E" (r,0)= —Mcos OFEY (k,sin®), (3.2.15)

ol
where E}¥ is the Fourier transform of the near-field.

The vertical far-field intensity (for TE modes; E,=0) at a fixed distance r = ry is expressed as:

1" (0)= g

E"(1,,0) o= cos’ © | (k,sin ©) (3.2.16)

3.3. Phenomenological laser model — Basic relations describing the quantum
well diode lasers

3.3.1. Carrier injection and photon generation

The concentration of the carriers injected into the active region (where they take part
in the stimulated photon emission process) is determined by the rate equation for the carrier
density:

dN _ J N _,

E:e-du T

(3.3.1)

Stim *
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The first term on the right-hand side of the above equation accounts for the carrier generation
rate described by the injection current density J, where e is the elementary charge and d; the
active layer thickness [1]. The second term denotes the loss rate for all carriers with the
density N having an effective life time T involved in recombination mechanisms other than
stimulated emission. The carrier loss rate is usually presented in the form [1]:

R(N)=A4,N+BN*>+CN’ = N (3.3.2)

7(N)’

where the first term, 4, N, accounts for nonradiative processes (e.g. lateral, vertical leakage
or Shockley-Read-Hall (SRH) recombination). The term BN* accounts for the spontaneous
radiative recombination rate, and the term CN’ accounts for nonradiative Auger
recombination. The third term of the equation (3.3.1) is the stimulated recombination rate
describing the density of generated photons per unit time in the stimulated electron-hole
recombination process [12] (the process takes place in the active region).

(3.3.3)

. = -V .
stim r h
df & P

where g, denotes the material gain, N, and v, represent the density and group velocity of
stimulated photons, respectively.

The stimulated emission rate can be expressed by the modal gain g _,, and the
average internal optical power P (z) along the gain medium in the z direction (see appendix
2):

R = gmodal P(Z) (334)

The gain medium area is described by the vertical active region thickness d,, and the lateral
active width /. The stimulated photons are also a loss mechanism for carriers.

3.3.2. Optical loss, gain and threshold conditions

Implementing a quantum well gain region into a waveguide introduces a perturbation

of the dielectric constant Ag, as well as a perturbation of the propagation constant Af.
Solving the transverse Helmholtz equation (3.2.5) with the introduced perturbations similar to
[12], the modification of the propagation constant can by expressed in the form:

k; TSme : ‘Ey (x)(zdx
ImpB> =—= . (3.3.5)
£, @) dx

Since
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—nAZk En = const, |x| < d_;z
Sme = 0 : (3.3.6)
0, |x| > iz

2

the integration is limited to the active area (n,,, d ,, denote the refractive index and thickness
of the active region, g, is the material gain), and considering [4]:

5m,32 =2'3mﬂ'9{€ﬂ=gmodal 'kOnE/f’ (337)

one can obtain the following expression for the modal gain:

+d/2

J- ‘Ey(x)‘zdx
gmoda[ = nAZ ’ 711,2 'gm = nAZ 1—‘gm (338)
ne// .ﬂEy (x)‘de neﬁ.

The confinement factor I' <1 exhibits the overlap of the optical transverse mode with the
active area and is in the range of 0.01-0.04 for multi-QW diode lasers.

The maximal material gain in quantum well lasers can be empirically expressed by a
logarithmic dependence on the injected carrier density [2]:

&n =&, ln(ﬁj (3.3.9)

Tr

with g as empirical gain parameter and N ,, denoting the transparency carrier density. This
density corresponds to the case for which the absorption equals generation and thus the
material gain equals zero.

The minimum modal gain required to compensate the internal modal losses ¢; and the
mirror losses ¢, , and to initiate the lasing process is called the threshold gain g, , which is
defined as:

Mz vg =a +a, (3.3.10)
neﬁ-

There are several mechanisms of modal losses ¢; decreasing the intensity of the
vertical mode. Typically these are losses due to free-carrier absorption, leakage losses of the
optical mode, and losses due to scattering of the optical mode on defects or rough interfaces.
The last mechanism can be neglected due to high quality diode laser technology that is used
nowadays. The general relation for the modal losses can be presented as follows [4, 13]:

o =3 ok o (o), (3.3.11.a)
FRC
fe _
where o/ =o,n,+0,p,;. (3.3.11.b)
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The first element of the equation (3.3.11.a) represents losses of the light in the j -layer due to
free-carrier absorption. These losses depend on the overlap of the m -light mode with the
considered j-layer I, ; n and pin (3.3.11.b) are the 3D-densities of electrons and holes,
o, and o, are the free-electron and hole absorption cross-sections, respectively. The carrier
cross-sections are defined experimentally and are of the magnitude of 10™"* cm”. During loss
calculation, both parameters are provided manually to the software.

Losses due to leakage of the optical mode. The optical mode undergoes absorption in
the GaAs-substrate and the p-type contact layer and is described by radiation loss assuming an
infinitely thick substrate and boundary conditions for the outgoing wave.

The mirror losses for a Fabry-Perot resonator depend on the resonator length L, the

front and rear mirrors reflectivities R, and R,, respectively, and are described as follows

(appendix 3):

amziln L | (3.3.12)
2L (R, R,

The mirror losses equal zero for an infinite length of the optical resonator. In such a case, the
modal gain equals the modal loss only.

3.3.3. Optical power-current characteristic

Under steady state conditions corresponding to a continuous carrier injection mode
(¢ — oo ; continues wave (CW) operation) it holds:
dN I P
_ R(N)— Emodal

Lk A =0, (3.3.13)
dt  e-d, WL

d, W ho

Below or near the threshold the averaged power along the gain medium is P =0
(Rsiim = 0), since the photon density is small. The threshold current can be estimated through:

I,=ed, W-L-R(N,), (3.3.14)

where Ny depends on the applied model for the gain g(N) (linear or logarithmic dependence
on carrier concentration [1]).

Injection of carriers for currents higher than the threshold (/=17, +Al) leads to
stimulated light emission (R, >0 and # > 0) and (3.3.13) takes the form:

Stim

I, +Al
_ 2= _R(N,)
P _edy, WL (3.3.15)
ha) gmodal
d, W

Substituting expression (3.3.14) into (3.3.15) this yields:
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F:—-—'. (3.3.16)

Since the output power is the energy leaving the laser facet in a time interval, the relation
between the output optical power and the internal averaged power can be presented in the
form [2]:

p,(P)=L-a, P. (3.3.17)

Substituting (3.3.16) into (3.3.17) and considering (3.3.10) this yields an expression for the
optical power in the linear range above threshold:

p =0 % () (3.3.18)
e o +ca,

In real laser devices, the number of carriers that are involved in the stimulated recombination
process is less than the number of total injected carriers. The ratio between these two types of

carriers is defined as the internal quantum efficiency 77" < 1. Therefore, the equation (3.3.18)
has to be modified:

P, =n'— —"—(I-1,) (3.3.19)

The internal efficiency (7;") is one of the most important parameters for a high power
laser. It influences the external efficiency and the optical output power. The internal
efficiency parameter is governed by several mechanisms like lateral carrier spreading and
nonradiative recombination processes [14]. In the lateral carrier leakage process, a part of the
supplied current does not enter the active geometrical area. Therefore, these carriers do not
take part in the stimulated recombination process. Other mechanisms reducing the internal
efficiency are thermionic carrier escape and vertical carrier leakage if the potential barriers of
the active region are too low. The non-confined carriers take part in non-stimulated
recombination processes in the barriers or confinement layers (waveguide, cladding). The
non-stimulated recombination process can involve electron-hole recombination in the
confinement layer, nonradiative recombination of free-carriers on defects (Shockley-Read-
Hall) or Auger recombination.

The diode laser performance is also characterized by the differential external efficiency (77,)

and the conversion efficiency (1¢).

The differential external efficiency (7%, ) is defined as the ratio between the number of
emitted photons (N ,,) (per time unit) through a laser facet and the number of injected
charged-carriers ( NV, ) (per time unit):

pd = dN,, _ dP/dl
“ AN hale

(3.3.20)
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Combining (3.3.19) and (3.3.20), the 1?, parameter can be expressed as a function of the

ext

internal efficiency and the internal optical and mirror losses:

J . a(L)
=pt _Zm=) 3.3.21
Mew =T, a,(L)+a, ( )

1

d

ext

To show its dependency on the laser cavity length, the 77; parameter is often presented in the

form:

st

d _ 7
I+ L

In
R,R,

The conversion efficiency (nc¢) shows how efficiently the electric power injected into
the laser ( £,) is converted to optical output power ( F,,,) and is described by a ratio of the two
powers:

s hw

— -1
Py B, T Ul

P, 1-.U(l) U, +IR)

e

e = : (3.3.23)

where U(7) is the current-voltage characteristic of the diode, U, is the ‘turn-on voltage’ of
the diode and R, is the series resistivity given by:

Z dp,
_

RS
Lw

(3.3.24)

The terms d; and P, denote the thickness and the sheet resistivity of the ; epitaxial-layer,
respectively. The term U, is the voltage drop across the band gap and I°R, is the dissipated
power due to Ohmic heating.

3.3.4. Thermal parameters influencing the semiconductor laser performance

3.3.4.1. The characteristic temperatures Ty, Ty

The parameters Ty and T, characterize the sensitivity of the laser threshold current and
the external efficiency, respectively, on the temperature of the laser active region. From the
experimental observation, it has been empirically determined that the temperature dependence
of the threshold current density and the temperature dependence of the external efficiency are
usually well approximated by:
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_T:'ef T_T;’ef
J(T)=J(T,, ) exp| — or an(T)zan(Tref)+T‘, (3.3.25)
0 0

]-;e -T T_Yle
n;,<T)=n:i,<Tmf>exp[fTJ or I, (7)=nns, (T, )= (3:3.26)
1

The reason for laser performance deterioration is the optical gain (g, ) reduction with
increasing temperature [4, 12]. In order to compensate for the decreased optical gain, higher
carrier densities are required. An increased carrier density, however, implies increased
nonradiative recombination (~4, N) leading to further heating of the laser crystal.
Additionally, the increased temperature gives rise to thermionic carrier emission out of the
active region. These processes consequently lead to an increment in the threshold current as
well as to a reduction of the injection efficiency, observed as reduction of the external
efficiency of the laser structure. From the above equations, one can see that laser structures,
which are more sensitive to the temperature, exhibit lower characteristic temperatures T and
T,. The improved vertical carrier confinement (obtained for example by high quantum
barriers) is expected to result in a more temperature stable threshold current and external
efficiency of the laser. Moreover, laser devices with a high optical overlap within the gain
region (high confinement factor I') and a long resonator (low mirror loss, low threshold
current density) should exhibit a higher characteristic temperature Ty.

The experimental temperature dependences of the threshold current and the external
efficiency of a MQW diode laser are presented in figure 3.7.

20 T T T T T T T T 00 T T T T T T T T
16F a) --o" -e- -®@-==""7 02F b) Inn (T)=Inn (298K)-(T-289K)/285K -
10t @-=0= " 1 _04l.. T 298K ]
/:'E :U & - -. O o a
< 08} Inl_(T)=Inl_(298K)+(T-289K)/140K € -06f ~~B-.g. - |
0ak T.~298K ] 08l ~eaal]
00 1 N 1 N 1 " 1 " -1 0 1 L L L
0 20 40 60 80 -20 0 20 40 60 80
Heat-sink temperature T - Tref , K Heat-sink temperature T - Tref , K

Figure 3.7. The experimental temperature dependences of the threshold current (a) and the external efficiency (b)
of a multi-QW InGaAs/AlGaAs broad area device on the heat-sink temperature from 15°C to 85°C.
(Device geometry: electrical stripe width W = 100 pm, cavity length L = 8 mm; Structure C1690-6)

However, the threshold and slope of the QW lasers (broad area devices) often show a
deviation from the exponential thermal behavior mainly at high temperatures. Examples of
the Ty, T, thermal behavior of a 1060 nm laser are presented in figure 9.4. The significant
deterioration of Ty, T, parameters is likely to be caused by vertical carrier leakage and
additional or increased non-radiative processes that often happen in long-wavelength lasers,
1.e. Auger recombination [15].

3.3.4.2. The thermal resistance

The thermal resistance Ry, [K/W] defines the temperature rise of the laser active region
compared to an ambient temperature (AT;) during laser operation and is described as:
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AT, T, -T
R, =—"~ =121, (3.3.27)
r,.. (p-P,)

waste e opt

where Tz refers to the active region temperature and T..r refers to the heat sink temperature -
usually set to 300 K. The wasted power P, =P,—P  1is the difference between the
supplied electrical power and the produced optical power (the fraction of injected electrical
power which was not converted to optical power) and is the reason for laser heating.

Through good management of the heat dissipation, the thermal resistance can be
reduced. By mounting a laser chip with the epitaxial-junction down to the heat-sink, for
example, the flow of the generated heat through the thick substrate is strongly reduced and the
thermal conductivity is improved (see figure 3.8).
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Altogether, the optical power can be described as:

AT;(R,) AT,(R,)
Popt =1, - €Xp —T : I_Ith -€Xp T , (3328)

1 0

with AT, =R, (1-(U,+IR,)-P,,) and the external efficiency and threshold current being a
function of temperature (see equations (3.3.25-26)).

Equation (3.3.28) is usually used as an empirical tool for the extrapolation of the

power-current characteristic. However, this equation does not apply when the Ty, T,

parameters decrease above a certain temperature of the active region (e.g. sample C1357-6,
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chapter 9) and when considering the temperature dependence of the thermal resistance like in
[16].

3.3.4.3. Catastrophic Optical Mirror Damage (COMD)

The catastrophic optical mirror damage (COMD) is one of the most common power
limitations of the high power diode-lasers leading to irreversible damage of the laser chip.
The COMD is a sudden facet degradation due to increased facet temperature caused by
nonradiative surface recombination processes in the vicinity of the facet surface.

The power leading to COMD is proportional to the internal power density p,, (often
indicated as p,,, , 1.. the internal power density which is reached at the moment of COMD
failure). For a given output power P, the internal power is given by [17]:

1+ R

1
S

3.3.29
T ( )

4y
r

pint = out

where Ry denotes the reflectivity of a front facet, d is the quantum well thickness and T is the
optical confinement factor. From the above equation, one can see that the facet heating,
leading to its failure, depends on the modal cross-section (i.e. equivalent vertical spot-size
(d/T') and lateral stripe width) as well as on the reflectivity of the front facet. Reducing the
optical mode intensity (and thereby increasing the COMD threshold) by increasing the modal
cross section leads to a higher output power before catastrophic optical damage (COD) occurs
(chapter 8, figure 8.3).
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4

Process technology and packaging of high power diode lasers

4.1. Epitaxy of high power 1050 — 1150 nm diode laser structures based on
GaAs substrates

The epitaxial structures are grown on an n-GaAs (100) substrate [1] by means of metal
organic vapor phase epitaxy (MOVPE).

The emission wavelength range of the diode lasers characterized in the framework of this
thesis is 1050 nm to 1130 nm. This wavelength range is obtained utilizing InGaAs as the
active region material. The active region is embedded in AlyGa;  As waveguides and cladding
layers that are lattice matched to the GaAs substrate. (The lattice mismatch between AlAs and
GaAs is only 1.3-107 [1])

Long wavelength emission requires the incorporation of a high indium content (x = 28%
for 1050 nm to x = 37% for 1150 nm) in the InyGa; As quantum well. This leads to high
compressive strain of the layer. To avoid strain relaxation and the formation of defects, three
designs of the active region are proposed.

1) Utilization of thick (50-100 nm ) GaAs barriers between quantum wells. The stress
from a high compressively strained quantum well is relaxed during the barrier
growth and does not influence the neighboring quantum well [2-3]. This design
works especially well when a GaAs waveguide is utilized.

2) Utilization of an additional strain compensating GaAsP layer (~20 nm thick)
sandwiched between GaAs barriers (~15 nm thick) [2]. For a fully compensated
active region, the condition |2-€,nGaAS A Gais "|5ca 4sp " Aoausp| has to be fulfilled.
The terms & and d denote the strain and the thickness, respectively, of the
particular layer [3].

3) Utilization of tensely strained GaAsP layers as a quantum barrier (~7 nm thick) [4].
The use of oppositely strained barrier layers to those produced by the QW
compensates the misfit stress appearing in the active region. This design can be
used for any composition of AlyGa;.<As waveguide layers. Here, an additional thin
GaAsP layer (a so called spacer) at the interface of the QW and the waveguide
should be introduced [4-5]. Moreover, V. Duraev [6] notes that the height of the
quantum barrier (related to the GaP mole fraction) should not be much higher than
the waveguide potential level (in both the conduction and the valence bands) to
avoid inhomogeneous pumping of the quantum well.

The schemes of the active region designs are presented in figure 4.1.
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During the growth of the structures presented in this work the first and the third active
region design was utilized (GaAs or GaAsP barriers).

The epitaxial growth requires an optimal growth temperature, which is different for the
active region and the other epitaxial layers. The growth temperature of the active region for
emission wavelengths of 1100-1200 nm is examined by Bugge et al. [4, 7]. The active regions
of the presented structures in this work were grown at the temperatures of 650°C and 530°C
for emission wavelengths of 1060 nm and 1130 nm, respectively. The AlyGa;xAs waveguide
and cladding layers were grown at 770°C. The growth details are presented in [2, 4-5].

The waveguide, the cladding, and the contact epitaxial layers are doped during growth.
The impurity atoms of zinc and carbon were introduced to obtain p-type material and atoms
of silicon were introduced to obtain n-type material. The active region stays intentionally un-
doped. GaAs is a material with a high carrier mobility and therefore, when used as a
waveguide, the thick region facing towards the active region is intentionally undoped and

lowly doped (<5-10" ¢m™) towards the cladding layers. The low doping of the waveguide
ensures low optical losses. The undoped GaAs material exhibits intrinsic n-type character

(n~5-10" ¢cm™). In order to place the p-i-n junction at the active region, the first 100 nm of

the p-waveguide is lowly doped (p<5-10' cm™) with carbon atoms (carbon has a negligible
diffusion coefficient [8], so it does not influence the active region which should stay free from
undesired impurity atoms). In the case of AlGaAs material, a higher doping level is
introduced in order to compensate for the lower carrier mobility of the material and to ensure
higher conductivity. For the waveguides a doping level of around 1-10"7 - 1-10" cm™ is

utilized, whereas for the cladding layers a higher doping level (~2-10" cm™) is introduced.
Because in SLOC structures only a small fraction of the optical mode propagates in the
cladding, the high doping will not increase the optical losses dramatically.

The epitaxial structures discussed in this work consist of highly compressively
strained multi-QW active regions that are embedded in AlyGa,; <As waveguides and cladding
layers. On top of the p-cladding layers, a highly p-doped 100 nm thick GaAs contact layer is
grown. The structures discussed in this work differ in the number of quantum wells (two or
four quantum wells (DQW, QQW)), each being 7 nm thick, the emission wavelength
(1130 nm, 1100 nm and 1060 nm), the waveguide and cladding layer thicknesses and the
aluminum content. The calculated (using QIP software) energy bands and refractive index
profiles of each epitaxial design are presented in appendix 1.
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The epitaxial structures are grown on ~ 350 — 450 um thick n-GaAs substrates. After
the growth process, the substrate is polished to a thickness of ~ 130 um for better cleaving
during the technology process. The sizes of the wafers used are 2” or 3”.

4.2. Processing of edge emitting broad area diode lasers

Q) o)
p-metalization (Tif Pt/ Au)
p-metalization (Ti/ Pt/ Au) Insulator (SiN,) .
p-GaAs contact Implantation (4He )
v . h 4 )
p-GaAs contact
p-cladding —» p-cladding
p-waveguide 5000m p-waveguide
n-waveguide n-waveguide
n-cladding il n-cladding
n-GaAs substrate n-GaAs substrate
| —
A - 1
n-contact (Nij/AuGe) n-contact (Ni/AuGe)

n-metalization (Ti /Pt /Au)

Figure 4.6. (a) Schematic structure of an edge emitter processed particularly for ‘pre-test’ measurements. (b)
A fully processed gain-guided broad area single emitter.

4.2.1. Technology of diode lasers for ‘Pre-test’

The “pre-test’ is a quick test process of uncoated and unmounted laser chips in order to
obtain material information. During the ‘pre-test’ measurement process, the laser chip is
characterized under short current pulse operation (1500 ns, 1 kHz) as well as at low current
injection levels (max. 2 A). The produced heat during the laser assessment is minimal and
therefore the laser chips are neither soldered to the heat-sink nor are metal bound wires
soldered to the laser chip. The electrical potential is applied to the diode laser through two
thin metal needles contacted to the p-ohmic metal contact (two needles are used to ensure
homogeneous current injection along the whole laser chip) and to the measurement holder on
which the laser chip, with its n-contact facing the holder, is placed.

The laser chips for the ‘pre-test’ measurement are index-guided structures and are
prepared in the following way.

In the first step, a photo-resist mask for metallization with a 100 um (or 200 pm) wide
window 1s applied on top of the epitaxial structure (p-side). Next, the 445 nm thick ohmic
contact is evaporated on top of the highly doped p-GaAs epitaxial contact layer. The
metallization system used is Ti(30 nm)/Pt(40 nm)/Au(375 nm), where Pt is used to prevent
gold diffusion into the GaAs layer and Ti is an adhesion promoter material. The resist mask is
removed in the lift-off process. In the following step, the mesa (the lateral confinement
region) is realized during the wet chemical etching process with the p-contact acting as a
mask. The residual thickness (the distance from the active region to the last epitaxial layer in
the etched -passive- region) is 500 nm. The so created mesa provides a good electrical
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confinement without the utilization of additional dielectric barriers outside. The calculated
current spreading [9] is around 5% for a device with a 100 um wide stripe and 3% for a
200 um stripe. In the next step, the 450 um thick n-GaAs substrate is polished down to a
thickness of 130 pm via mechanical polishing. Finally, the 250 nm thick n-contact is
evaporated. The metallization system used 1s Ni/AuGe/Ni/AuGe, where the first
Ni(5 nm)/AuGe(110 nm) layer is used to create the ohmic contact while the second layer of
Ni(25 nm)/AuGe(110 nm) is used to mechanically consolidate the contact surface. A
schematic drawing of the cross-section of the ‘pre-test’ laser chip is presented in figure 4.6a.
Such processed laser chips can be easily cleaved along cleavage planes ([110]
direction) to any cavity length. The laser facets are neither passivated nor coated. The natural
reflectivity of the GaAs material system for the optical fundamental mode is ~ 31%.

4.2.2. Technology of high power broad area single emitters

The broad area emitters tested in the frame of this work are gain-guided laser diodes

(figure 4.6b). The ion-implantation (*He") of the highly doped p-GaAs semiconductor layer
compensates the predominant doping and transforms the layer characteristics to that of an
isolator. This compensated GaAs as well as dielectric current barriers (SiNy) are used to
define the contact window of the devices. The contact window (60 pm, 100 pm and 200 pm)
is defined on top of the epitaxial structure to minimize lateral current spreading or pumping of
regions outside the contacts. The electrical contact on the p-side is created by using the
common metallization system of Ti/Pt/Au (445 nm). On the n-side, in order to achieve good
ohmic contact, an additional 250 nm thick Ni/AuGe alloy is utilized between the n-GaAs
substrate and the 300 nm thick metallization (the substrate is polished down to 130 pm before
the n-contact is evaporated). For easier wire bonding and soldering to the heat sink the metal
contacts are strengthened by a 3-6 pm thick plated Au layer.

