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Abstract

The aim of this work is to develop and characterize widely tunable high power diode lasers emitting
at 976 nm, to serve in non-linear frequency conversion applications. In particular, to serve as pump
sources in infrared upconversion detection systems. This is realized by a master oscillator power amplifier
(MOPA) configuration, where the MO provides the wavelength stabilization and tuning, while the PA
ensures power amplification to the watt level.

In this thesis, two approaches of developing tunable laser sources are investigated. The first concept
utilizes tunable multi-arm distributed Bragg reflector ridge waveguide (DBR-RW) lasers, while the second
employ widely tunable sampled-grating (SG) lasers.

In the first approach, three types of monolithic multi-arm lasers are developed: two-arm (Y-branch),
four-arm and six-arm DBR-RW lasers. Among the main findings of this work, is that the performance
of these lasers is strongly influenced by the intersection point between the individual arms, and is less
affected by the bend structure. This is shown in a comparison between three Y-branch lasers with
different S-bend (Sinus, Co-sinus and single bend) structures. The performance of these lasers varies
only slightly. However, they provide reduced output power and beam quality in comparison to DBR-RW
reference lasers. This deterioration is explained by the intersection point between the two laser arms.
This is confirmed by passive RW simulations which show that the studied S-bend structures (alone),
do not influence the beam quality. Higher order modes are first supported when combining two bend
structures, in particular at the intersection point which causes the worse beam quality.

In addition, it is shown that this intersection point also influences the spectral properties of these lasers.
When no current is injected into the common section, i.e. becoming absorbent, single mode operation is
obtained even at high output powers. This is in contrast to spectral multi-mode operation at high output
powers, obtained when this section is injected with current.

Based on the findings of the Y-branch lasers, four-arm lasers with different common sections and arm
curvatures are developed and characterized. The first laser have a single intersection point between all
four arms, while the second laser have two separate intersection points. The latter structure provides
comparable performance from all four arms. The laser with a single intersection point however, shows
reduced output power and beam quality for the outer arms in comparison to the inner. This study
confirms once again that the laser performance is strongly dependent on the common section and in
addition, is less influenced by the arm curvature. This is seen in the comparable performance of the
laser with two intersection points, which have stronger curvature for the outer arms in comparison to the
inner. This is further approved by results from a six-arm laser that have three individual intersection
points. This laser shows less deviation in performance between the six arms, despite the three different
curvatures of the outer, middle and the inner arms.

Thermal wavelength tuning of the developed laser sources is obtained by resistor based micro-heaters
embedded on top of the grating sections. The characterization of these heaters demonstrate that up to
7.5 nm of tuning can be achieved from each arm of a Y-branch DBR laser. This indicates that a combined
tuning of 𝑁 × 7.5 nm can be obtained from a laser with 𝑁 arms. This could be achieved by spectrally
distancing the gratings of the each arm by 7.5 nm, and is set by the number of arms and ultimately
limited by the available gain bandwidth.

The second approach uses SG structures to obtain wide wavelength tuning from a single laser cavity.
In this work, numerical tools and design approach are provided to obtain single mode operation over
a desired wavelength tuning range. Design parameters such as grating length, period and coupling
coefficients are discussed in regards to optimizing the tuning performance. Different vertical structures
that can support such gratings are fabricated and characterized, among which a double quantum well
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(DQW) based structure, with a 1st order grating and a wide n-cladding layer is proposed. This structure
provides coupling coefficients of about 250 cm−1, with a narrow far field angle of 24∘ at full width at half
maximum.

While InP based SG lasers are well established, a milestone of this work is the first time demonstration
of fully functional GaAs based SG-lasers. These devices consist of four sections: a gain section, a phase
section, a front and a back SG. They emits up to 70 mW of output powers, have a spectral linewidth
less than 17 pm with diffraction limited beam quality. They provide up to 21 nm of discrete wavelength
tuning when operating a single SG heater, with a SG mode spacing of about 2.3 nm. By operating both
SG heaters, 23.5 nm of quasi-continuous tuning is obtained with a mode spacing of about 115 pm.

