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Abstract

The doctoral thesis deals with high power InGaA&S§AAIGaAs quantum well
diode lasers grown on a GaAs substrate with enrmssavelengths in the range of 1050 nm —
1150 nm.

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

The work is focused on the design of the interaakt structure (epitaxial structure),
with the goal of optical mode expansion (thus réidacof the beam divergence), and the
experimental investigation of the electro-opticabpgerties of the processed laser devices.
Diagnosis of the factors limiting the performanee also performed. The optical mode
expansion is realized by increasing the thickndghe waveguide layers. Structures with a
very thick optical cavity are named in this work @Siper Large Optical Cavity structures
(SLOC).

The vertical optical mode is modeled by solving thee-dimensional waveguide
equation, and the far-field profiles are obtaineairf the Fourier transform of the electrical
field at the laser facet (near-field). Calculati@ne performed by using the software tool QIP.
The electro-optical properties (such as verticattical carrier transport and power-voltage-
current characteristics, without self-heating dffesre simulated using the WIAS-TeSCA
software. Both software tools are described in tthesis.

The lasers chips, grown by means of MOVPE and psem as broad area single
emitters, are experimentally tested under threesorement conditions. First, uncoated and
unmounted laser chips with various lengths areastarized under pulsed operation (1.5 us,
5 kHz) in order to obtain the internal parametdrghe laser structure. In the second part of
the laser characterization, the facet-coated andnted devices with large (4 - 8 mm long)
Fabry-Perot resonators are tested under quasircmnis wave operation (500 us, 20 Hz).
Finally, these devices are also tested under ‘head- conditions (300 ns pulse duration,
1 kHz repetition rate). The ‘zero-heat’ test isfpened in order to investigate the factors,
other than overheating of the device, that lim& thaximum output power. All measurements
are performed at a heat-sink temperature of 25%& measurement techniques used to
characterize the electro-optical properties ofl#ser and the laser beam properties are also
described.

More specifically, the influence of the materiahgaosition and the thickness of the
waveguide layers on the vertical beam divergenagleafperpendicular to the epitaxial
structure) and on the electro-optical propertietheflaser is discussed. It is shown that, due
to the large cross section of the investigatedrlakgs, catastrophic optical mirror damage
(COMD) is strongly reduced and that one of the m&gotors limiting the maximum optical
power of the discussed diode lasers is weak caroefinement in the active region leading to
enhanced carrier and optical losses due to cadenmulation in the thick waveguide. The
reason for the vertical carrier leakage is a loie@aive barrier between the quantum well and
the GaAs waveguide. Moreover, it is shown thatdheier confinement in the active region
can be strengthened in three ways. Firstly, the d&pth is increased for lasers emitting at



longer wavelength (here ~ 1130 nm). Secondly,zinidj a higher number of QWs lowers the
threshold carrier density per QW. In this case,dleetron Fermi-level shifts towards lower
energies for lower threshold currents and thusétffective barrier heights are increased.
Thirdly, in lasers emitting especially at waveldrgshorter than 1130 nm (around 1064 nm, a
wavelength commercially interesting) the quantuniisvare shallower and thus the effective
barrier is lower. It is shown that AlGaAs waveguadare required to improve the carrier
confinement. The AlGaAs alloys provide higher cortthn and lower valence band edge
energies of the bulk material. Consequently, thiemal barrier against carrier escape from
the QW to the waveguide is increased.

Considering the mode expansion in the SLOC strastuit is shown, in simulation
and experimentally, that the multi-quantum welligetregion, due to its high average
refractive index, contributes significantly to thaiding of the modes. The optical mode is
stronger confined in active regions with a highember of quantum wells as well as in
structures based on AlGaAs waveguides which areactexized by a lower refractive index
compared to GaAs material. The increased mode reemient leads to a reduced equivalent
vertical spot-size and results in a wider divergeaagle of the laser beam. Moreover, by
increasing the thickness of the waveguide layeesaittive region acts more and more as a
waveguide itself thus preventing a further narrayiof the vertical far-field. As a new
finding, it is presented that the introduction advtrefractive index quantum barriers (LIQB),
enclosing the high-refractive index quantum wetsyers the average refractive index of the
multi-quantum well active region and thus redudss beam divergence (the invention is
content of a German Patent Application DEA10200933).

Through systematic model-based experimental inyatstins of a series of laser diode
structures, the vertical beam divergence was retificen 19° to 8.6° afull width at half
maximum (FWHM) and from 30° to 15°, at 95% power contéftte achieved vertical far-
field angle is smaller, by a factor of ~3, thartestaf-the-art laser devices. The 8 mm long and
200 pm wide single emitters based on the invegth&LOC structures deliver more than
30 W peak-power in quasi-continuous wave mode. [ahge equivalent spot-size together
with the facet passivation prevent COMD failure a@hé maximum measured power is
limited due to the overheating of the device. Me@mpa 4 mm long and 200 um wide single
emitter tested under ‘zero-heat’ condition delivé@4 W power. The maximal measured
power was limited by the current supply.



Kurzzusammenfassung

Diese Doktorarbeit handelt von Quantum-Well-Laseddin hochster Leistung
basierend auf einem InGaAs/GaAsP/AlGaAs-Materigésysauf GaAs-Substrat. Die Laser
emittieren in Wellenlangenbereich von 1050 nm KisQlnm.

Die Zielstellung dieser Doktorarbeit besteht in 8atwicklung von Laserdioden mit
einer extrem geringen vertikalen Strahldivergenzneohdas dadurch die optische
Ausgangsleistung gegeniber aktuellen Stand demileotduziert wird.

Der Fokus dieser Arbeit liegt auf dem Design dégrimen Laserstruktur mit dem Ziel,
die Feldverteilung der optischen Mode aufzuweitem, die Strahldivergenz zu reduzieren.
Ein weitere Fokus der Arbeit liegt auf der expemtedien Untersuchung der elektro-
optischen Eigenschaften der entwickelten Laserprpém. Auf3erdem werden die Faktoren
bestimmt, welche die maximal moégliche Ausgangaleigtlimitieren. Die Ausweitung des
optischen Modes wird durch die Verbreiterung desll&Mteiters erreicht. Strukturen mit
einem breiten, vertikalen optischen Resonator wendelieser Arbeit als Super Large Optical
Cavity (SLOC) bezeichnet.

Der vertikale optische Mode wird durch die Loésun@r deindimensionalen
Wellenleitergleichung modelliert. Die Fernfeldptefi werden durch die Fourier-
Transformation des elektrischen Felds an der Lasette (Nahfeld) bestimmt. Die
Rechnungen wurden mit Hilfe der QIP Software duettigrt. Die elektro-optischen
Eigenschaften (wie vertikaler Ladungstragertranspond Leistungs-Spannungs-Strom-
Kennlinien ohne Eigenerwdrmung) werden mit Hilfeg 8¢IAS-TeSCA-Software simuliert.
Beide Programme werden in der Arbeit ndher bedoanie

Die Laserdioden werden mittels Metal Organic Vapirase Epitaxy (MOVPE)
hergestellt und als Breit-Streifen Einzelemitteiogassiert. Die Laser werden mit drei
verschiedenen Messmethoden untersucht. Als erserslew unter Pulsstrom Anregung
(1.5us, 5kHz) unbeschichtete Laser mit verschiedétesonatorlangen zur Bestimmung der
internen Laserparameter untersucht. Folgend webdschichtete Laser mit langen Fabry-
Perot Resonatoren (4—-8 mm) unter quasi-Daudnstr{600 us, 20 Hz) Anregung
charakterisiert. AbschlieRend werden die Diodemlagater Verwendung sehr kurzer
Stromimpulse (300 ns, 1 kHz) vermessen. Die letdgate Messmethode wird verwendet,
um die Einflussfaktoren zu ermitteln, welche die s§angsleistung der Laserstruktur
limitieren. Die Verwendung solch kurzer Pulse i8tig da es hier zu keiner Eigenerwarmung
der Laser kommt, was ublicherweise die Ausgangdsiegslimitiert. Alle Messungen werden
bei einer Warmesenkentemperatur von 25°C durchgefiile Messmethoden fir die
Untersuchung der elektro-optischen Eigenschafterager und der optischen Eigenschaften
des Laserstrahls werden in der Arbeit nédher besoéni.

Insbesondere werden die Auswirkungen der Matesalmumensetzung und der Dicke
des Wellenleiters auf die Laserstrahldivergenzartikaler Richtung, sowie auf die elektro-
optischen Eigenschaften der Laserstruktur diskuties wird gezeigt, dass durch das grol3e
Modenbreite die Gefahr der katastrophalen optischaoetten-Degradation (Catastrophic
Optical Mirror Damage, COMD) reduziert ist. Aul3emdavird gezeigt, dass die maximal
erreichbare optische Leistung stark durch den schermEinschluss der Ladungstrager in der
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aktiven Zone, limitiert ist. Dies fuhrt zu erhéhteadungstrager- und optischen Verlusten auf
Grund von Ladungstrageransammlung in dem WellaleitDer Grund fir die
Ladungstragerverluste ist die niedrige effektivar@aenhdhe zwischen Quantum Well und
Wellenleiter. Es wird gezeigt, dass man den schemachadungstragereinschluss in der
aktiven Zone auf drei Weisen verstarken kann. Bsstdurch Erhéhung der Quantum Well
Tiefe. Hier gezeigt fur Laser mit einer gré3erenldréange von ~ 1130 nm. Zweitens, durch
Erhéhung der Anzahl der Quantum Wells dies redtuzike Ladungstragerdichte pro
Quantum Well an der Laserschwelle. Dadurch verbthstch das Fermi-Niveau fir die
Elektronen in Richtung niedrigerer Energien wodusibh die effektive Barrierenhéhe
vergroRert. Als Drittes, bei den Lasern, deren Boiswellenlange kleiner als 1130 nm ist
(ca. 1064 nm, Wellenlange kommerziell wichtig). H&nd die Quantum Wells flacher und
die effektive Barriere ist kleiner. Es wird gezeigahss um den Ladungstragereinschluss zu
verstarken, ein AlGaAs-Wellenleiter notwendig BlGaAs als Wellenleitermaterial hat eine
hohere Leitungsbandkante und niedrige Valenzbaridkam Vergleich zu GaAs al
Wellenleiter. Im Resultat ergibt sich eine Barrigegen vertikale Ladungstragerverluste und
damit wird der Einschluss der Ladungstrager inalkiven Zone verstarkt.

Es wird sowohl in Simulationen als auch experimégiezeigt, dass eine aktive Zone
bestehend aus mehreren Quantum Wells, durch deobe mittlere Brechzahl, einen
entscheidenden Einfluss auf die Wellenleitung Bat. optische Mode ist bei Strukturen mit
hoherer Quantum Well Anzahl in der aktiven Zonek&té eingeschlossen, vergleichbar zu
Strukturen mit einem erhdhtem Al-Anteil im Welledz. Ein hoherer Al-Anteil im
Wellenleiter fuhrt zu einer kleineren Brechzahl Wfergleich zu einem GaAs-Wellenleiter.
Die erhohte Beschrankung des Modes bewirkt einmgere vertikale Modenbreite und hat
dadurch einen breiteren Divergenzwinkel des emitie Lichts zur Folge. AuRerdem fiuhrt
die Erhéhung der Wellenleiterdicke dazu, dass kisva Zone mehr und mehr selbst wie ein
Wellenleiter wirkt. Das wiederum verhindert eine iteee Verringerung des vertikalen
Divergenzwinkels.

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

Durch die systematische, modelgestitzte und arefldride experimentelle
Untersuchung der Laserdiodenstrukturen konnte tlighlslivergenz von 19° auf 8.6° (full
width at half maximum, FWHM) bzw. von 30° auf 1895(% optischer Leistungsinhalt)
reduziert werden. Die erreichten vertikalen Fedhvighkel sind um Faktor 3 kleiner als bei
vergleichbaren Laserdioden. Einzelemitter mit eirdenge von 8 mm und einer Streifenbreite
von 200 um erreichten eine optische Leistung voWMV30n quasi-Dauerstrich Betrieb. Die
groRe Modenbreite zusammen mit der Facettenpassige verhindern COMD und
ermoglichen so hohere optische Leistungen. Dadusthdie maximale Roll-Leistung
hauptsachlich durch thermische Effekte begrenztBekdem, erreichte ein 4 mm langer
Einzelemitter mit einer Streifenbreite von 200 pumen 300 ns Kurzpuls Anregung, eine
optische Leistung von 124 W. Hierbei war die maxemkeistung durch die Stromquelle
begrenzt.
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Introduction and motivation

This work concerns high-power semiconductor diodesels with emission
wavelengths in the range of 1050-1150 nm. Diodeertastypically demonstrate high
electrical-to-optical conversion efficiencies afatavely high optical power and cover a wide
spectral range. These characteristics, togethen wieir compactness, make them very
attractive optical sources for commercial applmasi Therefore, diode lasers are currently
widely applied in industry as pump sources of salidte laser systems, in direct material
processing, in fiber and space telecommunicati@m] in various medical treatments.
Currently, significant diode laser research andettgyment is in progress, aiming on
achieving the maximum possible optical power aratteb-optical efficiency, together with
an improved beam quality. In the future, diode fdaseill enable high performance optical
systems with reduced overall cost. Table 1 showshtst published results of single emitter
laser diodes and table 2 the best commerciallyiaei products.

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

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

The emission wavelength of 1050-1150 nm requireadive region consisting of an
InxGas - xAs quantum well with high incorporation of indiurorgent (x = 0.28 to x = 0.37,
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respectively). In structures based on thick waveegsii the overlap of the optical mode with
the active region is low. In order to obtain higbtical gain, the laser structures comprise a
multi-quantum well active region where the quantwells are separated with GaA®,
barriers. For structures emitting at wavelengthgpohd 1100 nm, the material chosen for the
waveguides was GaAs. This choice was made for éaeans. Firstly, for the laser structures
emitting at longer wavelengths the GaAs wavegusdexpected to build a sufficiently high
barrier which confines the electrical carriershe tctive region. Secondly, the GaAs material
features high electrical and thermal conductivitherefore, the thick waveguide layers can
be lowly doped. A low free carrier density resutdow internal absorption loss making the
realization of lasers with a longer gain mediumgilae. For structures emitting at shorter
wavelengths than 1100 nm, angABa oAs waveguide is utilized in order to strengthen the
carrier confinement in the active region. The@4.,As alloy, however, is characterized by
lower electrical and thermal conductivity (due tgher effective mass of the electrons and
thus lower mobility). Therefore, in this case higdeping of the waveguide is required. The
thick waveguides are embedded in@d . «As-cladding layers with aluminum contents
between 10% and 25%. The aluminum content in theédthgs is chosen in a way to obtain a
low refractive index step at the waveguide-claddimgrface and thus to reduce the number
of higher modes in the vertical cavity.

The laser structures optimized for narrow beam rdece angles are processed as
broad area single emitters with long (4 - 8 mm) rigd®erot optical resonators in order to
reduce the thermal and series resistance of theefevihe long gain medium reduces the
out-coupling losses and allows the use of low o#ifiities of the front facet. Low reflectivity
reduces the optical load on the facet and is erdetd reduce the risk of COMD.
Consequently, higher overall optical output poveeexpected to be achieved before a failure
of the device occurs.

This work involves a theoretical study of the wawiéing and carrier-transport
properties of the laser structures and an expetahgrart dealing with the electro-optical
characterization of processed laser devices, ietkmu part to diagnose what limits the laser
performance.



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 pmx --- Photonics 2008
[1]

940 nm | - 26 W (15°C) 64% | 90 pumx5mm '[giense 2009
22° (FWHM) . o

980 nm 40° (95%) 25 W (15°C) 54% 96 umx 4 mm | FBH 2009 [3]
15° (FWHM) 0

975 nm 28° (95%) 11w 58% 90 umx 3 mm | FBH 2009 [4]

1060 nm — | 31° (FWHM) 0

1080 nm | ~50° (95%) 16 W 74% 100 pmx 2-3 mm | loffe 2004 [5]
20° (FWHM) 0

1150 nm 34.5° (95%) 13w 53% 100 pmx 4 mm | FBH 2005 [6]

1060 nm 14° (FWHM)| 15W 52% 100 umx 4 mm | FBH 2008 [7]
13° (FWHM) 0

1130 nm 20° (95%) 38 W (QCW) 40% 200 umx 8 mm | FBH 2008 [8]
8.6( FWHM) |12.5 W 0 o :

1060 nm 15° (95%) 30 W (QCW) 27% 200 pmx 8 mm in this thesis

--- - data not available

Table 1.1. The opto-electrical parameters of singhitter prototypes presented in the years 2001-200@.

laser devices are presented in respect to decgeagrtical divergence angles and the emission
wavelength range, first 915-980 nm, second 106@ hthH.

Vertical Maximum Maximum Single emitter
Company Wavelength | divergence | optical power, | wall-plug geometry,
angle (CW, 25°C) efficiency | (stripe x length)
, 915 nm - 27° o
JDS Uniphase 976 nm (FWHM) 10W 55% 100 pmx ---
Oclaro 915 nm — 23° 9w >50% 90 umx 3.6 mm
975 nm (FWHM) 11w >55% 90 umx ---
915 nm — 27°
12w 95 pmx ---
LUMICS 975 nm (I;\(/)\iHM)
1064 nm (FWHM) 11w 190 pmx ---
AXCEL 30°
Photonics 1064 nm (FWHM) 3w 100 pmx -

--- - data not available

Table 1.2. The electro-optical parameters of theeatly (October 2011) commercially available singieitters.
Emission wavelength: 915 — 1064 nm.



1.1. Overview of chapter contents

Chapter 2: A literature overview of various approaches of tigtical mode expansion
targeting the reduction of the vertical far-fielogte.

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

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

Chapter 5: Measurement techniques and experimental setups tier diode laser
characterization utilized within this work are prated.

Chapter 6: The results of the one-dimensional simulationgh&f basic features of the
SLOC design are presented. The first results coniter variation of the near- and far-
field profile as a function of the optical transsercavity width. It is further shown that,
in the structures based on extremely wide wavegulitdhe claddings lose their ability to
confine the mode and that the multi-quantum welivacregion exhibits guiding
properties. The influence of the active region gles{e.g. quantum well number,
qguantum well thickness, thickness and compositibnthe barriers) on the mode
properties like the confinement factor and on tlearb divergence is presented. The
study of the mode confinement by the active redéaus to an innovation in the far-
field angle reduction. The new concept for fardieéduction based on interpolation of
low-refractive-index quantum barriers (LIQB) to segte the quantum wells is
presented. Moreover, the dependence of the verecaiivalent spot-size on the
waveguide thickness and number of QWs is discus¥hd. methods used for the
suppression of higher order transverse modes inCSéf@ctures are presented.

Chapter 7: Theoretical and experimental studies of limitingctbrs to the maximum
optical power of the diode lasers based on SLOGgdeare discussed. The study is
focused on structures with 3.4 um thick symmetriaveguides and MQW active
regions emitting at 1100 nm. It is shown that ohthe factors reducing the peak optical
power is vertical carrier leakage and carrier aadation in the p-type waveguide.
Moreover, it is presented that the carrier confiaetnin the active region can be
strengthened by increasing the number of quantults wethe gain medium. The result
of the study is an increase of the optical powemfrd5 W to 55 W under ‘zero-heat’
conditions.

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

Chapter 9:  This chapter deals with the theoretical and expental study of high power
diode lasers emitting at 1065 nm. Factors detdimgyathe internal efficiency and
factors limiting the reduction of the vertical digence angle are discussed. More
exactly, the influence of the composition of the@4.,As waveguide on the effective
barrier depth and on the optical mode distributgodiscussed. The reduction of the far-
field angle (13° to 10° at FWHM) is realized by wrdng the Al 1Ga oAs waveguide
from 6.0 um to 8.6 um. The further reduction of theergence angle, especially the
angle containing 95% of the optical power, by widgnthe waveguide was not
successful. The limit to the minimum far-field amgk 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 lmfractive index quantum
barriers (LIQB) reduces the high average refractidex of the active region and
results in a lower divergence angle of the lasanbeStructures based on 8.6 um thick
Al 1Gay sAs-waveguides with LIQB are considered. Furthermdhe limits of the
LIQB design are investigated. High power devicdssdeng 30 W of quasi-CW optical
power enclosed in a beam divergence reduced to(BWWHM) and 15.4° (95% power
content) are demonstrated. Moreover, the laterainbprofiles of the LIQB design are
presented in comparison to the SLOC design.



2

Overview of general concepts for vertical mode expaion

The vertical far-field profile is obtained from tReurier transform of the electric field
distribution at the laser surface (near-field) pewticular to the active region. Therefore, the
reduction of the vertical divergence angle of thgel beam is mainly based on the extent of
the optical transverse mode. The optical mode ileréal by the refractive indices of the
particular epitaxial layers and their thicknessgpg [n the literature one can find various
approaches for the optical mode expansion and ecuiesitly, for the reduction of the vertical
far-field angle. Some of them are briefly describetbw.

2.1. Thin Active Layer (TAL) lasers

The design concerns double heterostructure lasershe active layer with low energy
band-gap is sandwiched between two high band-gegrdgFigure 2.1.a).The key concept of
the TAL structure is a significant reduction of #etive region thickness (from e.g. 140 nm to
25 nm) so that most of the optical mode penetiatesthe adjacent cladding layers, resulting
in a narrower vertical divergence angle (Figurel®.IThe drawback of this design is the high
threshold current density due to a low confineniaator and the high free-carrier absorption
loss caused by the light propagation in the higliged claddings.

To satisfy the requirements of low divergence ama threshold current aHin tapered-
thickness active laye¢T® lasel) is proposed [2]. The very thin active layer (shayquantum
properties) is placed near the mirror in order Ibtam the narrow vertical divergence angle
and is widened in the inner part of the laser (Sshgwbulk material properties) for
maintaining high optical mode confinement and tlavg threshold current density (Figure
2.1.c.).

The design performance may degrade due to the abptimde instability with
increasing injection current caused by inducedi@arefractive index change.

The vertical far-field angle of 10° and the optipalwer of 120 mW are presented in
[2] from a 65 um long laser at a wavelength of A&9).

(@) (b) (©
Cladding Cladding Cladding
s (] ~—— (] e~
Active region Active region Active region
Cladding Cladding Cladding

Figure 2.1. The basic concepts of the (a) DH strecib) TAL design and (c)*design, redrawn from [2].



H. Kobayashi et al. [3] presented an improved desgjled Tapered thickness MQW
waveguidé Here, the multi-QW active region is embeddedaitapered shape waveguide.
The waveguide helps to confine light in the actiegion and plays a role of a tapered active
layer in the T design where the light is guided. A vertical fasld of 11.8° is reported. The
additional waveguide layers, generally low dopédithieate the free-carrier absorption losses.
The main disadvantage of this design is the grawéthod. The so called Selective Area
Growth technique (SAG) has to be used, which isenabiallenging than the one-step epitaxy.

2.2. Separate Confinement Heterostructure (SCH)

The quantum well (QW) layer is too small to effeety confine the light. To
compensate this effect, the active region is embeédaetween two additional low doped
layers (called waveguide or confinement layer) vaitltower refractive index than that of the
QW and higher than that of the cladding layers. TOmtical mode is confined in the
waveguide by the low refractive index claddingshwiils maximum intensity in the active
region.

SCH with low-index layers

In [1, 4 - 7] a single-QW InGaAs/GaAs/AlGaAs gradadex-SCH structure (GRINSCH) is
considered. The reduction of the vertical far-fialthle is achieved by the implementation of
two low-index layers on both sides of the gradedegaide. The low-index layers strongly
confine the optical field in the active region (@dguiding effect). The optical mode effective
index is simultaneously reduced by the low-refractindex layers to the value close to the
refractive index of the claddings. Consequentlye da the index anti-guiding effect, the
optical mode spreads into the cladding layers tieguin a strong reduction of the divergence
angle.
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Figure 2.2. The vertical near-field (a) and fatefi€b) profiles of the structure with and withoww-index
layers, redrawn from [4].
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Using this design, a vertical far-field angle of’ Z8WHM) and 250 mW of optical
power with a slope efficiency of 0.9 W/A from a 24fn-ridge waveguide laser (0.5 mm long)
is reported [4]. A. Malg et al. [8] report 2.4 W optical power emittedoiat 13°-14° (FWHM)
vertical angle from a 100 um wide, 1 mm long sirQM/ laser device (emission wavelength
800 nm).



Although the vertical angle at full width at halfasimum is reduced, the design
exhibits a far-field with side lobes leading to @& angle containing 95% of the optical
power that is disadvantageous for practical apina.

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

The same concept is utilized for MQW structureg. ¢10], where the optical
confinement, achieved by the competition of theeinguiding and anti-guiding effects, is
controlled by the thickness and composition ofltve-index layers.

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

SCH with high-index mode expansion layers — passiweaveguide structures

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

14

4 High-index
layers
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[ High-index
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> o L L >

0
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Figure 2.3. The comparison of the calculated (@rfield and (b) far-field profiles between the SGtducture
(black dashed line) and SCH with high-index modgamsion layers (red solid line) [12].

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

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



The number of high-index layers (or passive waidgg) can be increased. For
example, in the work of Y. C. Chen [15] four pagswaveguides are symmetrically inserted
around the active region, in the cladding layetee FWHM-vertical divergence is reduced by
a factor of four, from 44° (standard SQW GRINSC#iLt.2°. M. C. Wu et al. [16] present a
structure with 16 additional passive waveguidese Thum x 750 um RW laser emits
620 mW optical power into a vertical far field @@2(FWHM).

Antiresonant Reflecting Optical Waveguide (ARROW)

The ARROW has its origin in the passive wavegusiaictures. Choosing the
thickness of the high-index layer as odd multiptésii/4, the antiresonant condition is
provided and the layers become highly reflectingi¢ the vertical wavelength in the high-
index layer, see the wave-front in figure 2.4, deeit under angl®) [17-18]. Under such
conditions the optical mode is strongly confined gamopagates in the low-index layer (in
contrast to the conventional waveguides) with erdbddactive area. To maximize the net
reflection, the spacing to the next reflector sdalso be antiresonant. Therefore, it is chosen
as odd multiples of half width of the low index vegwuide core [18]. For higher order modes
the antiresonant condition is not valid. The higtax layers are transparent for the higher
modes and thus they experience large leakage Tdss.schematic ARROW structure is
presented in figure 2.4 together with mode intgnzibpagation.

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

no<n1 \
5y i n, <n,
I / /'
d V4 7 4P ‘_ﬁ
452 \/ ny ™ High-index layers
d V\ My *

Figure 2.4. The concept of the ARROW structure wlih optical mode profile. In the slabtke active region is
embedded. Redrawn from [19].

2.3. Photonic Band Crystals Lasers (PBC)

— Fundamental mode Active region

— 2nd order mode

Substrate
Normalized intensity, arb. units

Refractive index

p-contact layer

» -15 -1‘0 -‘5 6 ‘.5 1‘0 15
Lad .
Growth direction Vertical angle, deg.