In order to avoid lasing perpendicular to the intended direction (so called ring modes),
V-shaped trenches are etched on both sides of the window contact. In figure 4.6b, the
schematic structure of the gain-guided edge emitter is illustrated.

Next, the processed laser bars on the wafer are cleaved. The cleaved facets are cleaned
in vacuum with atomic hydrogen and next passivated with ZnSe [10-11]. The passivation
process minimizes defect formation and inhibits failure due to catastrophic optical mirror
damage (COMD). The ZnSe layer prevents the oxygen in the dielectric mirrors from
penetrating into the active region and also minimizes the surface recombination processes
being the factors leading to facet degradation. The laser facets are subsequently coated with
dielectric layers to achieve various reflectivities on the front (R¢) and back (Ry) facets. During
this process a pair of TiO,/Al,0O5 dielectric layers is sputtered, in order to obtain a low
reflection coefficient (on the front facet Re= 0.1% - 2%). If a high reflection coefficient is
desired, (on the back facet Ry, ~95%) several pairs of Si/Al,O3 dielectric layers are used.

4.3. Mounting of high power diode lasers

The processed broad area laser chips are mounted junction side down (p-down) on the
CuW submounts for better heat transport [12] using the hard solder medium AuSn (melting
temperature 280°C). Cuy Wy material is used in this step mainly because it has a similar
coefficient of linear thermal expansion (CTE,,, =6.5-10°/K) to that of the diode laser
crystal (GaAs CTE,,, =6.4-10°/K). This way the laser chip is protected from mechanical
stress during its operation (for comparison Cu: CTE,, =(16—17)-10°/K [13]). Another
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advantage of the CuW material is its high thermal conductivity (180 W/mK) [13, 14], though
still lower than that of pure Cu. The coefficient of thermal expansion and the thermal
conductivity of materials for heat spreaders are illustrated in figure 4.7.
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Figure 4.7. Coefficient of thermal expansion (CTE) and thermal conductivity of materials used as heat spreaders.
The materials of main interest: Cu and CuW are compared with GaAs. (Redrawn from [15].)

Subsequently, the laser chip on the CuW submount (heat spreader) is soldered onto a
commercially available Cu-block heat sink like an open heat sink (c-mount) or a conduction
cooled package (CCP), both depicted in figure 4.8. Here, soft solder (PbSn) is used due to its
lower melting temperature (~183°C) in order to prevent the hard solder from melting. The
gold wires are bonded to the n-contact employing an ultrasonic bonding process. More details
about the mounting processes, particularly concerning the techniques and materials used, are
given in [14]. Figure 4.8 shows the schematic picture of a mounted laser chip on a heat-sink.

Such prepared devices are ready for further characterization. Lasers mounted on c-
mounts are typically characterized under the quasi continuous wave (quasi-CW) operation
mode. Since the larger CCP copper blocks remove the heat from the laser chip more
efficiently (than c-mounts), the laser devices mounted on this type of heat-sink can also be
characterized under the CW mode.

Bond wires Bond wires

HEAT SINK: Cu

C-mount or CCP

Figure 4.8. The diagram of mounted laser chip on a Cu-heat-sink. Standard heat-sinks used during laser
characterization: (a) open heat-sink (c-mount) and (b) conduction cooled package (CCP).
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S

Measurement techniques and experimental setups for diode laser
characterization

Within this work, diode lasers were generally characterized in two steps. First, the
length-dependence measurement of uncoated and unmounted laser chips is performed. Here,
intrinsic parameters like internal loss ¢, internal efficiency 7", modal gain Tg, and
transparency current density J,, are determined. Second, after the previously explained laser
facet coating and laser mounting process, the laser devices are characterized to determine:

a) the external electro-optical parameters like: threshold current /,, optical power at an
operation current P, , slope efficiency S, maximum conversion efficiency 7., and series
resistance R_;

b) thermal parameters like: characteristic temperatures 7, 7, and thermal resistance R, ;

¢) laser beam parameters like: beam propagation factor M> and vertical and lateral near-field
and far-field profiles.

5.1. Characterization of uncoated and unmounted laser chip

5.1.1. Length-dependence measurement, called ‘Pre-test’

The intrinsic parameters of a laser structure are extracted from power-current
characteristics for different cavity lengths. The measurements are performed under a short
current pulse duration of 1500 ns with a repetition rate of 5 kHz at a temperature of 20°C.

The main assumptions of this experiment are:

- the logarithmic dependence of the material gain on the injected current density:

g, =8 lr{Ji], (5.1.1)
Tr

- the internal losses (¢;), and internal efficiency (77;") do not depend on the laser cavity
length.

35

Dieses Werk ist copyrightgeschiitzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fur den persénlichen Gebrauch.



1.8 0.6

_ 2
n=93% 04f | J;=264 Alcm

02l | T9,=22.7 cm’

0.0+
02}

d
ext

1m

04}

In(J, J,)

06+

-0.8

1.0

0 500 1000 1500 2000 2500 3000 '1'00 2 4 6 8 10 12 14 16 18 20 22 24 26
Cavity length, um Inverse cavity length, 1/cm

Figure 6.1. The experimental ‘pre-test’ results (points) and the performed linear fit (solid line) of a 1060 nm
multi-QW SLOC structure (C1625-6).

Plotting the inverse differential external efficiency versus cavity length:

11, a (5.1.2)

d st 1

next 771' ln i
R

and performing a linear fit delivers intrinsic parameters like: internal efficiency and internal
losses. The above mentioned relation is a product of a modification of (3.3.31) with the
assumption of equal facet reflectivities (R).

From the threshold conditions (3.3.10) and the logarithmic dependence of the
maximum material gain on the current density (6.1.1), one can express the threshold current
density [1] in the following form [2]:

J, =J, exp a+a,l)| (5.1.3)

Nz

Maz g
0

ncfﬁ’

where ¢, is the resonator length dependent mirror loss (known also as the resonator loss)
(3.3.12). Plotting the natural logarithm of the threshold current density versus the inverse
cavity length:

lni
InJ,=lnJ_ +—R .1 (5.1.4)
”ﬁ.rgo L
o
where InJ_(c, =0)=L+ln‘]n (5.1.5)
ni-l“go

ne/f

and performing a linear fit delivers the transparency current density Jr; and the modal gain
parameter I'g,. The parameter J_ is an extrapolation of the threshold current density for a
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laser with infinite cavity length. In the experiment, the threshold current density is normalized
to the threshold current density of the shortest laser (with the highest threshold). An example
pre-test result of a 1060 nm laser structure is shown in figure 5.1.

5.2. Characterization of mounted laser devices

5.2.1 Power-Voltage-Current characteristics and optical spectrum

High power diode lasers are generally characterized at 25°C heat-sink temperature

under three operation modes:

a) continues wave (CW) operation — the laser diode is continuously pumped with an
electrical current and thus continuously emits light. The CW regime leads to a
strong heating of the active region.

b) quasi-continuous wave (quasi-CW) operation — the electrical current source
supplying the electrical power to the laser diode is switched on for short time
intervals. The ‘switch-on’ time is typically hundreds of ps to several ms long, and
the ‘switch-off” time is 10 ms to 0.1 s. The duty-cycle (d-c =pulse duration
(t)*repetition rate ( f')) is in the range of a few percent. This leads to a reduction of

the heating of the active region (figure 5.2). The current pulse duration (time of
current density injection) is ~ 10°-10° longer than the temporal variation of the
carriers (ns) (and photons (ps)) densities in the laser. Therefore, the laser process is
considered as to be close to the steady state conditions — the laser is optically in the
state of CW operation. The quasi-CW conditions for lasers tested during this work
are: t =500 us, /' =20 Hz (50 ms) repetition rate (d-c = 1%),).

c) short pulse operation (‘zero heat’ conditions) — the electrical current is supplied to
the laser diode in a time duration of several hundreds of ns. In this work, lasers
were tested under a 300 ns current pulse duration with a 1.67 kHz repetition rate,
corresponding to 0.05% duty-cycle. Under such operating conditions, the laser is
optically in the state of CW operation. However, the temperature of the active
region is significantly reduced (figure 5.2). The great reduction of the crystal
heating strongly increases the threshold for damage due to overheating. It therefore
enables the operation with high peak output powers.
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From the power-voltage-current (P-U-I) characteristics the main electro-optical
parameters are determined. The threshold current 7, is determined from a Gaussian fit of the
second derivative of the power-current characteristic. The slope efficiency S is a ratio of the
optical power to the supplied electrical current above threshold in the linear range:

— ot (5.2.1)

and is usually determined from the linear fit to the P-I characteristic.
From the voltage—current characteristic U(7) the ‘turn-on voltage’ of the diode U,
and the series resistance R, are determined. The ‘turn-on voltage’ is determined by an

extrapolation of U(I) measured above the
threshold (in linear range) back to I = 0. The
series resistance is determined by linear fit
to U(I) above the threshold.

From the power-current P(I) and the
voltage-current characteristics, the
dependence of the conversion efficiency 77,
(discussed in chapter 3) on the injected
current can be plotted.

ne(l)=—2 ) (522)

In practice, the measured conversion
efficiency, presented later on in this work, is
actually a wall-plug efficiency mw.p, where
the series resistance of the laser package is
additionally taken into account. Therefore,
the wall-plug efficiency is smaller than the
conversion efficiency.

Thermal resistance measurement
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Figure 5.3. An example P-V-I characteristic of a high
power broad area single emitter diode laser
(W=200pum, L=4000um, CW operation
mode).

The thermal resistance Ry, [K/W] of a laser diode, defined in chapter 3, is measured in

the following way.

First, the measurement of the temperature dependence of the photoluminescence peak
energy is performed. This measurement delivers the thermal band-gap shrinkage parameter
dE, / dT . This is a characteristic parameter for the active region material. For structures based

meV

) dE
on the InGaAs material, d—;z -0.5

function of the wavelength:

‘d—;L =0.4-(
dT

[3]. This relation can also be presented as a

) 5]

(5.2.4)

(from a fit to an experimental set of data AA/AT = f (/1(T L )))
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Second, the optical spectrum is measured as a function of increasing electrical power
(I-U) at a fixed heat-sink temperature of 298 K. The lasing wavelength shift A4 plotted
versus the wasted power P, typically exhibits a linear behavior, from which a coefficient
AA/AP,,, can be determined. Converting the wavelength change into a temperature rise
using the dA/dT relation (eq. 5.2.4), the thermal resistance of the laser chip together with the

mounting package (when characterized in the CW regime) is estimated.
Characteristic temperatures Ty and T,

The temperature dependence of the threshold current and the slope efficiency are
defined by the characteristic temperatures 7;, (eq. 3.3.25) and 7, (eq. 3.3.26), respectively.

The threshold current and the slope efficiency are determined from pulsed power-
current characteristics at different heat-sink temperatures, usually 15°C to 105°C. The laser
characterization is realized under short pulse conditions (300 ns) in order to avoid additional
overheating of the active region during its operation, so that the active region temperature
(Taz) is the same as the reference heat-sink temperature (T,.r) and the Ty, T parameters can
be accurately determined.

5.2.1.1. Experimental setup for diode laser characterization under quasi-CW and CW
operation mode. Measurement of power-voltage-current characteristics and
optical spectrum

The diode laser is driven by the current source ILX Lightwave LDX-3690 from 0 to a
maximum of 120 A with a minimum step of 0.1 A in CW or quasi-CW mode. The pulse
duration (quasi-CW mode) can be adjusted from 40 ps to 10 ms with a duty cycles from 0.1%
to 20%. The inaccuracy of the applied current above 1 A is less then 5%.

In order to measure the optical power, the laser output light is collected in two ways.

1. Testing the diode laser under CW mode, the laser beam is directly collected by laser power
meter (a thermopile). There are two thermopiles in use: Gentec UP19K-15S-W5 for detection
of a maximum optical power of 15 W (noise level 1 mW, ) and Gentec UP25N-300W-H9-DO0
for measurements of optical power up to 300 W (noise level 3 mW). The latter device is water
cooled. The diameters of the active areas are 17 mm and 25 mm diameter, respectively. Due
to the large diameter, the laser beam does not have to be collimated. The spectral range is
0.19—10 pm. The output power is obtained in Watts directly from the Gentec-SOLO
monitor. Both power meters are calibrated to + 2.5% of national standards.

2. Testing the diode laser under quasi-CW mode, the laser output is collected with an
integrating sphere (Ulbrichtkugel S19-OPT-04 SL-CM-DL), where it is scattered by a highly
reflective diffuse surface. This spatially integrated laser light is collected by an InGaAs
photodetector (Newport 818-SL). The signal from the photodiode is transferred via the
optical power meter Newport Model 1830-C that works as a photocurrent-to-voltage
converter (this element provides a linear response in a wide range of the photocurrent). The
voltage signal (U, ) is registered with the oscilloscope (Tektronix TDS 5045). To find the
corresponding value in Watts of the laser output power ( 7, ), the laser is tested in CW mode
at a low current range where the power-current characteristic is linear. Next, via linear fitting
of the voltage signal from the photodetector to the optical signal from the thermopile, a
parameter ( /) with the unit W/V is found. Finally, the measured laser output is presented as

PW]1=fIW/V]-U,,[V]. The measurement inaccuracy is enclosed in a range of +5% .
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Figure 5.4. Experimental setup for diode lasers characterization (PUI characteristics, optical spectrum) in quasi-
CW and CW operation mode.

In order to measure the optical spectrum, the light is directed into the integrated sphere
first and then collected by an optical multimode fiber (62.5 um) and registered by means of
the optical spectrum analyzer (Option 1: Hewlett Packard 70951A, spectral range 600 nm —
1700 nm, minimum resolution 0.08 nm. Option 2: Ocean Optics HR4000 (HR4C2337),
spectral range 950 nm — 1090 nm, minimum resolution 0.04°nm).

The measurement of the voltage over a diode laser is done by means of the
oscilloscope (during quasi-CW operation) or by the multimeter Keithley 2000 (during CW
operation).

The actual temperature of the laser mount is measured by means of the thermoelectric
sensor PT100 and controlled by the temperature controller Newport Model 3150. The
temperature of the laser heat-sink can be reduced down to 15°C and heated up to 80°C by
means of a Peltier element. Additionally, for more efficient heat removal from the laser
mount, the device is placed on a water cooled heat spreader.

All of the electronic test equipment is controlled by a PC.
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5.2.1.2. Experimental setup for diode laser characterization under short pulse operation
mode. Measurements of power-voltage-current characteristics and optical
spectrum
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Figure 5.5. Experimental setup for mounted diode lasers characterization (PUI characteristics, optical spectrum)
in short current pulses operation mode.

The diode laser in series with a 1 € resistor is driven by the voltage pulser (AVTECH
AVOZ-A3-B) from 0 V to a maximum of 110 V with a minimum step of 0.1 mV. The 1 Q
resistor is required for the measurement of the output current (/) that is related to the output
voltage (U ) and the diode forward voltage drop (U,) through/ =(U ~U, )/1Q . The voltage

drop over the diode itself and the combination of the diode with the 1 € resistor in series is
registered by the oscilloscope (Tektronix TDS 754D 500MHz, 2GS/s). The electrical circuit is
optimized to reduce the stray capacitance and the load impedance mismatch. However, the
waveforms still show ringing. There is a plateau region of the waveform usable to perform
reliable measurements (see figure 5.6). AVTECH voltage pulser offers pulse widths from
50 ns to 2 ps with 30 ns rise time and a maximum repetition rate of 20 kHz.

Figure 5.6. An oscilloscope record of the waveforms of
] the voltage drop on a diode laser (orange), diode
C1 +width | laser with 1 Q resistor in series (green) and the
. laser light signal from the photodetector (white).
The vertical white lines represent the plateau
range in which measurements are performed.

C3Mean |
-1.480V |
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The laser output signal can be detected in two ways. First, by using the integration
sphere and the high speed PIN InGaAs photodetector. The light waveform in a plateau region
is registered with the oscilloscope (presented in figure 5.6). The electrical signal is converted
to optical power using a similar calibration process as described above in chapter 5.2.1.1. The
second method is the direct laser light detection using a high sensitive laser power meter with
an absorptive filter (Gentec XLP12F-1S-H2). It is a thermopile that offers (together with the
absorptive filter) a measurement in the spectral range of 0.28 — 1.36 um. The device measures
the average optical power signals from 1 pW to 2 W. The geometry of the active area allows
for power-loss-free detection (without previous beam collimation) of a laser beam with a
maximum divergence angle of 46° (95% optical power). Using the absorptive filter the
thermal drift is reduced to 6 pW/°C, leading to a negligible background noise level. The
calibration uncertainty is + 2.5%. This device has a response time of 2.5 s, which means it
integrates the average power over many pulses. The peak power is calculated by dividing the
measured average power by the duty cycle.

The optical spectrum is measured simultaneously with the PUI characteristic. The
spectral intensity distribution is measured in the same way as described in chapter 5.2.1.1.

All electronic test equipments, except the power meter, are remotely controlled by a
PC.

5.2.2. Measurement of the spontaneous emission from the waveguide

This measurement method is used to assess the laser vertical carrier confinement and
the loss factor to the maximum optical power. During the laser operation, especially at high
carrier injection levels, as well as at high temperatures, vertical carrier leakage into the
waveguides or/and cladding layers may occur. The carriers accumulate and recombine in the
confinement layers, being a loss to the output power. As long as the waveguide or cladding
layers are direct materials, the recombination process results in spontaneous radiative
emission at a wavelength related to the direct energy gap of the particular bulk epitaxial-layer.
Furthermore, the spontaneous emission light is collected with a fiber and the wavelength is
registered by an optical spectrum analyzer.

5.2.2.1. Experimental setup for collection of spontaneous emission of light

Spontaneous
emission

a5°( ™

Optical fiber
Figure 5.7. The principle of the
Stimulated spontaneous  emission  light
emission collection.

The laser diode is placed on the holder described in chapter 5.2.1.1, or -2 in order to be
tested under short pulse as well as (quasi-)CW operation mode and also at various
temperatures. The spontaneous emission is collected by a bare optical fiber fixed on a six axis
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translation stage, which allows precise adjustment of its position. The fiber is placed in the
vicinity of the laser facet and is aligned at an optimum angle greater than the laser emission
angle (~45°). Such fiber adjustment allows for collection of the spontaneous emission
component alone and examination of its changes with increasing current or temperature. The
optical signal is transferred to a spectrometer (Ocean Optics HR2000, HR4000).

This method only gives the relative changes in spontaneous emission intensity and is
not a quantitative method.

5.3. Characterization of the laser beam (mounted devices)

An ideal laser beam takes the form of a Gaussian beam. The Gaussian beam travelling
in the space in the z -direction has the following properties:

XI y W(Z]A
Z

r=W(z)

Figure 5.8. Gaussian beam radius.

1. The optical intensity distribution / of the beam in the transverse plane (X,Y) is the
circularly Gaussian function:

W, ? B 2r? [ >
I(r,z)-]{m} exp{ —WZ(Z)},and r=4x"+y", (5.3.1)

where r is the radial coordinator and x, y are Cartesian coordinates, lying in the
transverse plane. W, at z=0 denotes the beam radius of the beam waist and W(z)
denotes the beam radius at a distance z. The beam exhibits its maximum intensity /
in the center of the beam (r=0,z=0). The peak value lies on the beam axis and
decreases with increasing distance from this axis. While propagating in the z-
direction, the beam intensity drops gradually with increasing z. The maximum
intensity drops to 0.5/, at the distance of z =z,

2. The total optical power carried by the beam is independent of the distance z and
equals:

P= %]O(ﬂWoz) (5.3.2)
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The power contained in a circle of radius » =W(z), for which the optical intensity
drops by a factor of 1/¢% is approximately 86% of the total power.
3. The beam radius increases with the distance z as:

e 2
W(z)=W, 1+(i] Jand z, =7 (5.3.3)
z, 41

where z, is a Rayleigh length which represents the distance from the beam waist in
which the beam radius is increased by a factor of +/2 . The term d, denotes the beam
diameter at the beam waist (d, = 2, ) and 4 the wavelength.

4. In the far-field (at a distance z >> z; ), where the beam radius r increases linearly with
z , the full divergence angle of the beam © can be written as:

@zﬁ:ﬂ. (5.3.4)
zy, 7,

The beam divergence is directly proportional to the wavelength and inversely
proportional to the beam-waist diameter. The bigger the beam waist the weaker is the
beam divergence.

5. The focus depth is twice the Rayleigh length

_ 27

2z
0 A

(5.3.5)

and is proportional to the area of the beam at its waist and inversely proportional to the
wavelength.

6. The wavefronts are approximately planar at the beam-waist R(z = 0) = oo (near-field).
Their curvature decreases with the distance z to reach its minimum value of 2z, at
z =z, and slowly increases again so that in the far distance (z >> z,) the wavefronts
become approximately spherical (far-field).

The real laser beam is not an ideal Gaussian beam and thus its spatial quality is often
quantified via the diffraction parameter M*. This parameter says how the laser beam, under
test, compares to a purely Gaussian beam for which A takes a value of 1. A beam of higher
order or beam of mixed modes often exhibits a larger beam waist and/or has a faster
divergence. Therefore, it holds:

0=M> 44 (5.3.6)
7y

Here, © represents the full divergence angle. The real laser beam has an M’ value greater
than 1. M? is also called Times-Diffraction-Limit-Factor. Thus, it gives information about
the spot-size of a focused beam. The ideal beam, when focused, has the minimum spot
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diameter (27, ), while a focused real beam has a spot width M? times larger than expected
for a Gaussian beam. Moreover, the energy intensity is M* times less than for an ideal beam.

The diode laser, due to its asymmetric light emission area, produces a beam with a
simple astigmatism [4] (or orthogonal astigmatic beam [5]). Such a beam exhibits different
divergence angles, different beam waist thicknesses, as well as different beam waist positions
in two transverse planes on the propagation axis (also called longitudinal astigmatism [5]).
The evolution of the beam along these two planes is described independently. Therefore, by
the diode laser characterization, all beam parameters can be determined independently in
both, lateral and vertical, planes. It should also be noted, that in the broad area diode lasers
both transverse planes describing a Gaussian evolution produce the waist at the same plane,
namely at the laser facet.

5.3.1. Measurement techniques

During beam characterization of a broad-area diode laser, two beam parameters are
measured:
- the width of the beam waist (near field (NF)) in the lateral d;, (LNF) and in the
vertical d; . (VNF) directions;

- the beam divergence in the far-field (FF) in the lateral ©  (LFF) and in the vertical
O . (VFF) directions.

With these two values the diffraction parameter M* can be calculated from eq. (5.3.6).
The beam width z, for broad area lasers is placed at the emitting laser facet (z, =0).

There are two methods utilized during this work for the laser beam characterization. To
measure the vertical divergence angle (far-field), a goniometric method was utilized. This
method allows for the measurement of very wide as well as narrow divergence angles. The
vertical near-field and the lateral beam properties (near- and far-field) are assessed utilizing a
method known as ‘moving slit’. The ‘moving slit’ method can be optionally used for the
measurement of vertical far-field profiles, but only in the case of lasers with narrow (<22°)
beam divergence. This limitation comes from the utilized lens system described below.