To increase the output power of the tunable light sources, MOPA systems are developed which utilize
tapered power amplifier (TPA) structures. Among the main results of this work, is the development of
a hybrid MOPA system, constructed on a compact 25 mm × 25 mm conduction cooled package (CCP).
This system provides an output power of 5.5 W from a nearly diffraction limited beam with 𝑀2

1/𝑒2 = 2.2
along the slow axis. A combined 9.7 nm of wavelength tuning is obtained from the two laser arms. Over
this tuning range, a power variation less than 0.5% is observed, while a spectral linewidth small than
17 nm is maintained.

Another main result is the development of a watt level SG-based MOPA system, providing narrow
spectral linewidth below 17 pm together with a 𝑀2

1/𝑒2 = 1.6 along the slow axis. More than 23 nm of
quasi-continuous wavelength tuning is achieved, with a power variation between 0.5 and 1.0 W.

The demonstrated tunable MOPA systems provide some of the highest output powers at 976 nm without
the use of an external cavity configuration. The capabilities of these devices are demonstrated in some
early-stage upconversion experiments. This includes upconversion detection of infrared light between 10
and 12 𝜇m, as well as upconversion based hyperspectral imaging between 6 and 7 𝜇m.
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Zusammenfassung

Das Ziel der vorliegenden Dissertation ist die Entwicklung und Charakterisierung von weit abstimm-
baren Diodenlaser-basierten Hochleistungslichtquellen bei einer Emissionswellenlänge von 976 nm. Ein
mögliches Anwendungsgebiet dieser Laser ist der Einsatz als Pumplichtquelle für die nichtlineare Frequen-
zkonversion, unter anderem die Upconversion von infrarotem Licht in den sichtbaren Spektralbereich zu
ermöglichen.

Grundkonzept dieser Lichtquellen ist eine Master Oscillator Power Amplifier (MOPA) Konfiguration. Der
MO realisiert die Wellenlängenstabilisierung und -abstimmung, während der PA die Leistungsverstärkung
auf Wattniveau realisiert.

In dieser Arbeit werden zwei Ansätze zur Entwicklung von weit abstimmbaren Laserquellen untersucht.
Das erste Konzept verwendet thermisch abstimmbare Bragg-Spiegel Rippenwellenleiter-Laser (DBR-
RW-Laser) mit mehreren über Y-Koppler kombinierten Armen. Das zweite Konzept basiert auf einem
Sampled-Grating (SG)-Laser, um eine weite Wellenlängenabstimmbarkeit zu erreichen.

Im ersten Ansatz werden drei verschiedene Typen von monolithischen Mehrarmlasern mit einander ver-
glichen: Zweiarmige Y-Laser bilden die einfachste Lösung. Dazu kommen vierarmige und sechsarmige
DBR-RW-Laser, die benutzt werden, um den Einfluss unterschiedlicher Krümmungen der Rippenwellen-
leiter und den Einfluss der Y-Koppler zu untersuchen.

Zu den wichtigsten Ergebnissen dieser Arbeit gehört, dass die Leistung der untersuchten Laser wesentlich
von der Form der Kopplungssektion zwischen den einzelnen Armen und weniger von der Biegestruktur
beeinflusst wird. Dies wird durch einen experimentellen Vergleich zwischen drei Y-Lasern mit unter-
schiedlichen S-Biegestrukturen (Sinus, Cosinus und einfache Biegung) gezeigt. Diese Laser erreichen nur
geringfügig unterschiedliche Ausgangsleistungen. Allerdings, verschlechtert sich die Strahlqualität und
die Ausgangsleistung im Vergleich zu DBR-RW-Referenzlasern deutlich. Diese Verschlechterung kann
durch Verluste in der Kopplungssektion zwischen den zwei Laserarmen erklärt werden. Durchgeführte
Rechnungen basierend auf einer Simulation für passive Rippenwellenleiter bestätigten dies. Der Einfluss
der untersuchten S-Biegestrukturen auf die Strahlqualität ist nur schwach. Räumliche Moden höherer
Ordnung, die die Strahlqualität verschlechtern, treten dann auf, wenn zwei Biegestrukturen symmetrisch
miteinander kombiniert werden.