Figure 2.5. (a) The refractive index distributioihtiee PBC structure with the fundamental and secmnoler
mode patterns. (b) Vertical far-field profiles mewesd at different current levels. Redrawn from 20Q-



This type of structures has its origin in the passvaveguide structures. Lasers based
on the photonic band crystal concept utilize vergerm(10 um — 30 um) waveguides with a
periodic modulation of the refractive index andoadlized optical defect — a feature that
violates the index periodicity. By an optical défene understands a high refractive index
layer that is wider or higher than the correspogdayers of the rest of the periods (Bragg
reflector concept).

The ‘localized optical defect’” with an embeddediatregion causes fundamental
mode localization with a strong overlap with théh\aeregion. At the same time, the mode is
widely expanded through the periodic waveguide vaitdecaying tail. Simultaneously, the
higher order modes are expanded over the entiregBCture, with a low confinement in the
active region, and are effectively channeled im® substrate or absorbed. Examples of the
refractive index distribution and the profiles betfundamental and second order modes are
presented in figure 2.5.

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

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

2.4. Tilted Wave Laser (TWL)

a) b)
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Figure 2.6. (a) Concept of the TWL with light wapepagating in the narrow waveguide and leaky waves
the second large cavity or substrate. (b) The aadrfar-field profile at different current levelRedrawn
from [23].

TWL designs are MQW SCH structures that are baseahtiguiding and the resonant
optical wave coupling phenomenon. The light emiftedh the active region is weakly guided
into the waveguide and leaks into a second vegkthiaveguide (10 um — 30 um) or into a
substrate. The bottom surface of the second venbiptacal cavity is usually polished or
coated with a highly reflective layer. The struetis designed so that the back-reflected light
undergoes constructive (in the case of the fundéahenode) or destructive (for higher
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modes) interference with the light propagatinghie tvaveguide. The gain in these structures
Is not sufficient to enable lasing without thisdback mechanism [23].

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

2.5. Super Large Optical Cavity (SLOC)

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

a) b)
A
MaWw- active region: F500ps, 20HZ, 4 === WG1
20-200 nm T=25C " WG2
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Figure 2.7. (a) The refractive index of the SLOCiglesind the optical mode distribution. (b) Verti€ai-field
profiles, measured at 7.5 A, of a SLOC with thin¢&6 um) and wide (8.6 um) waveguide [24-25].

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

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

Moreover, the advantage of this design is the aolee regarding the thickness of
waveguides and claddings. Higher order modes appressed in a loss discrimination
process by varying the thickness of the claddingsereby good mode suppression is
achieved with a high tolerance of this thickneséier€fore, the design offers stable
fundamental mode operation even up to high camjection levels.

Due to the above mentioned features, the SLOC heaaslésign chosen for this thesis.
The final, optimized structure delivers a quasi-©@Wtical power of 30 W into vertical far-
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field angles of 8.6° (FWHM) and 15° (95% power @t} [25]. The vertical far-field profile

is free from side lobes and has a Gaussian shagefewr high injection current levels. Until
now, structures with vertical divergence angle&3f (FWHM) and 21° (95% power content)
for an output power of 38 W from a 200 um wide, @ ong laser device are reported in
[24]. The detailed discussion considering SLOCgless presented in the following chapters.
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3

Semiconductor laser model with Fabry-Perot resonato

This chapter deals with the electro-optical feaduwé&diode lasers. The basic concept
of a diode laser is presented in section 3.1. &@&i2 describes the one-dimensional optical
mode propagation in a layered media and the vértidfield distribution of the emitted
light. Furthermore, the software used for wavegusdaulations is described. Section 3.3
deals with basic relations describing carrier ittt and stimulated photon generation. The
optical gain and the threshold conditions for arqua well diode laser with a Fabry-Perot
resonator are presented followed by relations d@agr power-current characteristics in
steady-state conditions above threshold. The tHemeahanisms influencing the diode laser
performance are discussed as well.

3.1. Basic diode laser concept

A diode laser is a stack ol p-confact
semiconductor epitaxial layers, with ai ~ neopect g | Eriioxalsiucture
active region embedded in a p-n or a p-i- =
junction and is typically grown on an n m‘
type substrate. There are several featul Front facet 00"
making diode lasers more advantageo
than other types of lasers. Diode lasers,
contrast to other types of lasers, can |
pumped electrically, which means that no
external light source is required. Therigure 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 preskgitt reflected by the mirrors. In the
stimulated recombination and light amplificatiompess in semiconductors, the energy bands
of the active region are essential and not elerpansitions of excited single atoms, ions or
molecules like in plasma lasers. Due to a considgriaigher density of states in the energy
bands, semiconductor lasers provide much higher gad electro-optical efficiency than
other solid-state or gas lasers. Diode lasers kghit at a wavelength related to the direct
band-gap of the semiconductor utilized as the actegion. This way, lasers over a wide
wavelength range can be realized. The semicondurimtal is embedded between two
parallel mirrors in order to initiate and to sustdine lasing process. The optical cavity is
called a Fabry-Perot resonator. In modern dioderléschnology, additional lateral carrier
and/or light confinement is provided. The laterahitnement is achieved by the utilization of

Substrate

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

There are several basic requirements to realizeodedlaser; some of them are
described below.

Requirements for light emission. A direct band-gamiconductor has to be utilized
as an active medium (the p-n or p-i-n junctionprder to obtain an efficient light emission.
Most I11-V and II-VI compound semiconductors havdigect transition gap and can therefore
be suitable materials for the realization of di¢algers. The chosen semiconductor materials
have to be lattice matched to the substrate crgstathich they are grown in order to avoid
mechanical defects. The maximum tolerable lattigemmatch is typically 0.1% or less for
bulk layers [1]. The band-gap energy and the kttionstant of some IlI-V semiconductors
are presented in figure 3.2. The relation betwéeremitted wavelength and the direct band-
gap energy of the semiconductor is [2]:

~ (3.1.1)

Near IR ||

Wavelength A (um)

Bandgap energy E_ (eV)
g

0 Figure 3.2. Band-gap energy and
60 corresponding  wavelength
versus lattice constant of
some IlI-V semiconductors.
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The modern semiconductor lasers are realized thraagor-phase growth techniques like
metal-organic vapor-phase epitaxy (MOVPE) and mdeebeam epitaxy (MBE). These
techniques enable the growth of layers with prégisentrolled composition and thickness at
the atomic layer level. Therefore, ternary and guetry components can be grown by
varying the mole fraction of a particular elementhim a wide range (from 0O to 1), e.qg.
indium in InGa.xAs material. By mixing elements, the band-gap ef ldyer can be tuned,
enabling lasing operation in a wide wavelength spet. Moreover, these techniques enable
the fabrication of matched or strained quantum W@W) structures by carefully selecting the
composition of adjacent layers.

Requirements for carrier transport. A p-i-n junotibas to be created through
appropriate doping of the different layers in ortlerensure electrical transport through the
structure. The n-type and p-type semiconductorseatzed by embedding impurity atoms
with a higher and lower number of electrons in theer shell, respectively. The atomic
impurities create new states within the band gdledahe donor and acceptor states. Donor
states are located in the vicinity of the condutt@and edge. Thus, at 300 K practically all of
their excess electrons are thermally excited to dbeduction band. Acceptor states are
located near the valence band. Hence, an electmn fhe valence band occupies the
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acceptor state, leaving a hole in the valance bdmg chemical potential where the
probability that a state is occupied by an electiori/2 is called the Fermi-level. In the
absence of an external voltage, this level istHedughout the entire structure, and the carrier
flow is absent (figure 3.3a). Free charge-carr{etsctrons and holes) carry current through
the p-n junction if a forward bias (positive poiahdifference from p to n) is applied. The
population inversion, required for the stimulatedambination process, is obtained in the
region containing both electrons in the conducband and holes in the valance band. When
the applied external voltage V is higher than theeptial given by the junction gap
(eV>E, =hv), the voltage drop across the junction is suffidie reduced allowing free

carriers to flow through the p-n junction. Hendee intrinsic zone between the n- and p-
regions is fed with carriers of both types. Thehhdensity of electrons and holes allows
treating them separately as two fermions statistith the help of two quasi-Fermi levels
(figure 3.3).

Requirements for vertical carrier confinement ie tctive regionlf the active zone
has a lower energy gap than the neighboring players and the interface electric dipoles are
such that the band offsets for conduction and ea&drand are toward the chemical potential
(type one alignment) then electrons and holes atlke tonfined in the potential well of the
active zone. These neighboring layers, creatingptitential barriers, are called confinement
layers. In typical modern diode lasers the confieetmiayers are embedded between two
cladding layers forming a waveguide for the optimalde. The energy gap of the confinement
layers is smaller than that of the cladding layeorder to improve the carrier confinement in
the active region. The distribution of the bandsgyap a typical diode laser is presented in
figure 3.3. The active region in modern diode lasera thin layer (3-20 nm) exhibiting
quantum size effects. Therefore, the layer is dadleqguantum well (QW). Often the active
region is spread over several quantum wells. I8 ta@se, the structure is called a multi
quantum well. The use of QWs as an active regianthe following advantages. Firstly, due
to the small volume, the necessary injection curdemsity to reach threshold is reduced by
over three orders of magnitude in comparison tal layer [3].

Applied voltage V=0 eV Applied voltage V=1.17 eV
2.0} 2.0}
Conduction band p-type Conduction band|
15l waveguide 151
1.0} aw 1.0} p-type p—type
0.5 n-type 0.5 n-type waveguide ¢l2dding
> 0 n-type ype 116 eV > 051 n-type ypPe qw
% 0.0 cladding  waveguid AEg' loe Fermilevell £ 0.0 cladding  waveguide
. = 0. . —
g 2 e-Fermi level
] =157 eV o =1.57 eV
5 0.5 ABy=1.57 € 5 -05F . NEgqF1.17 eV
-1.0+ -1.0F h-Fermi level
=1.76 eV
1.5k AEg 150 AEg=1.76 eV _J,,
) I~ ’ o~
2.0 Valance band -2.0 Valance band
Growth direction, x Growth direction, x

Figure 3.3. Energy band diagram of an InGaAs-SQuWdeliaser based on GaAs substrate (a) without jgiiredp
voltage and (b) with a forward biased applied \gdta(Emission wavelength: 1.06 pm. Energy band
diagram calculated be means of Wias-TeSCA software.)

Secondly, the small thickness of QWSs allows theafsmaterials with different compositions
that do not always fully match the lattice constairthe substrate. The lattice mismatch to the
substrate contributes to compressive or tensilairstin the QW. Compressive strain is
introduced when a layer is grown with a larger veatattice constant than the substrate (e.g.
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InGaAs on GaAs substrate). On the contrary, tersdi@n is introduced when a layer with
smaller native lattice constant than the substriatgrown (e.g. GaAsP on GaAs). The
compressive strain increases the energy band-ghfhartensile strain reduces it. The second
effect of the introduced strain is the splittingtloé heavy holel{h) and light hole Ih) bands,
each being pushed in opposite directions from #@er at thd point. In compressively
strained layers, théh band shifts upwards anti band shifts downwards, while in tensile
strained layers the opposite variation occurs Téjs process modifies the distribution of the
density of states in the active quantum well ldgading to a lower threshold current density.
Moreover, the polarization-dependent gain is chdnge the introduced strain. The optical
gain is mainly TE polarized (transverse electriocveva electric field vector parallel to the
active layer) for the transition between the etmttand the heavy-hole bands but can also be
TM polarized (transverse magnetic wave, electrgdfivector perpendicular to the active
layer) for the transition between the electron #nredlight-hole bands [2, 4].

Requirements for the light confinement in the gaedium and the light waveguiding.
The carrier confinement layers having a larger bgeyl energy than the active region are
almost transparent for the light produced in thegtated emission process. Simultaneously,
the confinement layers should have a larger refrméhdex than the cladding layers, so that
the optical wave can be confined within the higliex region due to total internal reflection
at the interfaces with the cladding layers. Oftem tefractive index of the consecutive layers
is tailored in such a way that the maximum intgnsit the optical mode overlaps with the
active region for maximum gain. Light propagatiakes place along the plane of the active
region. The layers that confine the light build the waveguide. The distribution of the
refractive index of a single-QW diode laser anddpg&cal mode distribution are presented in
figure 3.4.
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In order to initiate and to sustain the lasing pss; a positive feedback situation has
to be created. The resonator is realized by clgathe laser crystal on two planes
perpendicular to the active region. The cleavedtiathemselves create mirrors between
which the optical wave propagates and thus definedongitudinal plane of the diode laser.
The optical wave undergoes amplification while &lang back and forth along this plane
(gain medium) between the two mirrors. The lighénsity at the facet is partly transmitted to
the air and partly reflected back into the cavitgsing conditions are fulfilled if the optical
gain exceeds the absorption and reflection losggsefhdix 3):

RiR, [eXdZL(gmodal _ai) =1 (3.1.2)

where L denotes the distance between the fronttla@dear laser facets with reflectivities
R, and R,, respectively. The traveling wave in the cavitpesences a modal gaig,, and
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internal lossesz; due to absorption and scattering on crystal ingedidns. The condition
described by (3.1.2) is best fulfilled in the resnce case:

2L=mk, (3.1.3)

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

3.2. Simulation of an optical mode in a layered mea

3.2.1 The Quasi—2Dimensional Semiconductor LaserrBulation Program (QIP)*

The program QIP* solves the quasi-two dimensionalegaide equations in the
effective index approximation. However, for the pases of this work only the one-
dimensional (vertical) Helmholtz equation is soheud only transverse electric modes are
considered. Based on a given set of refractivecag]jithe software calculates the fundamental
and higher mode distributions in the waveguide @otsequently, the shape of the far-field
pattern. The effective indices of the propagatedi@scand their confinement factors are also
calculated. Moreover, this program is used to er@gtut data for more sophisticated WIAS-
TeSCA software, which is described later in appe#ddix
(*The software QIP is a non-commercial program wntby Dr. H. Wenzel (Ferdinand Braun
Institute) and Dr. H. J. Winsche (Humbolt Univerderlin).)

S ladding
BN

Growth direction, x

Propagation direction, z

Figure 3.5. Model of a plane waveguide with a waitrefractive index distribution. The illustratedocdinator
system is utilized during optical waveguide modglin

3.2.2. Calculation of the index of refraction

The optical mode in a layered medium is tailoredtihg refractive indices of the
particular epitaxial layers and their thicknessés The refractive index as a function of
photon energy at room temperature is calculatedguie Afromowitz model (the modified
single oscillator model) [7]. The oscillator modaflects the fact that the optical wave
interacts with charged particles that behave likecmanical oscillators. The inclusion of a
variation of the imaginary part of the dielectrienstants, (the absorption at the band gap)
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gives results that are in good agreement with nreagents on AlGaAs, GaAsP and GalnAsP
for the photon energyH) range below and close to the energy géap)(of the material.

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

2E2 - E2 - E?
n2_1:%+%52 +%E4|n[E"E2+Ez], (3.2.1)
g

TE,

where i :TEOS(W)’ (3.2.2)
g

with E,, E, denoting the energy parameters of the oscillator.
A small imaginary part of 5 meV is added to thetphoenergyE and it starts to matter when
the photon energy equals the band gap energyE, .

The parameters&,, E; and E;are known for many binary semiconductors and may

be calculated for ternary and quaternary matermisinterpolation and by considering
appropriate bowing coefficients for better agreemath measurements.

In this work ternary materials like Abay.xAs, InGaixAs and GaAgP:.y are used.
The interpolation scheme for the parametéys 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 equatior? stands for the parameter that is interpolated gg E, or E,),

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

AlGa.xAs I Gay-xAS GaAsPi.y
E, = 365+ 0.871X+0.1790Xx* | E, = 365+ 28[x E, = 472-107[y
E, =36.1- 245[X E, =36.1-268[X E, =384-23[y
E, =1.425+1.705x E, =1.424-1514x+ 0450x* | E, = 2.778-1566LY + 0210y*
+ 14407 + 13153

Table 3.1. The fit parameters for,@a,..As [7], InGa.As and GaAgP,., [9] materials. The expressions given
for Eg are for the direct band gap.

The above interpolation scheme for the energy gdpevis utilized only for bulk
materials. In this work, the InGaAs and GaAsP nialeare used only as thin strained layers
(quantum wells or quantum barriers, respectiveélyje calculated energy gap for a strained
layer corresponds to the distance between the ctivduband and the heavy-hole valance
band. The value of the energy gap is calculatedguairmodel that considers strain and
quantization effects described in [4].

3.2.3. The one-dimensional (vertical) optical wavegde model
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The propagation of an electromagnetic field in omeethsion (vertical directior) is
considered. The boundary conditions, imposed by wa®eguide geometry, force the
electromagnetic radiation to propagate as Transivé&isatric (TE) modes with a zero,E
longitudinal component or as Transversal Magnetic \Tivbdes — modes with a zerg H
longitudinal component. As the electric field ighmgonal to the wave propagation vector
E Ok, the x component of the electric field also equaio (E, = 0. This is similar for the
magnetic field of TM modes. Structures utilizing thlig compressive strained active regions
that result in nearly 100% TE polarized light [1-2¢ atudied. Therefore, only TE modes are
considered in further discussions. The coordinaséesy is presented in figure 3.5

A wave propagating in the plane perpendicular xe cons in direction z is
considered:

Ey(x, z,t)= E(x) [éxp(iax —iﬁz), (3.2.4)

with « denoting the angular frequency of the propagatiaye andﬁ representing the

complex propagation constant in the z-direction.e Thuided wave obeys the time-
independent wave equation (1D Helmholtz wave eqogti

d2E(x)

e +(k2E, ()~ B%)rE( = 0, (3.2.5)

@ . . . ~ =
wherek, =— is the wave vector in vacuum (c — vacuum spedigbf) and £ =i denotes
c

the relative permittivity as a complex dielectrimétion. The terniime describes the optical
gain or losses and denotes the complex index of refraction [4].

During waveguide simulations the software QIP firlds solution of the Helmholtz
equation using the Transfer Matrix Method (step-wesastant) and treats it asreal or
complexvertical waveguide equation by utilizing appropeiabundary conditions.

1. Dirichlet boundary conditions. There are hard boundary conditions imposed for a TE
mode (tangential E-field vanishes at the bounE@(y) =0). On the internal layer interfaces
the continuity of the tangential E and H fields mpdoyed. Thereal waveguide equation is
solved considering only a real dielectric function and a propagation constapt. In this
case, the equation (3.2.5) has non-trivial solgtidor certain values ofg8 fulfilling the
condition:

maxey M) < 2 < (3.2.6)

kO max ?
with the modal cut-off condition:
B =k, [max(ncwncu)- (3.2.7)

The nnax represents the highest refractive index of a sendactor layer confined between
the claddings with refractive indicesa and ry2 (presented in figure 3.5), however,
throughout the work symmetric claddings are considigi.e.n.; = ng,,.
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The solutions have a harmonic form in the waveguithe. transversal distribution is

E,(x)= Alcodx [x)+Blsin(k [x) andk? =k2n? - 8> >0, (3.2.8)

y

where k = 71/ confinemenlayer thickness The number of extremes corresponds to the index
of the guided mode.

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

2,2 "2 _ 2
k0 nsubstrate 18 =K Substrate

>0 (3.2.10)

leading to an exponential solution with an asymptiarm at|x| - ]

E, (x)~ expl-ix). (3.2.11)

The solution of the wave-equation utilizing outgpivave boundary conditions results in
leaky modes [10]. For the structures discussedim work, the propagating mode in the
waveguide is intentionally leaky for higher ordeodes. This is fulfilled when the real part of

the propagation constant (effective index) for astderedm-mode @eﬁm) is smaller than
the refractive index of the GaAs-substrate. Thessake is assumed to be infinitely thick.

DeB, <k, (3.2.12)

substrate”

The losses of then-mode due to leakage are:
aleak,m = ZE[DmEm '

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

n, =2%n (3.2.13)

eff,m
Ko

The fundamental mode, having the largest propagatimstant (lower frequency and larger
incident angle than higher order modes), expereigher phase shift per unit length and
exhibits the highest value of the effective refracindex.

The optical mode distribution is graphically preisel by the software as the
distribution of the mode intensity on the x-directi

() =]E, m(x)- (3.2.14)

3.2.4. Vertical divergence angle
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waveguide . air Figure 3.6. The Cartesian and spherical
coordinator system of the far-field.
facet (Figure reprinted from [4].)

The emitted optical field is obtained by solvirg thomogeneous Helmholtz equation
for the free-space region [11].
The assumptions for the calculation of the vertiaeffield intensity are as follows [4]:
a) The facet is placed at the z = 0 position ;
b) The far-field is expressed in spherical coorttira generally (r@, ®) and in case of a
vertical far-field® =90° , see figure 3.6.
c) The electric field distribution (near-fieldd"" in the vicinity of both sides of the facet
is, due to continuity the same. The reflection iotieer modes is neglected.
d) For large values of r (r>\p) the vertical far-field is approximated by [4]:

E"(r,0)= —ie"pl((%(“)co@@f (k,sin®), (3.2.15)

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

The vertical far-field intensity (for TE modes;¥D) at a fixed distance r 5 is expressed as:
1Y% (0) =|[E¥ (1, 0) O cos OHEN (k,sin@)’. (3.2.16)

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

3.3.1. Carrier injection and photon generation

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

dN J N
2 - -—— —-R.._. 3.3.1
dt eld,, 1 R ( )

The first term on the right-hand side of the abegeaation accounts for the carrier generation
rate described by the injection current dendjtwheree is the elementary charge adg} the
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active layer thickness [1]. The second term denthesloss rate for all carriers with the
densityN having an effective life time& involved in recombination mechanisms other than
stimulated emission. The carrier loss rate is igyaesented in the form [1]:

RQO:AN+BN@umP:J1- (3.3.2)

r(N)’

where the first termA, N, accounts for nonradiative processes (e.g. lateesfical leakage

or Shockley-Read-Hall (SRH) recombination). TherteBN? accounts for the spontaneous

radiative recombination rate, and the ter@N® accounts for nonradiative Auger
recombination. The third term of the equation (B.3s the stimulated recombination rate
describing the density of generated photons petr time in the stimulated electron-hole
recombination process [12] (the process takes piattee active region).

dN,,

Rstim = = gm |]/gr ENph (333)
where g, denotes the material gail ,, andv,, represent the density and group velocity of

stimulated photons, respectively.
The stimulated emission rate can be expressed éymbdal gaing,.., and the

average internal optical powé_?(z) along the gain medium in thedirection (see appendix
2):

gmodal _(Z)
RStlm dAz w d:;l_a) (334)

The gain medium area is described by the vertici@ea region thicknessl,, and the lateral
active widthW . The stimulated photons are also a loss mechdoisoarriers.

3.3.2. Optical loss, gain and threshold conditions

Implementing a quantum well gain region into a waude introduces a perturbation
of the dielectric constanfAe, as well as a perturbation of the propagation @msAS.

Solving the transverse Helmholtz equation (3.2.8h whe introduced perturbations similar to
[12], the modification of the propagation constean by expressed in the form:

kZIDmSEtE ‘ ) dx

Omg? = (3.3.5)
j\Ey(x dx

Since
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nAZ[jgm

—AZ Im = const |x|£0|—3Z
Ome = ko , (3.3.6)
0 x> Gz

the integration is limited to the active areg, d,, denote the refractive index and thickness
of the active regiong,, is the material gain), and considering [4]:

OmgB* = 2MMBIES = grosa KoMer» (3.3.7)

one can obtain the following expression for the at@gin:

+d/2

_[ ‘Ey(x)‘zdx
o = 22 B2 —— [, =2 T (g, (3:38)
eff ”Ey(x)‘ dx eff

The confinement factoF < 1 exhibits the overlap of the optical transvemsade with the
active area and is in the range of 0.01-0.04 fotir@W diode lasers.

The maximal material gain in quantum well lasens ba empirically expressed by a
logarithmic dependence on the injected carrier ite{y:

0n =0, m(lJ (33.9)

Tr

with g, as empirical gain parameter adg. denoting the transparency carrier density. This

density corresponds to the case for which the g@hisor equals generation and thus the
material gain equals zero.

The minimum modal gain required to compensaterttegnal modal losses; and the
mirror lossesa,,, and to initiate the lasing process is calledttireshold gaing,,, which is
defined as:

Mg, =a +a, (3.3.10)

eff

There are several mechanisms of modal losgeslecreasing the intensity of the

vertical mode. Typically these are losses duede-frarrier absorption, leakage losses of the
optical mode, and losses due to scattering of gtiead mode on defects or rough interfaces.
The last mechanism can be neglected due to higlitygdaode laser technology that is used
nowadays. The general relation for the modal losaasbe presented as follows [4, 13]:

o, =Y M2 gl +a o+ (a=), (3.3.11.a)
LY '
wherea® =o.n, +o,p,. (3.3.11.b)

23



The first element of the equation (3.3.11.a) regméslosses of the light in the-layer due to
free-carrier absorption. These losses depend orotbhdap of them-light mode with the
consideredj -layer I n and pin (3.3.11.b) are the 3D-densities of electrons holgs,

o, and o, are the free-electron and hole absorption crossess, respectively. The carrier

cross-sections are defined experimentally and fitkeomagnitude of I8 cn?. During loss
calculation, both parameters are provided manualtire software.

Losses due to leakage of the optical mdadee optical mode undergoes absorption in
the GaAs-substrate and the p-type contact layersagescribed by radiation loss assuming an
infinitely thick substrate and boundary conditidasthe outgoing wave.

The mirror lossedor a Fabry-Perot resonator depend on the resofeigth L, the
front and rear mirrors reflectivitie®, and R,, respectively, and are described as follows

(appendix 3):

jm?

am:iln( 1 j (3.3.12)

The mirror losses equal zero for an infinite lengthhe 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 tordiragous carrier injection mode
(t - oo ; continues wave (CW) operation) it holds:

AN__ T R(N)-Imea P g (3.3.13)
dt eld,, WIL d,, W hw

Below or near the threshold the averaged powergatbe gain medium i =0
(Rstim = 0), since the photon density is small. The thoé current can be estimated through:

l,, =eld,, IWILIR(N,), (3.3.14)

whereNy, depends on the applied model for the ggiN) (linear or logarithmic dependence
on carrier concentration [1]).
Injection of carriers for currents higher than ttheeshold ( =1, +Al ) leads to

stimulated light emissionR,,> @ndP >0) and (3.3.13) takes the form:

| +Al
0= -R(N,)
P _eld, WO (3.3.15)
ha) gmodal

d,, (W

Substituting expression (3.3.14) into (3.3.15) thedds:
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pofeg! 7l (3.3.16)
€ gmodal D]‘

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

P.(P)=Lm, P. (3.3.17)

out

Substituting (3.3.16) into (3.3.17) and consider{Bd.10) this yields an expression for the
optical power in the linear range above threshold:

ha . @
P =—"—3—m [ —| 3.1
out e : + ml:ﬂ th) (3 3 8)

In real laser devices, the number of carriers d@natinvolved in the stimulated recombination
process is less than the number of total injecteders. The ratio between these two types of

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

_ e a0
P =77, thgm[m |m) (3.3.19)

The internal efficiency;™) is one of the most important parameters for & lpigwer

laser. It influences the external efficiency anc tbptical output power. The internal
efficiency parameter is governed by several medmasilike lateral carrier spreading and
nonradiative recombination processes [14]. In #ter&l carrier leakage process, a part of the
supplied current does not enter the active geooattarea. Therefore, these carriers do not
take part in the stimulated recombination proc€dtier mechanisms reducing the internal
efficiency are thermionic carrier escape and vatrtarrier leakage if the potential barriers of
the active region are too low. The non-confinedriees take part in non-stimulated
recombination processes in the barriers or confernfayers (waveguide, cladding). The
non-stimulated recombination process can involvectedn-hole recombination in the
confinement layer, nonradiative recombination afefcarriers on defects (Shockley-Read-
Hall) or Auger recombination.