5.3.2. Experimental setup for laser beam characterization in the vertical plane

X
Vertical

0 2,
Optical axs

PD+Slit

-90° Figure 5.9. Principle of the vertical far-field measurement
by means of a goniometer. (View from the side.)
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A photodiode with a rectangular slit (dg = 100 um) is placed on a motorized rotating
arm (a goniometer). The output of the laser diode is placed exactly in the central point (0,0,0)
of the circle (5 cm radius) drawn by the moving detector. The rotation takes place in the XZ
plane (perpendicular to the laser epitaxial structure x). The maximum angle of rotation is
180°. The measurement of the beam intensity profile is realized in 300 measurement steps.

The angle is measured with the resolution A® that is given by the ratio between the
slit thickness and its distance from the laser facet R:

ro, = 25°ds

(in radian) and equals 0.057°. This leads to a measurement uncertainty of less

than 1%. An additional factor that influences the accuracy of the measurement is the fixed
number of measurement steps (300):

measurement angle range
7O, = g

300 steps

range (180°) this leads to a minimal measurement precision of 0.6°. For a measurement angle
range of e.g. 30° the precision increases to 0.17°. Also, a
misalignment of the laser facet from the central point of the
measurement path (in figure 5.9 (0,0,0) point) leads to a
deviation from the real angle value. The error linearly
depends on the misalignment on the z-direction AR : | o s

AO, =®-A11§Z . Measurement of a real divergence angle "

(in deg.) and in the case of maximum measurement angle

]
LB
I
I

© =10° with a misalignment of the laser of AR =1mm
leads to an error of 0.2° that corresponds to an error of 2%
(misa}ignmegt on x leads to a defonnation of the detectign Figure 5.10. Schematic presentation
path in relation with the beam divergence angle and will of the misalignment on the
result in an asymmetric far-field profile). The total optical axis.

inaccuracy (A®, +A®, +A®,) of the vertical angle ranges

I
]
A
]

from 0.6° to 0.25°. For small angles (10°) this leads to a measurement error between 6% and
2.5%.

5.3.3. Experimental setup for laser beam characterization in the lateral plane

Measurement of the lateral near-field.

Figure 5.11 presents the optical bench used for the measurement of the lateral near-
field distribution. Two optical lenses are placed on the optical axis z, between the laser facet
and the photodetector. In order to transform the near-field (beam waist) onto the
photodetector a telescope is built consisting of an aspheric lens L; with an aperture NA= 0.5
(Thorlabs C240T-B with special coating) and a focusing lens L,. The focal lengths are
f; =8 mm and f, = 500 mm, respectively. The magnification of the telescope corresponds to:

m=72—625 (5.3.7)

1

and is later subtracted during the measurement setup calibration process.
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Figure 5.11. The optical bench for the measurement of the lateral beam profiles. Propagation of light rays through
the lens system (L; and L,) for the near-field imaging is depicted. (View from the top.)

The near-field spatial resolution (on the basis of Rayleigh’s criterion [6]) is:

ANF = 0.61‘i (5.3.8)
NA

The spatial resolution of the near-field depends on the wavelength and is in the range of
1.16 pm to 1.25 um for wavelengths of 1050 nm to 1130 nm, respectively. It leads to a
measurement uncertainty of 1.16 % for a 100 pum broad emitter emitting at the wavelength of
1050 nm.

Measurement of the lateral far-field angle.

When a laser beam profile in the far-field is characterized, an additional focusing lens Ls is
placed on the optical axis, as shown in figure 5.11. The lens is placed in the far-field of the
beam (with its beam waist on the detector) at a focus length of f;3 =400 mm. The lens
performs a Fourier transform of the beam divergence angle © in the observation ‘point’ y on
the detector, which has a 10 pm wide slit (the photodetector with a slit moves in the plane
YZ). The divergence angle is then calculated as © =2 and the resolution is A®=0.001°.
3
The measurement uncertainty is less than 1%.

The aspheric lens aperture of NA = 0.5 corresponds to a full acceptance angle of 60°.
Following the ISO standards, the measurement range should be three times the beam waist W
(for which the intensity drops by factor 1/e). Thus, the maximum divergence angle that can
be measured with this measurement setup is O, =20°.

The uncertainty of the beam propagation factor M > (lateral) is calculated using the law of
error propagation (the “root-sum-of-squares” method) and results in an uncertainty of 0.6%.
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6

Basic features of the SLOC design — simulation results

6.1. Introduction

In this chapter, the results of the one dimensional simulations of the basic features of
the SLOC design are presented. The simulations concern a variation of the near- and far-field
profiles as well as the optical confinement factor and equivalent vertical spot-size with the
optical cavity width, and the refractive index step at the waveguide-cladding interface, as well
as the QW-waveguide interface. Moreover, the number of higher modes is presented as a
function of the waveguide widths and the refractive index step at the waveguide-cladding
interface. The methods of higher order modes suppression are also discussed. The calculations
are performed using the QIP software for each structure developed during the work. The
results presented here consider the B1110-3 design (double-QW, GaAs-WG, Aly,sGag75As-
CL) that is properly modified to show the principle of the large optical cavity design. The
emission wavelength considered during the calculations is 1120 nm. This work is focused on
the reduction of the divergence angle of the laser beam. Therefore, the main subject of the
study is the optical mode distribution and its confinement in the vertical cavity.

6.2. The optical cavity size and the optical mode distribution

Waveguides for which the thickness is varied from 0.5 um to 10 pm are considered. A
double, triple or quadruple QW (DQW, TQW or QQW) active region is enclosed in the
middle of the optical waveguide. The waveguide is embedded between ‘infinitely’ thick
cladding layers. By ‘infinitely’ thick claddings one understands a thickness for which the
distribution of the optical mode is independent of the cladding thickness. In this case, the
cladding layer thickness is set to 2 um on both sides of the waveguide. The substrate and the
p-contact layers are not taken into consideration. The TE mode intensity (~ |E(x)|2) is
obtained by solving the real waveguide equation. The vertical far-field profile is obtained
from the Fourier transform of the electrical field distribution and is usually described by
several parameters: (1) the angle at the full width at half maximum intensity (FWHM), (2) the
full angle at 1/¢” optical intensity drop, and (3) the angle containing 95% of the optical power
(95% power content), see figure 6.1.
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Figure 6.1. (a) Calculated vertical far-field with indicated full angles: at FWHM, at 1/e* and an angle containing
95% of optical power. (b) Integral of the vertical far-field profile indicating the full angle containing 95%
of the optical power.

Figure 6.2 shows how the optical mode distribution and the corresponding vertical
beam profiles change with increasing thickness of the waveguide. The important result here is
that widening the optical cavity (waveguide) changes the optical mode profile and also leads
to its wider distribution. The wide optical mode distribution (e.g. for WG =5 um) further
results in small divergence angle of the beam. During calculations, the refractive index step at
the cladding-waveguide interface remains unchanged. The active region is placed at position
x = 0. The ‘real’ waveguide equation is solved.
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Figure 6.2 (a) Calculated optical mode distributions [ 1\76;1
for various waveguide widths. (b) 60F = 95% power content|
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The simulations pointed out a new aspect: the mode profile in the waveguide is
strongly influenced by the refractive index of the claddings when the waveguide is narrow.
On the contrary in extremely wide waveguides the mode profile is dominated by the guiding
of the multi-QW-active region. For waveguides thicker than 3 pm the claddings have no
influence on the mode profile, see figure 6.3. Figure 6.4 illustrates the dependence of the
confinement factor and the vertical divergence angle on the waveguide thickness, with the
refractive index step at the active region-waveguide interface being the parameter (in the
calculations the refractive index step at the waveguide-cladding interface is constant; the
active region design was unchanged). The calculations show, that independent from the
waveguide thickness, an increase of the refractive index step at the active region-waveguide
interface results in a higher confinement of the optical mode in the active region and a higher
vertical divergence angle. The changes are clearly to be seen for waveguides thicker than
3 um. Moreover, the higher the refractive index of the active region, compared to that of the
waveguide, the more difficult it is to change the optical mode profile and its overlap with the
active region by widening the waveguide layers. Concluding, the multi-QW-active region
shows guiding properties for any waveguide thickness, that, however, start to dominate for
waveguides thicker than 3 pm.
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Figure 6.3. The dependence of the confinement factor I" and the vertical divergence angle on the waveguide
thickness for different refractive index steps (correlating with Al content) at the cladding-waveguide
interface. ‘0’ denotes GaAs-waveguide, ‘10°, <25°, ‘40’ denote 10%, 25% and 40% Al content in n- and p-
doped claddings, respectively. Calculations performed by means of the QIP software.
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Figure 6.4. The dependence of the confinement factor I' (a) and of the vertical divergence angle (b) on the
waveguide thickness for different refractive index steps (correlating with Al content) at the waveguide-
active region interface. The numbers ‘0°, ‘10° ... ‘30’ denote the percentage of the Al content in the
claddings and waveguide. Calculations performed by means of the QIP software. (The notation
CL/WG/CL represents a system of the Al,Ga; As material composition for the consecutive bulk layers:
n-type cladding, waveguide, p-type cladding, where x is the varied value. The ‘0’ represents GaAs.)
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Figure 6.5. (a) Refractive index and optical mode distribution for a structure based on 7 um thick GaAs
waveguide. (b) Refractive index and optical mode distribution for a structure based on 7 pm thick
Alg15GaggsAs-waveguide. (¢) Corresponding far-field profiles. The insets of figures (a, b) zooms in on
multi-QW active regions utilizing 50 nm-thick GaAs barriers and demonstrate the difference in the
designs causing a widening of the divergence angle of the laser beam.

The increment of the Al content in the waveguide correlates with the reduction of the
refractive index of that layer (chapter 3.2). Plotting the refractive index distribution of such
structures (see the insets of figure 6.5) one can notice that, due to the ‘high’-refractive index
of the GaAs barriers, the multi-QW active region acts as a ‘second waveguide’ resulting in a
stronger confinement of the optical mode and as a consequence a wider divergence angle of
the laser beam. As an example, an increment of the Al content in a 7 pm thick waveguide
from 0% (GaAs) up to 15%, while the refractive index step at the cladding-waveguide
interface remains the same, leads to an increment of the beam divergence angle at FWHM
from ©/""=113° to ©/""=21.6°, and at 1/¢* intensity drop from ©}“*=19.1° to
©,/=43.4° and the angle containing 95% optical power increases from ©)°=19.4 to
©,”" = 55.2 (illustrated in figure 6.5c).

In the above discussed designs (e.g. the structure presented in figure 6.5b), widening
the thickness of the GaAs barrier and increasing the number of QWs or QW thickness leads to
stronger mode confinement in the high-refractive active region. As a result, the divergence
angle of laser beam becomes wider (see figure 6.6-6.7).
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Figure 6.6. Calculated vertical divergence angle of Figure 6.7. Calculated vertical divergence angle
the laser beam versus the thickness of the of the laser beam as a function of the QW
GaAs-barrier. The inset shows the subsequent number and QW thickness. Solid symbols
changes in confinement factor I'. (Calculated represent the angle at FWHM, while open
. . . 2. .
structure: TQW active region embedded in symbols represent the angle at 1/e” intensity
7 um thick Al ;sGaggsAs waveguide and drop. (Calculations based on a structure
AlyosGag75As claddings.) utilizing 50 nm thick GaAs-barrier between

QWs, 7 um thick Aly;5GaggsAs waveguide
and Alj,sGag7sAs claddings.)
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P-content in GaAsyP1_y-barrier

For the first time it is presented that the strong optical mode confinement in SLOC
structures utilizing multi-QW gain regions can be weakened by using GaAsP quantum
barriers instead of GaAs-barriers [1]. The GaAsP material is characterized by a lower
refractive index than GaAs (chapter 3.2). The refractive index of the barrier decreases
subsequently, with an increasing content of phosphorus atoms in the GaAs,P;, layer.
Furthermore, the low-index barrier reduces the high average refractive index of the active
region®. As a result, the mode confinement is lower, the mode expands wider in the cavity
and the divergence angle of the beam is reduced. Figure 6.8 shows the reduction of the
divergence angle of the laser beam with increasing phosphorus content in the GaAs; Py -
barriers.

In contrast to structures based on an active region with GaAs barriers, the vertical far-
field angle can also be reduced by widening the GaAsP barriers thickness. However, this only
happens when the refractive index of the quantum-barriers is lower than the refractive index
of the AlyGa, As waveguide layers (figure 6.9).

* The MQW-active region can be approximated with an average refractive index when the intensity of the
electrical field in the active region is assumed to be constant. The active region is optically homogeneous when
the thickness of wells and barriers is much smaller than the laser wavelength.

The averaged refractive index of the MQW active region is calculated as: 7 = IZ nl_2 -d, / Z d, , where n and

d are the refractive index and the thickness, respectively, of the i-layer in the active region [2].
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wavelength. The graph on the right hand side of the figure
zooms in on the multi-QW active region and demonstrates the
homogeneous distribution of the electrical field intensity in the
active region. (Calculated structure: emission wavelength
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: P 0 -0.05 0.00 0.0 respectively. 7 um thick GaAs-waveguide embedded in

-4 -2 0 2 4 Vertical position, um :
: B P H Aly,5Gag7sAs claddings.)
Vertical position, pm

Index of refraction

Optical mode intensity, a.u.

52

Dieses Werk ist copyrightgeschiitzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fur den persénlichen Gebrauch.



a)go4 1120nm TQW 30/20/30 WG=9um _ b) 35 1120nm TQW 30/20/30 WG=9um
GaAs1_yF’y-barriers: 2 ——y=0.1 ' '
- ° —y=0.2
. ¥=8'; S L T
5 0.03 ’ W WG @ [——y=05  fococmmmmm=mmmtT T
S y=0.3 % ~ 25 Y02 LA
£ ——y=05 / Y | B
‘é [ S R N N
£ 0.02 S Sooof T
[} L\ § WG WG © I [ eeeo.__
£ 2 = T
5 S L5 N T
o o —
0.01 5 H
N T —
e e 2L FWHM
1 1 1 5 1 1 1
0.00 5 10 15 5 10 15
GaAswa -barrier thickness, nm GaAs1_yPy -barrier thickness, nm

Figure 6.9 (a) Calculated confinement factors I" and (b) vertical divergence angles of the laser beam as a function
of the phosphorus content in the GaAs,.,P, quantum barriers and the thickness of the quantum barriers.
Calculations performed for structure based on 9 um thick Aly,GayggAs waveguide embedded in
Aly3Gag;As claddings (30/20/30). The graphs on the right hand side of figure (a) zoom in on the multi-
QW refractive index profile.

Due to the lattice mismatch between GaAs substrate and GaAsP barriers, which increases
with increasing content of phosphorus atoms, the thickness of quantum barriers is limited to
the so-called critical thickness. Utilizing thicker GaAsP layers with a high phosphorus content
leads to crystal defects. The critical thickness of the barrier for the discussed active region
varies from 78 nm for 10% phosphorus content to 10 nm for layers containing 50% of
phosphorus. However, in practice the thickness is even smaller. The critical thickness is
calculated using a double-kink Matthews-Blakeslee relaxation mechanism [2].

6.3. Confinement factor I" and equivalent vertical spot-size

In the structures with thin waveguides, the optical mode is strongly confined in the
active region by the cladding layers. Widening the optical cavity leads to a wider optical
mode distribution and its lower overlap with the active region (the electrical field intensity in
the active region is reduced, see figure e.g. 10.1). As a result, the confinement factor I' is
reduced.

Structures with a low confinement factor exhibit large equivalent vertical spot-sizes
(d/T)* - the internal optical power is distributed over a larger area with lower electrical field
intensity within the active region. This feature lowers the risk of catastrophic optical damage
in the active region as well as the optical load on the facet and results in an increased
threshold of the mirror damage (COMD), equation (3.3.29). Figure 6.10 shows the

* Assuming constant electric field amplitude in the quantum well (Eqw), one can write the vertical confinement
factor (A2.10) in a quantum well in the form:

+dOW /2 +oo +oo
I'= I ‘E(x)‘zdx J.‘E(x)‘zdx = QE W‘z -dQW) .ﬂE(x)‘zdx >
-dow /2 —oo —oo
where dqw- denotes the QW thickness. Further the equivalent vertical spot-size can be presented as
+oo
2
dyy jE(x)| dx

T JEaf

showing the dependence on the electrical field intensity in the active region.
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Figure 6.10. (a) The vertical confinement factor, (b) the equivalent vertical spot-size and (c) the internal optical
power as a function of the waveguide thickness. The internal power density was calculated for a 100 um
wide laser chip with a front facet coated with reflectivity of 2%, at 10 W output power. The simulated
laser structures utilize DQW and QQW active region (emission wavelength 1120nm), GaAs waveguide
and Aly,sGay75As cladding layers.

dependence of the confinement factor, corresponding equivalent vertical spot-size and internal
optical power on the waveguide thickness.

On the other hand, a low confinement factor leads to low modal gain (see
equation (3.3.11)) and as a result the threshold current density is increased (see equation
(3.3.19)). In order to raise the modal gain and lower the threshold (per quantum well), a
higher number of quantum wells can be utilized (figure 6.10a).

It is interesting to note that for structures based on ‘narrow’ waveguides (0.2 um to 2.5
um), an increment of the quantum well number increases the confinement factor. However,
the distribution and intensity of the electrical field remains nearly unchanged and thus the
equivalent vertical spot-size is the same size for both structures DQW and QQW (here, the
active region does not influence the optical mode profile confined in the optical cavity, theme
discussed in chapter 6.2.). On the contrary, in structures based on SLOC-waveguides (thicker
than 3 pm) the MQW-active region, due to its waveguiding character, confines the optical
mode stronger when the number of QWs is increased — the distribution of the electrical field
is changed and the electrical field intensity in the active region is increased (see figure 6.10).
Therefore, the spot-size is smaller for QQW structures than for the DQW leading to higher
internal optical power in the active region.

Another positive feature of the SLOC design is that in the structures based on wide
waveguide layers, a smaller fraction of the fundamental optical mode overlaps with the highly
doped cladding layers (figure 6.11). This results in lower free-carrier absorption and further
lower modal loss (see equation (3.3.15)).
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Figure 6.11. (a) The refractive index profile and optical mode distribution for a structure utilizing a 0.5 pm thick
waveguide. (b) refractive index profile and optical mode distribution for a structure based on a 5 um thick
waveguide. (The abbreviations CL and AR stand for cladding layers and active region, respectively). (c)
The fraction of the optical mode confined in the waveguide and cladding layers versus the vertical optical
cavity size.

6.4. The optical cavity size and the number of vertical modes
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Figure 6.12. Number of guided (TE) modes versus Figure 6.13. The number of excited vertical modes
waveguide thickness for a QQW (solid line) in the GaAs-waveguide versus the Al content
and a DQW (dashed line) structure. in the Al,Ga,As claddings (lower Al content
Calculation performed for 2 pm thick cladding lowers the refractive index of the Al,Ga,As
layers. The real waveguide equation is solved material). Additionally, the thickness of the

GaAs waveguide is varied. (Calculation
performed for 2 pm thick cladding layers.
The real waveguide equation is solved.)

A large optical cavity allows for the existence of higher order vertical modes.
Figure 6.12 shows a number of possible TE modes versus waveguide thicknesses (highly
compressive strained quantum wells are considered). The number of higher order modes can
be reduced by a reduction of the refractive index step at the waveguide-cladding interface
correlating with a reduction of Al content in the AlyGa;xAs material, see figure 6.13. It is
sufficient to do that on one side of the waveguide only. During this work symmetric — in Al-
mole fraction — AlyGa;xAs claddings are considered in order to ensure that the maximum
intensity of the mode overlaps with the active region for maximum gain.
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6.5. Discrimination of higher order modes

The excited higher modes result in a broadening of the laser beam pattern. This effect
is disadvantageous because e.g. it reduces the coupling efficiency between the laser and an
optical fiber of a small numerical aperture.

The higher order modes in SLOC design can be suppressed in two ways: a) by gain
discrimination or b) by loss discrimination.

Gain discrimination of higher order vertical modes.

a) 37 b) 3.7
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Figure 6.14. The refractive index and the mode profiles of (a) a symmetric and (b) an asymmetric super large
optical cavity design.

Each mode starts to propagate in the cavity when the threshold condition for the
particular mode is satisfied (see equation (3.3.19). In case of symmetric waveguides (where
the active region is placed in the centre of the waveguide), only the even modes are
suppressed because they have a node at the active region and do not reach the threshold
(figure 6.14a). However, the odd modes have a high confinement factor and their appearance
during laser operation is very likely.

By adjusting the quantum well position (shifting it from the centre) within the vertical
cavity in a way that only the fundamental mode has a high confinement factor (the smallest
threshold) and all other modes overlap much weaker with the active region, the successful
discrimination of higher modes can be achieved (figure 6.14b). However, this method
becomes challenging when a cavity comprises many modes.

Loss discrimination of higher order vertical modes.

The loss discrimination mechanism applied to the structures discussed in this work is
based on the radiation of the waveguide modes into the substrate. Each mode has a particular
value of the effective propagation index. The fundamental mode has the highest effective
index. The modes with an effective propagation index lower than the refractive index of the
substrate layer leaks into the substrate, where it exponentially decays if optical absorption is
present. If there is no absorption of the light, the optical mode will propagate sinusoidally, as
illustrated in figure 4.16. Changing the thickness of the n-type cladding layer the strength of
the propagation loss of a mode is varied. Figure 6.15 illustrates propagation losses of the
fundamental and the second order mode versus n-cladding thickness in structure based on
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Figure 6.15. (a) The refractive index profile and the effective index of the fundamental and the second order
mode. (b) The propagation loss of the fundamental (red line) and the second order mode (blue line). The
free-carrier absorption losses depending on the doping are considered. The complex waveguide equation is
solved. (Simulated structure: 1120 nm QQW, 5 um thick GaAs waveguide, Aly,sGa,7sAs cladding layers,
GaAs substrate and p-contact layer.)

GaAs-waveguide. The radiated modes are called leaky modes or substrate radiation modes
and the vertical cavity is called a leaky waveguide. The propagation loss can also be
influenced by changing the refractive index of the GaAs substrate. However, the refractive
index of the substrate for all designs examined during this work is not varied; its doping level

is constant and equals 2-10"® cm™. In the case of some GaAs waveguide designs (depending
on e.g. the wavelength, waveguide thickness and doping profile), the effective propagation
index of the fundamental mode is higher than the refractive index of the substrate. In this
case, there is no radiation loss for that mode and the propagation loss remains at the level of
the absorption loss depending mainly on the doping level in the waveguide (eq. 3.3.15).

According to [1], the n-GaAs (2-10" cm™) substrate is nearly transparent for
wavelengths longer than ~950 nm, and the substrate modes only suffer due to free carrier
absorption. Thus, the substrate mode is reflected back to the cavity if the cladding layer is not
thick enough [2-3]. Such an uncontrolled coupling into the substrate modes deteriorates the
vertical far-field profile as well as the power-current characteristic. Figure 6.16 illustrates the
calculated and experimentally observed vertical near- and far-field profiles for a structure
influenced by the substrate modes (in this case, a cladding layer that is too thin was used).