Weiterhin wird gezeigt, dass über die Ansteuerung der Kopplungssektion die spektralen Eigenschaften
der Laser beeinflusst werden können. Wird die Kopplungssektion nicht elektrisch gepumpt, d.h. sie wirkt
absorbierend, bleibt der Grundmode-Betrieb selbst bei hohen Ausgangsleistungen erhalten. Wird diese
Sektion elektrisch betrieben, tritt bei hohen Ausgangsleistungen spektraler Multi-Mode-Betrieb auf.

Basierend auf diesen Erkenntnissen wurden vierarmige Laserquellen mit zwei verschiedenen Kopplungssek-
tionen und unterschiedlichen Krümmungsradien prozessiert und ihre elektro-optische, spektralen und
Strahleigenschaften miteinander verglichen. Das erste Layout verfügt über einen einzigen Kopplungspunkt
an dem sich alle vier Arme treffen, während das andere Design zwei getrennte Kopplungspunkte besitzt.
Für letzteren erreichen alle vier Arme eine vergleichbare Leistung, während der Laser mit einem einzi-
gen Kopplungspunkt eine verringerte Ausgangsleistung und Strahlqualität für die äußeren Laserarme im
Vergleich zu den inneren Armen zeigt. Diese Untersuchung zeigt erneut, dass die Laserleistung primär
von der Art der Kopplung abhängt und weniger von der Biegestruktur. Dies bestätigen Messungen
für die Lichtquellen mit zwei getrennten Kopplungspunkten. Trotz unterschiedlicher Krümmungsradien
wird für alle Arme die gleiche Ausgangsleistung erreicht. Weitere Untersuchungen an den sechsarmi-
gen Lasern mit getrennten Kopplungspunkten zeigten dieses Ergebnis. Trotz der drei unterschiedlichen
Krümmungsradien der äußeren, mittleren und inneren Arme, sind nur geringere Unterschiede in der
Laserleistung der sechs Arme festzustellen.
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Die spektrale Abstimmung der Laser wird über resistive Mikroheizer realisiert, die oberhalb der DBR-
Gitter in die Gittersektionen eingebettet sind. Durch Betreiben der Heizelemente ist eine Durchstimmung
von bis zu 7, 5 nm pro Arm erreicht worden. Für einen Laser mit 𝑁 Armen ergibt sich damit, wenn der
Abstand der prozessierten Gitterwellenlängen 7, 5 nm beträgt, eine Abstimmung von 𝑁 × 7, 5 nm.
Die Gesamtabstimmbarkeit ist dann durch die Anzahl der Arme bestimmt und durch die Verstärkungs-
bandbreite limitiert.

Beim zweiten Ansatz wird ein SG-Laser untersucht, der eine große Wellenlängenabstimmung eines einzel-
nen Lasers ermöglicht. Voraussetzung für das Design dieser Laser mit dem gewünschten abstimmbaren
Wellenlängenbereich waren umfangreiche numerische Simulationen. Die verschiedenen Designparameter
(Gitterlänge, Periode und Kopplungskoeffizient) werden im Hinblick auf die Optimierung der Laser-
leistung und der Durchstimmung diskutiert. Geeignete vertikale Schichtstrukturen, die die erforder-
lichen Gitterstrukturen ermöglichen, wurden hergestellt und charakterisiert. Favorisiert wurde dabei
eine Schichtstruktur mit doppelten Quantengraben sowie einem Gitter erster Ordnung und einer breiten
n-Mantelschicht. Diese Struktur liefert die notwendigen Kopplungskoeffizient von ungefähr 250 cm−1

zusammen mit einem geringen vertikalen Fernfeldwinkel von 24∘ (Halbwertsbreite).