The diode laser performance is also characteriyatiddifferential external efficiencyy(.,)
and the conversion efficiencyd).

The differential external efficiendy;? ) is defined as the ratio between the number of
emitted photons N,,) (per time unit) through a laser facet and the lbeimof injected

charged-carriersN,, ) (per time unit):

o = dN,, _ dP/dl
O dN hwle

(3.3.20)
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Combining (3.3.19) and (3.3.20), thg, parameter can be expressed as a function of the
internal efficiency and the internal optical andnmi losses:

d — st am(L)
,7ext ,7i a (L)+a’ . (3321)

m I

To show its dependency on the laser cavity lerththy2 . parameter is often presented in the
form:

st

d _ i
”ext - 20’i L . (3322)
1+

The conversion efficiencinc) shows how efficiently the electric power injeciatb
the laser B,) is converted to optical output powe?,() and is described by a ratio of the two

powers.

he
P P _”gxtea(l _Ith)

opt _ opt

P, 1m() 1U,+IR)

Ne = (3.3.23)
whereU (1) is the current-voltage characteristic of the diddg is the ‘turn-on voltage’ of
the diode andR, is the series resistivity given by:

2.4p,
= . 3.3.24
R XY ( )

The termsd; and p, denote the thickness and the sheet resistivithefj epitaxial-layer,

respectively. The term,, is the voltage drop across the band gap iR} is the dissipated
power due to Ohmic heating.

3.3.4. Thermal parameters influencing the semiconduor laser performance

3.3.4.1. The characteristic temperatures d T,

The parameterspland T, characterize the sensitivity of the laser thredlmirrent and
the external efficiency, respectively, on the terapge of the laser active region. From the
experimental observation, it has been empiricadtetmined that the temperature dependence
of the threshold current density and the tempesati@pendence of the external efficiency are
usually well approximated by:
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T Tref T_Tref
IM) = I(Ter)exg — or InJ(T)=mJfT, )+ — (3.3.25)

0

ngt(T) = ”gxt(Tref ) ex[{TrefT T j or ln ”:xt(T) = In ”:xt(Tref )_

1

T-T
. (3.3.26)

The reason for laser performance deterioratiomésdptical gain ¢,,) reduction with

increasing temperature [4, 12]. In order to compangor the decreased optical gain, higher
carrier densities are required. An increased aamliensity, however, implies increased
nonradiative recombination @& ,N) leading to further heating of the laser crystal.

Additionally, the increased temperature gives tsehermionic carrier emission out of the
active region. These processes consequently lead tocrement in the threshold current as
well as to a reduction of the injection efficienayhserved as reduction of the external
efficiency of the laser structure. From the abogaations, one can see that laser structures,
which are more sensitive to the temperature, eklolier characteristic temperatureg and
T1. The improved vertical carrier confinement (ob&minfor example by high quantum
barriers) is expected to result in a more tempesastable threshold current and external
efficiency of the laser. Moreover, laser deviceshva high optical overlap within the gain
region (high confinement factdr) and a long resonator (low mirror loss, low thadh
current density) should exhibit a higher charastertemperature oI

The experimental temperature dependences of teshbld current and the external
efficiency of a MQW diode laser are presentedgurfe 3.7.

20 T T T T ] 00 T T T T
16f Q) PPy -0---"" 1 02} b) Inn (T)=Inn,(298K)-(T-289K)/285K |
_ 12f.-0--0 " ] 204 T ~298K ]
S _ 1 £ Bl -
< o8} Inl, (T)=Inl, (298K)+(T-289K)/140K {1 = 06| O--meg. - i
04f Tr=298K ] 0.8} Bt
00 | | | | : _10 N 1 N 1 N 1 N 1 N
0 20 40 60 80 -20 0 20 40 60 80
Heat-sink temperature T-T ¢, K Heat-sink temperature T-T ¢, K

Figure 3.7. The experimental temperature dependesfabe threshold current (a) and the extern&ieffcy (b)
of a multi-QW InGaAs/AlGaAs broad area device oe theat-sink temperature from 15°C to 85°C.
(Device geometry: electrical stripe width W = 10@  cavity length L = 8 mm; Structure C1690-6)

However, the threshold and slope of the QW ladersadd area devices) often show a
deviation from the exponential thermal behavior mhaiat high temperatures. Examples of
the T, T1 thermal behavior of a 1060 nm laser are preseintddjure 9.4. The significant
deterioration of §, T, parameters is likely to be caused by vertical iearteakage and
additional or increased non-radiative processessdftan happen in long-wavelength lasers,
i.e. Auger recombination [15].

3.3.4.2. The thermal resistance

The thermal resistance,RK/W] defines the temperature rise of the lasdivaaegion
compared to an ambient temperatuX&;) during laser operation and is described as:
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AT, To-T

_ i — ref
R =p ~(p,-P

waste el opt

) (3.3.27)

where Taz refers to the active region temperature apgdréfers to the heat sink temperature -
usually set to 300 K. The wasted powgy, =P, —P, is the difference between the

supplied electrical power and the produced optixaler (the fraction of injected electrical
power which was not converted to optical power) @ritie reason for laser heating.

Through good management of the heat dissipatiom,thiermal resistance can be
reduced. By mounting a laser chip with the epitiaxiaction down to the heat-sink, for
example, the flow of the generated heat throughttiok 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:

o= )| s

with AT, = Rm(l [(UO + IRS)— Fgut) and the external efficiency and threshold curfsgihg a

function of temperature (see equations (3.3.25:26))

Equation (3.3.28) is usually used as an empirioal for the extrapolation of the
power-current characteristic. However, this equmataoes not apply when theo,TT;
parameters decrease above a certain temperattine aictive region (e.g. sample C1357-6,
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chapter 9) and when considering the temperaturerdkgmce of the thermal resistance like in
[16].

3.3.4.3. Catastrophic Optical Mirror Damage (COMD)

The catastrophic optical mirror damage (COMD) i€ @f the most common power
limitations of the high power diode-lasers leadtngirreversible damage of the laser chip.
The COMD is a sudden facet degradation due to &se@ facet temperature caused by
nonradiative surface recombination processes initlieity of the facet surface.

The power leading to COMD is proportional to theemal power densityp,, (often
indicated a®..,, I-€. the internal power density which is reachethe moment of COMD
failure). For a given output poweg the internal power is given by [17]:

-~ 1+ R, 1
pint = POut EI Gd I (3329)
1_ Rf F|ﬂ\/

where R denotes the reflectivity of a front facet, d is tuantum well thickness aifidis the
optical confinement factor. From the above equatimme can see that the facet heating,
leading to its failure, depends on the modal ceesdion (i.e. equivalent vertical spot-size
(d/r) and lateral stripe width) as well as on the ilaty of the front facet. Reducing the
optical mode intensity (and thereby increasing@@MD threshold) by increasing the modal
cross section leads to a higher output power befat@strophic optical damage (COD) occurs
(chapter 8, figure 8.3).
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Process technology and packaging of high power diedasers

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

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

The emission wavelength range of the diode lademsacterized in the framework of this
thesis is 1050 nm to 1130 nm. This wavelength rasgebtained utilizing InGaAs as the
active region material. The active region is emleedich AkGa-xAs waveguides and cladding
layers that are lattice matched to the GaAs suiestf@he lattice mismatch between AlAs and
GaAs is only1.30107° [1])

Long wavelength emission requires the incorporatiba high indium content (x 28%
for 1050 nm to x 37% for 1150 nm) in the iGa«As quantum well. This leads to high
compressive strain of the layer. To avoid stralax&ion and the formation of defects, three
designs of the active region are proposed.

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

2) Utilization of an additional strain compensati®pAsP layer (~20 nm thick)
sandwiched between GaAs barriers (~15 nm thick) f2f a fully compensated

active region, the conditiof2 (&, s @ card = [Ecarsr oansd has to be fulfilled.

The termse and d denote the strain and the thickness, respectivalythe
particular layer [3].

3) Utilization of tensely strained GaAsP layersaagiantum barrier (~7 nm thick) [4].
The use of oppositely strained barrier layers toséh produced by the QW
compensates the misfit stress appearing in th@eacéigion. This design can be
used for any composition of &ba.,As waveguide layers. Here, an additional thin
GaAsP layer (a so called spacer) at the interfdcdteo QW and the waveguide
should be introduced [4-5]. Moreover, V. Duraev [jtes that the height of the
guantum barrier (related to the GaP mole fractgguld not be much higher than
the waveguide potential level (in both the conductand the valence bands) to
avoid inhomogeneous pumping of the quantum well.

The schemes of the active region designs are gezsenfigure 4.1.
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During the growth of the structures presented ia Work the first and the third active
region design was utilized (GaAs or GaAsP barriers)

The epitaxial growth requires an optimal growth penature, which is different for the
active region and the other epitaxial layers. ThemMgh temperature of the active region for
emission wavelengths of 1100-1200 nm is examineBumyge et al. [4, 7]. The active regions
of the presented structures in this work were greivthe temperatures of 650°C and 530°C
for emission wavelengths of 1060 nm and 1130 nspeaetively. The AlGa.xAs waveguide
and cladding layers were grown at 770°C. The gratetfails are presented in [2, 4-5].

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

lowly doped (510" cm®) towards the cladding layers. The low doping & traveguide
ensures low optical losses. The undoped GaAs mahtexhibits intrinsic n-type character

(n~5010" cm®). In order to place the p-i-n junction at the aetiegion, the first 100 nm of

the p-waveguide is lowly doped €510 cm®) with carbon atoms (carbon has a negligible
diffusion coefficient [8], so it does not influentiee active region which should stay free from
undesired impurity atoms). In the case of AlGaAstenal, a higher doping level is
introduced in order to compensate for the lowerieamobility of the material and to ensure
higher conductivity. For the waveguides a dopingeleof around110” - 110® cm?® is

utilized, whereas for the cladding layers a higtleping level (210 cm®) is introduced.
Because in SLOC structures only a small fractionth&f optical mode propagates in the
cladding, the high doping will not increase theicgdtlosses dramatically.

The epitaxial structures discussed in this work sgginof highly compressively
strained multi-QW active regions that are embeddedllGa.xAs waveguides and cladding
layers. On top of the p-cladding layers, a highiggped 100 nm thick GaAs contact layer is
grown. The structures discussed in this work dififethe number of quantum wells (two or
four quantum wells (DQW, QQW)), each being 7 nmckhithe emission wavelength
(1130 nm, 1100 nm and 1060 nm), the waveguide #mdding layer thicknesses and the
aluminum content. The calculated (using QIP sofé)anergy bands and refractive index
profiles of each epitaxial design are presentegppendix 1.
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The epitaxial structures are grown on ~ 350 — 4®0thick n-GaAs substrates. After
the growth process, the substrate is polished ttacakness of ~ 130 um for better cleaving
during the technology process. The sizes of themsaised are 2" or 3”.

4.2. Processing of edge emitting broad area diodaskers

Q) b)
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p-metalization (Ti/ Pt/ Au) Insulafor SiNg
¢ p-GaAs contact Im‘plomcmon (He )
|
p-GaAs contocTE
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(NI ) n-metalization (Ti /Pt /Au)

Figure 4.6. (a) Schematic structure of an edgétenurocessed particularly for ‘pre-test’ measuzata. (b)
A fully processed gain-guided broad area singldtemi

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

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

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

In the first step, a photo-resist mask for metatian with a 100 um (or 200 pm) wide
window is applied on top of the epitaxial structipeside). Next, the 445 nm thick ohmic
contact is evaporated on top of the highly dopeGags epitaxial contact layer. The
metallization system used is Ti(30 nm)/Pt(40 nm}@1b nm), where Pt is used to prevent
gold diffusion into the GaAs layer and Ti is an asilon promoter material. The resist mask is
removed in the lift-off process. In the followingep, the mesa (the lateral confinement
region) is realized during the wet chemical etchprgcess with the p-contact acting as a
mask. The residual thickness (the distance fromattiee region to the last epitaxial layer in
the etched -passive- region) is 500 nm. The sotemlemesa provides a good electrical
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confinement without the utilization of additionaietctric barriers outside. The calculated
current spreading [9] is around 5% for a devicehvat 100 um wide stripe and 3% for a
200 um stripe. In the next step, the 450 um thi€Ra\s substrate is polished down to a
thickness of 130 um via mechanical polishing. Hjnathe 250 nm thick n-contact is
evaporated. The metallization system used is Ni&NBAuGe, where the first
Ni(5 nm)/AuGe(110 nm) layer is used to create theic contact while the second layer of
Ni(25 nm)/AuGe(110 nm) is used to mechanically otidste the contact surface. A
schematic drawing of the cross-section of the tps#-laser chip is presented in figure 4.6a.
Such processed laser chips can be easily cleavety alleavage planes ([110]
direction) to any cavity length. The laser faceats meither passivated nor coated. The natural
reflectivity of the GaAs material system for thetiogl fundamental mode is ~ 31%.

4.2.2. Technology of high power broad area singlaretters

The broad area emitters tested in the frame ofwtloik are gain-guided laser diodes

(figure 4.6b). The ion-implantatiori'ide”) of the highly doped p-GaAs semiconductor layer
compensates the predominant doping and transfdmmngdayer characteristics to that of an
isolator. This compensated GaAs as well as dietecurrent barriers (Siy are used to
define the contact window of the devices. The occntandow (60 pm, 100 um and 200 um)
is defined on top of the epitaxial structure to imiize lateral current spreading or pumping of
regions outside the contacts. The electrical contacthe p-side is created by using the
common metallization system of Ti/Pt/Au (445 nmh e n-side, in order to achieve good
ohmic contact, an additional 250 nm thick Ni/AuGmw is utilized between the n-GaAs
substrate and the 300 nm thick metallization (tesgate is polished down to 130 um before
the n-contact is evaporated). For easier wire bandnd soldering to the heat sink the metal
contacts are strengthened by a 3-6 pum thick platelhyer.

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

Next, the processed laser bars on the wafer aagaxe The cleaved facets are cleaned
in vacuum with atomic hydrogen and next passivatdgd ZnSe [10-11]. The passivation
process minimizes defect formation and inhibitduf@ due to catastrophic optical mirror
damage (COMD). The ZnSe layer prevents the oxygerihe dielectric mirrors from
penetrating into the active region and also mingsithe surface recombination processes
being the factors leading to facet degradation. [Bker facets are subsequently coated with
dielectric layers to achieve various reflectivit@sthe front (R and back (B facets. During
this process a pair of THAI,O3 dielectric layers is sputtered, in order to obtaifow
reflection coefficient (on the front facet R 0.1% - 2%). If a high reflection coefficient is
desired, (on the back facet R95%) several pairs of Si/AD; dielectric layers are used.

4.3. Mounting of high power diode lasers

The processed broad area laser chips are mountetioju side down (p-down) on the
CuW submounts for better heat transport [12] usihghard solder medium AuSn (melting
temperature 280°C). QW9 material is used in this step mainly because & &aimilar

coefficient of linear thermal expansiol€TE,,,, =65010°/K) to that of the diode laser
crystal (GaAsCTE,,,.= 6410°/K). This way the laser chip is protected from meaten
stress during its operation (for comparison @IFE., = (L6—-17)[10°/K [13]). Another
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advantage of the CuW material is its high therneaduictivity (180 W/mK) [13, 14], though
still lower than that of pure Cu. The coefficient thermal expansion and the thermal
conductivity of materials for heat spreaders dusitated in figure 4.7.
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Figure 4.7. Coefficient of thermal expansion (CTEY éhermal conductivity of materials used as hpegaders.
The materials of main interest: Cu and CuW are coetpaith GaAs. (Redrawn from [15].)

Subsequently, the laser chip on the CuW submowedt (bpreader) is soldered onto a
commercially available Cu-block heat sink like greo heat sink (c-mount) or a conduction
cooled package (CCP), both depicted in figure H&e, soft solder (PbSn) is used due to its
lower melting temperature (~183°C) in order to mrtvthe hard solder from melting. The
gold wires are bonded to the n-contact employinglaasonic bonding process. More details
about the mounting processes, particularly conogrttie techniques and materials used, are
given in [14]. Figure 4.8 shows the schematic pef a mounted laser chip on a heat-sink.

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

Bond wires Bond wires

Conecting LASER CHIP Conecting
wie O | Ausn[ wire O
solator SUBMOUNT: CuW solator
PbSn

HEAT SINK: Cu

C-mount or CCP

Figure 4.8. The diagram of mounted laser chip o€uaheat-sink. Standard heat-sinks used during laser
characterization: (a) open heat-sink (c-mount) @)aonduction cooled package (CCP).
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5

Measurement techniques and experimental setups faliode laser
characterization

Within this work, diode lasers were generally chtgezed in two steps. First, the
length-dependence measurement of uncoated and wtedolaser chips is performed. Here,

intrinsic parameters like internal loss;, internal efficiency ™, modal gainlg, and
transparency current densifly, are determined. Second, after the previously @xpthlaser
facet coating and laser mounting process, the tisdces are characterized to determine:
a) the external electro-optical parameters likeeshold currentl,, optical power at an

operation currenf_, slope efficiencyS, maximum conversion efficiency. ... and series

op?
resistanceR;;
b) thermal parameters like: characteristic tempeeatl,, T, and thermal resistandg, ;

c) laser beam parameters like: beam propagatidgarfat® and vertical and lateral near-field
and far-field profiles.

5.1. Characterization of uncoated and unmounted las chip

5.1.1. Length-dependence measurement, called ‘Prest’

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

The main assumptions of this experiment are:

- the logarithmic dependence of the material gaithe injected current density:

J
O, = goln[J—J, (5.1.2)
Tr

- the internal lossesa(), and internal efficiency/{*) do not depend on the laser cavity
length.
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multi-QW SLOC structure (C1625-6).

Plotting the inverse differential external efficogrversus cavity length:

11,064 (5.1.2)

”éjxt ,7iSt In l

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

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

3, =3, ex a+ay(L)| (5.1.3)

r-]AZ [[r g
0
neff

where a,, is the resonator length dependent mirror loss knalso as the resonator loss)

(3.3.12). Plotting the natural logarithm of theetkinold current density versus the inverse
cavity length:

1

In=
InJ, =InJ, R (5.1.4)
neff °
wherelnJ (@, =0)=— % +inJ, (5.1.5)
2 T,

eff

and performing a linear fit delivers the transpayenurrent density+J and the modal gain
parameterl g,. The parameted, is an extrapolation of the threshold current dgnigir a
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laser with infinite cavity length. In the experintgtihe threshold current density is normalized
to the threshold current density of the shortesergwith the highest threshold). An example
pre-test result of a 1060 nm laser structure isvehia figure 5.1.

5.2. Characterization of mounted laser devices

5.2.1 Power-Voltage-Current characteristics and optal spectrum

High power diode lasers are generally characterete@d5°C heat-sink temperature

under three operation modes:

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

b) quasi-continuous wave (quasi-CW) operatienthe electrical current source
supplying the electrical power to the laser diogeswitched on for short time
intervals. The ‘switch-on’ time is typically hundi® of pus to several ms long, and
the ‘switch-off’ time is 10 ms to 0.1 s. The dutyete (d-c = pulse duration
(H)*repetition rate (f )) is in the range of a few percent. This leada teduction of

the heating of the active region (figure 5.2). Therent pulse duration (time of
current density injection) is ~ 3A0° longer than the temporal variation of the
carriers (ns) (and photons (ps)) densities indser. Therefore, the laser process is
considered as to be close to the steady statetommsli- the laser is optically in the
state of CW operation. The quasi-CW conditionsldsers tested during this work
are: t =500 usf =20 Hz (50 ms) repetition rate (d-c = 1%).

c) short pulse operatioizero heat’ conditions) — the electrical currensupplied to
the laser diode in a time duration of several heddrof ns. In this work, lasers
were tested under a 300 ns current pulse duratithavl.67 kHz repetition rate,
corresponding to 0.05% duty-cycle. Under such dpeyaconditions, the laser is
optically in the state of CW operation. Howevere ttemperature of the active
region is significantly reduced (figure 5.2). Theegt reduction of the crystal
heating strongly increases the threshold for dandageto overheating. It therefore
enables the operation with high peak output powers.
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From the power-voltage-current (P-U-1) charactesstthe main electro-optical
parameters are determined. The threshold cutgns determined from a Gaussian fit of the

second derivative of the power-current characteri$he slope efficiencys is a ratio of the
optical power to the supplied electrical currermabthreshold in the linear range:

S=—2% (5.2.1)

and is usually determined from the linear fit te #+I characteristic.
From the voltage—current characteristi¢| ) the ‘turn-on voltage’ of the diode,

and the series resistand® are determined. The ‘turn-on voltage’ is deterrdir® an
extrapolation of U(l) measured above the

threshold (in linear range) back to 1 = 0. The 25 renseds (3485,3594)' —%0 10
series resistance is determined by linear fit oo 118
to U(l) above the threshold. 2.0 fW=200um 116 108 ¢
From the power-current P(l) and the o oeonm {14 = N
voltage-current characteristics, the> .t 1190 log 2
dependence of the conversion efficiengy =5 ™ 108 3
. : . . b=
(discussed in chapter 3) on the |nJected% § o
current can be plotted. 5 10r 18 51045
> i S a
= T
ne(l)= P.(1) (5.2.2) 05} ja © 023
() 12
0.0 . o dg 1000

In practice, the measured conversion 0 5 10 15 20
efficiency, presented later on in this work, is Current |, A

actually a wall-plug efficiencynw.p, where

the series resistance of the laser packageFigure 5.3. An example P-V-I characteristic of ghhi
additionally taken into account. Therefore, ~ Power broad area single emitter diode laser
the wall-plug efficiency is smaller than the ~ (W=200um.  L=4000um,  CW - operation
conversion efficiency. modg).

Thermal resistance measurement

The thermal resistance,RK/W] of a laser diode, defined in chapter 3, isasured in
the following way.

First, the measurement of the temperature depead&nbe photoluminescence peak
energy is performed. This measurement deliverstibamal band-gap shrinkage parameter
dEg/dT. This is a characteristic parameter for the aatgeon material. For structures based

_dE; meV . .
on the InGaAs matenalF:—O.S « [3]. This relation can also be presented as a
function of the wavelength:
dA AY [nm
dT Lm K

(from a fit to an experimental set of daid /AT = f(/1 (Tref )))
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Second, the optical spectrum is measured as aidanct increasing electrical power
(1 TU) at a fixed heat-sink temperature of 298 K. Th&ing wavelength shifdA plotted
versus the wasted powéy,, .. typically exhibits a linear behavior, from whichcaefficient

AATAP can be determined. Converting the wavelength ahantp a temperature rise

waste
using thedA/dT relation (eq. 5.2.4), the thermal resistance efléiser chip together with the
mounting package (when characterized in the C\Whrepis estimated.

Characteristic temperatures To and T

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

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

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

The diode laser is driven by the current source Lightwave LDX-3690 from 0 to a
maximum of 120 A with a minimum step of 0.1 A in C@/ quasi-CW mode. The pulse
duration (quasi-CW mode) can be adjusted from 4t d$ ms with a duty cycles from 0.1%
to 20%. The inaccuracy of the applied current aldoyeis less then 5%.

In order to measure the optical power, the lasgruidight is collected in two ways.

1. Testing the diode laser under CW mode, the lasam is directly collected by laser power
meter (a thermopile). There are two thermopilessea: Gentec UP19K-15S-WS5 for detection
of a maximum optical power of 15 W (noise level Wim) and Gentec UP25N-300W-H9-D0O
for measurements of optical power up to 300 W @tesel 3 mW). The latter device is water
cooled. The diameters of the active areas are 17amhi25 mm diameter, respectively. Due
to the large diameter, the laser beam does not ttabe collimated. The spectral range is
0.19 — 10 um. The output power is obtained in Wadlitectly from the Gentec-SOLO
monitor. Both power meters are calibrated to + 2dg%ational standards.

2. Testing the diode laser under quasi-CW mode, ldlser output is collected with an
integrating sphere (Ulbrichtkugel S19-OPT-04 SL-C\M}, where it is scattered by a highly
reflective diffuse surface. This spatially integtlaser light is collected by an InGaAs
photodetector (Newport 818-SL). The signal from teotodiode is transferred via the
optical power meter Newport Model 1830-C that works a photocurrent-to-voltage
converter (this element provides a linear respamse wide range of the photocurrent). The
voltage signal (., ) is registered with the oscilloscope (Tektronix SB045). To find the

corresponding value in Watts of the laser outputgro(P, ), the laser is tested in CW mode

at a low current range where the power-currentagtaristic is linear. Next, via linear fitting
of the voltage signal from the photodetector to tiptical signal from the thermopile, a
parameter ¢ ) with the unit W/V is found. Finally, the measureder output is presented as

PIW] = f[W/V]IU,,[V]. The measurement inaccuracy is enclosed in a r@gingj®%.
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Figure 5.4. Experimental setup for diode lasersatttarization (PUI characteristics, optical specirimquasi-
CW and CW operation mode.

In order to measure the optical spectrum, the ligjklirected into the integrated sphere
first and then collected by an optical multimodeefi (62.5 um) and registered by means of
the optical spectrum analyzer (Option 1: Hewlettkdad 70951A, spectral range 600 nm —
1700 nm, minimum resolution 0.08 nm. Option 2. Qreédptics HR4000 (HR4C2337),
spectral range 950 nm — 1090 nm, minimum resol@iéA°nm).

The measurement of the voltage over a diode lasedone by means of the
oscilloscope (during quasi-CW operation) or by theltimeter Keithley 2000 (during CW
operation).

The actual temperature of the laser mount is medsoy means of the thermoelectric
sensor PT100 and controlled by the temperatureraart Newport Model 3150. The
temperature of the laser heat-sink can be reduoeah do 15°C and heated up to 80°C by
means of a Peltier element. Additionally, for maficient heat removal from the laser
mount, the device is placed on a water cooled $aiader.

All of the electronic test equipment is controllegda PC.
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5.2.1.2. Experimental setup for diode laser charaetization under short pulse operation
mode. Measurements of power-voltage-current charaetistics and optical
spectrum

COMPUTER

[ I
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Fommmnnaad PHOTODETECTOR

LASER POWER METER:
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INTEGRATING
SPHERE

WATER COOLING
SYSTEM [)

OPTICAL SPECTRUM
ANALYTER

Figure 5.5. Experimental setup for mounted diodena characterization (PUI characteristics, opspaictrum)
in short current pulses operation mode.