The mode propagation loss is also adjusted by the thickness of the p-type cladding

layer located next to the highly doped (2-10" c¢m™) GaAs-contact layer. For the GaAs
waveguide design, this layer has basically no influence on the fundamental mode propagation
loss (a higher doping level leads to a lower refractive index) while providing stronger free-
carrier absorption loss for higher order modes (eq. 2.1.6). For designs based on AlGaAs
waveguides, one has to choose the p-cladding layer thickness carefully so that there is a
minimum loss for the fundamental mode and a high optical loss (radiation and free-carrier
absorption loss) for all higher modes.
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Figure 6.16. (a) The vertical near-field profile with

light propagating in the 115 um thick GaAs-
substrate. (b) The vertical far-field profile
deteriorated by two substrate peaks at the
angles of %10°. (c) Experimental P-U-I
characteristic of the laser chip (L =4 mm,
W =60 um) mounted on c-mount.
Measurement conditions: 500 ps, 20 Hz,
25°C. The experimental and calculated beam
profiles come from a 1080nm QQW
structure based on 3.4 pm thick waveguide,
utilizing 0.25 pm  thick n-cladding. In
calculations (QIP), the real waveguide
equation for the fundamental mode is solved.
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7

Assessment of the limits to the maximum optical power of the
1100 nm SLOC design

7.1. Introduction

Structures utilizing large waveguides (SLOC) have two main positive features. First,
light emission is enclosed in a narrow vertical divergence angle. Second, due to the wide
optical mode distribution (wide near-field), the facet load is reduced - leading to an increased
threshold of the facet damage (COMD). Consequently, the design has the potential to deliver
high optical output power before the failure occurs. This chapter is focused on the
investigation of factors, other than COMD and device overheating, that limit the maximum
output power of the diode lasers based on the 1100 nm multi-QW SLOC design. The studied
design utilizes a 3.4 um thick GaAs waveguide that results in narrow divergence angle of ~
20° (at FWHM) and ~ 30° (95% power content). It is shown, via simulations and
experimentally, that one of the factors reducing the peak optical power is weak carrier
confinement in the active region leading to vertical carrier leakage and carrier accumulation in
the p-doped waveguide. The reason for the vertical carrier leakage is a low effective barrier
between the quantum well and the GaAs-waveguide. It is shown that an increased number of
quantum wells strengthens the carrier confinement in the active region and thus a higher
maximum optical power can be achieved.

7.2. Investigated SLOC designs

Numb GaAs Confi ¢ Vertical divergence angle
Structure | 0T waveguide onfinemen (measured at1=10 A)
of QWs thick factor, I
1CKness, pm FWHM | 95% power content
A1459-3 2 34 0.9 % 18.5° 30.0
A1457-3 4 3.4 2.2 % 19.3° 30.5

Table 7.1. The details of epitaxial designs A1459-3 and A1457-3. (Confinement factor calculated with QIP; far-
field angles of coated 4 mm x 100 um laser diodes were measured at 10 A, quasi-CW, 25°C.)

The discussion concerns two SLOC laser diode designs named A1459-3 and A1457-3.
The multi-QW active region in both designs is embedded in a symmetric 3.4 pm thick GaAs
waveguide that is enclosed in n- and p-doped Alj25Gag7sAs claddings (each 400 nm thick).
The top layer of the epitaxial structures is a 100 nm thick p-GaAs contact layer. The discussed
designs differ in the number of InyGa; yAs quantum wells. Double quantum well (DQW) and
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Figure 7.1. The calculated and measured vertical far-field (a) and near-field (b) of a A1459-3 design mounted as
4 mm long, 100 um wide laser chip on c-mount. The spatial resolution of the near-field measurement is
~1.22 um, thus the experimental near-field profile is wider than the calculated one. Measurement
conditions: [=10 A (500 pus pulse duration, 20 Hz repetition rate) at a temperature of 25°C.

quadruple quantum well (QQW) active regions are utilized by the A1459-3 and the A1457-3
designs, respectively. The thickness and the In composition of the quantum wells are 7 nm
and x =0.29, respectively, resulting in a compression strain of ~-2.1%. The emission
wavelength is around 1100 nm. For the DQW structures, a 100 nm thick GaAs barrier was
chosen, while in the QQW design, the quantum wells are separated with 50 nm thick GaAs
barriers. The main features of both designs are compiled in table 7.1. The energy band
profiles and the refractive index distribution of epitaxial structures A1459-3 and A1457-3 are
presented in appendix 1.

The discussed structures have been designed to emit light into a vertical far-field angle
below 20° at FWHM. The divergence angles of both designs differ slightly, i.e. 18.5° and
19.3° far-field angles were measured for A1459-3 and A1457-3, respectively. The difference
in the beam divergence results from the different number of quantum wells utilized as the
active region. The optical mode in the structure utilizing the QQW active region is stronger
confined resulting in a wider beam divergence. The comparison of the calculated and
measured far-fields is presented in figure 7.1.

7.3. Assessment of the limiting factor to the maximum optical power —
experimental and simulation results

The power-current characteristic of a 100 pm-wide single emitter with a cavity length of
4 mm from the A1459-3 design was investigated on c-mount under various pulse durations in
order to asses the possible maximum optical power. The laser facets have been first
passivated in order to increase the mirror damage threshold (COMD) and then the front and
the back facets have been coated with reflecivities of 2% and 95%, respectively. The optical
power under CW condition was limited to 7 W due to the thermal rollover — overheating of
the active region. The temperature rise of the laser crystal occurs upon passing current
through a laser chip because of the electrical resistance of the epitaxial layers and the
contacts. This heating process leads to thermal carrier re-escape from the active region and an
increase of the non-radiative recombination process. This also leads to a higher threshold
current and a lower differential efficiency and is observed as ‘rolling” power-current
characteristic. Reducing the time of the current flow through the laser-diode (shorter current-
pulse duration) also reduces the transient active layer temperature (figure 6.2) leading to
improved laser performance and thus higher maximum optical power (figure 7.2). The
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without substrate.

measured thermal resistance of the A1459-3 laser-diode (4 mm x 100 um) at 300 ns current
pulse duration is Ry, =0.021 K/W, which corresponds to 5 K active region overheating at
100 A. Under a 300 ns current pulse duration (d-c: 0.05%) test, the maximum optical power
of the sample has been increased to 57 W (at 100 A), which corresponds to 38 MW/cm®
optical density at the laser facet (calculated using eq. (3.3.39)). Nevertheless, despite the
strong reduction of the internal heating the diode exhibits non-linearity in the power-current
characteristic at high current amplitudes.

By means of the WIAS-TeSCA software (see appendix 4) the simulations of the
electro-optical laser performance have been performed without considering thermal effects
(fixed temperature at 25°C). The calculated power-current characteristic follows the
nonlinearity in the experimental power-current characteristic (figure 7.3). Moreover, the
performed calculations of the vertical carrier distribution at various current levels (various
applied electrical fields) have shown a vertical carrier leakage and the accumulation of the
minority carriers in the p-doped waveguide (figure 7.4.b), indicating the reason of the
deterioration of the laser diode performance.

During the electrical pumping of the laser structure, the injected carriers are
transported by drift and diffusion via consecutive bulk layers in the direction of the active
region where they should be captured and next participate in the stimulated emission process.
The drift-diffusion process is initiated by applying an electrical voltage. The energy bands
(conduction and valence) bend if an electrical field is applied and the effective barrier (the
difference between the electron Fermi level in the active region and the conduction band edge
of the waveguide) decreases. The higher the applied electric field, the stronger the reduction
in the effective barrier and thus a higher fraction of injected carriers is transmitted through the
active region to the waveguide layer, where they are lost to the stimulated photon emission
process. The carrier leakage effect is stronger for electrons than for holes because of their
lower effective mass and thus their higher mobility. The presence of the minority carriers
accumulated in the waveguide was also observed experimentally by detecting a spontaneous
emission signal from the waveguide above the threshold (discussed later in the chapter).
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Figure 7.4. (a) The calculated conduction band profiles at the different bias voltages U=1.13 V (‘turn-on’
voltage), U=1.36 V (corresponding to =18 A, E=3.1 kV/cm) and U=1.7 V (corresponding to I=110 A,
E=3.9 kV/cm). (b) The calculated vertical carrier profiles (electrons — black solid line; and holes — red
dashed line) at bias voltages: U=1.13 V, U=1.36 V and U=1.7 V. Simulations performed by means of
TeSCA program under ‘zero-heat’ conditions at 25°C ambient temperature.

D.A. Vinokurov [1] and S.O. Slipchenko [2] discuss another mechanism responsible
for the vertical carrier leakage under ‘zero-heat’ condition, which is a non-equilibrium
distribution of the carrier density in the QW due to the finite time of carrier energy relaxation
in the quantum well. However, this mechanism is not studied in this work.

7.4. Higher number of quantum wells for vertical carrier leakage reduction

7.4.1. Analytical description of the problem

The analysis of the carrier density in the active region and in the waveguide at threshold
is presented as a function of the number of quantum wells. The laser threshold condition can
be written as:

M-y N
Yov 1 Zow =, (7.4.1)
W N

r

where the left side of the above equation represents the modal gain which logarithmically
depends on the carrier density in the quantum wells, Now, with V. denoting the transparency
carrier density and 7/55,, being a dimensionless factor [3]. M is the number of quantum wells
and W is the effective mode width. The right side of the equation represents the total losses a,
consisting of internal and mirror losses. After simple rearrangement of (7.4.1) the relation

between the carrier density in the quantum well and the number of quantum wells can be
presented in the form:

Nyyw =N, -exp (7.4.2)

oW
M-yg;V
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Furthermore, the drift-diffusion model of carrier transport, as in [4], is considered with the

following assumptions:

(1) Charge neutrality in waveguide layers together with the Boltzmann statistic of the
electrons in the valance band and holes in the conduction band:

n-p-C=0, (7.4.3)
where C denotes the density of impurities,

E,-F
. "j (7.4.4)
k,T

n=N, -exp(ﬂj and p=N, -exp(
kT
are the densities of electrons and holes, respectively. N¢ and Ny represent the density of
states in conduction (E¢) and valance (Ey) bands, respectively; F, and F), are the quasi-
Fermi levels for electrons and holes, respectively. kz denotes the Boltzmann constant and
T the temperature. These assumptions allow writing the quasi-Fermi levels separation Vg
(the so-called quasi-Fermi voltage) in the form:

2
Vi =E +k,T N (7.4.5)
c 'y
with E, representing the effective energy gap (distance of energy levels).
(2) Constant quasi-Fermi levels along the structure:
Vel =ve (7.4.6)

After a few mathematical transformations of the above equations, we obtain the relation
between the carrier density in the waveguide and the carrier density in the quantum well:

1

WG ATWG \3 EWG_EQW

Nyo=N, | Ne Ny B TR (7.4.7)
re er N9 NG 2k,T

With this result, the carrier density in the waveguide is directly proportional to the carrier
density in the QWs which in turn depends exponentially on the number of quantum wells
according to (7.4.2). Furthermore, the carrier density in the waveguide exponentially
depends on the difference between the energy gap of the waveguide and the effective band

gap of the QWs (E)° —E®").

According to this analysis and the results obtained in [5], the implementation of a higher
number of quantum wells will decrease the density of carriers in the quantum well (lower
quasi-Fermi level) and therefore will lead to a higher effective barrier, resulting in reduced
carrier accumulation in the waveguide. This should result in a more linear power—current
characteristics and higher maximum optical power.
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7.4.2. Experimental results — optical detection of the carrier accumulation in the
waveguide at high current injection levels
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o ] Figure 7.5. Power—current characteristics of the QQW and
10F oF W=60um | DQW structures (samples: A1457-3 and A1459-3,
A L=4mm | respectively) manufactured as 60 ym single emitter
o devices, measured under 300 ns pulse condition at
0 20 40 60 80 100 25°C ambient temperature.
Current, A

In the first approach the power-current characteristic of the QQW structure (A1457-3)
has been measured and compared to that of the baseline DQW sample (A1459-3). Figure 7.5
shows power-current characteristics under 300 ns pulse condition for 60 um % 4 mm samples.

The threshold current density per quantum well is decreased by about 30% from 110 A -cm™

(DQW design) to 78 A-cm™ (QQW design). The QQW samples show a significantly more
linear characteristic and exhibit an increased peak power of 55 W (corresponding to the
74 MW/cm® optical density at the facet) whereas the DQW sample delivers only 45 W.
Although the power-current curve is more linear, a rollover is still evident, indicating there
are still residual carriers accumulated in the waveguide.

In order to directly test the presence of the accumulated carriers in the waveguide, the
spontaneous emission in the wavelength range corresponding to the direct GaAs material was
measured for both structures. The spontaneous emission component alone and its changes
with current were examined. The measurement setup and the method are described in
chapter 6.2. Figure 7.6 shows the results of this study. At low currents, no emission below the
lasing wavelength is detected. At high currents, a pronounced emission from both structures is
observed at a wavelength of 890 nm which relates to the direct band gap of the GaAs
waveguide. The relative increase in the spontaneous emission intensity is more rapid
(especially at higher currents) for the DQW structure than for the QQW structure, which is
consistent with the larger roll-over in the DQW sample (see figure 7.6c). Additionally, for the
DQW design a spectral peak at 960 nm is also measured at high carrier densities
corresponding to emission coming from a higher transition in the quantum wells. The peak is
not observed in the measured spectrum of the QQW design. It can be attributed to the
previously mentioned, lower threshold current per quantum well and hence a lower carrier
density.

It is interesting to note that the peak wavelength of the spontaneous emission is larger
than the corresponding band gap wavelength of GaAs (870 nm). Based on the absorption
coefficient for GaAs material presented in figure 7.7 [6], a re-absorption process in the GaAs
waveguide that removes the short-wavelength portion of the spectrum might explain this
behavior.

The robustness of the QQW design was next demonstrated by Wang et al. in [7]. The
60 um and 200 um wide single emitters were driven to an increased current of 240 A. The
devices deliver 88 W and 124 W optical power, respectively. The maximum power was
limited by the current supply (PicoLAS LDP-V240-100).
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Figure 7.6. Spontaneous emission spectra from the waveguide, of (¢) DQW and () QQW structures, at a current
pulse duration of 300 ns and amplitudes of (1) 23, (2) 50, (3) 75, (4) 89 and (5) 100 A. (¢) Increasing
spontaneous emission intensity (relative to emission at 23 A) as a function of current as indication for

stronger carrier escape in the DQW design (4 mm long with 60 um stripe samples).
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Figure 7.7. Absorption coefficient of p-type GaAs material at 297 K for different doping concentrations (after

Schubert [6]).
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7.5. Conclusions

In this chapter factors limiting the maximum optical power of diode lasers based on a
SLOC design were assessed. The study considered diode lasers based on 1100 nm MQW
GaAs-SLOC designs with small divergence angles of ~ 18° - 20° (FWHM). It was found that
the peak power under ‘zero-heat’ conditions is limited by vertical carrier leakage and the
minority carrier accumulation in the p-type waveguide. The effect was theoretically predicted
and experimentally proven by measurement of the spontaneous emission from the
confinement layers.

It was shown, theoretically and experimentally, that the implementation of a higher
number of quantum wells strengthens the carrier confinement in the active region. A higher
number of quantum wells lowers the threshold carrier density per quantum well, leading to an
electron Fermi-level shift towards lower energies and consequently to an increment of the
effective barrier heights. It was shown that the density of accumulated electrons in the p-
doped waveguide is directly proportional to the carrier density in the quantum wells. It was
experimentally proven that utilizing the gain medium with an increased number of quantum
wells mitigates the vertical carrier leakage. This results in an increased of the optical output
power from 45 W (DQW design) to 55 W (QQW design) at 100 A from a 60 pm wide laser
chip. The corresponding optical density at the laser facet reaches 59 MW/cm® and
74 MW/cm?, respectively. Moreover, the QQW-design driven by a current of 240 A delivers
88 W. The single emitter with an increased electrical contact stripe to 200 um delivers 124 W.
The optical power was limited by the current supply.
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3

1130 nm-diode lasers with a reduced vertical divergence angle to
13° and maintained high optical power

8.1. Introduction

This chapter deals with diode lasers based on multi-QW SLOC structures emitting
light at 1130 nm. High power diode lasers with wavelengths above 1100 nm find application
as pump sources for Ho*" and Tm’" doped silica fibers lasers and Raman amplifiers in
telecommunications. The aims of the study are as follows. Firstly, the development of a
SLOC structure emitting light into a reduced divergence angle below 15° at FWHM
(structures discussed in the previous chapter exhibit FWHM far-field angle ~ 20°). Secondly,
the high optical output power of the device should be maintained.

In this chapter, it is shown that the vertical divergence angle is reduced from 18° to
13° (FWHM) and from 30° to 21° (95% power content) by increasing the thickness of the
GaAs-waveguide from 3.4 um to 5.0 um. The second goal of the study — high optical power
operation — is achieved by utilizing a higher number of QWs and also by increasing the
emission wavelength. Both mechanisms increase the effective barrier between the active
region and the waveguide leading to improved carrier confinement in the active region and
thus resulting in improved laser operation (this problem is discussed in the previous chapter).
A larger equivalent vertical spot-size of the 5 um thick SLOC structure lowers the optical
load at the laser facet and increases the threshold of the COMD. Consequently, a higher
optical peak power can be achieved. Additionally, it is presented that processing diode lasers
as devices with a large geometry reduces the electric and thermal resistance leading to
reduced heating of the device and subsequently results in increased optical output power. The
laser diodes are tested under quasi-CW conditions.

8.2. Investigated SLOC designs

Number of GaAs- Vertical divergence angle
Structure OWs waveguide (measured at [=17-20 A)
thickness, pm FWHM 95% power content
B1110-3 2 34 18.0° 29.5°
B1109-3 4 5.0 12.6° 20.6°

Table 8.1. The details of epitaxial designs B1110-3 and B1109-3. (Far-field angles of coated 8 mm x 200 um

laser devices measured at 17 A (B1110-3) and at 20 A (B1109-3), quasi-CW, 25°C).
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The two structures that are investigated and discussed are named B1110-3 and B1109-
3. Both of them consist of a thick symmetric GaAs waveguide embedded in 400 nm thick (on
the p- and n-sides) Alyp,sGag7sAs cladding layers. In both designs, a 100 nm thick p-GaAs
contact layer is grown on top of the p-cladding layer. Structure B1110-3 consists of an active
region with two quantum wells (DQW). The active region is embedded in the centre of the
3.4 um thick waveguide, leading to an intended FWHM vertical far-field angle of 18°
(measured). Structure B1109-3 consists of an active region with four quantum wells (QQW)
and is placed in the middle of a 5.0 um thick waveguide, resulting in a reduced vertical far-
field angle of 13° (measured). The active region of both structures consists of compressively
strained (~-2.3%) InyGa; xAs quantum wells. The thickness and the /n composition are 7 nm
and x = 0.33, respectively. The emission wavelength of both structures is around 1130 nm (the
optical spectrum is shown in figure 8). The DQW structure utilizes a 100 nm thick GaAs
barrier between the quantum wells. In case of the QQW structure, the quantum wells are
separated by 50 nm thick GaAs barriers. The main features of both designs are compiled in
table 8.1. The energy band profiles and the refractive index distribution of the epitaxial
structures B1110-3 and B1109-3 are presented in appendix 1.

_300ps, 400Hz, I=75A
T=25T
res: 0.1nm

=N

—-B1110-3

Figure 8. The optical spectrum of laser chips
B1109-3 (L =4 mm, W = 100 pm, mounted on c-
mount) based on discussed designs
B1110-3 (sold black line) and B1109-3
(solid red line). Measurement conditions:
300 ps, 400 Hz, current amplitude 7.5 A,
heat-sink temperature 25°C.

Intensity, norm.

0
1120 1125 1130 1135
Wavelength, nm

8.3. Parameters of the laser structures — ‘Pre-test’ results

The first step of the experimental investigation were length dependent measurements
of two test structures, t-B1075 for B1110-3 and t-B1059 for B1109-3 (the measurement
method is described in chapter 5.1). From these measurements, internal laser parameters like
internal efficiency 77, and losses ¢, , the transparency current density J7, and the modal gain

I'G, have been determined (table 8.2).

Total
Test waveguide | Number | TGyotaryy | Mi» | O JTr(mm?, Io*, | S*, | Ty*, U*,V Oy, | A,
structure | thickness, | of QWs cm’! % |em™? | A/lem® | mA |W/A| K deg | nm
pm (0.1A) | (2A)
t-B1075 3.0 2 12.9 90 | 1.06| 126.1 [319]046| 85 | 1.16 | 1.78 | 20 | 1122
t-B1059 4.4 4 22.5 86 [ 1.05| 220.1 381044 | 99 | 1.20 | 1.83 | 15 | 1128

Table 8.2. Laser parameters determined from measurements in the pulsed operation of uncoated laser chips with
100 pum stripe width (* the slope per facet, the threshold current, the diode voltage and the characteristic
temperature Ty have been determined from a 1 mm long , 100 um wide device).
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Figure 8.1 The experimental results of the length-dependent measurements of the test structures t-B1075 and
t-B1059. (a) The inverse differential efficiency versus resonator length. (b) The logarithmic
dependence of the threshold current on the resonator length.

The modal gain, transparency and the threshold current density do not scale linearly
with the number of QWs because of the different waveguide thicknesses for both structures.
Nevertheless, a slight decrease in the modal gain parameter and the transparency current
density per quantum well from structure t-B1075 to structure t-B1059 can still be observed.
The characteristic temperature Ty is higher for the QQW design indicating non-deteriorated
carrier confinement in the active region despite the use of much wider waveguides (the
number of quantum wells is doubled thus the effective barrier of the active region is increased
— this theme is discussed in chapter 7). The internal parameters like 77, and ¢, are similar for
both structures. This leads to similar slopes (S). The higher diode voltage for structure t-
B1059 indicates a higher series resistance of the epitaxial structure due to the thicker
waveguide layers and non optimized doping profile of the waveguide and cladding layers.

The waveguide thicknesses of the test structures are by several pm thinner than that of
the investigated samples B1110-3 and B1109-3. Therefore, differences in the vertical
divergence angles are observed.

8.4. Characterization of mounted devices

The discussed laser structures were processed as 4 mm and 8§ mm long devices with
stripe widths of 100 um and 200 pm. The diode laser geometry and the reflectivities of the
mirrors are presented in table 8.3. The broad area laser chips were mounted on c-mounts with
the junction down for better heat dissipation (figure 3.8). The devices have been characterized
at room temperature (25°C) under quasi-CW conditions (500 ps current pulse duration with
20 Hz repetition rate — equivalent to 1% duty-cycle).

Resonator | Electrical stripe Front mirror Back mirror
length, L width, W reflectivity, Rf reflectivity, Rb
4 mm 100 um 0.5% 95%
200 um 0.5% 95%
8 mm 100 um 0.1% 95%
200 um 0.1% 95%

Table 8.3. Diode laser geometry and reflectivities of the mirrors of mounted devices.
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Binary materials, such as GaAs, have a higher electrical and thermal conductivity
compared with ternary and quaternary semiconductor materials. For this reason, GaAs is used
for the thick waveguide layers. The high carrier mobility of such a material allows for low
doping profiles resulting in reduced free-carrier absorption and hence low internal optical
losses. This further enabled the construction of powerful devices with extremely long (8 mm)
optical cavities. Such a long gain medium allows the use of very low facet reflectivities of the
front facet (less than 0.5%). A low reflectivity reduces the optical load on the facet and is
expected to lower the risk of the catastrophic optical mirror damage (COMD).

8.4.1. Laser based on 3.4 pm thick GaAs-waveguide
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Figure 8.2. The experimental (a) power-current (b) voltage-current and (c) wall-plug efficiency characteristics of
the B1110-3 design processed as 4 mm or 8 mm long diode laser with 100 pm or 200 um electrical stripes
mounted junction-down on c-mounts. Measurement conditions: 500 us, 20 Hz, 25°C heat-sink
temperature. The inset of figure (a) - the cathodoluminescence image presenting the COMD damage of
the 8§ mm x 200 pm laser chip.