SG-Laser wurden bisher nur auf InP Basis realisiert. Erstmalig konnte im Rahmen dieser Arbeit funk-
tionsfähige GaAs-basierte SG-Laserquellen demonstriert werden. Die entwickelten Laser bestehen aus
vier Abschnitten: einer Gewinn-, einer Phasen-, einer vorderen und einer hinteren SG Sektion. Diese
liefern Ausgangsleistungen von bis zu 70 mW und haben eine spektrale Linienbreite kleiner als 17 pm
mit nahezu beugungsbegrenzter Strahlqualität. Auch hier erfolgt die Abstimmung mittels oberhalb der
Gitter implementierter Heizer. Es konnte bei Betrieb eines einzelnen SG-Heizelementes eine diskrete
Wellenlängenabstimmung von bis zu 21 nm erzielt werden. Der SG-Modenabstand ist hierbei etwa
2, 3 nm. Bei Verwendung beider SG Heizelemente wird eine quasi-kontinuierliche Abstimmung über
23, 5 nm möglich, mit einem Modenabstand von 115 pm.

Um die Ausgangsleistung der abstimmbaren Lichtquellen zu erhöhen, wurden MOPA-Systeme entwick-
elt, bei denen Trapez-Verstärker verwendet wurden. Eines der Hauptergebnisse dieser Arbeit ist ein
hybrides Y-Laser-basiertes MOPA-System auf einer Grundfläche von nur 25 mm × 25 mm auf einer
Conduction Cooled Package (CCP) aufgebaut. Das MOPA-System liefert eine Ausgangsleistung von
5, 5 W mit einer nahezu beugungsbegrenzten Strahlqualität mit einer Beugungsmaßzahl 𝑀2

1/𝑒2 = 2, 2 in
der lateralen Achse. Der MOPA kann entsprechend der spektralen Eigenschaften des MO über 9, 7 nm
abgestimmt werden. Über den gesamten Abstimmbereich ist die Leistungsvariation kleiner als 0,5%, mit
einer spektralen Breite von kleiner als 17 pm.

Ein weiteres MOPA-System wurde auf Basis von SG-Lasern entwickelt. Mit diesen können Leistungen
im Wattniveau bei einer Strahlqualität von 𝑀2

1/𝑒2 = 1, 6 in der lateralen Achse erreicht werden. Wie auch
der verwendete MO, lässt sich der MOPA spektral über 23 nm abstimmen bei einer spektralen Breite von
unter 17 pm. Hier variiert die Ausgangsleistung über den Abstimmbereich zwischen 0, 5 W und 1, 0 W.

Die entwickelten abstimmbaren MOPA-Systeme erreichen die höchsten publizierten Ausgangsleistun-
gen bei 976 nm ohne die Verwendung einer externen Kavität. Das Potenzial dieser Systeme wird
in Upconversion-Experimenten zur Detektion von Infrarot Strahlung zwischen 10 bis 12 𝜇m, sowie
Upconversion-basierter hyperspektraler Bildgebung zwischen 6 und 7 𝜇m, demonstriert.
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Christof Zink, Julia Mewes, Lara Sophie Theurer, Marcel Braune, Martin Maiwald and Norman Ruhnke,
for helping me settle down in Berlin and at FBH, and for providing a pleasant working environment.

A special thanks goes to Prof. Markus Weyers for providing excellent proofreading, corrections and com-
ments to all of my publications. Likewise, I would like to thank Kerstin Arzberger-Sumpf for proofreading
the Zusammenfassung section of this work.