The diode laser in series with &1lresistor is driven by the voltage pulser (AVTECH
AVOZ-A3-B) from 0V to a maximum of 110 V with a mimum step of 0.1 mV. The @
resistor is required for the measurement of thewuturrent ( ) that is related to the output
voltage U ) and the diode forward voltage drdg () throughl = (U —UD)/]Q . The voltage

drop over the diode itself and the combinationhaf diode with the Q resistor in series is
registered by the oscilloscope (Tektronix TDS 7BIDMHz, 2GS/s). The electrical circuit is
optimized to reduce the stray capacitance andahd impedance mismatch. However, the
waveforms still show ringing. There is a plateagioa of the waveform usable to perform
reliable measurements (see figure 5.6). AVTECH ag#t pulser offers pulse widths from
50 ns to 2 ps with 30 ns rise time and a maximypetiton rate of 20 kHz.

49.3mv

C2 Mean |
-5.272v

Figure 5.6. An oscilloscope record of the wavefohs
j the voltage drop on a diode laser (orange), diode
€1 +width | laser with 1Q resistor in series (green) and the
, e e ot laser light signal from the photodetector (white).
T T W e )| The vertical white lines represent the plateau
I s range in which measurements are performed.

C3 Mean
-1.480V

T . mET Y 0 ee——
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The laser output signal can be detected in twosw&yrst, by using the integration
sphere and the high speed PIN InGaAs photodetelter light waveform in a plateau region
is registered with the oscilloscope (presentedguaré 5.6). The electrical signal is converted
to optical power using a similar calibration praxz@s described above in chapter 5.2.1.1. The
second method is the direct laser light detectgingia high sensitive laser power meter with
an absorptive filter (Gentec XLP12F-1S-H2). It isharmopile that offers (together with the
absorptive filter) a measurement in the spectragezof 0.28 — 1.36 um. The device measures
the average optical power signals from 1 pyW to ZWWe geometry of the active area allows
for power-loss-free detection (without previous rneeollimation) of a laser beam with a
maximum divergence angle of 46° (95% optical powél3ing the absorptive filter the
thermal drift is reduced to 6 pW/°C, leading to egligible background noise level. The
calibration uncertainty i 2.5%. This device has a response time of 2.5 g;hmmeans it
integrates the average power over many pulsesp&ak power is calculated by dividing the
measured average power by the duty cycle.

The optical spectrum is measured simultaneousty Wie PUI characteristic. The
spectral intensity distribution is measured inshee way as described in chapter 5.2.1.1.

All electronic test equipments, except the powetemere remotely controlled by a
PC.

5.2.2. Measurement of the spontaneous emission frdime waveguide

This measurement method is used to assess theviasieal carrier confinement and
the loss factor to the maximum optical power. Dgrihe laser operation, especially at high
carrier injection levels, as well as at high tenaperes, vertical carrier leakage into the
waveguides or/and cladding layers may occur. Theecta accumulate and recombine in the
confinement layers, being a loss to the output powe long as the waveguide or cladding
layers are direct materials, the recombination @secresults in spontaneous radiative
emission at a wavelength related to the directggngap of the particular bulk epitaxial-layer.
Furthermore, the spontaneous emission light isectdd with a fiber and the wavelength is
registered by an optical spectrum analyzer.

5.2.2.1. Experimental setup for collection of spoaheous emission of light

Spontaneous
emission

Optical fiber
Figure 5.7The principle of th
Stimulated spontaneous emission i
emission collection.

The laser diode is placed on the holder describethapter 5.2.1.1, or -2 in order to be
tested under short pulse as well as (quasi-)CW abpar mode and also at various
temperatures. The spontaneous emission is collégtedbare optical fiber fixed on a six axis
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translation stage, which allows precise adjustnuénts position. The fiber is placed in the
vicinity of the laser facet and is aligned at atimmpm angle greater than the laser emission
angle (~45°). Such fiber adjustment allows for ediion of the spontaneous emission
component alone and examination of its changes iwdfeasing current or temperature. The
optical signal is transferred to a spectrometere@dcOptics HR2000, HR4000).

This method only gives the relative changes imp@eous emission intensity and is
not a quantitative method.

5.3. Characterization of the laser beam (mounted d&ces)

An ideal laser beam takes the form of a Gaussiamb&he Gaussian beam travelling
in the space in the -direction has the following properties:

X A
I :y W)
4

r=W(2)

Figure 5.8. Gaussian beam radius.

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

1(r,z)= I{%Texp{—wz%(zz)] andr :\/XZTyZ, (5.3.1)

where r is the radial coordinator ang, y are Cartesian coordinates, lying in the
transverse planéd, at z= 0 denotes the beam radius of the beam waist\&{z)
denotes the beam radius at a distancd’he beam exhibits its maximum intenslty

in the center of the bearfr =0,z=0). The peak value lies on the beam axis and

decreases with increasing distance from this aWkile propagating in the z-
direction, the beam intensity drops gradually wititreasing z. The maximum
intensity drops ta0.51, at the distance of = z,.

2. The total optical power carried by the beamnidependent of the distance z and
equals:

P :% 1o () (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 17gis approximately 86% of the total power.
. The beam radius increases with the distaness:

Tl
4A

W(2) =W, 1+[é} Jand z, = , (5.3.3)

where z, is a Rayleigh length which represents the distdraom@ the beam waist in
which the beam radius is increased by a facto/®f The termd, denotes the beam
diameter at the beam waist,(= 2W,) and A the wavelength.

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

o

o _ 44

@=-0="1
z, 7,

(5.3.4)

The beam divergence is directly proportional to thavelength and inversely
proportional to the beam-waist diameter. The bighgerbeam waist the weaker is the
beam divergence.

. The focus depth is twice the Rayleigh length

_ 27N
A

2z, (5.3.5)

and is proportional to the area of the beam atdtist and inversely proportional to the
wavelength.

. The wavefronts are approximately planar at #nbwaistR(z=0) = (near-field).

Their curvature decreases with the distaacéo reach its minimum value dz, at

z=12, and slowly increases again so that in the faadist >> z,) the wavefronts
become approximately spherical (far-field).

The real laser beam is not an ideal Gaussian beanthas its spatial quality is often

quantified via the diffraction parametéf ®. This parameter says how the laser beam, under

test, compares to a purely Gaussian beam for wiiéhtakes a value of 1. A beam of higher
order or beam of mixed modes often exhibits a lafgeam waist and/or has a faster
divergence. Therefore, it holds:

o=m21 (5.3.6)
,

Here, © represents the full divergence angle. The re@rlasam has aM? value greater

than 1.M? is also called Times-Diffraction-Limit-Factor. Téwit gives information about
the spot-size of a focused beam. The ideal beanenvibcused, has the minimum spot
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diameter @W,), while a focused real beam has a spot willth times larger than expected
for a Gaussian beam. Moreover, the energy inteisity* times less than for an ideal beam.

The diode laser, due to its asymmetric light emissarea, produces a beam with a
simple astigmatism [4] (or orthogonal astigmati@tne[5]). Such a beam exhibits different
divergence angles, different beam waist thicknessesvell as different beam waist positions
in two transverse planes on the propagation axso (ealled longitudinal astigmatism [5]).
The evolution of the beam along these two planekestribed independently. Therefore, by
the diode laser characterization, all beam parasmeatan be determined independently in
both, lateral and vertical, planes. It should dsonoted, that in the broad area diode lasers
both transverse planes describing a Gaussian @volptoduce the waist at the same plane,
namely at the laser facet.

5.3.1. Measurement techniques

During beam characterization of a broad-area dileder, two beam parameters are
measured:
- the width of the beam waist (near field (NF))tire laterald,, (LNF) and in the

vertical d,, (VNF) directions;
- the beam divergence in the far-field (FF) in thteral ©, (LFF) and in the vertical
O, (VFF) directions.

With these two values the diffraction parametéf can be calculated from eq. (5.3.6).
The beam widthz, for broad area lasers is placed at the emittisgrléacet ¢, = 0.

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

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

X
Vertical

0 2,
Optical axis

DL

Lateral

PD+Slit

-90° Figure 5.9. Principle of the vertical far-field nseaement
by means of a goniometer. (View from the side.)
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A photodiode with a rectangular slits(d 100 pum) is placed on a motorized rotating
arm (a goniometer). The output of the laser digdelaced exactly in the central point (0,0,0)
of the circle (5 cm radius) drawn by the movinged&dr. The rotation takes place in the XZ
plane (perpendicular to the laser epitaxial stmgctx). The maximum angle of rotation is
180°. The measurement of the beam intensity prifitealized in 300 measurement steps.

The angle is measured with the resoluttd® that is given by the ratio between the
slit thickness and its distance from the lasertf&ce

NG, = O'Séds (in radian) and equals 0.057°. This leads to asomegnent uncertainty of less

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

_ measuremdranglerange
AO, =

300steps

range (180°) this leads to a minimal measuremeatigion of 0.6°. For a measurement angle
range of e.g. 30° the precision increases to 0.AKD, a
misalignment of the laser facet from the centrahpof the
measurement path (in figure 5.9 (0,0,0) point) $e&al a

deviation from the real angle value. The error die i
depends on the misalignment on tlzedirection AR,: I —
v z

AOS:@%. Measurement of a real divergence angle

(in deg.) and in the case of maximum measuremagiea

© =10° with a misalignment of the laser AR, =1 mm
leads to an error of 0.2° that corresponds to eor ef 2%
(misalignment onx leads to a deformation of the detectiqfy,re 5.10. Schematic presentation
path in relation with the beam divergence angle aid of the misalignment on the
result in an asymmetric far-field profile). The abt optical axis.

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

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

A

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

Measurement of the lateral near-field.

Figure 5.11 presents the optical bench used fonteasurement of the lateral near-
field distribution. Two optical lenses are placedtbe optical axis z, between the laser facet
and the photodetector. In order to transform thardfield (beam waist) onto the
photodetector a telescope is built consisting oagpheric lens L with an aperture NA= 0.5
(Thorlabs C240T-B with special coating) and a facgslens L. The focal lengths are
f1 = 8 mm and £= 500 mm, respectively. The magnification of teke$cope corresponds to:

2 ~625 (5.3.7)

m=-2
fy

and is later subtracted during the measuremenp satibration process.
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Figure 5.11. The optical bench for the measureroktite lateral beam profiles. Propagation of lights through
the lens system gland L) for the near-field imaging is depicted. (Viewrndhe top.)

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

ANF = 061032 (5.3.8)
NA

The spatial resolution of the near-field dependsttom wavelength and is in the range of
1.16 um to 1.25 um for wavelengths of 1050 nm t801dm, respectively. It leads to a
measurement uncertainty of 1.16 % for a 100 pmdewaitter emitting at the wavelength of
1050 nm.

Measurement of the lateral far-field angle.

When a laser beam profile in the far-field is clotggized, an additional focusing lens is
placed on the optical axis, as shown in figure 5Tle lens is placed in the far-field of the
beam (with its beam waist on the detector) at aidolength of §=400 mm. The lens
performs a Fourier transform of the beam divergeargge © in the observation ‘point’ y on
the detector, which has a 10 um wide slit (the pthetector with a slit moves in the plane

YZ). The divergence angle is then calculated@asfl and the resolution i4® =0.001°.

3
The measurement uncertainty is less than 1%.

The aspheric lens aperture of NA = 0.5 correspaoads full acceptance angle of 60°.
Following the 1ISO standards, the measurement rahgeld be three times the beam walist
(for which the intensity drops by factor 3yeThus, the maximum divergence angle that can
be measured with this measurement setu,js = 20°.

The uncertainty of the beam propagation fadibf (lateral) is calculated using the law of
error propagation (the “root-sum-of-squares” mejtentt results in an uncertainty of 0.6%.
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6

Basic features of the SLOC design — simulation refis

6.1. Introduction

In this chapter, the results of the one dimensisiraulations of the basic features of
the SLOC design are presented. The simulationsecorec variation of the near- and far-field
profiles as well as the optical confinement facdod equivalent vertical spot-size with the
optical cavity width, and the refractive index stdghe waveguide-cladding interface, as well
as the QW-waveguide interface. Moreover, the nundfenigher modes is presented as a
function of the waveguide widths and the refractivdex step at the waveguide-cladding
interface. The methods of higher order modes sgge are also discussed. The calculations
are performed using the QIP software for each siracdeveloped during the work. The
results presented here consider the B1110-3 dédmuble-QW, GaAs-WG, Akb{Ga 7sAs-
CL) that is properly modified to show the principdé the large optical cavity design. The
emission wavelength considered during the calaratis 1120 nm. This work is focused on
the reduction of the divergence angle of the ldssm. Therefore, the main subject of the
study is the optical mode distribution and its @o@fent in the vertical cavity.

6.2. The optical cavity size and the optical modestribution

Waveguides for which the thickness is varied fraB©m to 10 um are considered. A
double, triple or quadruple QW (DQW, TQW or QQWi/tiee region is enclosed in the
middle of the optical waveguide. The waveguide nsbedded between ‘infinitely’ thick
cladding layers. By ‘infinitely’ thick claddings enunderstands a thickness for which the
distribution of the optical mode is independenttled cladding thickness. In this case, the
cladding layer thickness is set to 2 pum on botksiof the waveguide. The substrate and the

p-contact layers are not taken into consideratibme TE mode intensity~(|E(x)|2) is

obtained by solving theeal waveguide equation. The vertical far-field profileobtained
from the Fourier transform of the electrical fieddstribution and is usually described by
several parameters: (1) the angle at the full wadthalf maximum intensity (FWHM), (2) the
full angle at 1/& optical intensity drop, and (3) the angle cont@in®5% of the optical power
(95% power content), see figure 6.1.
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Figure 6.1. (a) Calculated vertical far-field witidicated full angles: at FWHM, at £/and an angle containing
95% of optical power. (b) Integral of the vertifai-field profile indicating the full angle containy 95%

of the optical power.

Figure 6.2 shows how the optical mode distributésrd the corresponding vertical
beam profiles change with increasing thicknesfiefwwaveguide. The important result here is
that widening the optical cavity (waveguide) chantfee optical mode profile and also leads
to its wider distribution. The wide optical modesttibution (e.g. for WG =5 um) further
results in small divergence angle of the beam. m@ucalculations, the refractive index step at
the cladding-waveguide interface remains unchangkd.active region is placed at position
x = 0. The ‘real’ waveguide equation is solved.
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The simulations pointed out a new aspect: the muadile in the waveguide is
strongly influenced by the refractive index of ttladdings when the waveguidenarrow.
On the contrary in extremelyide waveguides the mode profile is dominated by theigg
of the multi-QW-active region. For waveguides tckhan 3 um the claddings have no
influence on the mode profile, see figure 6.3. Fega.4 illustrates the dependence of the
confinement factor and the vertical divergence argt the waveguide thickness, with the
refractive index step at the active region-waveguitterface being the parameter (in the
calculations the refractive index step at the waidgrcladding interface is constant; the
active region design was unchanged). The calcustshow, that independent from the
waveguide thickness, an increase of the refradtislex step at the active region-waveguide
interface results in a higher confinement of thaogh mode in the active region and a higher
vertical divergence angle. The changes are cldarlge seen for waveguides thicker than
3 um. Moreover, the higher the refractive indexthef active region, compared to that of the
waveguide, the more difficult it is to change thical mode profile and its overlap with the
active region by widening the waveguide layers. €lasting, the multi-QW-active region
shows guiding properties for any waveguide thickndéisat, however, start to dominate for
waveguides thicker than 3 pum.
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Figure 6.3. The dependence of the confinement fdctand the vertical divergence angle on the waveguide
thickness for different refractive index steps (etating with Al content) at the cladding-waveguide
interface. ‘0’ denotes GaAs-waveguide, ‘10’, ‘290’ denote 10%, 25% and 40% Al content in n- and p
doped claddings, respectively. Calculations perémtiiny means of the QIP software.
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Figure 6.5. (a) Refractive index and optical matigtribution for a structure based on 7 um thickA&a
waveguide. (b) Refractive index and optical modstrifiution for a structure based on 7 um thick
Al 1£Gay gsAs-waveguide. (c) Corresponding far-field profil@$he insets of figures (a, b) zooms in on
multi-QW active regions utilizing 50 nm-thick GaAsarriers and demonstrate the difference in the
designs causing a widening of the divergence aofgiee laser beam.

The increment of the Al content in the waveguide@ates with the reduction of the
refractive index of that layer (chapter 3.2). Rigitthe refractive index distribution of such
structures (see the insets of figure 6.5) one aditenthat, due to the ‘high’-refractive index
of the GaAs barriers, the multi-QW active regiomsaas a ‘second waveguide’ resulting in a
stronger confinement of the optical mode and asrsequence a wider divergence angle of
the laser beam. As an example, an increment oAthmontent in a 7 um thick waveguide
from 0% (GaAs) up to 15%, while the refractive irdstep at the cladding-waveguide
interface remains the same, leads to an increnfetiteobeam divergence angle at FWHM

from ©MM™=11.3° to ©™=21.6°, and at 1feintensity drop from ©®=19.1° to
©)®=43.4° and the angle containing 95% optical powereases fromey*=19.4 to

O = 55.2 (illustrated in figure 6.5c).

In the above discussed designs (e.g. the strupteseented in figure 6.5b), widening
the thickness of the GaAs barrier and increasiegitimber of QWs or QW thickness leads to
stronger mode confinement in the high-refractivevacregion. As a result, the divergence
angle of laser beam becomes wider (see figure G)6-6
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Figure 6.6. Calculated vertical divergence angle of
the laser beam versus the thickness of the
GaAs-barrier. The inset shows the subsequent
changes in confinement factbr (Calculated
structure: TQW active region embedded in
7 um thick A} 1:GagAs waveguide and
Al 26Gay 75As claddings.)
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For the first time it is presented that the strapgical mode confinement in SLOC
structures utilizing multi-QW gain regions can beakened by using GaAsP quantum
barriers instead of GaAs-barriers [1]. The GaAsPene is characterized by a lower
refractive index than GaAs (chapter 3.2). The rtiva index of the barrier decreases
subsequently, with an increasing content of phogphatoms in the GagR,., layer.
Furthermore, the low-index barrier reduces the laghrage refractive index of the active
regiort. As a result, the mode confinement is lower, th@lenexpands wider in the cavity
and the divergence angle of the beam is reducepliré-i6.8 shows the reduction of the
divergence angle of the laser beam with increapimgsphorus content in the GaAB, -
barriers.

In contrast to structures based on an active regitnGaAs barriers, the vertical far-
field angle can also be reduced by widening the €PaBarriers thickness. However, this only
happens when the refractive index of the quantummidra is lower than the refractive index
of the AkGa.,As waveguide layers (figure 6.9).

* The MQW-active region can be approximated with aarage refractive index when the intensity of the
electrical field in the active region is assumedb¢oconstant. The active region is optically homegeis when
the thickness of wells and barriers is much smétlen the laser wavelength.

The averaged refractive index of the MQW activeangs calculated agy = /z ni2 (e, /z d. , where n and
i i

d are the refractive index and the thickness, sy, of the i-layer in the active region [2].
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Figure 6.9 (a) Calculated confinement factorand (b) vertical divergence angles of the lasanbas a function
of the phosphorus content in the Gaf% quantum barriers and the thickness of the quantarriels.
Calculations performed for structure based on 9thick Aly.GaygAs waveguide embedded in
Alo:Ga 7/As claddings (30/20/30). The graphs on the rightdhside of figure (a) zoom in on the multi-
QW refractive index profile.

Due to the lattice mismatch between GaAs subsaateGaAsP barriers, which increases
with increasing content of phosphorus atoms, tiektless of quantum barriers is limited to
the so-called critical thickness. Utilizing thickBaAsP layers with a high phosphorus content
leads to crystal defects. The critical thicknesghef barrier for the discussed active region
varies from 78 nm for 10% phosphorus content tont® for layers containing 50% of
phosphorus. However, in practice the thicknessvenesmaller. The critical thickness is
calculated using a double-kink Matthews-Blakestdaxation mechanism [2].

6.3. Confinement factorl” and equivalent vertical spot-size

In the structures with thin waveguides, the optitalde is strongly confined in the
active region by the cladding layers. Widening tpgical cavity leads to a wider optical
mode distribution and its lower overlap with théiae region (the electrical field intensity in
the active region is reduced, see figure e.g. 1&4)a result, the confinement factbr is
reduced.

Structures with a low confinement factor exhibitgka equivalent vertical spot-sizes
(d/T")* - the internal optical power is distributed ovdaayer area with lower electrical field
intensity within the active region. This featurevirs the risk of catastrophic optical damage
in the active region as well as the optical loadtbe facet and results in an increased
threshold of the mirror damage (COMD), equation3.(®). Figure 6.10 shows the

* Assuming constant electric field amplitude in theantum well (gw), one can write the vertical confinement

factor (A2.10) in a quantum well in the form:
+dQW/2

r=] G ax ) TIEC ax= (Eqnf )/ TIEC dx
-dQw;/2 —c0 o
where ¢w- denotes the QW thickness. Further the equivaleriical spot-size can be presented as

+mE x) dx
Aoy _ﬂ (x)

B

showing the dependence on the electrical fielchsitg in the active region.
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and Al ,sGa 74As cladding layers.

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

On the other hand, a low confinement factor leadsldw modal gain (see
equation (3.3.11)) and as a result the threshotdeot density is increased (see equation
(3.3.19)). In order to raise the modal gain anddowhe threshold (per quantum well), a
higher number of quantum wells can be utilizeduffey6.10a).

It is interesting to note that for structures bagednarrow’ waveguides (0.2 umto 2.5
pum), an increment of the quantum well number ineesahe confinement factor. However,
the distribution and intensity of the electricatléi remains nearly unchanged and thus the
equivalent vertical spot-size is the same sizebfuth structures DQW and QQW (here, the
active region does not influence the optical modsile confined in the optical cavity, theme
discussed in chapter 6.2.). On the contrary, uctiires based on SLOC-waveguides (thicker
than 3 pm) the MQW:-active region, due to its waveigg character, confines the optical
mode stronger when the number of QWs is increastb@ distribution of the electrical field
is changed and the electrical field intensity ia #ttive region is increased (see figure 6.10).
Therefore, the spot-size is smaller for QQW strieguthan for the DQW leading to higher
internal optical power in the active region.

Another positive feature of the SLOC design is timathe structures based on wide
waveguide layers, a smaller fraction of the fundataeoptical mode overlaps with the highly
doped cladding layers (figure 6.11). This resultdower free-carrier absorption and further
lower modal loss (see equation (3.3.15)).
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Figure 6.12. Number of guided (TE) modes versus
waveguide thickness for a QQW (solid line)
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Calculation performed for 2 um thick cladding
layers. Theeal waveguide equation is solved

Figure 6.13. The number of excited vertical modes
in the GaAs-waveguide versus the Al content
in the ALGa,As claddings (lower Al content
lowers the refractive index of the Ma_As
material). Additionally, the thickness of the
GaAs waveguide is varied. (Calculation
performed for 2 um thick cladding layers.
Thereal waveguide equation is solved.)

A large optical cavity allows for the existence ligher order vertical modes.
Figure 6.12 shows a number of possible TE modesugewaveguide thicknesses (highly
compressive strained quantum wells are considefidad.number of higher order modes can
be reduced by a reduction of the refractive indexp st the waveguide-cladding interface
correlating with a reduction of Al content in thé,&a.,As material, see figure 6.13. It is
sufficient to do that on one side of the waveguwdgy. During this work symmetric — in Al-
mole fraction — AlGaAs claddings are considered in order to ensure ttl@atmaximum
intensity of the mode overlaps with the active oegior maximum gain.
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6.5. Discrimination of higher order modes

The excited higher modes result in a broadenindp®fiaser beam pattern. This effect
is disadvantageous because e.g. it reduces thdirgpw@ificiency between the laser and an
optical fiber of a small numerical aperture.

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

Gain discrimination of higher order vertical modes.
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| —— " mode DQW 1120 nm I I mode
—— 1" mode nd
L L —— I mode
3.6 I”rd mode 3.6 ”lrd mode
< <
3 35
£ 351 £
() L 0}
= =
§aer g
g L l 5
\/
32 " 1 " 1 " 1
-1 0 1 2

Position, pm Position, um

Figure 6.14. The refractive index and the modeile®f (a) a symmetric and (b) an asymmetric sugeaye
optical cavity design.

Each mode starts to propagate in the cavity whenthiheshold condition for the
particular mode is satisfied (see equation (3.3.k®rase of symmetric waveguides (where
the active region is placed in the centre of thevegaide), only the even modes are
suppressed because they have a node at the aetjym rand do not reach the threshold
(figure 6.14a). However, the odd modes have a bagtiinement factor and their appearance
during laser operation is very likely.

By adjusting the quantum well position (shiftingrbm the centre) within the vertical
cavity in a way that only the fundamental mode &dsgh confinement factor (the smallest
threshold) and all other modes overlap much weaktr the active region, the successful
discrimination of higher modes can be achievedu(gg6.14b). However, this method
becomes challenging when a cavity comprises margeso

Loss discrimination of higher order vertical modes.

The loss discrimination mechanism applied to thecstires discussed in this work is
based on the radiation of the waveguide modestiv@substrate. Each mode has a particular
value of the effective propagation index. The fundatal mode has the highest effective
index. The modes with an effective propagation xndsver than the refractive index of the
substrate layer leaks into the substrate, wheegpbnentially decays if optical absorption is
present. If there is no absorption of the lighg dptical mode will propagate sinusoidally, as
illustrated in figure 4.16. Changing the thickne$she n-type cladding layer the strength of
the propagation loss of a mode is varied. Figules 6llustrates propagation losses of the
fundamental and the second order mode versus diotadhickness in structure based on
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Figure 6.15. (a) The refractive index profile ahe effective index of the fundamental and the séamnaler
mode. (b) The propagation loss of the fundamemnéal (ine) and the second order mode (blue lineg Th
free-carrier absorption losses depending on thindare considered. Tlowmplexwaveguide equation is
solved. (Simulated structure: 1120 nm QQW, 5 urckidaAs waveguide, AbGa 75As cladding layers,
GaAs substrate and p-contact layer.)

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

is constant and equa10® cm®. In the case of some GaAs waveguide designs (démen
on e.g. the wavelength, waveguide thickness andindagprofile), the effective propagation
index of the fundamental mode is higher than tHeacéive index of the substrate. In this
case, there is no radiation loss for that modethadropagation loss remains at the level of
the absorption loss depending mainly on the dofawuegl in the waveguide (eq. 3.3.15).

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

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

layer located next to the highly dope@@0“ cm®) GaAs-contact layer. For the GaAs
waveguide design, this layer has basically no erfee on the fundamental mode propagation
loss (a higher doping level leads to a lower reivacindex) while providing stronger free-
carrier absorption loss for higher order modes @@.6). For designs based on AlGaAs
waveguides, one has to choose the p-cladding ldoyekness carefully so that there is a
minimum loss for the fundamental mode and a higticaploss (radiation and free-carrier
absorption loss) for all higher modes.
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Assessment of the limits to the maximum optical poer of the
1100 nm SLOC design

7.1. Introduction

Structures utilizing large waveguides (SLOC) hawve main positive features. First,
light emission is enclosed in a narrow verticaledgence angle. Second, due to the wide
optical mode distribution (wide near-field), theét load is reduced - leading to an increased
threshold of the facet damage (COMD). Consequetitly design has the potential to deliver
high optical output power before the failure occui$is chapter is focused on the
investigation of factors, other than COMD and devawerheating, that limit the maximum
output power of the diode lasers based on the h®@nulti-QW SLOC design. The studied
design utilizes a 3.4 um thick GaAs waveguide tkatilts in narrow divergence angle of ~
20° (at FWHM) and ~ 30° (95% power content). It geown, via simulations and
experimentally, that one of the factors reducing ffeak optical power is weak carrier
confinement in the active region leading to vettearier leakage and carrier accumulation in
the p-doped waveguide. The reason for the vertiagier leakage is a low effective barrier
between the quantum well and the GaAs-waveguids.dhown that an increased number of
quantum wells strengthens the carrier confinementhe active region and thus a higher
maximum optical power can be achieved.