Resonator Mesa S, W/A S, W/A P, W
length, stripe T, A at 2xly, at 5xly, R, mQ WPEna at rollover
4 mm 100 pm 0.9 0.87 0.84 40 0.53 16 (29A)
4 mm 200 pm 1.9 0.86 0.84 20 0.49 23 (50A)
8 mm 100 pm 1.5 0.82 0.77 16 0.50 25 (60A)
8 mm 200 um 2.7 0.80 0.77 12 0.48 37 (67A)

Table 8.4. The electro-optical parameters of the B1110-3 design (DQW, A= 1130 nm, 3.4 um-GaAs-WG,
©,=18°) realized as 4 mm and 8 mm long diode laser with 100 um and 200 pm electrical stripes

mounted on c-mount heat-sink. Measurement conditions: 500 ps, 20 Hz, 25°C heat-sink temperature.

The baseline structure B1110-3 mounted as a 4 mm long and 100 um wide device
exhibits 16 W optical power at an injection current of 29 A. Increasing the resonator length
and the mesa width results in a lower internal facet load as well as a reduced series and
thermal resistance of the device. Consequently, the maximum achievable optical power is
increased. Moreover, increasing the optical cavity length reduces the threshold current density
leading to improved vertical carrier confinement and thus increased characteristic temperature
To [1]. The 4 mm long device with an increased electrical stripe width to 200 pm delivers
maximum optical power of 23 W at 50 A. Increasing the resonator length from 4 mm to 8 mm
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the optical power was further increased to 37 W at 67 A (200 um emitter). For three devices,
the maximum optical power was limited due to thermal roll-over. Both facet passivation and
low modal facet load, due to the SLOC design, reduce the risk of COMD and enable high
optical power of 37 W at 67 A corresponding to 24.8 MW/cm® of internal power density.
However, the 8 mm long and 200 um wide laser chip, after roll-over, failed at 78 A because
of COMD (confirmed by facet inspection and cathodoluminescence imaging [2], illustrated in
inset of figure 8.2.a). The electro-optical parameters of the measured devices are compiled in
table 8.4. Figure 8.2 shows the power-current and voltage -current characteristics of a baseline
structure B1110-3 manufactured as broad area laser for four chip geometries.

8.4.2. Laser based on 5.0 pm thick GaAs-waveguide
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Figure 8.3. The experimental P-U-I characteristic (a) and the vertical beam profiles at 50 A (b,c) of the B1110-3

design (DQW, 3.4 um-GaAs-WG@G) and the B1109-3 design (QQW, 5.0 pm-GaAs-WGQ) realized as § mm
long, 200 pm wide laser diodes, mounted on c-mount heat-sinks. Measurement conditions: 500 us, 20 Hz,
ambient temperature of 25°C.

®V’ deg MZ
Structure | Iy, A | S, W/A | WPE ox | Pmae W | To*, K | T;*, K (I=17-20 A) 959
FWHM | 95%
B1110-3 2.7 0.80 0.48 37 114 (4) | 649 (101) 18.0 29.5 1.34+0.3
B1109-3 5.0 0.76 0.40 38 127 (5) 386 (4) 12.6 206 | 1.2+0.3

Table 8.5. Experimental parameters of 8 mm long devices with 200 pm stripe width under quasi-CW (500 ps,
20 Hz) operation at 25°C. Parameters TO and T1 were obtained by short pulse measurements for a
temperature range of 15°C — 65°C and 15°C — 45°C, respectively.

Next, the structure B1109-3 with an increased vertical cavity width of 5 um (resulting
in ®V ;swam = 13°) and with higher number of quantum wells in the active region (QQW),
has been processed as 8 mm long and 200 um wide single emitters. When tested under quasi-
CW conditions, the structure delivers 38 W of the optical power. According to the discussion
and results from chapter 7, it can be concluded that the increased number of QWs improves
the vertical carrier confinement and thus reduces the minority carrier aggregated in the
confinement layers. Despite the wider waveguides, for which an exaggerated negative effect
is expected (larger volume where electrons and holes can recombine and be a loss), the design
maintains high slope efficiency and high optical power. Moreover, the modal load on the facet
is reduced due to the wide vertical near-field. Therefore, the same output power could be
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Figure 8.4. Logarithmic dependence of the threshold current (a) and the slope efficiency (b) on the heat-sink
temperature for the B1110-3 design (DQW 3.4 pm-GaAs-WGQG) and the B1109-3 design (QQW 5.0 um-
GaAs-WG ). Solid and dashed lines represent the linear fit to the experimental dates (points).
Measurements correspond to facet-coated devices with a length of 8 mm and a width of 200 um.

achieved as compared to B1110-3 (DQW, WG =3.4 um, Op =18°), but without mirror
degradation (COMD). The maximum wall-plug efficiency (WPE,,.x) reaches a value of 48%
at 11 W for the structure B1110-3 and 40% at 12 W for the structure B1109-3 owing to its
higher threshold current. The P-U-I characteristics are illustrated in figure 8.3. The results of
the 8 mm long, 200 pm wide laser chips mounted on c-mounts are compiled in table 8.5.

From the temperature dependence of the threshold current and the slope efficiency, the
characteristic temperatures 7y and 7 were obtained for temperature ranges of 15°C — 65°C
and 15°C —45°C, respectively. The measurements have been carried out under short pulse
(300 ns) operation to avoid additional overheating of the active region during its operation
(presented in figure 8.4). The 7, parameter for the structure B1110-3 (11444 K) is lower than
for the B1109-3 sample (127+5 K) despite its lower threshold current density, indicating
improved carrier confinement in the active region for the B1109-3 design achieved by an
increased number of QWs. However, the 7 parameter for B1109-3 (386+4 K) is smaller than
T, for B1110-3 (649101 K), indicating that there are still high losses - possibly due to carrier
accumulation in the thick waveguide layer.

The 8 mm long and 200 pm wide laser devices based on the structure B1110-3 at
higher current levels exhibit far-field angles of 18° (FWHM) and 29.5° (95% power content).
Of the laser devices, B1109-3 exhibit much lower far-field angles of 12.6° (FWHM) and
20.6° (95% power content). The vertical beam propagation factor M, determined from the
near- and far-field distributions (95% power content), is equal to 1.3+0.3 and 1.2+0.3 for
structures B1110-3 and B1109-3, respectively. The vertical far-field profiles were measured
up to a current of 50 A. No changes in the beam profile were observed. The fact that no
indication of higher-order vertical modes are visible in the beam profiles and the fact that the
beam propagation factor M =1 (chapter 5.3), we conclude that these modes are fundamental
vertical modes. Figures 8.3.b and ¢ show the vertical far-field distributions of the designed
structures at currents corresponding to the maximum efficiency of the laser, i.e. 17 A and
20 A for structures B1110-3 and B1109-3, respectively.
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8.5. Conclusions

The 1130 nm MQW SLOC design with the vertical divergence angle reduced to 13°
(FWHM) and 21° (95% power content) by widening GaAs waveguide to 5 um has been
characterized. The introduction of a higher number of QWs (four) increased the weak modal
gain caused by wide waveguide layers and improved the vertical carrier confinement allowing
for high output power operation. The low internal loss design allowed the manufacture of
devices with an 8 mm long cavity and with a low front facet reflectivity (0.1%). An optical
power of 38 W under quasi-CW operation mode has been demonstrated with an 8 mm long
and 200 um wide single emitter. The optical power was limited by chip overheating. The
devices did not suffer from COMD.
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9

1060 nm laser design based on extremely large waveguides for
small divergence angles of 10°

9.1. Introduction

This chapter focuses on the far-field angle reduction to angles below 15° (FWHM) and
26° (95% power content) for diode lasers emitting at 1060 nm. High power diode lasers
emitting near 1060 nm find applications in telecommunications as pump sources for silica-
based fiber amplifiers "co-doped" with erbium and ytterbium (for amplification of a 1550 nm
optical signals). Furthermore, high power diode lasers emitting at this wavelength are also
used for direct material processing. The laser systems usually consist of several single
emitters joined together into a laser bar or stack. A lens system is used to combine and shape
the asymmetric, widely diverged beams. Often, the optical light of high power laser beams is
coupled into and transmitted through optical fibers. In order to increase coupling efficiency
(with reduced optical power loss, reduced aberrations) and to ease coupling, diode lasers with
narrow vertical divergence are required. Moreover, a narrow far-field angle of the laser beam
is advantageous in laser systems with external resonators. The low beam divergence angle
results in a higher reflectivity of the volume Bragg grating, which in turn enables building
longer resonators. It is shown that for 1060 nm multi-QW designs the GaAs-waveguide does
not offer sufficiently high effective barriers to confine the carriers in the active region and, in
consequence, the design suffers from strong carrier spill-over. We demonstrate that the
effective barrier is sufficiently increased when an AlGaAs-waveguide is utilized. The AlGaAs
waveguide, however, results in an increased far-field angle. The influence of the increased Al
content in the waveguide on the vertical beam profile is discussed. Finally, a structure with
8.6 um thick Aly;GagoAs waveguides, is presented resulting in a vertical divergence angle of
10° (FWHM) and a high internal efficiency of 90%.

9.2. Investigated SLOC designs

Three structures are discussed: structure C1357-6 with a 6 um thick GaAs waveguide,
structure C1605-6 with a 6 um thick Aly;GagoAs waveguide and structure C1625-6 with a
very thick, 8.6 um, Aly;GagoAs waveguide. The active region of the considered designs is
placed in the centre of the waveguide and consists of four compressively strained (-1.75%)
InyGa; xAs quantum wells. The thickness and /n composition are 7nm and x =0.25,
respectively. The quantum wells are separated from each other by tensile strained (~0.73%)
GaAs,.,P, barriers, and separated from the waveguide with a GaAs;.,P, spacer. The
thicknesses and composition are 7.5 nm (barriers), 5 nm (spacers) and y = 0.8, respectively.
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Waveguide Cladding layer Vertical dlvirgence Beam.
angle propagation
Structure Thickn 95% r arameter®
Material CKNESS; | Material | FWHM o bower | para’
pm content M"9sv,
B1109-3 GaAs 5.0 Aly25Gay 75As 12.6° 20.6° 1.20 40.31
C1357-6 GaAs 6.2 Aly1GagyAs 10.2° 16.6° 1.18 £0.25
C1605-6 | AlyGagoAs 6.0 Aly,GaggAs 13.0° 21.6° 1.18 £0.33
C1625-6 | Aly1GagoAs 8.6 Aly,GaggAs 10.3° 20.3° 1.58 £0.31

Table 9.1. Details of epitaxial designs C1357-6, C1605-6, C1625-6 and benchmark design B1109-3. *Far-field
angles (and the propagation factor M?) of coated 4 mm x 100 pum laser diodes measured at currents
corresponding to the maximum conversion efficiency (~8 A, QCW, 25°C).

The emission wavelength is around 1060 nm. The main features of the designs and the
measured vertical beam parameters are compiled in table 9.1. The energy band profiles and
the refractive index distribution of each epitaxial structure are presented in appendix 1. The
wide optical cavity supports a high number of vertical modes. To reduce the number of
guided modes the refractive index of the AlyGa;4As cladding layers has been reduced by
reducing the Al-content to 10% for the design C1357-6 and to 20% for designs C1605-6 and
C1625-6 (the benchmark structure B1109-3 utilizes Alp,sGag7sAs cladding layers).
Moreover, the low Al-content materials feature a lower series resistance.

In previous chapters, laser structures utilizing a MQW active region with thick
(50 nm — 100 nm) GaAs-barriers and GaAs-waveguides were discussed. The reference
structure B1109-3 utilizing a 5 um thick waveguide exhibits vertical divergence angles of 13°
(FWHM) and 21° (95% power content). Further calculations of the divergence angle
dependence on the GaAs-waveguide thickness show an angular reduction to 10° (FWHM) for
a waveguide thickness of 7.8 pm (calculations were performed at the emission wavelength of
1060 nm and for Aly;GagoAs-claddings). Alternatively, in the SLOC structures, the optical
mode profile can be changed by the use of thin GaAsP quantum barriers (7.5 nm) instead of
the thick GaAs barriers (50 nm). The optical mode in the structures utilizing thin quantum
barriers is less confined in the active region and spreads wider in the optical cavity, (see the
inset of Figure 9.1a), resulting in reduced vertical divergence angles (Figure 9.1b). Structures
based on an active region with GaAsP quantum barriers have the potential to achieve a
vertical far field angle of 10° at FWHM by using a narrower, 6.6 um thick, waveguide. The
grown structure C1357-6, however, utilizes a 6.2 um thick GaAs-waveguide resulting in a
FWHM vertical divergence angle around 10.5°. The measured beam profiles of the mounted
laser chips are presented in Figure 9.2. Changing the material and the thickness of the
quantum barriers leads to a very small change of the emission wavelength (1-2 nm). The
small change of the emission wavelength hardly affects the refractive index of the epitaxial
layers and does not influence the far-field angle reduction.
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Figure 9.1 (a) Calculated (QIP) confinement factor I" and (b) the vertical divergence angle of 1060 nm QQW
Ing»5Gag 75As/GaAs/Aly GayyAs structures with different quantum barrier designs versus the waveguide
thickness. The inset in figure (a) represents the comparison of the mode distributions of a structure
utilizing a 6.2 pm thick GaAs waveguide and two different designs for the quantum barrier.

1.0+
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C1357-6 . .

£ Measured: Figure 9.2. Calculated and measured vertical
2 i10.6°[% 12,69 —— C1357-6 beam profiles (a) far-field and (b)
%: 05 | CO T B1109-3 near-field for the C1357-6 design and
5 \ the benchmark structure B1109-3.
= Laser geometry: L =4 mm,
W= 100 pm. Measurement conditions:
500 us, 20Hz, 25°C at currents
0.0 corresponding to the maximum
! ! y P — conversion efficiencies (8.4 A for

“ Angle (E))V, deg. °oe Vertzical p?)sitioi, pm4 ° C1357-6 and 7.8 A for B1 109'3)~

The three laser designs, C1357-6, C1605-6 and C1625-6, have been experimentally
tested as follows. First, uncoated and unmounted 100 um wide laser chips with various
resonator lengths have been characterized under pulsed operation (1.5 ps, 5 kHz) in order to
obtain the internal parameters of the laser structure. In the next step, laser chips were
processed as 100 um wide and 4 mm long single emitters with coated front and back facets
resulting in reflectivities of 1.5% and 95%, respectively. The single emitters were mounted
junction-down onto c-mounts and tested under quasi-continuous wave (quasi-CW) operation
(500 ps, 20 Hz) at a heat sink temperature of 25°C. The internal parameters obtained from
length dependent measurements are compiled in table 9.2 and the quasi-CW electro-optical
parameters of mounted devices are depicted in table 9.3. The discussion of the laser
parameters is presented in the following subchapters. The long-wavelength (1130 nm)
structure with a small vertical far-field angle of 13° at FWHM (B1109-3), presented
previously in chapter 8, exhibits good internal parameters as well as high optical power when
processed as a single broad area emitter. Therefore, it is included here as a benchmark
structure for the design optimization of the 1060 nm high power devices with further reduced
vertical beam divergence angle.
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Aleal_xAs

. I'Gootars | Mi> | Olis Jrroans | Tn™, S*, To*, |U* V| A,
Structure| Waveguide | = TVRr | o2 | By OO 00 | wia | K (2A) | nm
x | Thickness

t-B1059 | 0 4.4 um 22.5 86 | 1.05 220 381 0.44 99 1.83 [1128

t-C1357 | O 6.2 pm 15.3 54 | 047 336 728 0.34 52 1.51 | 1060

t-C1605 | 0.1 | 6.0 pm 26.4 86 | 1.06 288 453 046 | 149 | 1.63 |1061

t-C1625 | 0.1 ]| 8.6 um 22.7 90 | 1.57 | 264 467 0.47 | 143 | 1.78 |1060

Table 9.2. Laser parameters of the discussed SLOC designs obtained from the length-dependent measurements
of uncoated chips. The t-B1059 is the benchmark design (25% Al content in claddings results in a higher
bias voltage of the diode laser). (* The slope per facet, the threshold current, the bias voltage, as well as
the characteristic temperature T have been determined from a 1 mm long, 100 pm wide device.)

Aleal_xAs P, W To, K
Structure | Waveguide I, A 2; X/IA 2; X/I A WPE,...| at 15- T, K I?/t{";’
x | Thickness * " 25A | 65°C

B1109-3 | 0 5.0 um 1.53 0.80 0.74 0.41 156 | 138 48 | 386 #4 | 1.27*

C1357-6 | 0 6.2 pm 2.03 0.76 0.60 0.38 10.0 | 8542 | 95+11 | 0.53

C1605-6 | 0.1 | 6.0 pm 1.68 0.80 0.78 0.43 15.0 | 15746 | 537445 0.84

C1625-6 | 0.1 | 8.6 um 1.78 0.83 0.81 0.42 14.4 | 14444 | 518460 | 1.26

Table 9.3. Electro-optical parameters of 4 mm long, 100 pm wide single emitters mounted on c-mount. Test
conditions: 500 ps, 20 Hz, 25°C. (*The thermal resistance of benchmark structures measured under
300 ps, 400 Hz conditions.). Ty, T, parameters have been obtained under ‘zero-heat’ condition test.

9.3. Low effective barrier in GaAs-waveguide based design resulting in
inefficient laser operation

The 1060 nm emission wavelength from sample C1357-6 is obtained from InGaAs
quantum wells containing a lower mole fraction of /n atoms (in comparison to the 1130 nm
emission wavelength of the benchmark sample). An InyGa; (As material with lower In-
content results in a lower affinity energy. This results in higher conduction band edge energy
and a lower energy of the valence band edge. When embedded in GaAs-waveguides shallow
quantum wells are formed — the effective barriers for both, electrons and holes are reduced.
The vertical carrier confinement is weakened and consequently, carrier leakage to the
waveguide occurs. (This phenomenon is also shown in simulations and proven experimentally
in the further text.) The carrier accumulated in the thick, especially p-doped, waveguide is a
loss to the lasing and results in a low internal efficiency 7, =54% (compared to
N;.-s1050 = 86%), consequently also a lower external efficiency S = 0.34 W/A (compared to S;.
B10s9 = 0.44 W/A) and also lower characteristic temperature To=52 K (compared to To;.
B1059 = 99 K). The measured internal losses for the t-C1357 design of «,=0.47 cm’! are,
however, unexpectedly two times smaller than for the benchmark design ¢, g,5,= 1.05. For
laser structures in which strong carrier leakage occurs, the internal losses as well as the
internal efficiencies are not independent of the resonator length - especially when short
(<2 mm long) lasers are considered [1]. In shorter lasers, the threshold gain to overcome the
mirror losses is higher and thus the threshold current densities are higher. The higher
threshold density translates to an increased carrier density in the quantum wells, which leads
to increased carrier leakage. This effect is exaggerated in structures characterized with a low
confinement factor and thus a low modal gain, as is the case for the C1357 design. Therefore,
the ¢, and the 7, values obtained in the length dependent measurement are not reliable. Even

77

Dieses Werk ist copyrightgeschiitzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fur den persénlichen Gebrauch.




a) \ electrons, -------- holes] b) . . . , 35
T T T T T
. 1 Uth=1.17V Qw's 3 J 20} © measurement
g 4 - calculation 130
25 01 n-WG p-WG  __p-CL p-WG .- p-CL &
o S Y ele ”s
'g E 0.01 i accumulated 15+ ]
© g — in p-WG z
1E-3 : i > J20a
1; 1 1 1 1 1 1 -H 1 :' 1 1 1 1 1 1 1 a g
- &1.0 g
_____ "y U=1.7V (I=91A) 3 15 5
> L2 P > O
2o .. Alectrons 2
8 § / accumulated 10°
82 ; in p-CL 05F o C1357-6
g = in n- : \.(\ L=4mm, W=100pm 1
: 'zero'-heat condition
\l. f Theat-sink:25t
H 1 1 1 1 1 1 1 1 | | | | 0.0 L L L 0
0 1 2 3.4 5 6 70 1 2 3 4 5 6 7 0 20 40 60 80 100
Growth direction, ym . .
Growth direction, pm Current I, A

Figure 9.3. (a) The calculated vertical carrier profiles (electrons — black solid line; and holes — red dashed line) at
different bias voltages from U=1.17 V (‘turn-on’ voltage) to U= 1.7 V. (b) Comparison of calculated (solid
red line) and measured (black symbols) power-current characteristics for the sample C1357-6 processed as
4 mm long and 100 um wide laser device. Measurement conditions: short current pulse duration 300 ns,
1 kHz, 25°C heat-sink temperature. Simulations performed by means of WIAS-TeSCA software without
self-heating. The calculated U-I characteristic corresponds to the voltage drop over the epitaxial structure
without a substrate.

though the 7, value is not quantitatively reliable, it does not contradict the assumption of the
carrier leakage in the design. Moreover, the transparency current density obtained from the
length dependent measurements depends on ¢, . Therefore, its value can only be calculated
with an uncertainty. In order to obtain reliable experimental values, the length dependent
measurements of lasers with resonator lengths of more than 4 mm have to be performed.
However, the thin metallization of the prepared ‘pre-test’ samples (see chapter 4.2.1) results
in an increased inhomogeneous spreading of the injected current. Therefore, the length
dependent measurement of longer lasers has not been performed. The increased threshold
current for the t-C1357 lasers is caused by a strongly reduced confinement factor, as
predicted, and thus a reduced modal gain.

In order to investigate the assumption that the degradation of the slope efficiency for
the C1357 design is caused by poor carrier confinement in the active region, the carrier-
transport properties and the power-current characteristic of the 4 mm long, 100 pm wide laser
device have been simulated. The simulations have been performed with no concern for self-
heating. The calculations of the vertical carrier distributions at various applied electrical
voltages are presented in figure 9.3a. The calculations indicate carrier escape and its
accumulation in both n- and p-doped waveguides - even at low applied electrical fields
(U=1.27V, E=1.81kV/cm, I=4 A). For an increasing bias voltage, the band bending is
stronger, the effective barrier is lower, and the carrier leakage is more severe. At a bias
voltage of U=1.7V (corresponding to [ =91 A and E =2.42 kV/cm), the accumulation of
the minority carriers can be seen in the p-cladding layers as well... The simulations of the
band structure exhibit a reduction of the already low effective barrier for electrons from
0.14 eV at the ‘turn-on’ voltage to 0.04 eV at U= 1.7 V. The carriers accumulated in the
confinement layers are losses to the lasing process resulting in a strongly nonlinear power-
current characteristic. In figure 9.3b, the comparison of the simulated and measured power-
current characteristics under ‘zero-heat’ conditions is presented. The simulated power-current
characteristic reproduces the roll-over effect, which is seen experimentally as well.

The consequences of the carrier leakage can also be observed in quasi-CW mode
operation, where the thermal effects exaggerate the carrier accumulation in the confinement
layers. The C1357-6 laser (4 mm long, 100 um wide) delivers 10 W of quasi-CW optical
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Figure 9.4. (a) Comparison of the experimental P-U-I characteristics between the benchmark structure (B1109-
3) and the C1357-6 design. (b) Optical spectrum of the C1357-3 design at 4.0 A, 6.8 A and 15 A. (c)
Lasing wavelength of the sample C1357-6 versus wasted power (black symbols) and the linear fit to the
experimental data (solid red line). Measured laser devices: 4 mm long, 100 um wide single emitters
mounted on c-mount. Test conditions: 500 us, 20Hz, heat-sink temperature of 25°C.

power at 25 A. This is 33% less optical power than the benchmark sample (B1109-3,
Pocw = 15.6 W). Figure 9.4 shows the comparison of the measured P-U-I characteristics of
C1357-6 and B1109-3 lasers.