In general, I would thank all my colleagues at FBH for providing a good and friendly working environment.
In particular, I would like to thank Manuela Münzelfeld for helping me with travel bookings and with
different bureaucratic stuff. I would also like to thank my colleagues and friends Maruf Hossain, Tanjil
Shivan, Basem Arar, Mohamed Brahem and Mohamed Elattar who made my stay at FBH very pleasant.

I would also like to thank my colleagues from DTU. Mainly my co-supervisors Christian Pedersen and
Peter Tidemand-Lichtenberg, who not only supervised me in this project but also were my Lecturers
in various of my Bachelor and Master courses, and in fact shaped my way of understanding optics and
photonics. Also from DTU, I would like to thank Saher Junaid, Ajanta Barh and Yu-Pei Tseng for the
upconversion experiments performed at DTU Fotonik in Roskilde.

Similar gratitude deserve the colleagues at ICFO in Barcelona, in particular Prof. Majid Ebrahim-Zadeh,
Chaitanya Kumar Suddapalli and Anuja Padhye for our co-operation during my external stay, where the
initial tests of realizing a diode pumped OPO system were done.

Finally, thanking my parents and siblings for their support is also a must, although words can not really
credit their support. They have shared every pleasant, sad and difficult moment of this project, and have
always been supportive and encouraging.

ix





List of publications

Peer-reviewed journal publications

1. M. Tawfieq, H. Wenzel, O. Brox, P. Della Casa, B. Sumpf and G. Tränkle, "Concept and numerical
simulations of a widely tunable GaAs-based sampled grating diode laser emitting at 976 nm", IET
Optoelectronics 11 (2), pp. 73-78, January 2017.

2. O. Brox, M. Tawfieq, P. Della Casa, P. Ressel, B. Sumpf, G. Erbert, A. Knigge and G. Tränkle,
"Realisation of a widely tuneable sampled grating DBR laser emitting around 970 nm", Electronics
Letters 53 (11), pp. 744-746, May 2017.

3. M. Tawfieq, A. Müller, J. Fricke, P. Della Casa, P. Ressel, A. Ginolas, D. Feise, B. Sumpf and
G. Tränkle, "Compact High Power Diode Laser MOPA System with 5.5 nmWavelength Tunability",
IEEE Photonics Technology Letters 29 (22), pp. 1983-1986, November 2017.

4. M. Tawfieq, A. Müller, J. Fricke, P. Della Casa, P. Ressel, D. Feise, B. Sumpf and G. Tränkle,
"Extended 9.7 nm tuning range in a MOPA system with a tunable dual grating Y-branch laser",
Optics Letters 42 (20), pp. 4227-4230, October 2017.

5. M. Tawfieq, J. Fricke, A. Müller, P. Della Casa, P. Ressel, A. Ginolas, H. Wenzel, B. Sumpf and
G. Tränkle, "Characterization and comparison between different S-bend shaped GaAs Y-branch
DBR lasers emitting at 976 nm", Semiconductor science and technology 33 (11), p. 115001, October
2018.

6. M. Tawfieq, H. Wenzel, O. Brox, P. Della Casa, A. Knigge, M. Weyers, B. Sumpf and G. Tränkle,
"High power sampled-grating based MOPA system with 23.5 nm wavelength tuning around 970 nm",
Applied optics 57 (29), pp. 8680-8685, October 2018.

7. M. Tawfieq, J. Kabitzke, J. Fricke, P. Della Casa, P. Ressel, A. Ginolas, H. Wenzel, B. Sumpf and
G. Tränkle, "Characterization and comparison between two coupling concepts of four-wavelength
monolithic DBR ridge waveguide diode laser at 970 nm", submitted to Applied physics B, August
2018.
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Chapter 1

Introduction

In May 1962, Theodore Harold Maiman demonstrated the first laser operation from a solid state ruby
laser [1]. In the following months, extensive research took place on stimulated emission and already by
November 1962, several groups began reporting on lasing action in semiconductors [2, 3]. Semiconductor
based diode lasers have since been improved in terms of manufacturing, output power, beam quality and
spectral coherence [4]. They offer lasing emission ranging between the visible and into the long infrared
(IR) wavelengths [5]. Due to their compact size, reliability and cheap manufacturing costs, diode lasers
have replaced many solid state, chemical and gas lasers.