7.2. Investigated SLOC designs

Number GaAs_ Confinement Vertical divergence angle
Structure | o o\yg | Wwaveguide | T (measured at | = 10 A)
thickness, um ’ FWHM | 95% power content
A1459-3 2 3.4 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 A145%8 A1457-3. (Confinement factor calculated with (-
field angles of coated 4 mm x 100 um laser diodesewneasured at 10 A, quasi-CW, 25°C.)

The discussion concerns two SLOC laser diode desigmed A1459-3 and A1457-3.
The multi-QW active region in both designs is endstlin a symmetric 3.4 um thick GaAs
waveguide that is enclosed in n- and p-dopeshbsa 75As claddings (each 400 nm thick).
The top layer of the epitaxial structures is a hf0thick p-GaAs contact layer. The discussed
designs differ in the number ofBa-xAs quantum wells. Double quantum well (DQW) and
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Figure 7.1. The calculated and measured verticdidlt (a) and near-field (b) of a A1459-3 desigounted as
4 mm long, 100 um wide laser chip on c-mount. Thatiapresolution of the near-field measurement is
~1.22 um, thus the experimental near-field profdewider than the calculated one. Measurement
conditions: 1=10 A (500 us pulse duration, 20 Hzetition rate) at a temperature of 25°C.

quadruple quantum well (QQW) active regions arkzeti by the A1459-3 and the A1457-3
designs, respectively. The thickness and the Inposition of the quantum wells are 7 nm
and x=0.29, respectively, resulting in a compressioraist of ~-2.1%. The emission

wavelength is around 1100 nm. For the DQW strustuae100 nm thick GaAs barrier was
chosen, while in the QQW design, the quantum waakés separated with 50 nm thick GaAs
barriers. The main features of both designs arepdech in table 7.1. The energy band
profiles and the refractive index distribution @itaxial structures A1459-3 and A1457-3 are
presented in appendix 1.

The discussed structures have been designed tdigimiinto a vertical far-field angle
below 20° at FWHM. The divergence angles of botkigies differ slightly, i.e. 18.5° and
19.3° far-field angles were measured for A1459-8 Aa457-3, respectively. The difference
in the beam divergence results from the differamnber of quantum wells utilized as the
active region. The optical mode in the structuigzing the QQW active region is stronger
confined resulting in a wider beam divergence. Teeparison of the calculated and
measured far-fields is presented in figure 7.1.

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

The power-current characteristic of a 100 pm-widgle emitter with a cavity length of
4 mm from the A1459-3 design was investigated omocint under various pulse durations in
order to asses the possible maximum optical powée laser facets have been first
passivated in order to increase the mirror damhageshold (COMD) and then the front and
the back facets have been coated with refleciviaie®% and 95%, respectively. The optical
power under CW condition was limited to 7 W duehe thermal rollover — overheating of
the active region. The temperature rise of therlasgstal occurs upon passing current
through a laser chip because of the electricalstaste of the epitaxial layers and the
contacts. This heating process leads to thermakcae-escape from the active region and an
increase of the non-radiative recombination pracésss also leads to a higher threshold
current and a lower differential efficiency and abserved as ‘rolling’ power-current
characteristic. Reducing the time of the curremtvfthrough the laser-diode (shorter current-
pulse duration) also reduces the transient actayerltemperature (figure 6.2) leading to
improved laser performance and thus higher maximaptical power (figure 7.2). The
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Figure 7.2. The increase of the optical power wlith t Figure 7.3. The comparison of calculated (solid blac

reduction of the current pulse duration from line) and measured (red symbols) under ‘zero-
CW to 300 ns at heat-sink temperature of 25°C. heat' condition power-current characteristics.
The inset presents a spectrum at quasi-CW The calculated U-I characteristic corresponds
current of 4 A. Sample A1459-3. to the voltage drop over the epitaxial structure

without substrate.

measured thermal resistance of the A1459-3 laseted{4 mm x 100 um) at 300 ns current
pulse duration is R=0.021 K/W, which corresponds to 5 K active regimverheating at
100 A. Under a 300 ns current pulse duration (8:805%) test, the maximum optical power
of the sample has been increased to 57 W (at 10@vAich corresponds to 38 MW/ém
optical density at the laser facet (calculated gistg. (3.3.39)). Nevertheless, despite the
strong reduction of the internal heating the dieahibits non-linearity in the power-current
characteristic at high current amplitudes.

By means of the WIAS-TeSCA software (see appendixhé simulations of the
electro-optical laser performance have been peddrmithout considering thermal effects
(fixed temperature at 25°C). The calculated powerent characteristic follows the
nonlinearity in the experimental power-current eéeristic (figure 7.3). Moreover, the
performed calculations of the vertical carrier wlgition at various current levels (various
applied electrical fields) have shown a verticalriea leakage and the accumulation of the
minority carriers in the p-doped waveguide (figufetl.b), indicating the reason of the
deterioration of the laser diode performance.

During the electrical pumping of the laser struetuthe injected carriers are
transported by drift and diffusion via consecutlualk layers in the direction of the active
region where they should be captured and nextgyaate in the stimulated emission process.
The drift-diffusion process is initiated by applgimn electrical voltage. The energy bands
(conduction and valence) bend if an electricaldfied applied and the effective barrier (the
difference between the electron Fermi level indbgve region and the conduction band edge
of the waveguide) decreases. The higher the applextric field, the stronger the reduction
in the effective barrier and thus a higher fractodinjected carriers is transmitted through the
active region to the waveguide layer, where theylast to the stimulated photon emission
process. The carrier leakage effect is strongerfectrons than for holes because of their
lower effective mass and thus their higher mohilithe presence of the minority carriers
accumulated in the waveguide was also observediexpatally by detecting a spontaneous
emission signal from the waveguide above the tluldsfuiscussed later in the chapter).
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Figure 7.4. (a) The calculated conduction band j@®fat the different bias voltages U=1.13 V (‘tam-
voltage), U=1.36 V (corresponding to 1=18 A, E=3Wd&m) and U=1.7 V (corresponding to 1=110 A,
E=3.9 kV/cm). (b) The calculated vertical carrieoffles (electrons — black solid line; and holesed r
dashed line) at bias voltages: U=1.13 V, U=1.36nd &=1.7 V. Simulations performed by means of
TeSCA program under ‘zero-heat’ conditions at 25fiient temperature.

D.A. Vinokurov [1] and S.O. Slipchenko [2] discussother mechanism responsible
for the vertical carrier leakage under ‘zero-headndition, which is a non-equilibrium
distribution of the carrier density in the QW duoethe finite time of carrier energy relaxation
in the quantum well. However, this mechanism isstotlied in this work.

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

7.4.1. Analytical description of the problem

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

M08 - Now

=a, 7.4.1
W N (7.4.1)

tr

where the left side of the above equation represtt@ modal gain which logarithmically
depends on the carrier density in the quantum wedg, with N, denoting the transparency

carrier density angs,, being a dimensionless factor [3]L is the number of quantum wells

andW s the effective mode width. The right side of #ration represents the total lossges
consisting of internal and mirror losses. After glenrearrangement of (7.4.1) the relation
between the carrier density in the quantum well #ve number of quantum wells can be
presented in the form:

a W
Now = N [éXg ——— 7.4.2
Qw tr '{M D/SSVJ ( )
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Furthermore, the drift-diffusion model of carrieartsport, as in [4], is considered with the

following assumptions:

(1) Charge neutrality in waveguide layers togethéth the Boltzmann statistic of the
electrons in the valance band and holes in thewtimh band:

n-p-C=0, (7.4.3)

whereC denotes the density of impurities,

- ~F
n= N, [&x B and p = N, [&x S
kT KT

J (7.4.4)

are the densities of electrons and holes, resgdygiiMc and Ny represent the density of
states in conductiorEg) and valanceHy) bands, respectivelys, and F, are the quasi-
Fermi levels for electrons and holes, respectivieiydenotes the Boltzmann constant and
T the temperature. These assumptions allow writiegahasi-Fermi levels separativa
(the so-called quasi-Fermi voltage) in the form:

NZ
Ve =B +kgT (7.4.5)
c'Vv
with Eg representing the effective energy gap (distan@nefgy levels).
(2) Constant quasi-Fermi levels along the structure
(VA VALS (7.4.6)

After a few mathematical transformations of theabequations, we obtain the relation
between the carrier density in the waveguide aacérrier density in the quantum well:

1
NWGNWG 2 EWG —_ EQW
NWG = NQW EEWJ @X[{_W (747)

With this result, the carrier density in the wavielguis directly proportional to the carrier

density in the QWs which in turn depends exponéntan the number of quantum wells

according to (7.4.2). Furthermore, the carrier dgns the waveguide exponentially

depends on the difference between the energy giqe efaveguide and the effective band
gap of the QWsE° -E>").

According to this analysis and the results obtaimefb], the implementation of a higher
number of quantum wells will decrease the densitgasriers in the quantum well (lower
guasi-Fermi level) and therefore will lead to ahdg effective barrier, resulting in reduced
carrier accumulation in the waveguide. This shawgult in a more linear power—current
characteristics and higher maximum optical power.
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7.4.2. Experimental results — optical detection othe carrier accumulation in the
waveguide at high current injection levels
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Figure 7.5. Powerkurrent characteristics of the QQW

10 & W=60pum | DQW structures (samples: A1457-3 and A1459-
A L=4mm - respectively) manufactured as @@ single emitte
o ., . devices, measured under 3% pulse condition
0 20 40 60 80 100 25°C ambient temperature.
Current, A

In the first approach the power-current charadiersf the QQW structure (A1457-3)
has been measured and compared to that of tharteaBE)W sample (A1459-3). Figure 7.5
shows power-current characteristics under 300 rsepmondition for 60 pm x 4 mm samples.

The threshold current density per quantum welldisrdased by about 30% from 1A0¢m™

(DQW design) to 78A [em™® (QQW design). The QQW samples show a significamttye
linear characteristic and exhibit an increased pgewer of 55 W (corresponding to the
74 MW/cnt optical density at the facet) whereas the DQW danuelivers only 45 W.
Although the power-current curve is more linearpbover is still evident, indicating there
are still residual carriers accumulated in the vganee.

In order to directly test the presence of the aadatad carriers in the waveguide, the
spontaneous emission in the wavelength range @ameling to the direct GaAs material was
measured for both structures. The spontaneous iemissmponent alone and its changes
with current were examined. The measurement setup the method are described in
chapter 6.2. Figure 7 ghows the results of this study. At low currentsemission below the
lasing wavelength is detected. At high currensranounced emission from both structures is
observed at a wavelength of 890 nm which relateshéo direct band gap of the GaAs
waveguide. The relative increase in the spontanemussion intensity is more rapid
(especially at higher currents) for the DQW struetthan for the QQW structure, which is
consistent with the larger roll-over in the DQW gden(see figure 7.6¢). Additionally, for the
DQW design a spectral peak at 960 nm is also medsat high carrier densities
corresponding to emission coming from a highersitéon in the quantum wells. The peak is
not observed in the measured spectrum of the QQ¥gelt can be attributed to the
previously mentioned, lower threshold current peargum well and hence a lower carrier
density.

It is interesting to note that the peak wavelergjtthe spontaneous emission is larger
than the corresponding band gap wavelength of G&%6 nm). Based on the absorption
coefficient for GaAs material presented in figut@ [6], a re-absorption process in the GaAs
waveguide that removes the short-wavelength portibthe spectrum might explain this
behavior.

The robustness of the QQW design was next denadaedtby Wang et al. in [7]. The
60 um and 200 um wide single emitters were driveart increased current of 240 A. The
devices deliver 88 W and 124 W optical power, retipely. The maximum power was
limited by the current supply (PicoLAS LDP-V240-300
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7.5. Conclusions

In this chapter factors limiting the maximum optipawer of diode lasers based on a
SLOC design were assessed. The study considerelé thsers based on 1100 nm MQW
GaAs-SLOC designs with small divergence angles b8%- 20° (FWHM). It was found that
the peak power under ‘zero-heat’ conditions is teaiby vertical carrier leakage and the
minority carrier accumulation in the p-type wavetgii The effect was theoretically predicted
and experimentally proven by measurement of thentgpeous emission from the
confinement layers.

It was shown, theoretically and experimentally,tttiee implementation of a higher
number of quantum wells strengthens the carriefimement in the active region. A higher
number of quantum wells lowers the threshold cadensity per quantum well, leading to an
electron Fermi-level shift towards lower energiesl @onsequently to an increment of the
effective barrier heights. It was shown that thesiky of accumulated electrons in the p-
doped waveguide is directly proportional to therieardensity in the quantum wells. It was
experimentally proven that utilizing the gain mediwith an increased number of quantum
wells mitigates the vertical carrier leakage. Ti@sults in an increased of the optical output
power from 45 W (DQW design) to 55 W (QQW desigh)l@0 A from a 60 um wide laser
chip. The corresponding optical density at the rlafgcet reaches 59 MW/émand
74 MW/cnt, respectively. Moreover, the QQW-design drivenabgurrent of 240 A delivers
88 W. The single emitter with an increased eleatrontact stripe to 200 um delivers 124 W.
The optical power was limited by the current supply
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8

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

8.1. Introduction

This chapter deals with diode lasers based on QWi SLOC structures emitting
light at 1130 nm. High power diode lasers with wamgths above 1100 nm find application
as pump sources for Bloand Tni* doped silica fibers lasers and Raman amplifiers in
telecommunications. The aims of the study are #ews. Firstly, the development of a
SLOC structure emitting light into a reduced diwrge angle below 15° at FWHM
(structures discussed in the previous chapter aXfWHM far-field angle ~ 20°). Secondly,
the high optical output power of the device shdagdnaintained.

In this chapter, it is shown that the vertical dgence angle is reduced from 18° to
13° (FWHM) and from 30° to 21° (95% power contelny) increasing the thickness of the
GaAs-waveguide from 3.4 um to 5.0 um. The secorad gbthe study — high optical power
operation — is achieved by utilizing a higher numbé QWs and also by increasing the
emission wavelength. Both mechanisms increase fieetige barrier between the active
region and the waveguide leading to improved cag@nfinement in the active region and
thus resulting in improved laser operation (thighpem is discussed in the previous chapter).
A larger equivalent vertical spot-size of the 5 itk SLOC structure lowers the optical
load at the laser facet and increases the thresbfotie COMD. Consequently, a higher
optical peak power can be achieved. Additionatlys ipresented that processing diode lasers
as devices with a large geometry reduces the mleatrd thermal resistance leading to
reduced heating of the device and subsequentjtsaauncreased optical output power. The
laser diodes are tested under quasi-CW conditions.

8.2. Investigated SLOC designs

Number of GaAsT Vertical divergence angle

Structure OWs waveguide (measured at 1=17-20 A)
thickness, um FWHM 95% power content

B1110-3 2 3.4 18.0° 29.5°

B1109-3 4 5.0 12.6° 20.6°

Table 8.1. The details of epitaxial designs B11184nr8 B1109-3. (Far-field angles of coated 8 mm x 260

laser devices measured at 17 A (B1110-3) and &t @@1109-3), quasi-CW, 25°C).
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The two structures that are investigated and dsgziare named B1110-3 and B1109-
3. Both of them consist of a thick symmetric Gafsreguide embedded in 400 nm thick (on
the p- and n-sides) A sGa 75As cladding layers. In both designs, a 100 nm tlpekaAs
contact layer is grown on top of the p-claddingelayStructure B1110-3 consists of an active
region with two quantum wells (DQW). The active imgis embedded in the centre of the
3.4 um thick waveguide, leading to an intended FWHhbttical far-field angle of 18°
(measured). Structure B1109-3 consists of an acig®n with four quantum wells (QQW)
and is placed in the middle of a 5.0 um thick waneg, resulting in a reduced vertical far-
field angle of 13° (measured). The active regiomath structures consists of compressively
strained (~-2.3%) kGa-xAs quantum wells. The thickness and thecomposition are 7 nm
andx = 0.33, respectively. The emission wavelength diflstructures is around 1130 nm (the
optical spectrum is shown in figure 8). The DQWusture utilizes a 100 nm thick GaAs
barrier between the quantum wells. In case of tliA\Qstructure, the quantum wells are
separated by 50 nm thick GaAs barriers. The maatufes of both designs are compiled in
table 8.1. The energy band profiles and the rafracindex distribution of the epitaxial
structures B1110-3 and B1109-3 are presented iarajp 1.

| 300ps, 400Hz, I=7.5 A
T=25T
res: 0.1nm

[N

—B1110-3

Figure 8. The optical spectrum of laser ¢
B1109-3 (L=4 mm, W =100 pm, mounted on c
mount) based on discussed des
B1110-3 (sold black line) and B11(o-
(solidred line). Measurement conditio
300 us, 400 Hz, current amplitude Ab
heat-sink temperature 25°C.

Intensity, norm.
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8.3. Parameters of the laser structures — ‘Pre-testesults

The first step of the experimental investigatiormravkength dependent measurements
of two test structures, t-B1075 for B1110-3 and16B9 for B1109-3 (the measurement
method is described in chapter 5.1). From thesesunrements, internal laser parameters like
internal efficiency,, and lossesr, , the transparency current densiy and the modal gain

G, have been determined (table 8.2).

Total
Test waveguide| Number | 'Gogayy, | Ny | Oy JTr(totag, lw*, | S* | To% us v Oy, | A
structure | thickness,| of QWs | cm™ | % |[cm™| Alcm® | mA |W/A | K deg| nm
um (0.1A)| (2A)
t-B1075 3.0 2 129 | 901.06] 126.1 | 319 046| 85 | 1.16| 1.78 20 1122
t-B1059 4.4 4 225 | 861.05| 220.1 | 381 0.44| 99 | 1.20| 1.83 15 1128

Table 8.2. Laser parameters determined from measutsnmethe pulsed operation of uncoated laser alifis
100 um stripe width (* the slope per facet, theshold current, the diode voltage and the chaiatiter
temperature Jhave been determined from a 1 mm long , 100 pne wavice).
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Figure 8.1 The experimental results of the lengthedeent measurements of the test structures t-Bafds
t-B1059. (a) The inverse differential efficiency ses resonator length. (b) The logarithmic
dependence of the threshold current on the resolesugth.

The modal gain, transparency and the thresholceotensity do not scale linearly
with the number of QWs because of the differentegande thicknesses for both structures.
Nevertheless, a slight decrease in the modal garanpeter and the transparency current
density per quantum well from structure t-B1075staucture t-B1059 can still be observed.
The characteristic temperaturg i higher for the QQW design indicating non-detexied
carrier confinement in the active region despite tise of much wider waveguides (the
number of quantum wells is doubled thus the effedbiarrier of the active region is increased
— this theme is discussed in chapter 7). The iatgvarameters likgg, and a;, are similar for

both structures. This leads to similar slop8s The higher diode voltage for structure t-
B1059 indicates a higher series resistance of thitva@al structure due to the thicker
waveguide layers and non optimized doping profilthe waveguide and cladding layers.

The waveguide thicknesses of the test structueebyseveral pm thinner than that of
the investigated samples B1110-3 and B1109-3. Towere differences in the vertical
divergence angles are observed.

8.4. Characterization of mounted devices

The discussed laser structures were processedras dnd 8 mm long devices with
stripe widths of 100 um and 200 um. The diode lgsemetry and the reflectivities of the
mirrors are presented in table 8.3. The broad lassa chips were mounted on c-mounts with
the junction down for better heat dissipation (fy3.8). The devices have been characterized
at room temperature (25°C) under quasi-CW condsti@00 ps current pulse duration with
20 Hz repetition rate — equivalent to 1% duty-cy.cle

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

Table 8.3. Diode laser geometry and reflectivitiethe mirrors of mounted devices.
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Binary materials, such as GaAs, have a higher retattand thermal conductivity
compared with ternary and quaternary semicondungderials. For this reason, GaAs is used
for the thick waveguide layers. The high carrierbitity of such a material allows for low
doping profiles resulting in reduced free-carribs@ption and hence low internal optical
losses. This further enabled the construction efgyéul devices with extremely long (8 mm)
optical cavities. Such a long gain medium allowes tise of very low facet reflectivities of the
front facet (less than 0.5%). A low reflectivitydieces the optical load on the facet and is
expected to lower the risk of the catastrophicagbtmirror damage (COMD).

8.4.1. Laser based on 3.4 um thick GaAs-waveguide
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Figure 8.2. The experimental (a) power-current @)age-current and (c) wall-plug efficiency chagaistics of
the B1110-3 design processed as 4 mm or 8 mm lmuig daser with 100 um or 200 um electrical stripes
mounted junction-down on c-mounts. Measurement itiond: 500 ps, 20 Hz, 25°C heat-sink
temperature. The inset of figure (a) - the cathoohihescence image presenting the COMD damage of
the 8 mm x 200 um laser chip.

Resonator Mesa S, W/A S, W/A P, W
length, stripe i, A at 2xly, at 5xly, Rs mQ WPEmax at rollover
4 mm 100 pm 0.9 0.87 0.84 40 0.53 16 (29A)
4 mm 200 um 1.9 0.86 0.84 20 0.49 23 (50A)
8 mm 100 pm 15 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 Bi3I1design (DQWA = 1130 nm, 3.4 um-GaAs-WG,
O, = 18°) realized as 4 mm and 8 mm long diode lasigh W00 um and 200 um electrical stripes

mounted on c-mount heat-sink. Measurement congiti®00 us, 20 Hz, 25°C heat-sink temperature.

The baseline structure B1110-3 mounted as a 4 nmg énd 100 um wide device
exhibits 16 W optical power at an injection current29 A. Increasing the resonator length
and the mesa width results in a lower internal tftdoad as well as a reduced series and
thermal resistance of the device. Consequently,mth&mum achievable optical power is
increased. Moreover, increasing the optical caeitgth reduces the threshold current density
leading to improved vertical carrier confinemendl éinus increased characteristic temperature
To [1]. The 4 mm long device with an increased eiealrstripe width to 200 um delivers
maximum optical power of 23 W at 50 A. Increasihg tesonator length from 4 mm to 8 mm
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the optical power was further increased to 37 W87af (200 um emitter). For three devices,
the maximum optical power was limited due to thdrro#-over. Both facet passivation and
low modal facet load, due to the SLOC design, redihne risk of COMD and enable high
optical power of 37 W at 67 A corresponding to 24\8//cm? of internal power density.
However, the 8 mm long and 200 um wide laser ciiiigr roll-over, failed at 78 A because
of COMD (confirmed by facet inspection and cathodaihescence imaging [2], illustrated in
inset of figure 8.2.a). The electro-optical paraenebf the measured devices are compiled in
table 8.4. Figure 8.2 shows the power-current aithge -current characteristics of a baseline
structure B1110-3 manufactured as broad areafls@ur chip geometries.

8.4.2. Laser based on 5.0 um thick GaAs-waveguide
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Figure 8.3. The experimental P-U-I characteristicgnd the vertical beam profiles at 50 A (b,c)haf B1110-3
design (DQW, 3.4 um-GaAs-WG) and the B1109-3 def@@QW, 5.0 um-GaAs-WG) realized as 8 mm
long, 200 um wide laser diodes, mounted on c-mbeat-sinks. Measurement conditions: 500 ps, 20 Hz,
ambient temperature of 25°C.

©,, deg M2
Structure | Iy, A | S, W/A | WPEnax | Pmax W | To5, K T K (1=17-20 A) 95%
FWHM | 95%
B1110-3| 2.7 0.80 0.48 37 114 (4) 649 (101)18.0 29.5| 1.3+0.3
B1109-3| 5.0 0.76 0.40 38 127 (p) 386 (4) 1216 20.6.2+0.3

Table 8.5. Experimental parameters of 8 mm long @svigith 200 um stripe width under quasi-CW (500 us,
20 Hz) operation at 25°C. Parameters TO and T1 wetained by short pulse measurements for a
temperature range of 15°C — 65°C and 15°C — 4%€pactively.

Next, the structure B1109-3 with an increasedic@rtavity width of 5 um (resulting

in ©y rwnm = 13°) and with higher number of quantum wellgtie active region (QQW),

has been processed as 8 mm long and 200 um wigle simitters. When tested under quasi-
CW conditions, the structure delivers 38 W of tiptical power. According to the discussion
and results from chapter 7, it can be concludedttteincreased number of QWs improves
the vertical carrier confinement and thus redudes minority carrier aggregated in the
confinement layers. Despite the wider waveguideswhich an exaggerated negative effect
is expected (larger volume where electrons andshzde@ recombine and be a loss), the design
maintains high slope efficiency and high opticalvpo. Moreover, the modal load on the facet
is reduced due to the wide vertical near-field. réf@re, the same output power could be

71



2.4 L:'Srrllm" V\{zz'oolum T T . T r T T T T 0 L:.Sr;nr.nylvv.:?opulm. T T T T T T T
2.2l a) _ o1 ' b) o B11103] |
20| = B1110-3 | T,=649K o B1109-3
1.8F| = B1109-3 | b -0.2¢ (15T-45T) ]
L6r To=127 K = -0.3 i —
14 (105‘13-65‘(3) Cp o TamseeK T,=247K
1.2} ! . -04F (@sC450) SN - -
10 | ] I | oy (55C-85T
0.8F To=114K ! ] 0.51 ! I N
: (15C-65C) ! - I 1 ~
0.6 ! 1 0.6L | (5C-85C) 1| O ,
0.4} ! ] o7l ! : °
0.2t v Tret= 25T T Trefm 25T ; 1
0.0 " 1 " 1 " 1 " 1 " 1 " " 1 n 1 n _0.8 n 1 n 1 n 1 " " 1 " 1 " 1 n ' n 1 n 1 n
20 (10 0 10 20 30 40 50 60 7O -20 -10 0 10 20 30 40 50 60 70 80 90

T-Teet K

T-Teet K

Figure 8.4. Logarithmic dependence of the threskoigdent (a) and the slope efficiency (b) on thatfsnk
temperature for the B1110-3 design (DQW 3.4 um-G@A3) and the B1109-3 design (QQW 5.0 pm-
GaAs-WG ). Solid and dashed lines represent theafinfit to the experimental dates (points).
Measurements correspond to facet-coated devicbsawéngth of 8 mm and a width of 200 um.

achieved as compared to B1110-3 (DQW, WG = 3.4 |&\,= 18°), but without mirror

degradation (COMD). The maximum wall-plug efficign®VPE,.y) reaches a value of 48%
at 11 W for the structure B1110-3 and 40% at 120dWtlie structure B1109-3 owing to its
higher threshold current. The P-U-I characteristigs illustrated in figure 8.3. The results of
the 8 mm long, 200 um wide laser chips mounted-orouants are compiled in table 8.5.