The C1357-6 lasers feature a lower series resistance than the B1109-3 sample, despite
the fact, that it utilizes wider waveguides. The reason for this effect is the lower Al content in
the AlGaAs-cladding layers. The low overlap of the optical mode with the active region
results in a low modal gain and thus a high threshold current. The high threshold further
reduces the maximum value of the conversion efficiency of the laser.

The power-current characteristics of the 4 mm long lasers have been measured under
short current pulse operation (300 ns, 1 kHz) at different heat sink temperatures. From the
temperature dependence of threshold and slope, the characteristic temperatures T and T; have
been calculated. The C1357-6 design exhibits much lower characteristic temperatures of
To=85K and T;=162K in comparison to the B1109-3 design, characterized with
To =138 K and T = 386 K. Moreover, the temperature dependent laser performance is stable
only at low temperatures, namely up to 35-45°C. Above 45°C, the temperature dependence of
the threshold current and slope efficiency degrades dramatically — a decrease of more than
50% of the Ty parameter and a decrease of 70% of the T, parameter was observed. The
temperature dependencies of threshold and slope efficiency on the heat-sink temperature are
presented in Figure 9.5. Considering the low effective barriers of the design (0.14 eV) and the
fact that the thermionic emission time depends strongly on the barrier height (~ exp(Ecs/ksT),
[2]), the deterioration of the thermal stability of the laser performance for temperatures above
45°C probably occurs due to thermal carrier spill-over from the active region into the
confinement layers.

9.4. AlGaAs-waveguides for good carrier confinement and improved laser
operation

(C1357-6), a structure with low aluminum content (10%) in the AlyGa; 4 As waveguides was
grown (structure C1605-6). The AlGaAs material features a lower affinity energy in
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Figure 9.5. Logarithmic dependence of (a) the threshold current and (b) the slope efficiency on the heat-sink
temperature for a GaAs waveguide design (C1357-6) and an Al,;GayoAs waveguide design (C1605-6).
Solid and dashed lines represent the linear fit to the experimental data (points). (Measurement results
correspond to coated 4 mm long, 100 um wide diode lasers).

comparison to GaAs. As a result, the conduction band edge (I" minimum) of the bulk
material shifts towards higher energies [3] and the valence band edge shifts toward lower
energies. Consequently, the potential barrier (and also the effective barrier) between the
quantum well and the waveguide for both electrons and holes, is increased. In this way, the
carrier confinement in the active region is strengthened and the carrier leakage is reduced. As
a result, the internal efficiency is higher (77,=86%) and the slope efficiency per facet is

increased (S = 0.46 W/A). Moreover, the values are comparable with the benchmark design t-
B1059. The introduction of the AlGaAs-waveguide results in higher mode confinement and
therefore higher modal gain T'g,=26.4 (compared to T'g,, 5, =15.3). As a result, a
reduction of nearly 40% in threshold current was observed; Iy =453 mA compared to Ly
C1357 — 728 mA.

The measurement of threshold current and slope efficiency deduced from the power-
current characteristics at different heat-sink temperatures for 4 mm long, 100 um wide, facet-
coated lasers shows that the design based on Aly;GagoAs waveguide, due to the increased
effective barriers for the carriers, is much more temperature stable than the design utilizing a
GaAs waveguide. The C1605-6 lasers exhibit high values of the characteristic temperatures
To=151 K and T; =537 K and are temperature stable up to a high heat-sink temperature of
around 70°C. The deterioration of the thermal stability of the lasing can still be observed
above 75°C (30% drop in Ty and ~ 50% in T; value), however it is still much weaker than for
the C1357-6 design. In conclusion, the Aly;Gago9As waveguide strongly improves the carrier
confinement in the active region. However, it does not provide barriers that are high enough
to eliminate the thermal carrier escape at very high temperatures. Figure 9.5 illustrates the
temperature dependence of the threshold and slope efficiency for both designs C1605-6 and
C1357-6.

Due to the improved carrier confinement, the C1605-6 lasers work satisfactorily under
quasi-CW mode operation. The measured power-current characteristic features a high slope
efficiency of 0.77 W/A and a power of 15 W at 25 A. The electro-optical parameters of the
laser are comparable to the benchmark device B1109-3. Figure 9.5 shows the measured quasi-
CW power-voltage-current characteristics of the C1605-6 laser in comparison to the
benchmark device. The reason for the increased electrical and thermal resistance of the
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Figure 9.6. (a) The comparison of the experimental P-U-I characteristics between the Al ;Gag9As-waveguide
design (C1605-6) and the GaAs-waveguide design (C1357-6). B1109-3 is the benchmark sample. (b)
Optical spectrum of the C1605-6 design at 4.0 A, 8.5 A and 15 A. (c) The lasing wavelength of the sample
C1605-6 versus wasted power (black symbols) and the linear fit to the experimental results (solid red
line). Measured lasers: 4 mm long, 100 um wide single emitters mounted on c-mount. Test conditions:
500 ps, 20Hz, heat-sink temperature of 25°C.

C1605-6 laser is the AlyGa;.xAs-material used for the waveguide and the claddings. The
AlGaAs material exhibits a lower hole mobility (than GaAs) and thus a reduced electrical and
thermal conductivity.

On the other hand, despite the high effective barriers and the good carrier confinement
which is provided by the AlGaAs-waveguide in the C1605-6 design, this design pays a
penalty for the vertical divergence angle of the laser beam. The increased Al-content in the
waveguide lowers its refractive index leading to stronger mode confinement in the active
region. Calculations of the vertical mode distributions and the corresponding vertical far-field
profiles for various aluminum contents in the waveguide are presented in chapter 6. The
structures based on 6.0 um thick Aly;GagoAs waveguides exhibit a laser beam with
divergence angles of 13° (FWHM) and 21.6° (95% power content), whereas the C1357-6
structures utilizing 6.2 um thick GaAs-waveguides exhibit divergence angles of only 10.6°
(FWHM) and 16.6° (95% power content). Figure 9.7 shows the measured beam profiles for
the C1605-6 and C1357-6 laser structures.
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In order to reduce the vertical far-field angle to 10°, a structure with a wider
waveguide thickness of 8.6 um waveguide has to be grown (C1625-6 design). Figure 9.8
presents the calculated dependencies of the angle at FWHM and 95% power content on the
Alp1GagoAs waveguide thickness. The measured vertical far-field angles of the test samples
(t-C1625, t-C1605) and full mounted devices (C1625-6, C1605-6; 4 mm long, 100 um wide,
facet coated) align well with the calculated results. The vertical beam profiles feature angles
of 10.3° at FWHM and 20.3° at 95% power content and are stable up to higher current
injection levels. Figure 9.9 shows the beam profiles measured under quasi-CW conditions at
the current corresponding to the maximum wall-plug efficiency (I=7.5 A) in comparison the
benchmark structure (B1109-3). Despite reduction by 3° of the FWHM angle, the angle
containing 95% optical power has only been reduced by 1°, i.e. from ®gso, c1605.6 = 21.6° to
Oosv.c1625-6 20.3°, and compared to the benchmark design only by 0.3° (®9se, B1109-3 = 20.6°).
Moreover, further reduction of the angle containing 95% of the optical power by increasing
the waveguide thickness only, is not possible for the C1625-6 design (explained in more
detail in chapter 10).

The length dependent measurements of the C1625 design show that the widening of
the Aly1Gapg9As waveguide to 8.6 um did not deteriorate the internal parameters of the
structure. The design features a high internal efficiency of 77,= 90% resulting in a high slope

efficiency per facet S =0.47 W/A. The modal gain is slightly reduced I'G,=22.7 cm™ (in
comparison to I'G,_ s =26.4 cm™) due to a small reduction of the confinement factor T
(presented in figure 9.1) and is comparable to the modal gain of the benchmark design,
I'Gy, pioo=22.5 cm”. The slightly reduced modal gain results in a small increase of the
threshold current from Imtcieos =453 mA to lmecieas =467 mA. The laser parameters
obtained from the length-dependent measurements are compiled in table 9.2.

Full mounted devices (4 mm long, 100 um, facet-coated) tested under short pulse
conditions (300 ns, 1.67 Hz) deliver 54 W optical power at 92 A. This is 90% more than the
power delivered from the C1357-6 design based on a much thinner, 6.2 um, GaAs-
waveguide. The power-current characteristic, however, still shows a non-linear behavior
above 40 A. The non-linearity of the P-I characteristic is probably caused by carrier leakage.
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From the dependence of the threshold current and the slope efficiency of the power-
current characteristic at different heat-sink temperatures, the characteristic temperatures Ty
and T; have been determined. In the temperature range of 15°C to 65°C, the Ty, T; values
equal 144 K and 518 K, respectively. These are only slightly smaller than the Ty, T; values
obtained for the C1605-6 design. Above the heat-sink temperature of 65°C, the Ty, T,
parameters deteriorate for both structures. However, the decrease of the T, value for C1625-6
is more significant. The deterioration of the thermal stability of the threshold current and the
slope efficiency is likely due to thermal carrier escape from the active region. This can be
explained by the strong reduction of the thermionic emission time with increasing temperature
[1]. The temperature dependences of the threshold current and the slope efficiency for both
designs are presented in figure 9.12.
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Figure 9.12. Logarithmic dependence of (a) the threshold current and (b) the slope efficiency on the heat-sink
temperature for designs utilizing 6.0 pm thick (C1605-6) and 8.6 um thick (C1625-6) Aly;GayoAs
waveguides. Solid and dashed lines represent the linear fit to the experimental dates (points).
(Measurement results correspond to facet-coated 4 mm long, 100 pm wide diode lasers).
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Figure 9.11. (a) Comparison of the experimental P-U-I characteristics between the 8.6 um thick Aly;GagoAs-
waveguide design, resulting in a vertical divergence angle of 10.3° (C1625-6) and the benchmark design
(B1109-3). (b) Optical spectrum of the C1625-6 design at 4.0 A, 8.5 A and 15 A. (c¢) The lasing
wavelength of the sample C1625-6 versus wasted power (black symbols) and the linear fit to the
experimental data (solid red line). Measured laser devices: 4 mm long, 100 um wide single emitters
mounted on c-mount. Test conditions: 500 us, 20 Hz, heat-sink temperature of 25°C.

Figure 9.11 shows quasi-CW P-U-I characteristics of the 4 mm long, 100 pm wide,
facet-coated lasers. Lasers based on the C1625-6 design exhibit a slope efficiency of 0.8 W/A
at 10 A and deliver an optical power of 14.4 W at 25 A. The maximum wall-plug efficiencies
for the C1625-6 and B1109-3 devices are comparable, while the efficiency for the C1625-6
laser drops at higher applied currents. The maximum of the laser efficiency is maintained due
to comparable threshold current and slope efficiency for both of these designs. The very thick
Aly1GagoAs waveguide layers feature higher electrical and thermal resistance, than the 5 um
thick GaAs waveguide of the B1109 design, resulting in lower conversion efficiency at higher
currents.

9.5. Conclusions

The epitaxial structures for diode lasers emitting at 1060 nm have been optimized with
respect to minimum vertical divergence angles in conjunction with high optical output power.
It was found that the 1060 nm diode lasers based on 6.2 pm thick GaAs waveguides exhibit
narrow divergence angles of 10.6° (FWHM) and 16.6° (95% power content). However, the
drawback of this design is the low depth of the quantum wells and thus the weak confinement
of both electrons and holes in the active region. The poor carrier confinement in the active
region leads to strong vertical carrier leakage and to carrier accumulation in the confinement
layers. In consequence, the design suffers from low internal efficiency, strong degradation of
the slope efficiency and low optical output power. Additionally, the design exhibits a low
confinement factor resulting in a low modal gain and thus a high threshold current. All these
factors result in inefficient laser operation.

In the next step, lasers based on Aly;Gag9As waveguides have been tested. The
influence of the aluminum content in the waveguides on internal parameters and the laser
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beam profile was discussed. It was shown that AlGaAs waveguides increase the effective
barrier of the active region, leading to an improved internal efficiency of the laser structure (~
90%). However, the lower refractive index of the AlGaAs waveguides (in comparison to
GaAs) strongly confines the optical mode in the active region and in consequence the vertical
far-field angle becomes wider.

Finally, diode lasers based on extremely large, 8.6 um thick, Aly;GagoAs waveguides
were discussed. The design exhibits two desired features: the low divergence angle of 10.3°
(FWHM) and 20.3° (95% power content) and the high internal efficiency of ~ 90%. Laser
structures processed as 4 mm long, 100 um wide single emitters deliver an optical power of
54 W under ‘zero-heat’ conditions. This is 90% more than the power from the design utilizing
much thinner, 6.2um, GaAs-waveguides. Under quasi-CW conditions at a 25°C heat-sink
temperature, the devices deliver an optical power of 14.4 W. This power is comparable to the
optical power delivered from the benchmark design B1109-3, discussed in Chapter 8.
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10

SLOC with low index quantum barriers for small vertical far-
fields

10.1. Introduction

The subject of study in this chapter involves the further reduction of the vertical beam
divergence of structures based on 8.6 um thick Aly;GagoAs waveguides. In the previous
chapter, it was shown that a reduction of the divergence angle (95% optical power) below 20°
was not possible by only increasing the waveguide thickness. In structures based on extremely
thick waveguides, the minimum achievable far-field angle is limited by waveguiding of the
multi-QW active region itself. In this chapter, it is shown that the use of low refractive index
quantum barriers (LIQB) reduces the high average refractive index of the active region and
results in a lower divergence angle of the laser beam. The experimental results of the vertical
beam profile and electro-optical parameters of diode lasers based on the design with low-
index barriers are presented. Furthermore, the limits of the LIQB design are investigated.
High power devices delivering 30 W of quasi-CW optical power enclosed in a beam
divergence reduced to 8.6° (FWHM) and 15.4° (95% power content) are demonstrated.
Moreover, the lateral beam profiles of the LIQB design are presented in comparison to SLOC
design.

10.2. Investigated SLOC designs

Vertical divergence
Averaged
g Aly1GagoAs- angle
. Quantum | Quantum refractive . _
Design . . waveguide (measured at I=7.8 A)
well barrier index of the thickness 95%,
active region FWHM o power
content
C1625-6 | IngpsGagrsAs | GaAsysPoo 3.511 8.6 um 10.3° 20.3°
C1690-6 Ino_25Gaol75AS GaAS0_65P0_35 3.476 8.6 wm 8.6° 15.4°

Table 10.1. Details of epitaxial designs C1625-6 (as reference design) and C1690-6. Refractive index of the
quantum barriers is calculated using QIP. Far-field angles of coated 4 mm x 100 um laser diodes have
been measured at currents corresponding to the maximum conversion efficiencies (7.8 A, quasi-CW,

25°C).

Two structures have been investigated: C1625-6 as a reference structure (discussed in
chapter 9) and structure C1690-6. Both structures are based on an extremely thick, 8.6 pm,
symmetric Alp1GagoAs waveguide. In order to reduce the high number of modes propagating
in such a large cavity, the waveguide is embedded in low aluminum content claddings —
Alp,GapgAs. The thicknesses of the n-doped and p-doped cladding layers are 900 nm and
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Figure 10.1. The refractive index of (a) the reference design C1625-6 and (b) the design utilizing low index
quantum barriers. The red solid line represents the calculated averaged refractive index of the active
region.

600 nm, respectively. The chosen thicknesses of the cladding layers provide high losses for
the higher order modes due to radiation into the n-GaAs substrate and the p-contact, while the
loss of the fundamental mode is minimal. In this way, the higher order modes are
discriminated against and single mode operation is ensured. The thick n-cladding layer also
prevents uncontrolled mode coupling into the substrate (back reflection of substrate modes
into the waveguide, see chapter 6). Both structures utilize four compressively strained InyGa;.
xAs quantum wells in the active region. Their thickness and the composition are 7 nm and
x = 0.25, respectively. The emission wavelength is ~1060 nm. The first design, C1625-6,
utilizes conventional 7.5 nm thick GaAsogPy, quantum barriers to separate the QWs in the
active region and 5 nm thick spacers to separate the QWs from the waveguide. The second
design, C1690-6, utilizes quantum barriers and spacers with an increased phosphorus content
of 0.35 and therefore a reduced refractive index (low index quantum barriers, LIQB). The
refractive index profiles of the discussed epitaxial structures are shown in figure 10.1. The
tensile strain in the GaAs;,P, QB increases from -0.73% to -1.27% with an increase of the
phosphorus content from y = 0.2 to y = 0.35. The increased strain may further result in crystal
imperfections. Figure 10.2 shows the cathode luminescence (CL) topograms [1] of the
complete laser structures. A 975 nm design using GaAsgesPo 35 quantum barriers showed no
material degradation and operated with high reliability [2]. The structure based on the
epitaxial design C1690-6 also showed no material degradation. For comparison, a structure
with too high a phosphorus content (GaAsgssPg4s) resulted in a highly strained crystal and
lattice relaxation via misfit dislocations. In [2], it was shown that the increased defect
densities in designs with GaAsgssPo4s barriers lead to increased transparency current density
and increased threshold current.

b) ©)

A1922-3, FCL, 25 kW, 1004, 100x —— 300 pm —— C1690-5-1, PCL. 25 KV, 20 nA. 100x —— 300 pm ——

Figure 10.2. Cathodoluminescence image of the complete laser structures: (a) utilizing 8 nm thick GaAsssPg.4s

quantum barriers, (b) utilizing 8 nm thick GaAs,¢sPo34 quantum barriers and (c¢) utilizing 7.5 nm thick
GaAsg 5P 35 quantum barriers (C1690-6).
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10.3. Optical mode expansion for narrow vertical far-field
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The SLOC structures require a multi-QW active region to provide sufficient modal
gain. The multi-QW active region, however, due to its high average refractive index,
contributes significantly to the guiding of the modes. By increasing the thickness of the
waveguide layers, the active region acts more and more as a waveguide itself and thus
prevents further narrowing of the vertical far-field pattern. In figure 10.3, the calculated
dependence of the vertical far-field angle on the Aly;GagoAs waveguide thickness is
presented for the 1060 nm reference design that uses conventional barriers (similar to
structure C1625-6), labeled SLOC (blue solid line). As the waveguide thickness is increased,
the vertical far-field angle containing 95% optical power asymptotically approaches a
minimum angle of about @y, ¢s0,=20.3°. The measured values of the far-field angle for
structures with 6.0 um and 8.6 um wide waveguides are 21.6° and 20.3°, respectively, and
correspond well with the simulation results. Increasing the phosphorus content in the GaAs;.
yPy barriers reduces their refractive index and consequently the average refractive index of the
multi-QW active region. With the increase of the phosphorus content from 20% to 35%, the
average refractive index of the active region, n4g, is reduced from nyz = 3.511 to nyg = 3.476
and is significantly closer to the refractive index of the waveguide, nyc= 3.42. The active
region with a lower index confines the optical mode more weakly and the mode expands
further in the cavity resulting in a smaller divergence angle [3]. The effect is more significant
for structures based on very thick waveguides, for which the claddings play a much smaller
role in confining the optical mode (this issue is also discussed in chapter 6). The calculated
dependence of the far-field angle on waveguide thickness for an exemplary LIQB-SLOC
structure (active region as for structure C1690-6) is shown in figure 10.3 (dashed red line) as
well. The measured far-field of a SLOC-LIQB laser with an 8.6 pum thick waveguide (C1690-
6) corresponds well to the simulation results. Figure 10.4 shows the calculated profiles of the
transversal electric mode intensity and corresponding profiles of the vertical far-field
intensity, respectively, for the discussed structures C1625-6 and C1690-6 based on an 8.6 pm
thick waveguide. Quantum barriers with an increased phosphorus content of 0.35 lead to a
reduction of the confinement factor from ['p—g29 = 1.48% to I'p=935 = 1%. The optical mode is
broader and as a result the far-field angle containing 95% optical power is reduced from 20.3°
to 15°. The measured vertical far-field profile of fully mounted devices (4 mm long, 100 um
broad single emitters, measured at the quasi-CW current 1 =7.8 A, corresponding to peak
laser efficiency) agrees well with simulation, confirming the benefit of LIQB designs.

Alternatively, the high average refractive index of the active region can be reduced by
increasing the thickness of the quantum barriers and/or by decreasing the thickness of the
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Figure 10.4. (a) Calculated vertical profiles of the mode intensity for structures C1625-6 (with conventional
barriers) and C1690-6 (with LIQB). Zero position indicates the position of the active region in the vertical
structure. (b) Corresponding, calculated and measured vertical profiles of the far-field. Presented values of
far-field angles are measured values.

quantum wells. However, the latter is challenging because the optical gain is decreased due to
interface roughness if the quantum wells get too thin [4].

10.4. Internal parameters of the laser design

As will be further shown, the design utilizing LIQB (C1690) suffers from carrier
accumulation in the waveguide. As already discussed in the previous chapter, in structures
with strong carrier leakage, internal parameters like ¢, and 7, are not independent from the
resonator length and the values obtained from the length dependent measurement are not
reliable. However, the internal parameters of the C1690 design are presented in table 10.2 for
reasons of consistency. A small drop in the internal efficiency to 80% (from 90% for the
reference structure) has been observed. The slope efficiency of S =0.44 W/A (per facet) is
slightly lower than for the reference structure (Scies.¢=0.47 W/A). The theoretically
predicted low confinement factor results in a strongly reduced modal gain (from
I'Go ci625 =22.7 cm™ to I'Go 1690 = 13.3 cm™). The reduced modal gain results in a significant
increase of the threshold current density from Iy, c1625 = 467 Alem? to Iin.c1690 = 747 Alcm?.

GaAsl_yPy FG()(tO{a[), Nis Olis JTr(total 9 Ith*’ S*9 Tﬂ*’ U*’ \4 }‘v’

Structure Barriers cm % |lem?| A/em mA | W/A K 2A) nm

—

t-C1625 y=0.20 22.7 90 [1.57| 264 467 | 047 | 143 1.78 1060

t-C1690 y=0.35 13.3 80 1046] 312 747 | 044 | 164 1.88 1057

Table 10.2. Laser parameters obtained from the ‘pre’-test. The t-C1690 design with a higher phosphorus content
in the quantum barriers is compared to the reference structure t-C1625. (* The slope per facet, the
threshold current, the bias voltage, as well as characteristic temperature T, have been determined from a
1 mm-long, 100 um wide device.)