These advantages have made diode lasers by far the most common laser type, with several million devices
being produced every month. Today, semiconductor diode lasers are found in CD players, laser writers,
laser pointers and in the bar code readers in the supermarket. In addition, various medical and industrial
fields utilizes diode lasers, and still more and more applications are found [6].

1.1 Tunable diode lasers

The emission wavelength of most, if not all laser sources can in principle be changed by different means.
In this work however, tunable refer to laser sources with a mechanism for precise control of the emission
wavelength while maintaining a narrow spectral linewidth. Tunable diode lasers holds a strong foothold
within various applications. Among the main applications is optical telecommunication, where wavelength
tuning is one of many methods to increase the bandwidth transmitted through optical fibers [7, 8, 9].

In addition, tunable lasers especially emitting in the near IR are key components within the field of
bio-medical optics, including applications such as Fourier domain optical coherence tomography (OCT)
[10, 11], absorption spectroscopy [12, 13] and wavelength modulated Raman spectroscopy (WMRS) [14,
15]. Likewise, applications such as trace-gas detection [16], non-linear frequency conversion [17, 18] and
terahertz frequency generation [19, 20] all utilize tunable laser sources.

The specific light source requirements and tuning capabilities varies depending on the targeted applica-
tion. In some applications, say in OCT, wide wavelength tuning at rapid speeds is needed for obtaining
high axial resolution scans at high imaging rates. On the other hand, only tens of milliwatts are needed
as you do not want to harm the patients retina during imaging.

Other applications require moderate wavelength tuning but with high output powers. This is e.g. the case
in differential absorption light detection and ranging (LIDAR) applications [21], where high output powers
are needed to get sufficient back scattered photons at the detector. On the other hand, wavelength tuning
should only cover on/off resonance absorption peaks and has instead specific linewidth requirements set
by the absorption peaks [22].

1.2 Upconversion IR detection

Spectral detection of IR wavelengths is of great technical and scientific interest, due to the important
chemical compounds that display unique and strong IR spectral fingerprints [23]. In addition, IR imaging
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is a valuable tool to investigate biological samples, such as histological tissue samples and cell cultures
[24, 25]. The non-invasive detection can provide chemical specificity without recourse to labels, and is
currently used to understand and identify different types of cancer [26].

In this work, the developed light sources are targeted applications within the field of non-linear frequency
conversion, in particular upconversion IR detection. Recently, upconversion detection has had a renais-
sance due to the progress in the field of IR light sources and non-linear materials. The upconversion
technique shifts IR signals into the near IR range, where efficient detection can be made with basic Si-
based detectors at room temperature [23]. In comparison, direct detection using traditional IR detectors,
e.g. HgCdTe detectors, require cryogenic cooling in order to improve the noise performance [27, 28].
Nonetheless, noise remains a major issue in these detectors, as all objects at room temperature have their
Black-body radiation in the IR range, including the detector itself.

In the case of upconversion detection, this problem is solved by first converting the IR signals toward
shorter wavelengths, before being detected by efficient and low noise detectors. This technique has proven
superior noise performance [23, 29], including single-photon detection at room temperature [30, 31]. In
addition, IR hyperspectral imagining has been demonstrated with this technique [32, 33] as well as LIADR
applications [34, 35].