From the temperature dependence of the thresholdntiand the slope efficiency, the
characteristic temperaturdg and T, were obtained for temperature ranges of 15°C €65°
and 15°C — 45°C, respectively. The measuremente baen carried out under short pulse
(300 ns) operation to avoid additional overheatifighe active region during its operation
(presented in figure 8.4). THe parameter for the structure B1110-3 (114+4 Kpisdr than
for the B1109-3 sample (12745 K) despite its lovlereshold current density, indicating
improved carrier confinement in the active region the B1109-3 design achieved by an
increased number of QWs. However, Theparameter for B1109-3 (386+4 K) is smaller than
T, for B1110-3 (649+£101 K), indicating that there atdl high losses - possibly due to carrier
accumulation in the thick waveguide layer.

The 8 mm long and 200 um wide laser devices baseth® structure B1110-3 at
higher current levels exhibit far-field angles & {FWHM) and 29.5° (95% power content).
Of the laser devices, B1109-3 exhibit much lowerfield angles of 12.6° (FWHM) and
20.6° (95% power content). The vertical beam pragiag factorM? determined from the
near- and far-field distributions (95% power comers equal to 1.80.3 and 1.20.3 for
structures B1110-3 and B1109-3, respectively. Téxtical far-field profiles were measured
up to a current of 50 A. No changes in the beanfilpravere observed. The fact that no
indication of higher-order vertical modes are Jsiim the beam profiles and the fact that the
beam propagation factdi?=1 (chapter 5.3), we conclude that these modes adafuental
vertical modes. Figures 8.3.b anaslwow the vertical far-field distributions of thesigned
structures at currents corresponding to the maxinetfimiency of the laser, i.e. 17 A and
20 A for structures B1110-3 and B1109-3, respelstive
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8.5. Conclusions

The 1130 nm MQW SLOC design with the vertical dgesrce angle reduced to 13°
(FWHM) and 21° (95% power content) by widening Ga&aveguide to 5 um has been
characterized. The introduction of a higher numife@Ws (four) increased the weak modal
gain caused by wide waveguide layers and improlved/&rtical carrier confinement allowing
for high output power operation. The low internasd design allowed the manufacture of
devices with an 8 mm long cavity and with a lownfrdacet reflectivity (0.1%). An optical
power of 38 W under quasi-CW operation mode has lgegnonstrated with an 8 mm long
and 200 um wide single emitter. The optical powasvimited by chip overheating. The
devices did not suffer from COMD.
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9

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

9.1. Introduction

This chapter focuses on the far-field angle reducto angles below 15° (FWHM) and
26° (95% power content) for diode lasers emittingl@60 nm. High power diode lasers
emitting near 1060 nm find applications in telecammications as pump sources for silica-
based fiber amplifiers "co-doped” with erbium artégbium (for amplification of a 1550 nm
optical signals). Furthermore, high power diodestasemitting at this wavelength are also
used for direct material processing. The laseresystusually consist of several single
emitters joined together into a laser bar or stakkens system is used to combine and shape
the asymmetric, widely diverged beams. Often, tbical light of high power laser beams is
coupled into and transmitted through optical fibénsorder to increase coupling efficiency
(with reduced optical power loss, reduced abema)iand to ease coupling, diode lasers with
narrow vertical divergence are required. Moreoaenarrow far-field angle of the laser beam
is advantageous in laser systems with externalnegscs. The low beam divergence angle
results in a higher reflectivity of the volume Bgagrating, which in turn enables building
longer resonators. It is shown that for 1060 nmtr@W designs the GaAs-waveguide does
not offer sufficiently high effective barriers torfine the carriers in the active region and, in
consequence, the design suffers from strong caspél-over. We demonstrate that the
effective barrier is sufficiently increased whenAlaAs-waveguide is utilized. The AlGaAs
waveguide, however, results in an increased fél-Gagle. The influence of the increased Al
content in the waveguide on the vertical beam [@o§ discussed. Finally, a structure with
8.6 um thick A 1GaydAs waveguides, is presented resulting in a vertioargence angle of
10° (FWHM) and a high internal efficiency of 90%.

9.2. Investigated SLOC designs

Three structures are discussed: structure C135ithéans um thick GaAs waveguide,
structure C1605-6 with a 6 um thick AGay oAs waveguide and structure C1625-6 with a
very thick, 8.6 um, Al:Ga ¢As waveguide. The active region of the consideresighs is
placed in the centre of the waveguide and consisteur compressively strained (-1.75%)
InxGa—xAs quantum wells. The thickness ama composition are 7 nm and x =0.25,
respectively. The quantum wells are separated faoh other by tensile strained (~0.73%)
GaAs.,P, barriers, and separated from the waveguide witlGaAs. P, spacer. The
thicknesses and composition are 7.5 nm (barriéram (spacers) and y = 0.8, respectively.

74



Waveguide Cladding layer Vertical dl\I/e*rgence Beam_
Structure _ angle propagation
. Thickness , 95% power | parameter*

Material ’ Material FWHM 2

pm content M “g595
B1109-3 GaAs 5.0 Al osGay 75AS 12.6° 20.6° 1.2020.31
C1357-6 GaAs 6.2 AhGa AS 10.2° 16.6° 1.18+0.25
C1605-6 | Ab.GaAs 6.0 Ab . Ga AS 13.0° 21.6° 1.18+0.33
C1625-6 | Ab,GaAs 8.6 Ab . Ga AS 10.3° 20.3° 1.58+0.31

Table 9.1. Details of epitaxial designs C1357-6, @5k6, C1625-6 and benchmark design B1109-3. *FeddHi
angles (and the propagation factof) Mdf coated 4 mm x 100 pm laser diodes measuredregnts
corresponding to the maximum conversion efficiee A, QCW, 25°C).

The emission wavelength is around 1060 nm. The ni@atures of the designs and the
measured vertical beam parameters are compileabie ©.1. The energy band profiles and
the refractive index distribution of each epitaxgaducture are presented in appendix 1. The
wide optical cavity supports a high number of \@timodes. To reduce the number of
guided modes the refractive index of the@&.,As cladding layers has been reduced by
reducing the Al-content to 10% for the design C18%ahd to 20% for designs C1605-6 and
C1625-6 (the benchmark structure B1109-3 utilizek & a 75As cladding layers).
Moreover, the low Al-content materials feature @weo series resistance.

In previous chapters, laser structures utilizingM®W active region with thick
(50 nm — 100 nm) GaAs-barriers and GaAs-waveguidese discussed. The reference
structure B1109-3 utilizing a 5 um thick waveguedéibits vertical divergence angles of 13°
(FWHM) and 21° (95% power content). Further caltalss of the divergence angle
dependence on the GaAs-waveguide thickness shamguar reduction to 10° (FWHM) for
a waveguide thickness of 7.8 um (calculations vpemtormed at the emission wavelength of
1060 nm and for Al:GaAs-claddings). Alternatively, in the SLOC structsyé¢he optical
mode profile can be changed by the use of thin Gagsantum barriers (7.5 nm) instead of
the thick GaAs barriers (50 nm). The optical modehe structures utilizing thin quantum
barriers is less confined in the active region spikads wider in the optical cavity, (see the
inset of Figure 9.1a), resulting in reduced vetttigergence angles (Figure 9.1b). Structures
based on an active region with GaAsP quantum larhave the potential to achieve a
vertical far field angle of 10° at FWHM by usingharrower, 6.6 pm thick, waveguide. The
grown structure C1357-6, however, utilizes a 6.2 fhink GaAs-waveguide resulting in a
FWHM vertical divergence angle around 10.5°. Theasueed beam profiles of the mounted
laser chips are presented in Figure 9.2. Chandnegntaterial and the thickness of the
quantum barriers leads to a very small change efetmission wavelength (1-2 nm). The
small change of the emission wavelength hardlyciédf¢éhe refractive index of the epitaxial
layers and does not influence the far-field angtiuction.
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The three laser designs, C1357-6, C1605-6 and C&phave been experimentally
tested as follows. First, uncoated and unmounted Lt wide laser chips with various
resonator lengths have been characterized undseguwlperation (1.5 ps, 5 kHz) in order to
obtain the internal parameters of the laser stractin the next step, laser chips were
processed as 100 pm wide and 4 mm long single estith coated front and back facets
resulting in reflectivities of 1.5% and 95%, redpesly. The single emitters were mounted
junction-down onto c-mounts and tested under goasiinuous wave (quasi-CW) operation
(500 ps, 20 Hz) at a heat sink temperature of 23H&. internal parameters obtained from
length dependent measurements are compiled in €abland the quasi-CW electro-optical
parameters of mounted devices are depicted in t@t8e The discussion of the laser
parameters is presented in the following subchapt&he long-wavelength (1130 nm)
structure with a small vertical far-field angle @B° at FWHM (B1109-3), presented
previously in chapter 8, exhibits good internalgmaeters as well as high optical power when
processed as a single broad area emitter. Theyetorg included here as a benchmark
structure for the design optimization of the 106® Imgh power devices with further reduced
vertical beam divergence angle.
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Al,Ga;,As
: IGogotay, | Nix | i, Jrrgotan s | ™ S*, | To*, |US V| A
Structure XWa¥ﬁigCL|J(|g:SS cm® | % |[em? | Alem® | mA | W/A | K | (2A) | nm

t-B1059 | 0 | 44 pum 22.5 86, 1.0% 220 381 0.44 99 1)83 1128

t-C1357| O 6.2 um 153 54 | 0.47| 336 728 0.34 52 1.51 1060

t-C1605 | 0. 6.0 pm 26.4 86, 1.06 288 453 046 149 1)63 1061

t-C1625| 0.1 8.6 pm 22.7 | 90| 1.57]| 264 467 047 143 1.7 1060

Table 9.2. Laser parameters of the discussed SLO@mdesbtained from the length-dependent measurements
of uncoated chips. The t-B1059 is the benchmarigdd25% Al content in claddings results in a highe
bias voltage of the diode laser). (* The slopefpeet, the threshold current, the bias voltageyels as
the characteristic temperaturgffave been determined from a 1 mm long, 100 pum deédece.)

Al,Ga;,As P,W | ToK R
Structure | Waveguide | I¢, A WPE, .| at 15- T, K thy

X | Thickness 25A 65°C KW

S, W/A | S, WA
at 2xly, | at 5X|th

B1109-3| O 5.0 um 1.53 0.80 0.74 0.41 15.638+#8 | 3864 | 1.27*

C1357-6| O 6.2 um 2.03 0.76 0.6( 0.38 10.85+2 | 95+11 | 0.53

C1605-6| 0.1 6.0 pm 1.68 0.80 0.78 0.43 15/0157+6 | 537+45| 0.84

C1625-6| 0.1 8.6 um 1.78 0.83 0.81 0.42 14/4144+4 | 518+60| 1.26

Table 9.3. Electro-optical parameters of 4 mm lor@) im wide single emitters mounted on c-mount. Test
conditions: 500 ps, 20 Hz, 25°C. (*The thermal s&sice of benchmark structures measured under
300 ps, 400 Hz conditions.)e, TT; parameters have been obtained under ‘zero-headitian test.

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

The 1060 nm emission wavelength from sample C¥3%-obtained from InGaAs
quantum wells containing a lower mole fractionlmfatoms (in comparison to the 1130 nm
emission wavelength of the benchmark sample). AlGadn,As material with lower In-
content results in a lower affinity energy. Thisuks in higher conduction band edge energy
and a lower energy of the valence band edge. Wihdie@ded in GaAs-waveguides shallow
guantum wells are formed — the effective barrierskioth, electrons and holes are reduced.
The vertical carrier confinement is weakened andsequently, carrier leakage to the
waveguide occurs. (This phenomenon is also showmalations and proven experimentally
in the further text.) The carrier accumulated ia thick, especially p-doped, waveguide is a
loss to the lasing and results in a low internaliceincy 7, = 54% (compared to

i —e1050 = 86%), consequently also a lower external efficieS = 0.34 W/A (compared tQ S

s10os9= 0.44 W/A) and also lower characteristic tempaetT, = 52 K (compared to ok
s10so= 99 K). The measured internal losses for the 3871design ofa, = 0.47 cni are,

however, unexpectedly two times smaller than fer lenchmark desige,  g,05= 1.05. For

laser structures in which strong carrier leakageurs; the internal losses as well as the
internal efficiencies are not independent of theomator length - especially when short
(< 2 mm long) lasers are considered [1]. In shdesers, the threshold gain to overcome the
mirror losses is higher and thus the threshold erurdensities are higher. The higher
threshold density translates to an increased catemsity in the quantum wells, which leads
to increased carrier leakage. This effect is exaggd in structures characterized with a low
confinement factor and thus a low modal gain, dhescase for the C1357 design. Therefore,
the a, and ther, values obtained in the length dependent measuteanemot reliable. Even
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Figure 9.3. (a) The calculated vertical carrier pesf(electrons — black solid line; and holes —dadhed line) at
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red line) and measured (black symbols) power-ctickbaracteristics for the sample C1357-6 proceased
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1 kHz, 25°C heat-sink temperature. Simulationsgearéd by means of WIAS-TeSCA software without
self-heating. The calculated U-I characteristicresponds to the voltage drop over the epitaxiaictire
without a substrate.

though ther, value is not quantitatively reliable, it does wontradict the assumption of the

carrier leakage in the design. Moreover, the traresgcy current density obtained from the
length dependent measurements dependa, o herefore, its value can only be calculated

with an uncertainty. In order to obtain reliablepermental values, the length dependent
measurements of lasers with resonator lengths ok rtittan 4 mm have to be performed.

However, the thin metallization of the preparece+pest’ samples (see chapter 4.2.1) results
in an increased inhomogeneous spreading of thetagecurrent. Therefore, the length

dependent measurement of longer lasers has not gmé&rmed. The increased threshold

current for the t-C1357 lasers is caused by a glyomeduced confinement factor, as

predicted, and thus a reduced modal gain.

In order to investigate the assumption that thealiation of the slope efficiency for
the C1357 design is caused by poor carrier confamenn the active region, the carrier-
transport properties and the power-current chatatiteof the 4 mm long, 100 um wide laser
device have been simulated. The simulations haee performed with no concern for self-
heating. The calculations of the vertical carrigstributions at various applied electrical
voltages are presented in figure 9.3a. The caloulgtindicate carrier escape and its
accumulation in both n- and p-doped waveguides eneat low applied electrical fields
(U=1.27V, E=1.81kV/cm, I=4 A). For an incsteg bias voltage, the band bending is
stronger, the effective barrier is lower, and tlagrier leakage is more severe. At a bias
voltage of U =1.7 V (corresponding to | =91 A aBd- 2.42 kV/cm), the accumulation of
the minority carriers can be seen in the p-claddaygrs as well... The simulations of the
band structure exhibit a reduction of the alreaoly lkeffective barrier for electrons from
0.14 eV at the ‘turn-on’ voltage to 0.04 eV at U7 V. The carriers accumulated in the
confinement layers are losses to the lasing proaesdting in a strongly nonlinear power-
current characteristic. In figure 9.3b, the comgpami of the simulated and measured power-
current characteristics under ‘zero-heat’ condgigpresented. The simulated power-current
characteristic reproduces the roll-over effect,clilis seen experimentally as well.

The consequences of the carrier leakage can @sobberved in quasi-CW mode
operation, where the thermal effects exaggerateadneer accumulation in the confinement
layers. The C1357-6 laser (4 mm long, 100 um wikd)vers 10 W of quasi-CW optical
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Figure 9.4. (a) Comparison of the experimental-Petaracteristics between the benchmark stru¢ité09-
3) and the C1357-6 design. (b) Optical spectrunhefC1357-3 design at 4.0 A, 6.8 A and 15 A. (c)
Lasing wavelength of the sample C1357-6 versus @asierer (black symbols) and the linear fit to the
experimental data (solid red line). Measured lassices: 4 mm long, 100 um wide single emitters
mounted on c-mount. Test conditions: 500 ps, 20dat-kink temperature of 25°C.

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

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

The power-current characteristics of the 4 mm I@sgrs have been measured under
short current pulse operation (300 ns, 1 kHz) #emint heat sink temperatures. From the
temperature dependence of threshold and slopehtracteristic temperatures dnd T, have
been calculated. The C1357-6 design exhibits mwetel characteristic temperatures of
To=85K and T=162K in comparison to the B1109-3 design, ctterized with
To =138 K and T= 386 K. Moreover, the temperature dependent lpsdormance is stable
only at low temperatures, namely up to 35-45°C. V&hd5°C, the temperature dependence of
the threshold current and slope efficiency degrattamatically — a decrease of more than
50% of the | parameter and a decrease of 70% of thepdrameter was observed. The
temperature dependencies of threshold and slopreeffy on the heat-sink temperature are
presented in Figure 9.5. Considering the low eiffedbarriers of the design (0.14 eV) and the
fact that the thermionic emission time dependsgiisoon the barrier height (~ expksT),
[2]), the deterioration of the thermal stabilitytbe laser performance for temperatures above
45°C probably occurs due to thermal carrier spittofrom the active region into the

confinement layers.

9.4. AlGaAs-waveguides for good carrier confinemenand improved laser
operation
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Figure 9.5. Logarithmic dependence of (a) the thokek current and (b) the slope efficiency on thatfsnk
temperature for a GaAs waveguide design (C135M8)am Ah:GaAs waveguide design (C1605-6).
Solid and dashed lines represent the linear fih& experimental data (points). (Measurement result
correspond to coated 4 mm long, 100 um wide diagerk).

(C1357-6), a structure with low aluminum conter@yd in the AlGa,«As waveguides was
grown (structure C1605-6). The AlGaAs material dees a lower affinity energy in
comparison to GaAs. As a result, the conductiondbadge [ minimum) of the bulk
material shifts towards higher energies [3] and whkence band edge shifts toward lower
energies. Consequently, the potential barrier (alsd the effective barrier) between the
guantum well and the waveguide for both electrams laoles, is increased. In this way, the
carrier confinement in the active region is strlieged and the carrier leakage is reduced. As
a result, the internal efficiency is highey, € 86%) and the slope efficiency per facet is

increased (S = 0.46 W/A). Moreover, the valuescaraparable with the benchmark design t-
B1059. The introduction of the AlGaAs-waveguideutesin higher mode confinement and
therefore higher modal gaifig,=26.4 (compared td g, c,35,= 15.3). As a result, a

reduction of nearly 40% in threshold current wasesbed; | = 453 mA compared topk-
c1357= 728 mA.

The measurement of threshold current and slopeiaity deduced from the power-
current characteristics at different heat-sink terapures for 4 mm long, 100 um wide, facet-
coated lasers shows that the design based 1G&l/As waveguide, due to the increased
effective barriers for the carriers, is much maeperature stable than the design utilizing a
GaAs waveguide. The C1605-6 lasers exhibit higlueslof the characteristic temperatures
To=151 K and T=537 K and are temperature stable up to a higit-$iak temperature of
around 70°C. The deterioration of the thermal $itgbof the lasing can still be observed
above 75°C (30% drop ingand ~ 50% in Tvalue), however it is still much weaker than for
the C1357-6 design. In conclusion, the Ma ¢As waveguide strongly improves the carrier
confinement in the active region. However, it daes provide barriers that are high enough
to eliminate the thermal carrier escape at very hmperatures. Figure 9.5 illustrates the
temperature dependence of the threshold and skfpercy for both designs C1605-6 and
C1357-6.

Due to the improved carrier confinement, the C160asers work satisfactorily under
quasi-CW mode operation. The measured power-cuateantacteristic features a high slope
efficiency of 0.77 W/A and a power of 15 W at 25Phe electro-optical parameters of the
laser are comparable to the benchmark device BB16%gure 9.5 shows the measured quasi-
CW power-voltage-current characteristics of the @36 laser in comparison to the
benchmark device. The reason for the increasedriekdcand thermal resistance of the
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Figure 9.6. (a) The comparison of the experimemdtRcharacteristics between the,AGa /As-waveguide
design (C1605-6) and the GaAs-waveguide design§Z63. B1109-3 is the benchmark sample. (b)
Optical spectrum of the C1605-6 design at 4.0 B,8and 15 A. (c) The lasing wavelength of the skemp
C1605-6 versus wasted power (black symbols) antirtear fit to the experimental results (solid red
line). Measured lasers: 4 mm long, 100 um widelsiegitters mounted on c-mount. Test conditions:
500 ps, 20Hz, heat-sink temperature of 25°C.

C1605-6 laser is the fba.«As-material used for the waveguide and the claddifithe
AlGaAs material exhibits a lower hole mobility (th&aAs) and thus a reduced electrical and
thermal conductivity.

1.0

0.5

Intensity, norm.

0.0

On the other hand, despite the high effectiveibaiand the good carrier confinement
which is provided by the AlGaAs-waveguide in the60%-6 design, this design pays a
penalty for the vertical divergence angle of theefabeam. The increased Al-content in the
waveguide lowers its refractive index leading tmmsger mode confinement in the active
region. Calculations of the vertical mode distribns and the corresponding vertical far-field
profiles for various aluminum contents in the wavidg are presented in chapter 6. The
structures based on 6.0 um thicko fayAs waveguides exhibit a laser beam with
divergence angles of 13° (FWHM) and 21.6° (95% powentent), whereas the C1357-6
structures utilizing 6.2 um thick GaAs-waveguidasibit divergence angles of only 10.6°

(FWHM) and 16.6° (95% power content). Figure 9.8veh 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 16°, a structure with a wider
waveguide thickness of 8.6 pm waveguide has torbarg (C1625-6 design). Figure 9.8
presents the calculated dependencies of the ahgléveiM and 95% power content on the
Alo1Gay )As waveguide thickness. The measured verticaliédd-fingles of the test samples
(t-C1625, t-C1605) and full mounted devices (C162%1605-6; 4 mm long, 100 um wide,
facet coated) align well with the calculated resulthe vertical beam profiles feature angles
of 10.3° at FWHM and 20.3° at 95% power content angl stable up to higher current
injection levels. Figure 9.9 shows the beam prsfileeasured under quasi-CW conditions at
the current corresponding to the maximum wall-péfficiency (I = 7.5 A) in comparison the
benchmark structure (B1109-3). Despite reduction3byof the FWHM angle, the angle
containing 95% optical power has only been reduned®, i.e. from®gse c1605-6= 21.6° to
Ogs50,c1625-620.3°, and compared to the benchmark design onl9.8° @gse s1109-= 20.6°).
Moreover, further reduction of the angle contain®i6 of the optical power by increasing
the waveguide thickness only, is not possible far €1625-6 design (explained in more
detail in chapter 10).

The length dependent measurements of the C162§rmdskbw that the widening of
the Alb:GayoAs waveguide to 8.6 um did not deteriorate therndk parameters of the
structure. The design features a high internatiefficy of 7,= 90% resulting in a high slope

efficiency per facet S =0.47 W/A. The modal gasnslightly reduced G,= 22.7 cnt (in
comparison tol G, _c,6,s=26.4 cnt) due to a small reduction of the confinement fadto

(presented in figure 9.1) and is comparable to rtfumlal gain of the benchmark design,
MGy _p109= 22.5 cnt. The slightly reduced modal gain results in a $rivarease of the

threshold current from wli.cisos= 453 MA t0 hiciees= 467 MA. The laser parameters
obtained from the length-dependent measurementatpiled in table 9.2.

Full mounted devices (4 mm long, 100 um, facet@dgatested under short pulse
conditions (300 ns, 1.67 Hz) deliver 54 W opticaimMer at 92 A. This is 90% more than the
power delivered from the C1357-6 design based omueh thinner, 6.2 um, GaAs-
waveguide. The power-current characteristic, howeséll shows a non-linear behavior
above 40 A. The non-linearity of the P-I charast@riis probably caused by carrier leakage.
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From the dependence of the threshold current amalthpe efficiency of the power-
current characteristic at different heat-sink terapges, the characteristic temperaturgs T
and T, have been determined. In the temperature randgbd to 65°C, the d T, values
equal 144 K and 518 K, respectively. These are shijhtly smaller than theoJ T; values
obtained for the C1605-6 design. Above the hedt-semperature of 65°C, theo,TT;
parameters deteriorate for both structures. Howekierdecrease of the Value for C1625-6

is more significant. The deterioration of the thatmstability of the threshold current and the
slope efficiency is likely due to thermal carriescape from the active region. This can be
explained by the strong reduction of the thermi@dssion time with increasing temperature
[1]. The temperature dependences of the threshaiemt and the slope efficiency for both
designs are presented in figure 9.12.
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Figure 9.12. Logarithmic dependence of (a) thesthoéd current and (b) the slope efficiency on tkatfsink
temperature for designs utilizing 6.0 um thick (G36) and 8.6 um thick (C1625-6) AGaAs
waveguides. Solid and dashed lines represent thearli fit to the experimental dates (points).
(Measurement results correspond to facet-coateth4amg, 100 um wide diode lasers).
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Figure 9.11. (a) Comparison of the experimental-Peélaracteristics between the 8.6 um thick /Sla) /As-
waveguide design, resulting in a vertical divergeangle of 10.3° (C1625-6) and the benchmark design
(B1109-3). (b) Optical spectrum of the C1625-6 dgesat 4.0 A, 85A and 15A. (c) The lasing
wavelength of the sample C1625-6 versus wasted pdblack symbols) and the linear fit to the
experimental data (solid red line). Measured lat®rices: 4 mm long, 100 um wide single emitters
mounted on c-mount. Test conditions: 500 us, 20hidat-sink temperature of 25°C.

Figure 9.11 shows quasi-CW P-U-I characteristicshef 4 mm long, 100 um wide,
facet-coated lasers. Lasers based on the C1625igndexhibit a slope efficiency of 0.8 W/A
at 10 A and deliver an optical power of 14.4 W at&2 The maximum wall-plug efficiencies
for the C1625-6 and B1109-3 devices are comparaliide the efficiency for the C1625-6
laser drops at higher applied currents. The maximfithe laser efficiency is maintained due
to comparable threshold current and slope effigidoc both of these designs. The very thick
Alo1Ga )As waveguide layers feature higher electrical dratrhal resistance, than the 5 um
thick GaAs waveguide of the B1109 design, resulimipwer conversion efficiency at higher
currents.

9.5. Conclusions

The epitaxial structures for diode lasers emitahd 060 nm have been optimized with
respect to minimum vertical divergence angles imwaction with high optical output power.
It was found that the 1060 nm diode lasers base@.®mum thick GaAs waveguides exhibit
narrow divergence angles of 10.6° (FWHM) and 1§95% power content). However, the
drawback of this design is the low depth of themjuin wells and thus the weak confinement
of both electrons and holes in the active regidme poor carrier confinement in the active
region leads to strong vertical carrier leakage tanclarrier accumulation in the confinement
layers. In consequence, the design suffers fromihbrnal efficiency, strong degradation of
the slope efficiency and low optical output powadditionally, the design exhibits a low
confinement factor resulting in a low modal gaird ahus a high threshold current. All these
factors result in inefficient laser operation.