10.5. Power-current characteristics of mounted lasers

10.5.1. Experimental results

The discussed epitaxial structures C1625-6 and C1690-6 were processed as single
emitter broad area lasers with 100 um stripe width and a cavity length of 4 mm. In this
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Figure 10.5. (a) Experimental P-U-I characteristics of laser structures: C1690-6 and C1625-6. (b) Optical
spectrum of the C1690-6 laser at 4.0 A, 8.5 A and 15 A. (c) The lasing wavelength of the sample C1690-6
versus wasted power (black symbols) and the linear fit to the experimental data (solid red line). Measured
laser devices: 4 mm long, 100 pm wide single emitters mounted on c-mount. Test conditions: 500 ps,

20 Hz, heat-sink temperature of 25°C.

Structure | Iy, A | S, W/A P,W@t25A) | Ry, K/W Op »deg M
ructure thy 9 nC,max ’ (a ) thy FWHM 959, 95%
C16256 | 178 | 082 0.44 14.4 126 103 203 | 1.58 4031
C16906 | 245 | 0.73 034 138 111 8.6 154 | 1284033

Table 10.3. The electro-optical parameters of C1625-6 and C1690-6 designs processed as 4 mm long, 100 pm
wide laser chips mounted on c-mount, tested under QCW (500 um, 20 Hz) at 25°C heat-sink temperature.
Thermal resistance was measured under QCW conditions. Far-field angles were measured at currents
(7.5 A, 8.0 A) corresponding to the maximum conversion efficiency.

chapter, C1625-6 serves as a reference laser device. The laser facets were passivated with
ZnSe. The laser facets were coated in order to obtain mirror reflectivities of 1.5% on the front
facet and 95% on the rear facet. The laser chips were mounted junction-side down on CuW
submounts and then soldered onto c-mount heat-sinks. The devices were tested under quasi-
CW operation with a duty-cycle of 1% (500 us, 20 Hz) at heat-sink temperature of 25°C. The
measured power-voltage-current characteristics of both structures are shown in figure 10.5.
The significant reduction of the far-field angle with the LIQB design comes at a price — a
slightly deteriorated laser performance. The laser based on design C1690-6 exhibits a higher
threshold current of I, =2.45 A (compared to I ci625.6 = 1.78 A), a lower slope efficiency of
S=0.73 W/A (compared to Sciezs =0.82 W/A), and an increased roll-over of the P-I
characteristic and thus a lower optical power of 13.8 W at 25 A. Moreover, the turn-on
voltage for the C1690-6 is increased. The increased threshold is a result of the reduced
confinement factor and thus reduced modal gain. The offset in the turn-on voltage,
AU~ 55 mV is, however, too high to explained by the ~3 nm wavelength difference
between these two designs (the electro-optical parameters are compiled in table 10.3). Both,
higher threshold and increased voltage lead to a reduction of the maximum power conversion
efficiency from 44% for design C1625-6 to 34% for design C1690-6. The non-linearity in the
current-voltage characteristic above threshold and the decreased slope efficiency would
typically indicate that carrier leakage is occurring [5]. However, the LIQB design leads to a
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higher bandgap for the barrier layers, and the interface between the GaAs¢sPo 3s5-barrier and
the Alp1GagoAs-waveguide results in a higher effective barrier against electron escape.
Therefore, electron escape for this structure is not expected. On the other hand, the high
barriers may block the hole-injection into the active region, which might explain the higher
operating voltage of the design.

10.5.2. Device simulation

> 2'0.'a) Measured ) S 20¢ b) Calculated
5 5 1.8+ e
S ® 1
ae 8 ]
S S ;
10F --... C1625-6 A 10F ..... C1625-6 R
S [ ——C1690-6 R = | ——C1690-6 .
o 8r o 81 .’ i
S 6 2 6L |
o o
[oR I [oR I
T 4 T 4r 1
S | S |
S 2} S 2f ]
0 A PR NS 0 V74 MR RS
0 5 10 15 0 5 10 15
Current I, A Current I, A

Figure 10.6. (a) Measured and (b) calculated P-U-I characteristics for 4 mm long, 100 um wide broad area lasers
based on epitaxial structure C1625-6 (blue dashed line) and structure C1690-6 (LIQB) (red solid line).

To help diagnose the reason for the unexpected degradation in performance, full finite
element device simulations were performed for these two discussed structures. The
calculations were carried out by the use of a commercial laser simulation tool, Lastip [6]. The
simulations were based on a drift-diffusion model for the carrier transport and performed one
dimensionally (vertically) without considering thermal effects (fixed 25°C) or current
spreading. The calculated optical output and voltage characteristics are presented in
figure 10.6 and reproduce the increased turn-on voltage and the non-linear U-I characteristic,
the reduced slope efficiency and the increased threshold current for design C1690-6. The
reasons for the degraded performance of the C1690-6 design utilizing LIQB can be clarified
by studying the band and carrier profiles in the vicinity of the active region. In figure 10.7, the
energy band and carrier density profiles of designs C1625-6 and C1690-6 are shown at
threshold. The band-bending at the p-side of the active region in design C1690-6 indicates
hole accumulation at the p-edge of the active region. In figure 10.7a, one can see the increase
of the valence band discontinuity (Ev,WG — Ev,lh-QB) for light holes and the conduction
band discontinuity (Ec,QB — Ec,WG) at the GaAs;,P, barrier /Aly1Gag9As waveguide
interface with increasing phosphorus content (y) in the quantum barrier. The valence band
discontinuity for design C1625-6 equals 12 meV and increases to 70 meV for design C1690-
6, creating a higher barrier hindering the injection of holes into the active region. The holes
accumulated at the p-side edge of the active region create a higher local electrical field (-
20 kV/cm, for C1690-6). In order to overcome the barrier and inject sufficient holes into the
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Figure 10.7. (a) The band energy profiles in the vicinity of the active region for design C1625-6 and design
C1690-6 at threshold. Notation: E. and E, — conduction and valence bands, respectively, Fn, Fp, quasi-
Fermi level for electron and holes, respectively. (b) Profiles of electrons (black line) and holes (red line)
at threshold.

active region to reach threshold, a higher external bias has to be applied to the structure.
Figure 10.6.b illustrates the calculated voltage-current characteristics with increased turn-on
voltage for the design with LIQB (C1690-6) correlated with the hole accumulation at the edge
of the active region.

The calculated as well as the measured voltage-current characteristics for C1690-6 show
a non-linear behavior at higher applied currents. Calculations of the carrier profiles at a higher
applied current, I =13 A, indicate electron leakage, which is stronger for the structure
utilizing the LIQB. The energy band and carrier density profiles are illustrated in figure 10.8.
The dominant reason for the greater electron accumulation in the p-type waveguide is the
presence of a high concentration of accumulated holes at the p-side of the active region. The
electric field generated by this hole population attracts the electrons, which can overcome the
large energy barrier due to the increased conduction band discontinuity of the quantum barrier

[7].
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Figure 10.8. (a) The band energy profiles for design C1625-6 and design C1690-6 at current I = 13 A. Notation:
E. and E, — conduction and valence bands, respectively, Fn, Fp, quasi-Fermi levels for electron and holes,
respectively. (b) Profiles of electrons (black line) and holes (red line) at [ =13 A.

The high barrier to hole injection may be reduced by using a lower energy material for the
spacer next to the p-waveguide. This can be achieved by lowering the content of phosphorous
in the GaAsP spacer. However, different compositions of this spacer and the quantum barriers
will create an asymmetric multi-QW active region that could lead to spectral broadening of
the modal gain and an increased threshold carrier density. Therefore, further study of the
different designs for the barriers and spacers has to be performed.

10.5.3. Thermal stability and the resonator length

The dependence of the threshold current and the slope efficiency on the heat-sink
temperature was measured for C1690-6 laser chips with two different resonator lengths, 4 mm
and 8 mm. The front facets of the longer lasers were coated with a lower reflectivity of
R, =smm = 0.5%. The measurement was performed for a current pulse duration of 300 ns and a
repetition rate of 1 kHz. The temperature dependence of the threshold currents and slope
efficiencies are presented in figure 10.9. The parameters T, and T; obtained in the
temperature range 15°C-65°C are similar (within the measurement uncertainty) for both
resonator lengths: Tp= 16219 K, T; =373196 K for a 4 mm long laser and Ty = 16318 K,
T; =346x13 K for an 8 mm long laser. At higher heat-sink temperatures, specifically 75°C —
95°C, the longer lasers feature higher characteristic temperatures T and T;. The T, parameter
increases from 90 K to 100 K for an increase of the cavity length from 4 mm to 8 mm, and the
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Figure 10.9. The logarithmic dependence of the threshold current (a) and the slope efficiency (b) on the heat-sink
temperature for the C1690-6 design processed as 100 um laser chips with two different resonator lengths,
4 mm and 8§ mm. Measurement conditions: 300 ns current pulse duration, 1 kHz, repetition rate, heat-sink
temperature range: 15°C — 105°C.

parameter T; =218 K for an 8 mm long laser is two times higher than the parameter
T; =108 K for the shorter, 4 mm long, device. The discontinuity, more significant in the T,
parameter, might indicate thresholds of additional losses activated at higher temperatures like
thermionic carrier escape. The higher values of the characteristic temperatures for lasers with
longer resonators are probably attributable to lower carrier densities resulting in lower
threshold current densities. Lower carrier densities result in lower carrier leakage in these
devices.

10.5.4. High-power laser devices with long resonators

Laser structures based on epitaxial designs C1625-6 and C1690-6 were processed as
single emitters with an 8 mm long cavity and 200 pm wide stripes, double that of the 4 mm
long devices discussed in previous sections. The long gain medium allows a further reduction
of the reflectivity of the front mirror to 0.5% and thus a reduction of the optical load of the
facet. The laser chips were mounted junction side down onto CuW submounts and soldered to
conduction cooled packages (CCPs). The laser devices were characterized under quasi-CW
operation mode, under which the wasted heat produced by the laser is removed by the CuW
submount. Therefore, there is almost no difference in the characteristics between the chips
that were mounted on a c-mount or on a CCP (in appendix 5 the calculated dependence of the
temperature distribution on the heating time for the laser chip mounted junction-down to the
heat-sink is presented). The measured quasi-CW light-voltage-current characteristics are
presented in figure 10.10. The low confinement factor of the structure reduces the density of
the internal optical power and, together with the use of high performance facet passivation,
prevents catastrophic device failure due to the internal or mirror damage. As a result, both
structures deliver a high output power of 30 W without device degradation. The slope and the
roll-over of the quasi-CW power-current characteristics for both designs C1625-6 and C1690-
6 are comparable over the whole range of applied currents (up to 80 A). The threshold current
of 6.48 A for design C1690-6 is higher than that of design C1625-6 with 5.3 A. The
maximum conversion efficiencies are 7. ... = 33% and 7. ... = 30% for design C1625-6 and
C1690-6, respectively. Whereas a 10% drop in maximum conversion efficiency was observed
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for the 4 mm long devices, the laser with LIQB only exhibited a 3% lower maximum
conversion efficiency when processed as an 8 mm long laser. The reason for the much smaller
difference in performance is that the increased cavity length leads to a smaller threshold gain
and reduced threshold current densities (612.5 A/cm” versus 405 A/cm?). A lower threshold
density translates to a reduced carrier density in the quantum wells, which leads to a reduced
carrier accumulation in the p-doped waveguide layer. The increased optical roll-over-power
from 13.8°W (for a 4 mm long, 100 um wide laser) to 30 W (for an 8 mm long, 200 pm wide
laser) is also due to reduced thermal resistance from Ry=1.11 K/'W to Ry\=0.23 K/W,
respectively.

10.6. Lateral far-field of laser based on the SLOC-LIQB design
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Lateral beam profiles were measured for both designs, C1690-6 utilizing LIQB and
C1625-6 using conventional quantum barriers. The structures were processed as 4 mm long,
100 um wide, facet coated lasers mounted on c-mounts. Figure 10.11 presents values of
lateral near-field widths, lateral far-field widths containing 95% optical power and lateral
beam propagation factors M?, measured under quasi-CW operation mode (500 us, 20 Hz) at
different operating powers (from 0.5 W to 10 W). The temperature of the heat-sink was 25°C.
The C1690-6 lasers exhibit a less structured lateral near-field pattern even though these lasers
have to be driven at higher currents in order to deliver the same optical output power as
devices from the design C1625-6. The less structured lateral near-field pattern results in a less
structured and narrower lateral far-field pattern and also a lower beam propagation factor, M”.
In figure 10.12, beam profiles measured at 7 W from both designs are presented. The better
lateral beam quality of the lasers based on the design using LIQB may be explained as
follows. The C1690-6 design features a much lower confinement factor due to the introduced
LIQB. Following [8,9], the low confinement factor leads to a lower modal gain and a reduced
gain for carrier-induced filaments (like self-focusing in the active region). Consequently, this
effect results in improved lateral beam quality.

10.7. Conclusions

Laser structures based on an ultra-wide, 8.6 um, Al ;GagoAs waveguide with low
index quantum barriers (LIQB) have been investigated. The theoretical study of the far-field
reduction by introduction of LIQB into the MQW active region was confirmed
experimentally. The divergence angle, containing 95% optical power, for the SLOC laser was
reduced from 20.3° to 15.4° by the use of the LIQB. The LIQB design in combination with
low Al-content waveguides, however, exhibits an increased voltage and reduced laser
efficiency. The increased valence band discontinuity of the LIQB was found to be the relevant
parameter for the laser performance degradation. The high band discontinuity of the quantum
barrier creates a barrier for hole injection and eventually leads to hole accumulation at the p-
side edge of the active region, which results in electron leakage. It may be possible to
minimize the carrier accumulation effects by utilizing a lower energy p-side spacer. This issue
is going to be studied in future work. When using longer cavities, the deterioration of the laser
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performance is less severe. The structure processed as device with an 8§ mm long resonator
and a 200 pm wide stripe delivers a high quasi-CW output power of 30 W. Moreover, it was
shown that structures utilizing a LIQB show a less structured lateral near-field patterns
resulting in lower lateral far-field angles and lower beam propagation factors, M. This effect
may be attributed to the low confinement factor of the LIQB design, which further results in
smaller carrier induced filaments.

97

Dieses Werk ist copyrightgeschiitzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fur den persénlichen Gebrauch.



11

Summary and outlook

The aim of this work was to realize diode lasers with extremely narrow vertical beam
divergence while simultaneously maintaining a high output power. Structures with narrowed
vertical far-field offer easier beam shaping and lower system costs, especially when spectral
stabilization with an external volume Bragg grating is necessary. In commercial systems, a
narrow far-field emission angle with 95% power content is important in order to avoid
unwanted stray light effects such as pumping of the fiber cladding. This work considered
diode lasers emitting light in the wavelength range between 1050 nm to 1150 nm, which find
application in telecommunications as pump sources for silica based fiber lasers and Raman
amplifiers, as well as in direct material processing.

The target of the doctoral thesis was the realization of broad area single emitters,
which emit optical power of more than 20 W within an extremely small vertical divergence
angle of below 10° defined as full width at half maximum (FWHM). The work included a
theoretical study of the waveguiding and carrier-transport properties of the laser structures
and an experimental study involving the electro-optical characterization of processed laser
devices, intended in part to diagnose what limits their performance.

The structures investigated in this work were based on a vertical Super Large Optical
Cavity (SLOC) design. The starting point was a structure with vertical divergence angles of
19° (FWHM) and 30° defined as an angle containing 95% of the optical power. A further
reduction of the vertical beam divergence was achieved by two methods. The first method is
based on the expansion of the optical mode by further broadening the waveguide. It was
noticed that for waveguide thicknesses >> 3 pm the mode profile in the slab waveguide is less
influenced by the cladding layers but is strongly influenced by the MQW-active region due to
its high average refractive index. This observation was the basis for the second, novel method,
for far-field reduction. It was examined, in simulations and experimentally, that the
introduction of low-refractive index quantum barriers and spacers reduces the high average
refractive index of the MQW-active region, leading to lower mode confinement and
significantly reduced vertical far-field angles of both, FWHM and 95% optical power content.

In order to ensure single mode operation, two methods for higher order mode
discrimination were used during the laser design, namely gain discrimination and loss
discrimination. It was shown that an uncontrolled coupling of the lasing mode into substrate
modes may occur in the analyzed structures. This phenomenon deteriorates the vertical beam
profile and also results in kinks in the power-current characteristics. This undesirable effect,
however, can be suppressed if thick enough cladding layers are utilized.
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Based on the simulated designs laser structures were grown and processed as broad
area devices with 60 pm to 200 pm wide contact stripes and 4 mm to 8 mm long Fabry-Perot
resonators. In the following paragraphs, the experimental results of different laser structures
will be summarized.

The first investigated laser structures were based on GaAs waveguides and utilized
active regions designed for emission wavelengths from 1100 nm to 1130 nm. Widening the
waveguide from 3.4 pm (B1110-3) to 5 um (B1109-3) resulted in the far-field angle reduction
from 19° to 13° (FWHM) and from 30° to 21° (95% power content). In structure B1109-3, the
number of quantum wells was increased simultaneously from two to four, which maid it
possible to maintain a high optical modal gain despite the wider waveguide. It also
strengthened the carrier confinement in the active region, resulting in a high power laser
design. Both designs, processed as 8 mm long and 200 um wide laser chips mounted on a c-
mount, delivered 38 W roll-over power in quasi-CW mode.

In the example of a structure based on 3.4 um thick GaAs-waveguide with a DQW
active region and an emission wavelength of 1100 nm (A1459-3), it was shown that the
performance of the laser design is limited by carrier spill-over and carrier accumulation in the
waveguide - even under pulsed operation, i.e. in the absence of self-heating. It was
theoretically shown that increasing the number of quantum wells improves the carrier
confinement in the active region. A higher number of quantum wells reduces the carrier
density in the QWs at threshold and thus the quasi-Fermi energies of electrons and holes
shifts towards lower energies. As a consequence, the effective barrier height between the
active region and the waveguide layers is increased and the carrier leakage is diminished. This
effect was confirmed experimentally by a measurement of the spontaneous emission spectra
emitted from the waveguide. The final result was an increase of the output power from 45 W
(A1459-3: two QWs) to 55 W (A1457-3: four QWs) at 100 A from a 60 um wide and 4 mm
long single emitter, measured under ‘zero-heat’ conditions. The design utilizing a four QW
active region, processed as a 200 um wide chip and driven to an increased current of 240 A,
delivered 124 W optical power limited by the current supply.

The efficient long wavelength GaAs-based designs become, however, almost unusable
for the commercially important wavelength of 1060 nm, as shown by the example of structure
C1357-6. The multi-QW active region designed for a wavelength of 1060 nm results in very
low effective barrier heights and thus strong carrier leakage. It was shown that AlGa, . (As-
waveguides are necessary to minimize the carrier leakage deteriorating the laser performance.
Even low aluminum content (x =0.1) waveguides build high effective barriers, which
significantly improve the carrier confinement and result in high laser efficiency despite the
increased electrical resistance of the laser structure. Structures based on Alg;GagoAs
waveguides exhibit nearly two-fold higher characteristic temperature Ty and more than three-
fold higher characteristic temperature T, (To =151 K, T} = 573 K) than the structure based on
a GaAs waveguide (To=85K, T;=162K). Moreover, 4 mm long, 100 um wide laser
devices tested under ‘zero-heat’ conditions delivered 54 W optical power at 92 A (C1605-6).
This is 90% more than the power delivered from the device based on a GaAs waveguide
(C1357-6). On the other hand, structures based on AlGaAs waveguides exhibit wider
divergence angles of the laser beam. The reason is the lower refractive index of the
waveguide, which leads to a stronger mode confinement in the active region. Structures based
on 6.0 um thick Aly;GagoAs waveguides (C1605-6) exhibit a laser beam with divergence
angles of 13° (FWHM) and 21.6° (95% power content), whereby the structures utilizing GaAs
waveguides (6.2 pm thick, C1357-6) exhibit divergence angles of 10.6° (FWHM) and 16.6°
(95% power content).

In order to reduce the far-field angles of structures based on AlGaAs waveguides from
13° to 10° (FWHM), it was necessary to widen the waveguide layers from 6.0 pm to 8.6 um
(C1605-6 and C1625-6, respectively). The angle containing 95% optical power was, however,
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only reduced by 1°, i.e. from 21.6° to 20.3°. Moreover, the process of further reducing the
angle by only increasing the waveguide thickness, was unsuccessful. It was found that in
SLOC structures, the MQW-active region, due to its high average refractive index,
contributes significantly to the guiding of the modes. By increasing the thickness of the
waveguide layers, the active region acts more and more as a waveguide itself and therefore
prevents further narrowing of the vertical far-field. It was shown that by the introduction of
low-index quantum-barriers (LIQB) in the MQW-active region, its high average refractive
index is reduced. In consequence, the mode confinement is reduced resulting in a significant
reduction of the divergence angle containing 95% power content. The invention is the subject
of the German Patent Application DEA102009024945.

The 8.6 um waveguide, in combination with the LIQB design, enabled the reduction
of the divergence angle containing 95% optical power from 20.3° to 15.3° and the angle at
FWHM from 10° to 8.6° (C1625-6 and C1690-6, respectively). However, the LIQB design
combined with low Al-content waveguides exhibits increased voltage and reduced laser
efficiency. It is shown that the reason for the laser performance degradation is the increased
valence band discontinuity of the LIQB. The high band discontinuity of the quantum barrier
creates a barrier to hole injection and eventually leads to hole accumulation at the p-side edge
of the active region which results in electron leakage. The deterioration of the laser
performance is less severe by using longer cavities. The increased cavity length leads to
smaller threshold gain and reduced threshold current densities. The lower threshold density
translates to reduced carrier density in the QWs, which leads to reduced carrier leakage. The
structure processed as a device with an 8 mm long resonator and a 200 mm wide stripe
delivers a high roll-over power of 30 W in quasi-CW mode and is only 8 W lower than the
initial design based on 3.4 um GaAs waveguide that exhibits twofold wider divergence angles
(B1110-3: 18° (FWHM), 30° (95% power content)).

During this work the realization of laser devices with up to 8 mm long cavities was
possible because the designed structures exhibited low internal losses (¢, =1 cm™). The long
gain medium allows for low reflectivity at the front facet, so higher output powers can be
achieved. Moreover, the large equivalent spot-size of each design and the facet passivation
protect the laser mirrors from optical damage. Additionally, the lower thermal resistance of
the longer lasers delays the roll-over effect and increases the peak optical power.

Figure 11.1 compares vertical far-field angles and electro-optical parameters (like
maximum optical power, usually roll-power, maximum wall-plug efficiency) of all laser
designs discussed in the work. It gives an overview of the trend of the far-field reduction
together with the maintenance of the high optical output power.

To conclude, this work resulted in the reduction of the vertical divergence angles, of
broad area lasers emitting around 1100 nm, from 19° to 8.6° at FWHM and from 30° to 15°
defined as the angle containing 95% of the optical power. The laser structure with reduced
far-field processed as 8 mm long and 200 um wide single emitter delivered 30 W optical
power in quasi-continuous wave mode.
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Figure 11.1. The vertical far-field angles corresponding to FWHM (®y rwiv) and 95% power content (Ovy os0;),
maximal wall-plug efficiency (WPE), quasi-CW roll-over power (Pocw) and power at 100 A current
under ‘zero-heat’ condition of laser structures based on SLOC designs presented in the doctoral
thesis. Resonator lengths L and stripe widths W are indicated in the figure. The far-field angles are
independent of L and W. The boxes under each wafer of the diode laser contain a brief description of
the epitaxial structure, i.e. waveguide composition and thickness, number of quantum wells, emission
wavelength.