Upconversion is based on the non-linear process of sum frequency generation (SFG), where the IR signal
is mixed with a pump source inside a non-linear crystal. Under phase matching condition, this result in
generation of an upconverted signal with the frequency 𝜈SFG = 𝜈signal + 𝜈pump [36], i.e. a signal with a
shorter wavelength of

𝜆SFG =

(︂
1

𝜆𝑠𝑖𝑔𝑛𝑎𝑙
+

1

𝜆𝑝𝑢𝑚𝑝

)︂−1

=
𝜆signal𝜆pump

𝜆signal + 𝜆pump
. (1.1)

In addition, to upconvert a wide IR spectrum, the angle of incident at the non-linear crystal or the
temperature of the crystal can be changed. By doing so, different phase matching conditions are fulfilled
providing upconversion of a broad IR spectrum [37]. Alternatively, and as is intended by this work, by
tuning the wavelength of the pump source, different phase matching conditions are fulfilled, providing
broad IR upconversion enabling spectroscopy and hyperspectral imaging in the IR [32, 33, 38, 39]. This
could provide a quicker method of IR sweeping/detection, where the width of the upconverted IR spectrum
will be set by the bandwidth of the upconversion process, together with the total tunability of the pump
source.

In summary, the wider the pump wavelength tuning the broader an IR signal can be upconverted, thus
addressing more IR features. Moreover, as this is a non-linear process and as the IR signals are expected
to be of low power, high pump powers are needed to improve the upconversion efficiency.

1.3 Types of tunable diode lasers

Semiconductor based distributed Bragg reflector (DBR) and distributed feedback (DFB) ridge waveguide
(RW) lasers can provide diffraction limited beams, moderate wavelength tuning (< 10 nm) and emit
output powers below the watt level [40, 41]. Recently, single wavelength broad-ridge waveguide DBR
lasers has been demonstrated with a couple of watts of output power [42].

On the contrary, tapered diode lasers with integrated DBR gratings provide multiple watts of diffraction
limited output powers [43], however their tuning capabilities have not been demonstrated. This is mainly
due to the complicated structure of these devices, including the challenges of astigmatisms and of obtain-
ing single mode operation. One approach combines tapered power amplifiers (TPA)s in external cavity
configurations, which can provide both tuning and high output powers [44, 45]. Such a configuration
utilizes a grating which is mechanically adjusted to select and tune the emission wavelength.

Recently, demonstration of electrically pumped tunable vertical cavity surface emitting (VCSEL) lasers
with a micro-electro-mechanical system (MEMS) has proved more than 50 nm of tuning at 400 kHz
sweeping rates, which makes them ideal for OCT applications [46, 47]. The drawback of this type of laser
is the low (< 10 mW) output powers which limits their applications.

The described tunable lasers offers some challenges such as the limited tuning range of DBR and especially
DFB lasers, and the low output powers of the VCSEL lasers. In addition, many applications requires
continuous tuning which is not typically achieved from the GaAs based DBR and DFB lasers.
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1.4 Motivation

The motivation of this work is to develop tunable high power laser sources to serve as compact pump
sources in upconversion detection systems. These should act as single-pass pump sources, and replace the
standard Nd:YVO4 laser cavities oscillating at 1064 nm that are typically implemented in upconversion
systems [23, 35].

The wavelength of the developed diode lasers will be around 𝜆pump = 976 nm, chosen so that the
upconverted signals will be near the absorption peak of Si-detectors, i.e. 800 − 900 nm [48]. Although
the difference between 1064 nm and 976 nm is not that significant, the shorter pump wavelength will
have a major impact, especially when upconverting longer IR signals (> 10 𝜇m). E.g. assuming a
signal around 10 𝜇m [49, 50], the chosen pump wavelength will upconvert the signal to a wavelength of
𝜆SFG = 890 nm, see eq. (1.1), which is ideal for Si-based detectors. In addition, replacing a cavity with a
single-pass system will reduce the complexity and footprint of the upconversion detection modules, and
potentially allow hand-held IR detectors.

In addition, having a wavelength tunability of about 23 nm (major result of this work), an IR sweep of
about 243 cm−1 can be obtained which can cover whole spectrum of rotational vibrational bands [51].
In terms of hyperspectral imaging, the high output power and the specific wavelength ensures efficient
detection (with reduced integration time), and the wide wavelength tunability will provide an increased
field of view [33].