In the next step, lasers based on 8laAs waveguides have been tested. The
influence of the aluminum content in the waveguidesinternal parameters and the laser
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beam profile was discussed. It was shown that AlGafveguides increase the effective
barrier of the active region, leading to an impbugernal efficiency of the laser structure (~
90%). However, the lower refractive index of theGalAs waveguides (in comparison to
GaAs) strongly confines the optical mode in thevactegion and in consequence the vertical
far-field angle becomes wider.

Finally, diode lasers based on extremely large u@6thick, Ab1Gay dAs waveguides
were discussed. The design exhibits two desiretifest the low divergence angle of 10.3°
(FWHM) and 20.3° (95% power content) and the higternal efficiency of ~ 90%. Laser
structures processed as 4 mm long, 100 um widdesergitters deliver an optical power of
54 W under ‘zero-heat’ conditions. This is 90% mibran the power from the design utilizing
much thinner, 6.2um, GaAs-waveguides. Under qugi-<€onditions at a 25°C heat-sink
temperature, the devices deliver an optical povddol W. This power is comparable to the
optical power delivered from the benchmark desiga@-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 tinghfer reduction of the vertical beam
divergence of structures based on 8.6 um thick;@& /As waveguides. In the previous
chapter, it was shown that a reduction of the djgace angle (95% optical power) below 20°
was not possible by only increasing the waveguhitskhess. In structures based on extremely
thick waveguides, the minimum achievable far-fialthle is limited by waveguiding of the
multi-QW active region itself. In this chapterjstshown that the use of low refractive index
quantum barriers (LIQB) reduces the high averag@actve index of the active region and
results in a lower divergence angle of the lasanbelhe experimental results of the vertical
beam profile and electro-optical parameters of elitakers based on the design with low-
index barriers are presented. Furthermore, thedimi the LIQB design are investigated.
High power devices delivering 30 W of quasi-CW ogli power enclosed in a beam
divergence reduced to 8.6° (FWHM) and 15.4° (95%werocontent) are demonstrated.
Moreover, the lateral beam profiles of the LIQBigasare presented in comparison to SLOC
design.

10.2. Investigated SLOC designs

Averaged Vertical divergence
. Quantum | Quantum refractive Alo1Gag As- angle 3
Design ) : waveguide |(measured at I=7.8 A)

well barrier index of the thickness 95% power

active region FWHM o powe

content

C1625-6| Ing,sGay75As | GaAsgPoo 3.511 8.6 um 10.3° 20.3°
C1690-6 |n0,25Ga).796\S GaA%e?o,gs 3.476 8.6 pm 8.6° 15.4°

Table 10.1. Details of epitaxial designs C1625-6 r&dsrence design) and C1690-6. Refractive indeihef
guantum barriers is calculated using QIP. Far-femgles of coated 4 mm x 100 um laser diodes have
been measured at currents corresponding to thenmaxiconversion efficiencies (7.8 A, quasi-CW,
25°C).

Two structures have been investigated: C1625-6rategence structure (discussed in
chapter 9) and structure C1690-6. Both structuresbased on an extremely thick, 8.6 um,
symmetric Ab1Gay oAs waveguide. In order to reduce the high numbeanodfles propagating
in such a large cavity, the waveguide is embeddetbw aluminum content claddings —
Alo .GaygAs. The thicknesses of the n-doped and p-dopediicigdayers are 900 nm and
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Figure 10.1. The refractive index of (a) the refiedesign C1625-6 and (b) the design utilizing ilegex
quantum barriers. The red solid line representsdtailated averaged refractive index of the active
region.

600 nm, respectively. The chosen thicknesses otldmding layers provide high losses for
the higher order modes due to radiation into tligais substrate and the p-contact, while the
loss of the fundamental mode is minimal. In thisywahe higher order modes are
discriminated against and single mode operaticensured. The thick n-cladding layer also
prevents uncontrolled mode coupling into the sualbst(back reflection of substrate modes
into the waveguide, see chapter 6). Both structutiéize four compressively strainedy®a;-

x¥As quantum wells in the active region. Their thieks and the composition are 7 nm and
x = 0.25, respectively. The emission wavelength-1960 nm. The first design, C1625-6,
utilizes conventional 7.5 nm thick Gaf#% > quantum barriers to separate the QWs in the
active region and 5 nm thick spacers to separa&e)Ws from the waveguide. The second
design, C1690-6, utilizes quantum barriers and exgawith an increased phosphorus content
of 0.35 and therefore a reduced refractive indew (index quantum barriers, LIQB). The
refractive index profiles of the discussed epithstauctures are shown in figure 10.1. The
tensile strain in the GaAgP, QB increases from -0.73% to -1.27% with an inceeafSthe
phosphorus content fromy = 0.2 to y = 0.35. Theedased strain may further result in crystal
imperfections. Figure 10.2 shows the cathode lusteece (CL) topograms [1] of the
complete laser structures. A 975 nm design usingseaPo 35 quantum barriers showed no
material degradation and operated with high rdiigb{2]. The structure based on the
epitaxial design C1690-6 also showed no materigtatiation. For comparison, a structure
with too high a phosphorus content (Ga&Bo.4s) resulted in a highly strained crystal and
lattice relaxation via misfit dislocations. In [2jft was shown that the increased defect
densities in designs with Gad\sPo 45 barriers lead to increased transparency curremgitye
and increased threshold current.

a _ b) | C)

—— 300 pm ——

A1905, PCL, 25KV, 10 nA, 100x

A1922-3, PCL, 25kV, 10 nA, 100x —— 300 ym —— C1690-6-1, PCL, 35KV, 20 nA, 100x —— 300 pm ——

Figure 10.2. Cathodoluminescence image of the cat@phser structures: (a) utilizing 8 nm thick Ga&¥R 45
quantum barriers, (b) utilizing 8 nm thick Galg .34 quantum barriers and (c) utilizing 7.5 nm thick
GaAs 6035 quantum barriers (C1690-6).
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10.3. Optical mode expansion for narrow vertical fafield
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The SLOC structures require a multi-QW active ragio provide sufficient modal
gain. The multi-QW active region, however, due te high average refractive index,
contributes significantly to the guiding of the nesd By increasing the thickness of the
waveguide layers, the active region acts more aodenas a waveguide itself and thus
prevents further narrowing of the vertical far-fiepattern. In figure 10.3, the calculated
dependence of the vertical far-field angle on thkBaAs waveguide thickness is
presented for the 1060 nm reference design thas aseventional barriers (similar to
structure C1625-6), labeled SLOC (blue solid lir&y.the waveguide thickness is increased,
the vertical far-field angle containing 95% optigabwer asymptotically approaches a
minimum angle of abou®,, ¢s0,= 20.3°. The measured values of the far-field arfgle
structures with 6.0 um and 8.6 um wide waveguides24.6° and 20.3°, respectively, and
correspond well with the simulation results. Insiag the phosphorus content in the GaAs
yPy barriers reduces their refractive index and coneetly the average refractive index of the
multi-QW active region. With the increase of theopbhorus content from 20% to 35%, the
average refractive index of the active regingk, is reduced frommar = 3.511 tonar= 3.476
and is significantly closer to the refractive indeixthe waveguidepwc= 3.42. The active
region with a lower index confines the optical madere weakly and the mode expands
further in the cavity resulting in a smaller divenge angle [3]. The effect is more significant
for structures based on very thick waveguideswiich the claddings play a much smaller
role in confining the optical mode (this issue lisoadiscussed in chapter 6). The calculated
dependence of the far-field angle on waveguidekitgss for an exemplary LIQB-SLOC
structure (active region as for structure C169@%&hown in figure 10.3 (dashed red line) as
well. The measured far-field of a SLOC-LIQB lasathnan 8.6 um thick waveguide (C1690-
6) corresponds well to the simulation results. Fegl0.4 shows the calculated profiles of the
transversal electric mode intensity and correspandprofiles of the vertical far-field
intensity, respectively, for the discussed strietu€1625-6 and C1690-6 based on an 8.6 um
thick waveguide. Quantum barriers with an increagkdsphorus content of 0.35 lead to a
reduction of the confinement factor frdia-o 0= 1.48% tol'p=035= 1% The optical mode is
broader and as a result the far-field angle comgif5% optical power is reduced from 20.3°
to 15°. The measured vertical far-field profilefolly mounted devices (4 mm long, 100 pm
broad single emitters, measured at the quasi-C\keul = 7.8 A, corresponding to peak
laser efficiency) agrees well with simulation, doming the benefit of LIQB designs.

Alternatively, the high average refractive indextod active region can be reduced by
increasing the thickness of the quantum barrieddaarby decreasing the thickness of the
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Figure 10.4. (a) Calculated vertical profiles of thode intensity for structures C1625-6 (with corigal
barriers) and C1690-6 (with LIQB). Zero positionicates the position of the active region in theicat
structure. (b) Corresponding, calculated and measwertical profiles of the far-field. Presentedlres of
far-field angles are measured values.

guantum wells. However, the latter is challengiegduse the optical gain is decreased due to
interface roughness if the quantum wells get tao [#.

10.4. Internal parameters of the laser design

As will be further shown, the design utilizing LIQE1690) suffers from carrier
accumulation in the waveguide. As already discugseithe previous chapter, in structures
with strong carrier leakage, internal parametdws &, ands, are not independent from the

resonator length and the values obtained from é¢imgth dependent measurement are not
reliable. However, the internal parameters of tA€%D design are presented in table 10.2 for
reasons of consistency. A small drop in the integificiency to 80% (from 90% for the
reference structure) has been observed. The skfpemrcy of S = 0.44 W/A (per facet) is
slightly lower than for the reference structureciézss=0.47 W/A). The theoretically
predicted low confinement factor results in a sfignreduced modal gain (from

[ Go.c1625= 22.7 i to I Go c1690= 13.3 cn). The reduced modal gain results in a significant
increase of the threshold current density frergikos= 467 Alcni to kn cise0= 747 Alcn.

GaASl-yPy rGO(totaI), niv aiv 'JTr(totaI) ) I th*1 S*l TO*1 U*! V }\1

Structure | 5° L em? | % |lem?| Alem? | mA | WA | K (2A) nm

t-C1625| y=0.20 22.7 90 1.%7 264 467 | 0.47| 143 1.78 1060

t-C1690 | y=0.35 13.3 80 0.46 312 747 | 044 164 1.88 1057

Table 10.2. Laser parameters obtained from the-tei’ The t-C1690 design with a higher phosphoomsent
in the quantum barriers is compared to the referestoucture t-C1625. (* The slope per facet, the
threshold current, the bias voltage, as well asatteristic temperature,have been determined from a
1 mm-long, 100 pm wide device.)

10.5. Power-current characteristics of mounted lase

10.5.1. Experimental results
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Figure 10.5. (a) Experimental P-U-l charactersstaf laser structures: C1690-6 and C1625-6. (b)ic@ipt
spectrum of the C1690-6 laser at 4.0 A, 8.5 A @d1(c) The lasing wavelength of the sample C1690-6
versus wasted power (black symbols) and the lifietir the experimental data (solid red line). Measl
laser devices: 4 mm long, 100 pm wide single emsitteounted on c-mount. Test conditions: 500 us,
20 Hz, heat-sink temperature of 25°C.

Structure | I;, A | S, WIA P,W(at25A)| Rn KW Oy .deg M?

thy ' nC,max ' hy FWHM 95% 95%
C1625-6| 1.78 0.82 0.44 14.4 1.26 10.3 20.31.5840.31
C1690-6| 2.45 0.73 0.34 13.8 1.11 8.6 15.41.28+0.33

Table 10.3. The electro-optical parameters of Ci®25d C1690-6 designs processed as 4 mm long, h00 p
wide laser chips mounted on c-mount, tested und@®~V@500 pm, 20 Hz) at 25°C heat-sink temperature.
Thermal resistance was measured under QCW conditfandield angles were measured at currents
(7.5 A, 8.0 A) corresponding to the maximum coniarfficiency.

The discussed epitaxial structures C1625-6 and GB6%ere processed as single
emitter broad area lasers with 100 um stripe waltld a cavity length of 4 mm. In this
chapter, C1625-6 serves as a reference laser déhheelaser facets were passivated with
ZnSe. The laser facets were coated in order tarobtaror reflectivities of 1.5% on the front
facet and 95% on the rear facet. The laser chips weunted junction-side down on CuW
submounts and then soldered onto c-mount heat:siriles devices were tested under quasi-

CW operation with a duty-cycle of 1% (500 ps, 20 Hizheat-sink temperature of Z5. The

measured power-voltage-current characteristicsotii Istructures are shown in figure 10.5.
The significant reduction of the far-field anglethvithe LIQB design comes at a price — a
slightly deteriorated laser performance. The ldsesed on design C1690-6 exhibits a higher
threshold current ofd=2.45 A (compared tanlcis2s.6= 1.78 A), a lower slope efficiency of
S =0.73 W/A (compared tocHes=0.82 W/A), and an increased roll-over of the P-I
characteristic and thus a lower optical power of8My at 25 A. Moreover, the turn-on
voltage for the C1690-6 is increased. The increabeglshold is a result of the reduced
confinement factor and thus reduced modal gain. ©®feet in the turn-on voltage,
AUy ~ 55 mV is, however, too high to explained by thé nm wavelength difference
between these two designs (the electro-opticalnpeters are compiled in table 10.3). Both,
higher threshold and increased voltage lead taacteon of the maximum power conversion
efficiency from 44% for design C1625-6 to 34% fesiyn C1690-6. The non-linearity in the
current-voltage characteristic above threshold #me decreased slope efficiency would
typically indicate that carrier leakage is occuyrid]. However, the LIQB design leads to a

90



higher bandgap for the barrier layers, and thefate between the GadgPo ss-barrier and
the Ab1GadAs-waveguide results in a higher effective barrdgainst electron escape.
Therefore, electron escape for this structure is axpected. On the other hand, the high
barriers may block the hole-injection into the aetregion, which might explain the higher
operating voltage of the design.

10.5.2. Device simulation

20ra)  Measured ) i'g 'b)  Calculated ]

Voltage U, V
Voltage U, V

10f ----. C1625-6 A 10r ..... C1625-6 -
2 [ ——C1690-6 7 > — : N
~ 8} , > g C1690-6 , ]
S 6f ? 6t |
o (@]
o r oy L
T 4F T 4 ]
S 7 S
S 2t S 2t 1

0 I 7 P S R S 0 I V7 AN S BTSSR
0 5 10 15 0 5 10 15
Current I, A Current I, A

Figure 10.6. (a) Measured and (b) calculated Peblakracteristics for 4 mm long, 100 um wide broghdasers
based on epitaxial structure C1625-6 (blue dashejl &nd structure C1690-6 (LIQB) (red solid line).

To help diagnose the reason for the unexpectedadation in performance, full finite
element device simulations were performed for thése discussed structures. The
calculations were carried out by the use of a corai@laser simulation tool, Lastip [6]. The
simulations were based on a drift-diffusion modaelthe carrier transport and performed one
dimensionally (vertically) without considering theal effects (fixed 25°C) or current
spreading. The calculated optical output and veltadnaracteristics are presented in
figure 10.6 and reproduce the increased turn-otageland the non-linear U-I characteristic,
the reduced slope efficiency and the increasedshiotd current for design C1690-6. The
reasons for the degraded performance of the C1688s§n utilizing LIQB can be clarified
by studying the band and carrier profiles in thanity of the active region. In figure 10.7, the
energy band and carrier density profiles of desi@i$25-6 and C1690-6 are shown at
threshold. The band-bending at the p-side of theacegion in design C1690-6 indicates
hole accumulation at the p-edge of the active redio figure 10.7a, one can see the increase

of the valence band discontinuity (Ev,WKEv,Ih-QB) for light holes and the conduction

band discontinuity (Ec,QB Ec,WG) at the GaAsP, barrier /Ab:GaysAs waveguide

interface with increasing phosphorus content (yjhie quantum barrier. The valence band
discontinuity for design C1625-6 equals 12 meV amwdeases to 70 meV for design C1690-
6, creating a higher barrier hindering the injattad holes into the active region. The holes
accumulated at the p-side edge of the active regieate a higher local electrical field (-
20 kV/cm, for C1690-6). In order to overcome theriga and inject sufficient holes into the
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Figure 10.7. (a) The band energy profiles in tiotity of the active region for design C1625-6 atebign
C1690-6 at threshold. Notation; &nd E — conduction and valence bands, respectivelyl-pnguasi-
Fermi level for electron and holes, respectivaby.Rrofiles of electrons (black line) and holesl(liee)
at threshold.

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

The calculated as well as the measured voltagefwucharacteristics for C1690-6 show
a non-linear behavior at higher applied currentdc@ations of the carrier profiles at a higher
applied current, 1 =13 A, indicate electron leakagvhich is stronger for the structure
utilizing the LIQB. The energy band and carrier signprofiles are illustrated in figure 10.8.
The dominant reason for the greater electron actation in the p-type waveguide is the
presence of a high concentration of accumulatedshal the p-side of the active region. The
electric field generated by this hole populatiomaats the electrons, which can overcome the
large energy barrier due to the increased condutémd discontinuity of the quantum barrier

[71
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Figure 10.8. (a) The band energy profiles for gie€21625-6 and design C1690-6 at current | = 1Bldtation:
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The high barrier to hole injection may be reducgdising a lower energy material for the

spacer next to the p-waveguide. This can be actiibydowering the content of phosphorous
in the GaAsP spacer. However, different compositiointhis spacer and the quantum barriers
will create an asymmetric multi-QW active regiomttltould lead to spectral broadening of
the modal gain and an increased threshold cargesity. Therefore, further study of the
different designs for the barriers and spacerddnas performed.

10.5.3. Thermal stability and the resonator length

The dependence of the threshold current and thee sédficiency on the heat-sink
temperature was measured for C1690-6 laser chijpstwo different resonator lengths, 4 mm
and 8 mm. The front facets of the longer lasersewsryated with a lower reflectivity of
Rf,.=smm= 0.5%. The measurement was performed for a cupisé duration of 300 ns and a
repetition rate of 1 kHz. The temperature depenelaricthe threshold currents and slope
efficiencies are presented in figure 10.9. The mpatars § and T obtained in the
temperature range 15°C-65°C are similar (within theasurement uncertainty) for both
resonator lengths: oF 1629 K, T, = 37396 K for a 4 mm long laser and, ¥ 1638 K,

T, =346:13 K for an 8 mm long laser. At higher heat-sinkaperatures, specifically 75°C —
95°C, the longer lasers feature higher characietsmperaturesland T,. The T parameter
increases from 90 K to 100 K for an increase ofddnéty length from 4 mm to 8 mm, and the
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Figure 10.9. The logarithmic dependence of thestiwkl current (a) and the slope efficiency (b) lmnheat-sink
temperature for the C1690-6 design processed agtOser chips with two different resonator leisgth
4 mm and 8 mm. Measurement conditions: 300 ns cupmalse duration, 1 kHz, repetition rate, heaksin
temperature range: 15°C — 105°C.

parameter T=218 K for an 8 mm long laser is two times higtiean the parameter
T1 =108 K for the shorter, 4 mm long, device. Thecdntinuity, more significant in the; T
parameter, might indicate thresholds of additidosses activated at higher temperatures like
thermionic carrier escape. The higher values otctieacteristic temperatures for lasers with
longer resonators are probably attributable to towarrier densities resulting in lower
threshold current densities. Lower carrier dersitiesult in lower carrier leakage in these
devices.

10.5.4. High-power laser devices with long resona®

Laser structures based on epitaxial designs C66&25d C1690-6 were processed as
single emitters with an 8 mm long cavity and 200 wide stripes, double that of the 4 mm
long devices discussed in previous sections. Thg ¢@min medium allows a further reduction
of the reflectivity of the front mirror to 0.5% artus a reduction of the optical load of the
facet. The laser chips were mounted junction saerdonto CuW submounts and soldered to
conduction cooled packages (CCPs). The laser deviege characterized under quasi-CW
operation mode, under which the wasted heat pratbgehe laser is removed by the CuwW
submount. Therefore, there is almost no differeincthe characteristics between the chips
that were mounted on a c-mount or on a CCP (inragipes the calculated dependence of the
temperature distribution on the heating time fa kser chip mounted junction-down to the
heat-sink is presented). The measured quasi-CW-Vigltage-current characteristics are
presented in figure 10.10. The low confinementdacf the structure reduces the density of
the internal optical power and, together with tlse of high performance facet passivation,
prevents catastrophic device failure due to theri@l or mirror damage. As a result, both
structures deliver a high output power of 30 W withdevice degradation. The slope and the
roll-over of the quasi-CW power-current characterssfor both designs C1625-6 and C1690-
6 are comparable over the whole range of appliectots (up to 80 A). The threshold current
of 6.48 A for design C1690-6 is higher than that dafsign C1625-6 with 5.3 A. The
maximum conversion efficiencies ag ,..= 33% ands ,...= 30% for design C1625-6 and

C1690-6, respectively. Whereas a 10% drop in maxiraanversion efficiency was observed
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Figure 10.10. Measured quasi-CW light-voltageren
characteristics of 8 mm long, 2¢@n wide diod
lasers based on epitaxial design C162@slacl
dashed line) and design C1690-6 (red solid line).

for the 4 mm long devices, the laser with LIQB ordyhibited a 3% lower maximum
conversion efficiency when processed as an 8 mi leger. The reason for the much smaller
difference in performance is that the increasedtgdength leads to a smaller threshold gain
and reduced threshold current densities (612.5 Atasus 405 A/cA). A lower threshold
density translates to a reduced carrier densithenquantum wells, which leads to a reduced
carrier accumulation in the p-doped waveguide layée increased optical roll-over-power
from 13.8°W (for a 4 mm long, 100 um wide laserB@W (for an 8 mm long, 200 um wide
laser) is also due to reduced thermal resistanom fRy=1.11 K/W to R,=0.23 K/W,
respectively.

10.6. Lateral far-field of laser based on the SLO.IQB design
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Lateral beam profiles were measured for both desi@1690-6 utilizing LIQB and
C1625-6 using conventional quantum barriers. Thacires were processed as 4 mm long,
100 um wide, facet coated lasers mounted on c-rsousigure 10.11 presents values of
lateral near-field widths, lateral far-field widtlt®ntaining 95% optical power and lateral
beam propagation factors?vmeasured under quasi-CW operation mode (500Qubiz} at
different operating powers (from 0.5 W to 10 W) eTtemperature of the heat-sink was 25°C.
The C1690-6 lasers exhibit a less structured latear-field pattern even though these lasers
have to be driven at higher currents in order ttiveethe same optical output power as
devices from the design C1625-6. The less strudtiateral near-field pattern results in a less
structured and narrower lateral far-field pattend also a lower beam propagation factof, M
In figure 10.12, beam profiles measured at 7 W flmoth designs are presented. The better
lateral beam quality of the lasers based on thégdessing LIQB may be explained as
follows. The C1690-6 design features a much lovesfinement factor due to the introduced
LIQB. Following [8,9], the low confinement factagdds to a lower modal gain and a reduced
gain for carrier-induced filaments (like self-foous 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 phn;G® As waveguide with low
index quantum barriers (LIQB) have been investidaiéhe theoretical study of the far-field
reduction by introduction of LIQB into the MQW aadi region was confirmed
experimentally. The divergence angle, containing ptical power, for the SLOC laser was
reduced from 20.3° to 15.4° by the use of the LIQBe LIQB design in combination with
low Al-content waveguides, however, exhibits anr@ased voltage and reduced laser
efficiency. The increased valence band discontymiitthe LIQB was found to be the relevant
parameter for the laser performance degradatioa.highh band discontinuity of the quantum
barrier creates a barrier for hole injection andrgually leads to hole accumulation at the p-
side edge of the active region, which results iactebn leakage. It may be possible to
minimize the carrier accumulation effects by utilgz a lower energy p-side spacer. This issue
is going to be studied in future work. When usiogder cavities, the deterioration of the laser
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performance is less severe. The structure processelkvice with an 8 mm long resonator
and a 200 um wide stripe delivers a high quasi-GMput power of 30 W. Moreover, it was
shown that structures utilizing a LIQB show a letsictured lateral near-field patterns
resulting in lower lateral far-field angles and Evibeam propagation factors2NThis effect
may be attributed to the low confinement factothe LIQB design, which further results in
smaller carrier induced filaments.
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Summary and outlook

The aim of this work was to realize diode laserthweixtremely narrow vertical beam
divergence while simultaneously maintaining a higiiput power. Structures with narrowed
vertical far-field offer easier beam shaping anado system costs, especially when spectral
stabilization with an external volume Bragg gratisgnecessary. In commercial systems, a
narrow far-field emission angle with 95% power @onitis important in order to avoid
unwanted stray light effects such as pumping of fther cladding. This work considered
diode lasers emitting light in the wavelength rabgéveen 1050 nm to 1150 nm, which find
application in telecommunications as pump sourcessifica based fiber lasers and Raman
amplifiers, as well as in direct material procegsin

The target of the doctoral thesis was the reabmatf broad area single emitters,
which emit optical power of more than 20 W within extremely small vertical divergence
angle of below 10° defined as full width at halfxmaum (FWHM). The work included a
theoretical study of the waveguiding and carriangport properties of the laser structures
and an experimental study involving the electraegbtcharacterization of processed laser
devices, intended in part to diagnose what linfigsrtperformance.

The structures investigated in this work were basea vertical Super Large Optical
Cavity (SLOC) design. The starting point was adtiee with vertical divergence angles of
19° (FWHM) and 30° defined as an angle containibof the optical power. A further
reduction of the vertical beam divergence was aghiey two methods. The first method is
based on the expansion of the optical mode by déurbroadening the waveguide. It was
noticed that for waveguide thicknesses >> 3 ummibde profile in the slab waveguide is less
influenced by the cladding layers but is stronglffuenced by the MQW-active region due to
its high average refractive index. This observati@s the basis for the second, novel method,
for far-field reduction. It was examined, in simtid&as and experimentally, that the
introduction of low-refractive index quantum barsieand spacers reduces the high average
refractive index of the MQW-active region, leaditg lower mode confinement and
significantly reduced vertical far-field angleshaith, FWHM and 95% optical power content.

In order to ensure single mode operation, two nughtor higher order mode
discrimination were used during the laser desiganely gain discrimination and loss
discrimination. It was shown that an uncontrolledigling of the lasing mode into substrate
modes may occur in the analyzed structures. Thengmenon deteriorates the vertical beam
profile and also results in kinks in the power-euatrcharacteristics. This undesirable effect,
however, can be suppressed if thick enough claddieys are utilized.
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Based on the simulated designs laser structures grenwn and processed as broad
area devices with 60 pm to 200 pm wide contagbesrand 4 mm to 8 mm long Fabry-Perot
resonators. In the following paragraphs, the expental results of different laser structures
will be summarized.

The first investigated laser structures were basedsaAs waveguides and utilized
active regions designed for emission wavelengtosnfi100 nm to 1130 nm. Widening the
waveguide from 3.4 um (B1110-3) to 5 um (B1109€&3uited in the far-field angle reduction
from 19° to 13° (FWHM) and from 30° to 21° (95% paveontent). In structure B1109-3, the
number of quantum wells was increased simultangoiism two to four, which maid it
possible to maintain a high optical modal gain desphe wider waveguide. It also
strengthened the carrier confinement in the aategion, resulting in a high power laser
design. Both designs, processed as 8 mm long abigi@0wide laser chips mounted on a c-
mount, delivered 38 W roll-over power in quasi-C\Vdde.