Further work is going to be focused on the improvement of the conversion efficiency
of the laser design with an extremely narrow divergence angle. The factor degrading the laser
efficiency is the electron accumulation in the p-doped waveguide, where they recombine with
holes and are lost to the lasing process. There are two reasons leading to this phenomenon.
Firstly, the injected electrons leak to the p-doped waveguide due to low effective barrier of
the active region. Secondly, in LIQB design, the increased valence band discontinuity at the
GaAsP-spacer and p-AlGaAs-waveguide layer creates a barrier, hindering hole injection into
the active region. The holes, gathering at the p-side of the active region, generate an electric
field that attracts the injected electrons. The proposed designs for further investigation are
structures utilizing asymmetric waveguides with thinner p-doped layers. In such a design, the
volume where the electron and holes can recombine is smaller and thus lower optical losses
are expected. Moreover, reducing the thickness of the p-waveguide, which is characterized
with a higher electrical resistivity, will reduce the electrical resistance of the structure. The
influence of the doping of the p-waveguide on the thermal and electrical conductivity of the
laser structure should also be investigated. Furthermore, the asymmetric waveguide provides
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a broader near-field pattern and thus results in a narrower far-field pattern. The discrimination
of higher modes might bechallenging however. Therefore, a single fundamental mode lasing
might be more difficult to obtain.

It is planned to investigate how the material composition of the spacer next to the p-
waveguide influences the hole accumulation in the vicinity of the active region and the laser
efficiency. Reducing the mole fraction of phosphorus in this GaAsP-spacer reduces the
valence band discontinuity between the active region and the waveguide, and also diminishes
the barrier for hole injection. However, different compositions of this spacer and the quantum
barriers will create an asymmetric multi-QW active region that could lead to spectral
broadening of the modal gain and an increased threshold carrier density.
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Appendix 1

List of grown epitaxial structures.

This Appendix gives an overview of the grown epitaxial structures discussed in the
doctoral thesis. The appendix includes a table in which the details of the designs are listed,
including: active region design and the emission wavelength, composition and thickness of
the waveguide, composition of the claddings, and corresponding vertical far-field angles
defined at fwhm and as angle containing 95% optical power. The values of the beam
divergence angle are experimental data (Table Al.). Moreover, the Appendix includes figures
showing the calculated energy band profiles and refractive index distribution of the discussed

designs.
Active region Waveguide . Vertical
Cladding divergence angle
Structure | Wavelength Quantum Barrier lavers 95% Chapter
uantu (Material; Material Thickness ¥ fwhm | power
well .
thickness) content
2>< o O
A1459-3 1100 nm Ino20Ga 1 As GaAs; 100 nm GaAs 34 um Aly»sGagzsAs | 18.5 30.0
7
4>< . o o
A1457-3 1100 nm Io20Gan 7 As GaAs; 50 nm GaAs 3.4 um Aly»sGag7sAs | 19.3 30.5
2>< . o o
B1110-3 1125 nm Ing 3Ga0 A GaAs; 100 nm GaAs 34 um AlprsGag7sAs | 18.0 29.5
8
4>< . (} o
B1109-3 1130 nm I 3Gao A GaAs; 50 nm GaAs 5.0 pm Aly,sGag7sAs | 12.6 20.6
4x GaAsosPo.; o o
C1357-6 1060 nm Ino»:Gag 1sAs 75 nm GaAs 6.2 um Aly 1 GagoAs 10.6 16.6
9
4x GaAsgsPo2; o o
C1605-6 1061 nm I 2sGao sAS 75 1m Aly1GagyAs 6.0 um Aly>GagsAs 13.0 21.6
4x GaAsosPo2; o °
C1625-6 1060 nm Ino_szaojsAS 7.5 nm Alo_lGao_:)AS 8.6 um Alo,zGaoigAS 10.3 20.3 9, 10
4x GaAsossPo.ss; ° °
C1690-6 1057 nm Il’ln_szaojsAS 7.5nm AloAlGaOAgAS 8.6 um AloAzGaoAgAS 8.6 15.4 10

Table A1l. The epitaxial structures grown and discussed in the doctoral thesis. The wavelength and the values of
the vertical far-field angle are experimental data, measured at currents corresponding to the maximum
of the conversion efficiency of each laser. The tested laser devices are 100 pm broad single emitters
with 4 mm long cavity, mounted on c-mount. The measurement conditions: 500 pus current pulse
duration, 20 Hz repetition rate, 25°C heat-sink temperature.

The energy band profiles calculated with QIP software and the refractive index
distributions of the epitaxial structures discussed at the this work are presented below. (I" and
X denote the T' and X conduction band edges; hh Ev and [h Ev represent the heavy and

light hole valence band edge, respectively; lst hh level, 1st Ih level denote the first energy level
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of the heavy and light hole, respectively). The insets of the graphs present enlarged image of
the active region.
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1. Energy band profiles and refractive index distribution of structures based on 3.4 um thick GaAs-
waveguide, utilizing active region with two QWs (A1459-3) and four QWs (A1457-3) designed for

emission wavelength of 1100 nm.
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Figure A1.2. Energy band profiles and refractive index distribution of a structure based on 3.4 um thick GaAs-
waveguide, utilizing two QWs active region (B1110-3) and a structure based on 5 pm thick GaAs-
waveguide and active region with four QWs (B1109-3). Emission wavelength: 1130 nm.
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structures utilize active region with four QWs designed for emission wavelength of 1060 nm.
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Figure Al.4. Energy band profiles and refractive index distribution of structures based on 8.6 um thick
AlyGagoAs-waveguide, utilizing active region with four QWSs. Structure C1625-6 utilizes
conventional QBs and structure C1690-6 utilizes LIQB. Emission wavelength: 1060 nm.
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Appendix 2

Stimulated emission recombination rate and the power of the
guided mode.

The stimulated emission recombination term in the eq. 3.3.1 can be written as [1]:

2

, (A2.1)

_EO.C.nr'gm E

R, =
Stim 2ha)

where E is the electric field, g,, denotes the material gain that is approximated with a linear
dependency on the carrier density N [1]:

g, =g'(N=-N,), (A2.2)

where g' denotes the differential gain and Nr; is the transparency carrier density, for which
the material loss is compensated by the optical gain and the material become optically
transparent.

Following [2] the total guided power by TE modes (H, =—£-Ey, S - propagation
Wi,
constant in the z -direction) can be written as:
p=L b [ £, o day. (A2.3)

The electric field of a mode propagating in the z -direction can be expressed as:

E(x,y,2z)= E (x ) \JP(z). (A2.4)

\/ ; e T T\E (x)\ dixdy

Substituting the square of E (x, y,z) from eq. (A2.4) into eq. (A2.1) and considering basic

relations like &4, =— and /3 =Q-neﬁ, yields:
e

2
c
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2
. E _
Ry, (5, 7,2) = " Bal00) J ) Pl (A25)

Ny - h j .ﬂEy (x)(zdxdy

—o0  —oo

Since

=const, x=d,, y=W

o |x|>dAZ,y|>W

we average R, —over the active region (W - the lateral active width, daz - the vertical active
region thickness) and the averaged stimulated emission recombination term can be written as:

d[2 W[2 )
1 [ |E, () axy
7o Nz 8w —dy/2-W)2 .ﬁ(z)_ (A2.8)

Stim dy, W, ho T T‘Ey (x)Fdxdy

Since
dyz[2 W/)2 5
I ‘Ey (x)‘ dxdy
Guota = T &, (A29)
Megy I ” E, (x)Fdxdy
and
diz[2 W/2 )
I ‘E f (x)( dxdy
="t (A2.10)

_'[ _”Ey (x)‘zdx

is the confinement factor, the finale expression for the stimulated emission recombination rate
represented by the optical power of the guided mode takes the form:

(A2.11)
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Appendix 3

Mirror losses and laser threshold condition.

RO RL
\
P(0) + P (L)=P(0)exp[(@uoauo)l] |
- B \
Yira
P (0)=R P(O)exp[2(g,ou-ct)L] _ P (L)=R,P(0)exp[ (Zuoas-ot)L] ) :
1P’ N \
T P (0)=R R, P(O)exp[2(g, o)L :
0 l &

Figure A3.1. The internal optical power carried by a planar wave during a roundtrip in a Fabry-Perot optical
resonator with Ry, Ry mirror reflectivities and cavity length L. ‘“+°, *-* indicate the direction of the
wave propagation.

An optical wave travelling forth E* ~ E, exp(+ifz) and back E~ ~ E, exp(—ifk)
along a gain medium on z direction between two mirrors Ro and Ry (0<R,,R; <1 ) in an
optical resonator of length L is considered. The optical power the wave carries is
P~ P, exp(2 Img- z), where 2Im /8 denotes the modal gain. The optical wave travelling in
the optical resonator, however, also experiences optical loss ¢, .

The internal optical power P at the starting point (z = 0) is defined as P(0).

Passing forwards z = L, from the left-hand side to the right-hand side of the resonator, the
optical power takes the form:

P+(L):P(0)'exp[(gmodal_ai)'L]‘ (A31)
The reflected power at the facet R, P*(L), equals:

P (L)=R,P*(L)

) (A3.2)
=R, 'P(O)' exp[(gmodal - ai)'L]

Furthermore, the optical power carried by the wave after passing backwards from the right-
hand side to the left-hand side of the resonator to z =0 takes the form:

P(0)=P~ (L) expl(g poas — 1) L]

=R, 'P(O)-exp[ﬁz . (gmoda[ —OZi)-L]. (A3.3)
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Finally, considering the power loss at the mirror Ry, the internal power after one full round
trip equals now:

P*(0)=R,P(0)

= RORLP(O)-exp[z . (gmodal —OZi)-L]. (A3.4)

In order that the optical power carried by the optical mode after the round trip has again its
initial value P*(0)= P(0), the following condition has to be fulfilled:

1=R,R, -exp[2-(goq — ) L] (A3.5)

Equation (A3.5) also provides the laser threshold condition:

1
=a.+—-In o +o, . A3.6
gmodal,th i 2L RORL i m ( )

The modal gain at the laser threshold equals the total optical losses: the free-carrier absorption
loss «; and the mirror loss ¢, .
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Appendix 4

The WIAS-TeSCA Software.

The simulator WIAS-TeSCA has been used to simulate the vertical electrical carrier
transport in the semiconductor laser as well as the power-voltage-current characteristics
without self-heating effects.

The lasers considered are wide stripe devices, so the calculations were done only
quasi-one-dimensional. This means, that the simulation area is taken as a slice with a vertical
extension according to the layer structure and a lateral width of 10 nm for numerical reasons.
At the lateral boundaries, the derivatives of the optical field and electro-chemical potentials
are set to zero (homogeneous Neumann conditions). This implies that there are no lateral
variations of all quantities. The calculated parameters like output power and current are then
rescaled to the considered stripe width of the device. This approach does not take into account
e.g. the lateral current spreading effect which by real broad-area devices is typically less than
10%. The second assumption is the homogeneity of the optical power distribution in the
longitudinal dimension. This longitudinal power averaging is approximately correct for
Fabry-Perot lasers. However, this approach does not take into account the longitudinal spatial
hole-burning phenomenon.

TeSCA software works properly for bulk materials. There are no quantisation effects
implemented. Therefore, the band-structure of the strained multi quantum well active region
is separately simulated by eight —band k- p calculations. The results of this calculation are

entered the WIAS-TeSCA simulator in terms of net coefficients. Consequently, the quantum
wells are treated as a classic material with a specific material parameters.

A4.2.1. Calculation of the power-voltage-current characteristic.

In order to simulate a power-voltage-current characteristic of a laser, the WIAS
TeSCA simulator solves the coupled system of partial differential equations for the charged
carriers and the optical field. These equations are listed below [1].

a) The Poisson equation in the transverse direction is solved to find the electrostatic potential:

2

9P cipon. (A4.1)
dx

£ 1s the static dielectric constant, ¢ denotes the electrostatic potential, #n, p are the electron
and hole densities, respectively, and C is the charged impurity density.
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b) The continuity equations for electrons and holes are solved to simulate the carrier transport:

. di
@—%=—R and d_p_i_ﬁ:

-R . (A4.2)

dt dx dt dx
Ju» J, denotes the current densities of electrons and holes, respectively. The recombination
rate R involves the nonradiative recombination processes like:
- the Shockley-Read-Hall recombination rate. The general expression can be found in
[Piprek]. Here three special cases are presented:

N

Ry = S for n=p=Nand N >>ng,p,, (active region) (A4.3.2)
n P

Ry = TS% for n>>p, (n-doped layer) (A4.3.b)
P

Ry, = TS% for p>>n. (p-doped layer) (A4.3.0)

n

The electron and hole lifetimes t°%F

magnitude of 107 s.
- the Auger recombination rate:

are structure dependent and are within an order of

R, =(Cnn+Cpp)(np—n0p0), (A4.4)

with Auger coefficients C,, C, within the order of magnitude of 107 em®s™.

Included are also the spontaneous radiative recombination rate:

Rspon = B(np —Ny Py ): (A4.5)
with material coefficient B of the order of magnitude of 10° cm’s”; and the stimulated
recombination rate described with eq. A2.5.
The carrier transport and the optical waveguiding are coupled via the stimulated
recombination rate.
The quasi-Fermi energies F, and F), are linked with the carrier densities » and p by

means of the Fermi-Dirac statistics.
As a consequence of the above equations, the current conservation equation is
inferred:

j= —gv%+jn +J,- (A4.7)

c¢) The optical field distribution is determined by solving the waveguide equation:

dzf + [%2 &(w,x)- ﬁsz(x) =0, (A4.8)
dx c
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where @ represents the optical circular frequency of the lasing mode. The complex dielectric
function &(w, x) is a function of the gain, the background absorption and the refractive index.
Thus, it depends on almost all properties of the operating device. As a consequence, the
propagation constant and the eigenfunction £ depend parametrically on the carrier density
distribution and on the temperature profile.

The above equations are supplemented by boundary conditions as well as matching
conditions at the heterointerfaces. The waveguide equation is solved by inverse vector
iteration using the homogeneous Dirichlet or Neumann conditions. At the heterointerfaces,
the continuity of the quasi-Fermi energies is assumed. The details are presented in [1].

Additionally, in order to consider the longitudinal dimension of the laser, the rate
equation for the optical power is self-consistently solved with the other equations.

d—P:L ZImﬁ—a+Lln
dar  n, 2L

}P+ R (A4.9)

spont *

R(0)R(L)

2Im /7 represents the modal gain; ¢ denotes the free-carrier absorption and scattering losses;
R is the rate of photons spontaneously emitted into the lasing mode; L and R represents

spont

the laser length and facet reflectivity, respectively. In the stationary solution, eq. (A4.9) takes
the form:

RS‘ mont
p- ‘1 _ (A4.10)

1 1
— +71 - -
Emodat — & 2L nR(O)R(L)

In all calculations with the TeSCA software, only the lasing mode is considered and
the power carried by all other modes is neglected.

A4.2.2. Simulated structures

The power-voltage-current characteristics and the vertical carrier profiles (calculated
by means of the WIAS-TeSCA simulator) in the work are presented for two samples: A1459-
3 and C1357-6. The results are presented in chapter 7 in figure 7.3 and in chapter 9 in
figure 9.2, respectively. tables A4.1 and A4.2 present the parameters used for the simulations
of samples A1459-3 and C1357-6, respectively.
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Entered parameter Value Unit Comments
Gain coefficient 12.1 x 10° cm’ Considered only for the QWs
Carrier lifetime (Shockley-Read-Hall T,=2.8 Equal for each epitaxial layer i.e.
recombination) T,=2.8 ns QWs, waveguide and claddings
Radiative rate coefficient B=27x10" cm’s”
Auger recombination rate coefficient C=2x 10:2(0) cm’s™

C,=2x10

Absorption cross sections for free o,=3X 1078 >
electrons and free holes c,=7x10"® o
Scattering loss 0.6 cm’

Table A4.1. Parameters entered the simulation software during calculations of power-current characteristic and
vertical carrier distribution under ‘zero-heat’ condition for sample A1459-3, discussed in chapter 7.

The simulation results are

presented in figures 7.3 and 7.4.

Entered parameter Value Unit Comments
Gain coefficient 6x10° cm’ Considered only for the QWs
Carrier lifetime (Shockley-Read-Hall T, =23 ns Equal for each epitaxial layer i.e.
recombination), T,=2.3 QWs, waveguide and claddings
Radiative rate coefficient B=8.6x10" cm’s”
Auger recombination rate coefficient C=2x 10-22 em’s™!

C,=2x10

Absorption cross sections for free o, =4 X 108 5
electrons and free holes o,=12x10" e
Scattering loss 0.3 cm’

Table A4.2. Parameters entered the simulation software during calculations of power-current characteristic and
vertical carrier distribution under ‘zero-heat’ condition for sample C1357-6, discussed in chapter 9.
The simulation results are presented in figure 9.3
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Appendix 35

Simulations of temperature distribution in the transverse cross
section of the laser diode.

This doctoral thesis deals with high power diode lasers with several Watts of output
power. One of the main factors limiting the laser performance is the internal heating. the
mounting process of the laser chip plays a significant role here. In order to reduce the thermal
resistance and thus the bulk junction temperature the laser chips tested during the work were
mounted junction-down. This mounting configuration (in contrary to the junction-up
mounting) prevents the heat generated during laser operation, from spreading through the
thick substrate. Thus the internal heating of the laser crystal is reduced. To support this
argument, the temperature distributions and the temperature rise of the active region were
calculated for junction-up and junction-down bonded laser chips as a function of the heating
time. The results are presented in chapter 3 in figure 3.8. The simulation software is discussed
in the text below.

The laser chips discussed in this work are mounted on a CuW submount that is
soldered to a C-mount heat-sink and tested under short pulse and quasi-CW operation modes.
Some of the diode-lasers discussed in chapter 10, however, were mounted to an another type
of heat-sink, i.e. CCP. In order to show that P-I characteristics of the lasers mounted on two
different types of the heat-sink but tested at the same quasi-CW operation mode are
comparable, the temperature distributions and their dependence on the heating time were
simulated. From the calculations presented in Appendix 5 in figure A5.1, one can see that the
heat-sink type only has an influence on the laser performance when tested under CW
conditions.

The simulations of the two-dimensional temperature distribution in the transverse
cross section of the laser diode (mounted on CuW/C-mount ) were done with the help of the
MSC Patran/Nastran software package by Dr. F. Schnieder at the FBH institute. The software
solves the time-dependent linear heat equation. During simulations, the heat fluxes in the
epitaxial layer structure, in the submount and in the heat-sink were accounted for. The
temperature at the bottom of the Cu heat-sink was kept constant and at all other boundaries,
zero heat flux was assumed (no heat exchange between the laser and the surrounding air). All
material parameters [1] of the simulated structures were assumed to be temperature
independent. The temperature distribution versus time was initially calculated for an arbitrary
loss power.
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AS.1 Simulations of the temperature distribution in the transverse cross
section of the laser diode mounted junction -up and junction-down to
c-mount.

The different layers of the simulated laser structure, together with their respective
geometries and material parameters, are listed in table A5.1 (junction-up mounting) and table
AS5.2 (junction-down mounting). During simulation, the complete heat source (10 W) was
placed in the plane of the active region (thickness of about 30 nm - neglected in the
simulation). The heat-sink temperature was set to 300 K [2]. The simulated temperature
distributions versus heating time (0.1 us to 500 us) are graphically presented in figure 3.8 for
a laser geometry 100 um wide and 4 mm long.

Half

Thermal

Heat

Layer Material Thickness, | Width, width, | conductivity, | capacity, D(;ns1tgf,
mm mm mm W/Kmm J/gK g/mm
Gold Au 0.003 0.4 0.2 0.32 0.129 0.019
p-metal (Ti/Pt/Au) 0.0001 0.4 0.2 0.1 0.38 0.012
p-epitaxy AlGaAs 0.0013 0.4 0.2 0.012 0.366 0.00485
Active region - 0 01 0.05
Heat source
n-epitaxy AlGaAs 0.0045 0.4 0.2 0.012 0.366 0.00485
n-substrate GaAs 0.12 0.4 0.2 0.044 0.327 0.00532
n-metal Sfl\i%ﬁg/gﬁ 0.00055 0.4 0.2 0.1 0.38 0.012
Solder AuSn 0.006 0.4 0.2 0.057 0.17 0.0145
Submout CuW 0.53 2 1 0.2 0.175 0.0161
Solder Pby4Sng 6 0.02 2 1 0.050 0.27 0.0089
Heatsink Cu 5 6.4 33 0.384 0.383 0.0089

Table AS5.1. Geometrical and material data for the time-dependent simulation of a Broad Area asymmetric-
SLOC structure mounted junction-up to CuW/C-mount.

Half

Thermal

Heat

Layer Material Thickness, | Width, width, | conductivity, | capacity, D‘/’“S“X’
mm mm mm W/Kmm J/gK g/mm
n-metal (Tl‘i%‘:;zgﬁ 0.00055 0.4 0.2 0.1 0.38 0.012
n-substrate GaAs 0.12 0.4 0.2 0.044 0.327 0.00532
n-epitaxy AlGaAs 0.0045 0.4 0.2 0.012 0.366 0.00485
Active region - 0 01 0.05
Heat source
p-epitaxy AlGaAs 0.0013 0.4 0.2 0.012 0.366 0.00485
p-metal (Ti/Pt/Au) 0.0001 0.4 0.2 0.1 0.38 0.012
Gold Au 0.003 0.4 0.2 0.32 0.129 0.019
Solder AuSn 0.006 0.4 0.2 0.057 0.17 0.0145
Submout CuW 0.53 2 1 0.2 0.175 0.0161
Solder Pbo4Sng6 0.02 2 1 0.050 0.27 0.0089
Heatsink Cu 5 6.4 33 0.384 0.383 0.0089

Table AS5.2. Geometrical and material data for the time-dependent simulation of a Broad Area asymmetric-

SLOC structure mounted junction-down to CuW/C-mount.
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AS.2 Simulations of the temperature distribution in the transverse cross
section of the laser diode at steady state conditions (CW) and quasi-
CW heating conditions.

The different layers of the simulated laser structure, together with their respective
geometries and material parameters, are listed in table A3. During simulation, the complete
heat source (10 W) was placed in the plane of the p-doped waveguide and cladding layer. The
epi-down mounting and laser geometry 400 um % 1 mm (width X length) were considered.
The heat-sink temperature was set to 300 K. The simulated temperature distributions versus
time heating (0.1 ps to CW) rescaled for 20 W heat source and a 200 pm x 4 mm laser device
geometry are graphically presented in figure A5.1. Moreover, the simulated temperature rise
of the active region, rescaled for 70 W heat source, is presented in figure 6.2as a function of
the heating time.

. . Half Thermal Heat .
Layer Material Thickness, | Width, width, | conductivity, | capacity, D‘/’“S“X’

mm mm mm W/Kmm J/gK g/mm
n-metal %I/II/,QX/SH 0.00055 0.6 0.3 0.1 0.38 0.012
n-substrate GaAs 0.12 0.6 0.3 0.044 0.327 0.00532
n-epitaxy AlGaAs 0.0027 0.6 0.3 0.012 0.366 0.00485
p-epitaxy AlGaAs 0.0014 0.6 0.3 0.012 0.366 0.00485
p-metal (Ti/Pt/Au) 0.0001 0.6 0.3 0.1 0.38 0.012
Gold Au 0.003 0.6 0.3 0.32 0.129 0.019
Solder AuSn 0.006 0.6 0.3 0.057 0.17 0.0145
Submout CuW 0.53 2 1 0.2 0.175 0.0161
Solder Pb0.4Sn0.6 | 0.02 2 1 0.050 0.27 0.0089
Heatsink Cu 5 6.4 33 0.384 0.383 0.0089

Table AS5.3. Geometrical and material data for time-dependent simulation of an array (20x100 um stripe)
asymmetric-SLOC structure mounted junction-down to CuW/C-mount.
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