In the example of a structure based on 3.4 um t@aks-waveguide with a DQW
active region and an emission wavelength of 1100(Ad459-3), it was shown that the
performance of the laser design is limited by earspill-over and carrier accumulation in the
waveguide - even under pulsed operation, i.e. i@ #bsence of self-heating. It was
theoretically shown that increasing the number olrqum wells improves the carrier
confinement in the active region. A higher numbérgoantum wells reduces the carrier
density in the QWs at threshold and thus the gbeasihi energies of electrons and holes
shifts towards lower energies. As a consequence effective barrier height between the
active region and the waveguide layers is increaseldthe carrier leakage is diminished. This
effect was confirmed experimentally by a measurdméthe spontaneous emission spectra
emitted from the waveguide. The final result wasramease of the output power from 45 W
(A1459-3: two QWSs) to 55 W (A1457-3: four QWSs) &101A from a 60 um wide and 4 mm
long single emitter, measured under ‘zero-heatddmns. The design utilizing a four QW
active region, processed as a 200 um wide chipdamdn to an increased current of 240 A,
delivered 124 W optical power limited by the cutrsapply.

The efficient long wavelength GaAs-based desigreeine, however, almost unusable
for the commercially important wavelength of 1060,ras shown by the example of structure
C1357-6. The multi-QW active region designed favavelength of 1060 nm results in very
low effective barrier heights and thus strong earleakage. It was shown that,&k - As-
waveguides are necessary to minimize the carradalge deteriorating the laser performance.
Even low aluminum content (x =0.1) waveguides duiigh effective barriers, which
significantly improve the carrier confinement argbult in high laser efficiency despite the
increased electrical resistance of the laser strectStructures based on (AGadAs
waveguides exhibit nearly two-fold higher charaster temperature gfand more than three-
fold higher characteristic temperature(To = 151 K, T, = 573 K) than the structure based on
a GaAs waveguide ¢F 85K, T, =162 K). Moreover, 4 mm long, 100 um wide laser
devices tested under ‘zero-heat’ conditions dedigies4 W optical power at 92 A (C1605-6).
This is 90% more than the power delivered from dlegice based on a GaAs waveguide
(C1357-6). On the other hand, structures based tBaAs waveguides exhibit wider
divergence angles of the laser beam. The reasahmeislower refractive index of the
waveguide, which leads to a stronger mode confimeinethe active region. Structures based
on 6.0 um thick AJ1GaAs waveguides (C1605-6) exhibit a laser beam witlergence
angles of 13° (FWHM) and 21.6° (95% power contentjereby the structures utilizing GaAs
waveguides (6.2 um thick, C1357-6) exhibit diveigeangles of 10.6° (FWHM) and 16.6°
(95% power content).

In order to reduce the far-field angles of struesupased on AlGaAs waveguides from
13° to 10° (FWHM), it was necessary to widen theveguide layers from 6.0 um to 8.6 um
(C1605-6 and C1625-6, respectively). The angleainimg 95% optical power was, however,
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only reduced by 1°, i.e. from 21.6° to 20.3°. Moreq the process of further reducing the
angle by only increasing the waveguide thicknesas wnsuccessful. It was found that in
SLOC structures, the MQW-active region, due to liigh average refractive index,

contributes significantly to the guiding of the nesd By increasing the thickness of the
waveguide layers, the active region acts more aorkras a waveguide itself and therefore
prevents further narrowing of the vertical far-fielt was shown that by the introduction of
low-index quantum-barriers (LIQB) in the MQW-activegion, its high average refractive

index is reduced. In consequence, the mode conénem reduced resulting in a significant
reduction of the divergence angle containing 95%eyccontent. The invention is the subject
of the German Patent Application DEA102009024945.

The 8.6 um waveguide, in combination with the LIQ8sign, enabled the reduction
of the divergence angle containing 95% optical pofrem 20.3° to 15.3° and the angle at
FWHM from 10° to 8.6° (C1625-6 and C1690-6, respety). However, the LIQB design
combined with low Al-content waveguides exhibitsicreased voltage and reduced laser
efficiency. It is shown that the reason for thestagerformance degradation is the increased
valence band discontinuity of the LIQB. The higmtaliscontinuity of the quantum barrier
creates a barrier to hole injection and eventdabyls to hole accumulation at the p-side edge
of the active region which results in electron kgd The deterioration of the laser
performance is less severe by using longer cavilié® increased cavity length leads to
smaller threshold gain and reduced threshold ctidensities. The lower threshold density
translates to reduced carrier density in the QWschvleads to reduced carrier leakage. The
structure processed as a device with an 8 mm lesgnator and a 200 mm wide stripe
delivers a high roll-over power of 30 W in quasi-GWbde and is only 8 W lower than the
initial design based on 3.4 um GaAs waveguideeakhibits twofold wider divergence angles
(B1110-3: 18° (FWHM), 30° (95% power content)).

During this work the realization of laser deviceshwup to 8 mm long cavities was
possible because the designed structures exhibitechternal lossesd, =1 cm). The long

gain medium allows for low reflectivity at the frofacet, so higher output powers can be
achieved. Moreover, the large equivalent spot-sizeach design and the facet passivation
protect the laser mirrors from optical damage. Addally, the lower thermal resistance of
the longer lasers delays the roll-over effect anmldases the peak optical power.

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

To conclude, this work resulted in the reductiorthe vertical divergence angles, of
broad area lasers emitting around 1100 nm, fromtd%.6° at FWHM and from 30° to 15°
defined as the angle containing 95% of the opfixaler. The laser structure with reduced
far-field processed as 8 mm long and 200 um widglsiemitter delivered 30 W optical
power in quasi-continuous wave mode.
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Figure 11.1. The vertical far-field angles correwing to FWHM @y rwim) @and 95% power conten®( ose),
maximal wall-plug efficiency (WPE), quasi-CW roll-evpower (Bcw) and power at 100 A current
under ‘zero-heat’ condition of laser structuresdohen SLOC designs presented in the doctoral
thesis. Resonator lengths L and stripe widths Wiradieated in the figure. The far-field angles are
independent of L and W. The boxes under each waftreofliode laser contain a brief description of
the epitaxial structure, i.e. waveguide compositiod thickness, number of quantum wells, emission
wavelength.

Further work is going to be focused on the improgst of the conversion efficiency
of the laser design with an extremely narrow dieee angle. The factor degrading the laser
efficiency is the electron accumulation in the ped waveguide, where they recombine with
holes and are lost to the lasing process. Theréwareeasons leading to this phenomenon.
Firstly, the injected electrons leak to the p-dopexyeguide due to low effective barrier of
the active region. Secondly, in LIQB design, theréased valence band discontinuity at the
GaAsP-spacer and p-AlGaAs-waveguide layer createsrger, hindering hole injection into
the active region. The holes, gathering at thedp-oif the active region, generate an electric
field that attracts the injected electrons. Theppsed designs for further investigation are
structures utilizing asymmetric waveguides witmtter p-doped layers. In such a design, the
volume where the electron and holes can recomBirsgnaller and thus lower optical losses
are expected. Moreover, reducing the thickneshefprwaveguide, which is characterized
with a higher electrical resistivity, will reducket electrical resistance of the structure. The
influence of the doping of the p-waveguide on thermal and electrical conductivity of the
laser structure should also be investigated. Furtbee, the asymmetric waveguide provides
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a broader near-field pattern and thus resultsnareower far-field pattern. The discrimination
of higher modes might bechallenging however. Tleeegfa single fundamental mode lasing
might be more difficult to obtain.

It is planned to investigate how the material cosipan of the spacer next to the p-
waveguide influences the hole accumulation in tleeity of the active region and the laser
efficiency. Reducing the mole fraction of phosplsoin this GaAsP-spacer reduces the
valence band discontinuity between the active regiod the waveguide, and also diminishes
the barrier for hole injection. However, differamampositions of this spacer and the quantum
barriers will create an asymmetric multi-QW activegion that could lead to spectral
broadening of the modal gain and an increasedhbl@sarrier density.
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Appendix 1

List of grown epitaxial structures.

This Appendix gives an overview of the grown ep#iéstructures discussed in the
doctoral thesis. The appendix includes a table hirckvthe details of the designs are listed,
including: active region design and the emissiowvelength, composition and thickness of
the waveguide, composition of the claddings, andesponding vertical far-field angles
defined at fwhm and as angle containing 95% optmaler. The values of the beam
divergence angle are experimental data (Table Moyeover, the Appendix includes figures
showing the calculated energy band profiles andcéfe index distribution of the discussed
designs.

Active region Waveguide di Vertical
Cladding ivergence angle
Structure | Wavelength Barrier 95% Chapter
Quantum layers
well (Material; Material Thickness fwhm | power
thickness) content
A1459-3 1100 nm Ino zgé;7lAS GaAs; 100 nm GaAs 3.4 um AlGaysAs | 18.5° 30.0°
7
A1457-3 1100 nm Ino 2964;71As GaAs; 50 nm GaAs 3.4 pum MGay7sAs | 19.3° 30.5°
B1110-3 1125 nm Ino 3£;57As GaAs; 100 nm GaAs 3.4 um AlGay7sAs | 18.0° 29.5°
8
B1109-3 1130 nm Inmg;eﬁs GaAs; 50 nm GaAs 5.0 um MGay7sAs | 12.6° 20.6°
c13576 | 1060nm | 5:31;7 As GRSz GaAs 62um | AGadAs | 10.6°| 16.6°
9
c605-6 | 1061nm | £;7 As Ge;’f‘s%ﬁﬁ‘;'z; AloGadAs | 60um | ALGaAs | 13.0°| 216°
C1625-6 | 1060nm | Sé; As Gf’;’?ﬁfﬁ-ﬁ AloGaAs | 86um | AGaAs | 10.3°| 203° | 9 10
C16906 | 1057nm | | sé;” As Ga’;\%gﬁ”é AloGaAs | 86um | AGahs | 86° | 154° | 10

Table Al. The epitaxial structures grown and disedss the doctoral thesis. The wavelength and #hees of
the vertical far-field angle are experimental dataasured at currents corresponding to the maximum
of the conversion efficiency of each laser. Theée$aser devices are 100 um broad single emitters
with 4 mm long cavity, mounted on c-mount. The nseasient conditions: 500 pus current pulse
duration, 20 Hz repetition rate, 25°C heat-sinkgerature.

The energy band profiles calculated with QIP sofevand the refractive index
distributions of the epitaxial structures discusatthe this work are presented below.gnd
X denote thelr and X conduction band edgeshEv and Ih Ev represent the heavy and

light hole valence band edge, respectivédyhhlevel, 1stlh level denote the first energy level
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of the heavy and light hole, respectively). Theetssof the graphs present enlarged image of
the active region.
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Figure Al.1. Energy band profiles and refractivdeix distribution of structures based on 3.4 pmkti@d@aAs-
waveguide, utilizing active region with two QWs (#89-3) and four QWs (A1457-3) designed for

emission wavelength of 1100 nm.
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Figure Al.2. Energy band profiles and refractiveex distribution of a structure based on 3.4 prokti@éaAs-
waveguide, utilizing two QWs active region (B1110&ahd a structure based on 5 um thick GaAs-
waveguide and active region with four QWs (B1109E3jission wavelength: 1130 nm.
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Figure Al1.3. Energy band profiles and refractiveex distribution of a structure based on 6.2 prokti@aAs-
waveguide (C1357-6) and a structure based on 6.¢hjcin Aly :Ga JAS-waveguide (C1605-6). Both
structures utilize active region with four QWs dged for emission wavelength of 1060 nm.
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Appendix 2

Stimulated emission recombination rate and the poweof the
guided mode.

The stimulated emission recombination term in tpe3e3.1 can be written as [1]:

Ry = 20 0 O (A2.1)

where E is the electric field, g denotes the material gain that is approximatetl witinear
dependency on the carrier density N [1]:

9 =9'(N=Ny,), (A2.2)

where g' denotes the differential gain andNs the transparency carrier density, for which

the material loss is compensated by the opticah gand the material become optically
transparent.

Following [2] the total guided power by TE modesl (=- B (E,, B - propagation
0
constant in thez -direction) can be written as:
p=1/F f ﬂE (x)\ dxdy. (A2.3)
2 au

The electric field of a mode propagating in thedirection can be expressed as:

E,(xy) P(z). (A2.4)

E(X’ y'Z):\/l ﬂ +00 +00

26%[ _UE ()| dxdy

Substituting the square (E(x, Y, z) from eq. (A2.4) into eq. (A2.1) and consideringsiba

relations likeg,u, = iz and S8 = & (., Yyields:
C c
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RSﬁm(x,y,z):nEgm(X’y)D E, [P(2) (A2.5)

+o00  +oo

e 0 J'”Ey(x)rdxdy
Since

L=const x=d,,, y=W
gm_{g azr Y (A2.6)

o X >d [y >W

we averageRg,, over the active region (W - the lateral active twjdhz - the vertical active
region thickness) and the averaged stimulated @nisscombination term can be written as:

daz/2 W2 ,
oot j HEy(x)qudy
Rsim = Az Sm [10/2 2 P(z). (A28)

+00  +oo

dAZ WV neﬁ ﬂia) J- J.‘Ey(x)(zdxdy

Since
daz/2 W/2 )
'[ ‘Ey(x)‘ dxdy
O = 22 [J42/202 9, (A2.9)
[ |E, () dxdy
and
daz/2 W/2 )
[ |E, () dxdy
[ = /202 (A2.10)

_J; _J]Ey(x)rdx

is the confinement factor, the finale expressiartiie stimulated emission recombination rate
represented by the optical power of the guided ntakies the form:

- gmodal _(Z) A2.11
T (2.11)
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Appendix 3

Mirror losses and laser threshold condition.

R, R,

\ \
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Figure A3.1. The internal optical power carried bplanar wave during a roundtrip in a Fabry-Perdicap
resonator with ® R_ mirror reflectivities and cavity length L. ‘+', ‘indicate the direction of the
wave propagation.

An optical wave travelling forthE* ~ E;exp(+ifz) and backE™ ~ E,exp-ifz)
along a gain medium on z direction between twoon#R, and R (0<R,,R, <1) in an

optical resonator of length L is considered. Thetiocap power the wave carries is
P~FR edeIm,B[z), where 2lm £ denotes the modal gain. The optical wave trawglim

the optical resonator, however, also experiencésalfossa; .

The internal optical power P at the starting point 0) is defined asP(O).

Passing forwardg = L, from the left-hand side to the right-hand sidetted resonator, the
optical power takes the form:

P+ (L) = P(O) |}Xp{(gmodal - ai ) D‘] ' (ASl)
The reflected power at the facet, " (L), equals:

Pr(L)=RP(L)

= R, (P(0) @xl(gye ~a)L]’ 32

Furthermore, the optical power carried by the wafter passing backwards from the right-
hand side to the left-hand side of the resonatartd takes the form:

P_(O) =P (L) EaXr{(gmodal —-a )l]-]

A3.3
= RL |:IP(O) @XF{Z |:Ggmodal - ai )DL] . ( )
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Finally, considering the power loss at the mirrgr e internal power after one full round
trip equals now:

P(0)=R,P (0
= RR P(0)ex2g, o - 1 )L]. A4

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

1= RR [ex2((G s ~ ;) IL]. (A3.5)
Equation (A3.5) also provides the laser thresholidgion:

gmodal,th =a; +i|:]]ni =a, +am . (A36)

2L RR

The modal gain at the laser threshold equals tia aptical losses: the free-carrier absorption
loss a; and the mirror loser,, .
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Appendix 4

The WIAS-TeSCA Software.

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

The lasers considered are wide stripe devicesheocalculations were done only
quasi-one-dimensional. This means, that the sinomlarea is taken as a slice with a vertical
extension according to the layer structure andeadawidth of 10 nm for numerical reasons.
At the lateral boundaries, the derivatives of tiptical field and electro-chemical potentials
are set to zero (homogeneous Neumann conditiors$. implies that there are no lateral
variations of all quantities. The calculated parearglike output power and current are then
rescaled to the considered stripe width of theaievihis approach does not take into account
e.g. the lateral current spreading effect whichrdsl broad-area devices is typically less than
10%. The second assumption is the homogeneity efofttical power distribution in the
longitudinal dimension. This longitudinal power eaging is approximately correct for
Fabry-Perot lasers. However, this approach doesaketinto account the longitudinal spatial
hole-burning phenomenon.

TeSCA software works properly for bulk materialhiefe are no quantisation effects
implemented. Therefore, the band-structure of thereed multi quantum well active region
is separately simulated bsight—band k[ p calculations. The results of this calculation are

entered the WIAS-TeSCA simulator in terms of netffioients. Consequently, the quantum
wells are treated as a classic material with aiBp&caterial parameters.

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

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

a) The Poisson equation in the transverse diredisnlved to find the electrostatic potential:

d’g _ B
dX2-C+p n. (Ad.1)

- &

£ is the static dielectric constar, denotes the electrostatic potentialp are the electron
and hole densities, respectively, abds the charged impurity density.
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b) The continuity equations for electrons and halessolved to simulate the carrier transport:

dn_dj, _

i
R and P Y _ (A4.2)
dt dx dt dx

jns I, denotes the current densities of electrons aneishoéspectively. The recombination

rate R involves the nonradiative recombination proce$iges
- the Shockley-Read-Hall recombination rate. Thaegal expression can be found in
[Piprek]. Here three special cases are presented:

Rsrh =ﬁ forn=p=NandN >>n,, p,, (active region) (A4.3.a)
n p
Rspy = SE{H forn>>p, (n-doped layer) (A4.3.b)
r
p
Repy = % for p>>n. (p-doped layer) (A4.3.0)
T

n

The electron and hole lifetimeS™" are structure dependent and are within an order of
magnitude of 18 s.
- the Auger recombination rate:

RAug = (Cnn + Cp p)(np_ n0 pO)’ (A44)

with Auger coefficientsC,, C, within the order of magnitude of dcns™.
Included are also the spontaneous radiative regmatibn rate:

Rspon = B(np_ no pO)’ (A45)

with material coefficientB of the order of magnitude of 18 cns®; and the stimulated
recombination rate described with eq. A2.5.

The carrier transport and the optical waveguidimg eoupled via the stimulated
recombination rate.

The quasi-Fermi energids, and F, are linked with the carrier densitiesand p by

means of the Fermi-Dirac statistics.
As a consequence of the above equations, the tuc@amservation equation is
inferred:

. d .
] :—aﬂd—f+ Intlp- (A4.7)

c) The optical field distribution is determined $glving the waveguide equation:

d’E (af ~ ~, B
o +(?£(w, x)- B JE(X)—O, (A4.8)
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where « represents the optical circular frequency of #eng mode. The complex dielectric
function E(a;,x) is a function of the gain, the background absorpénd the refractive index.

Thus, it depends on almost all properties of therafing device. As a consequence, the
propagation constant and the eigenfunctiendepend parametrically on the carrier density
distribution and on the temperature profile.

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

Additionally, in order to consider the longitudindimension of the laser, the rate
equation for the optical power is self-consistestiyved with the other equations.

dP ¢

~ 1
—=—|2ImB-a+—In A4.9
[ fa+ (A4.9)

d n

1
— 5= Pt Rs ont*
. R(O)R(LJ -
2lm [3 represents the modal gaim; denotes the free-carrier absorption and scattéosggs;
R.,ont IS the rate of photons spontaneously emitted tiiolasing mode; L and R represents

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

P= Reoon : (A4.10)

Omodar — +i In ;
2L R(O)R(L)

In all calculations with the TeSCA software, ortig 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 tiocal carrier profiles (calculated
by means of the WIAS-TeSCA simulator) in the wor& presented for two samples: A1459-
3 and C1357-6. The results are presented in chapier figure 7.3 and in chapter 9 in
figure 9.2, respectively. tables A4.1 and A4.2 preghe parameters used for the simulations
of samples A1459-3 and C1357-6, respectively.
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Entered parameter Value Unit Comments

Gain coefficient 12.1x 10° cm’ Considered only for the QWs
Carrier lifetime (Shockley-Read-Hall |t,=2.8 ns Equal for each epitaxial layer i.e.
recombination) 1,=2.8 QWs, waveguide and claddings
Radiative rate coefficient B=2.7x10° |cn’s?
Auger recombination rate coefficient Cy=2x 1077 cm’s?

¢ C, = 2x 10%
Absorption cross sections for free 0,=3x 10 on?
electrons and free holes 0,=7x10%
Scattering loss 0.6 chn

Table A4.1. Parameters entered the simulation soétwaring calculations of power-current characteriand

vertical carrier distribution under ‘zero-heat’ clition for sample A1459-3, discussed in chapter 7.

The simulation results are presented in figureai®7.4.

Entered parameter Value Unit Comments
Gain coefficient 6 x 10° cm’ Considered only for the QWs
Carrier lifetime (Shockley-Read-Hall |t1,=2.3 ns Equal for each epitaxial layer i.e.
recombination), T,=2.3 QWs, waveguide and claddings
Radiative rate coefficient B=86x10"" |cn’s?
Auger recombination rate coefficient G, =2x 1022 cn’s?

C,=2x10

Absorption cross sections for free 0,=4x10% >
electrons and free holes 0, =12x 10" ¢
Scattering loss 0.3 chn

Table A4.2. Parameters entered the simulation softwaring calculations of power-current charactieriand

vertical carrier distribution under ‘zero-heat’ dition for sample C1357-6, discussed in chapter 9.

The simulation results are presented in figure 9.3
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Appendix 5

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

This doctoral thesis deals with high power diodeeta with several Watts of output
power. One of the main factors limiting the laserfprmance is the internal heating. the
mounting process of the laser chip plays a sigmificole here. In order to reduce the thermal
resistance and thus the bulk junction temperatweddser chips tested during the work were
mounted junction-down. This mounting configuratigim contrary to the junction-up
mounting) prevents the heat generated during laperation, from spreading through the
thick substrate. Thus the internal heating of thset crystal is reduced. To support this
argument, the temperature distributions and thepésature rise of the active region were
calculated for junction-up and junction-down bondieser chips as a function of the heating
time. The results are presented in chapter 3 urdi.8. The simulation software is discussed
in the text below.

The laser chips discussed in this work are moumeda CuW submount that is
soldered to a C-mount heat-sink and tested undet phise and quasi-CW operation modes.
Some of the diode-lasers discussed in chapterd@ever, were mounted to an another type
of heat-sink, i.e. CCP. In order to show that Pvracteristics of the lasers mounted on two
different types of the heat-sink but tested at faene quasi-CW operation mode are
comparable, the temperature distributions and tdependence on the heating time were
simulated. From the calculations presented in Adpeh in figure A5.1, one can see that the
heat-sink type only has an influence on the lasenfopmance when tested under CW
conditions.

The simulations of the two-dimensional temperatdigribution in the transverse
cross section of the laser diode (mounted on CuwWwdDnt ) were done with the help of the
MSC Patran/Nastran software package by Dr. F. &deniat the FBH institute. The software
solves the time-dependent linear heat equationin@wimulations, the heat fluxes in the
epitaxial layer structure, in the submount and he teat-sink were accounted for. The
temperature at the bottom of the Cu heat-sink vegt konstant and at all other boundaries,
zero heat flux was assumed (no heat exchange hetlvedaser and the surrounding air). All
material parameters [1] of the simulated structuveeye assumed to be temperature
independent. The temperature distribution versus tvas initially calculated for an arbitrary
loss power.
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A5.1 Simulations of the temperature distribution in the transverse cross
section of the laser diode mounted junction -up angunction-down to
c-mount.

The different layers of the simulated laser strigtiogether with their respective
geometries and material parameters, are listeabile tA5.1 (junction-up mounting) and table
A5.2 (junction-down mounting). During simulatiohet complete heat source (10 W) was
placed in the plane of the active region (thickne$ssabout 30 nm - neglected in the
simulation). The heat-sink temperature was set@0 K3 [2]. The simulated temperature
distributions versus heating time (0.1 us to 500gus 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, D3n5|t3y,
mm mm mm W/Kmm J/igK gimm
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
(Ni/Au/Ge+
n-metal TilPYAU) 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 Phy.Srve 0.02 2 1 0.050 0.27 0.0089
Heatsink Cu 5 6.4 3.3 0.384 0.383 0.0089

Table A5.1. Geometrical and material data for timeetdependent 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?nS't%/’

mm mm mm W/Kmm JIgK gimm
n-metal (T'?'/'é,/;\/“A/Se* 000055 |04 |02 0.1 0.38 0.012
n-substrate GaAs 0.12 04 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 0.1 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 PhysShve 0.02 2 1 0.050 0.27 0.0089
Heatsink Cu 5 6.4 3.3 0.384 0.383 0.0089

Table A5.2. Geometrical and material data for timeetdependent simulation of a Broad Area asymmetric-

SLOC structure mounted junction-down to CuW/C-mount.
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A5.2 Simulations of the temperature distribution in the transverse cross
section of the laser diode at steady state conditie (CW) and quasi-
CW heating conditions.

The different layers of the simulated laser strigtiogether with their respective
geometries and material parameters, are listedble tA3. During simulation, the complete
heat source (10 W) was placed in the plane of tHeged waveguide and cladding layer. The
epi-down mounting and laser geometry 400 um x 1 (width x length) were considered.
The heat-sink temperature was set to 300 K. Thellated temperature distributions versus
time heating (0.1 us to CW) rescaled for 20 W Iseatce and a 200 um x 4 mm laser device
geometry are graphically presented in figure AMbreover, the simulated temperature rise
of the active region, rescaled for 70 W heat squeceresented in figure 6.2as a function of
the heating time.

. . Half Thermal Heat .
Layer Material Thickness, | Width, width, conductivity, | capacity, D?nS't%/ '
mm mm mm W/Kmm JIgK gimm
n-metal (T'\i'/'é’t*/‘/’(ge’“ 000055 |06  |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 CuWw 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 3.3 0.384 0.383 0.0089

Table A5.3. Geometrical and material data for timpehdent simulation of an array (20x100 pum stripe)
asymmetric-SLOC structure mounted junction-down td\@C-mount.

Cuw n-GaAs
Submount AR Substrate
N

Cu
Air - C-mount

370

time:
——0.10ps
0.30us
~—0.94ps
4.30ps
~—9.42pus
50.4us
i1 ——ogps
+f  ——150ps
-— 199pus
-— 250ps
301us
401ps
| =——501ps
| —.=—Cw

0!

350
340F
330

320

Temperature T, K

310

300
-6

-2

-4 3
X, mm

Cu
C-mount

Cuw n-GaAs
Submount AR Substrate

time:
——0.10ps
~—0.30ps
——0.94ps
4.30ps
~—9.42us
50.4ps
~—99us
——150ps
-—199ps
—— 250ps
301ps
401ps
——501ps
- CW

T

:b)

FigureA5.1. Temperature distribution
vertical plain of the laser diode
dependence on the heat time (@sltc
steadstate condition). Laser moun
junction-down to the C-mount heat
sink. In figure (b) zoom to the Cu
submount.

Temperature T, K

L e==2z22 i .
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