While continuous wavelength tuning is important in many spectroscopic applications, mode hops can be
tolerated in upconversion detection as long as they are below the nanometer range, which is the typical
conversion bandwidth. The investigated light sources of this work provide moderate (< 0.5 W) output
powers, while the targeted application requires high pump powers. Therefore, these light sources are
implemented in miniaturized master oscillator power amplifier (MOPA) configurations, where the MO
provides the wavelength tunability and the PA increases the output power.

The target of this work, beside the development and understanding tunable laser devices, is to reach
suitable output powers for upconversion application with wide wavelength tuning around 976 nm.

1.5 Project Scope

This thesis describes shortly some of the theory behind tunable diode lasers in chapter 2, followed by
a description of the first laser process, including two reference DBR-RW lasers in chapter 3. This work
examine two concepts of achieving wide wavelength tunability. The first consider using monolithically
combined tunable multi-wavelength DBR-RW lasers to cover a wider tuning range compared to a single
tunable DBR-RW laser, see chapter 4 and 5. In this case, thermal wavelength tuning is obtained by
embedding micro-heaters on top of the grating sections as described chapter 6. The second concept
consider using widely tunable sampled-grating (SG) DBR-RW lasers, which achieve wide wavelength
tunability due to their unique grating features, see chapter 7.

Both investigations include the whole "chain" of development, including laser design, device processing,
characterization and optimization, all done with regards to the intended MOPA implementation and
targeted application. This MOPA implementation is described in chapter 8 where three different MOPA
systems are constructed. These systems have different tunable MO lasers, and utilize TPAs to obtain
high output powers.

Chapter 9 describes some early-stage upconversion experiments where the developed MOPA systems have
been implemented and tested.

Finally, an outlook is given in chapter 10 describing the further development of this work, in particular
different strategies to deal with the limits and challenges of achieving wider wavelength tuning, and higher
output powers than those obtained in this work.
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Chapter 2

Fundamentals of laser diodes

In this chapter, fundamental concepts of semiconductor lasers will be briefly introduced, as required for
understanding laser operation, laser gain and wavelength tuning. The reader is here assumed to have
a basic understanding of semiconductor physics. These concepts will be used to describe the relevant
device characteristics at later chapters. This chapter begins with the concept of optical gain, with focus
on semiconductor heterostructures. This is followed by laser threshold, lateral waveguiding and mode
spectrum. The presented theory and the figures of this chapter are inspired by the text books [5, 41, 52].

2.1 Optical Gain in Semiconductors

Semiconductor diode lasers are based on energy bands, with the lower band referred to as the valence
band and the upper band referred to as the conduction band. These bands are separated by a gap with
energy 𝐸g, and for typical III-V compound semiconductors, this gap is in the range of 0.5 to 2.5 eV,
depending on the material composition. The photon energy is defined as [5]

𝐸photon = ℎ𝜈 =
ℎ𝑐

𝜆
, (2.1)

where ℎ = 4.135 × 10−15 eV · s is Plancks constant, 𝜈 is the frequency of the light and 𝑐 = 3 × 108 m/s
is the speed of light in vacuum. The corresponding wavelengths of the aforementioned band gap energies
lie in the range between the blue to the near IR [5].

In the absence of an external pump source and at a temperature 𝑇 = 0 K, the valence band of undoped
semiconductors is occupied with electrons while the conduction band will be empty. This is reversed by
applying an injection current 𝐼inj to the semiconductor material, causing an increase in the concentration
of electrons in the conduction band and holes in the valence band. This provides generation and recombi-
nation between the electron-hole pairs, leading to four basic electronic transitions. These are illustrated
in Fig. 2.1 and include:

(a) Spontaneous recombination (photon emission)

(b) Stimulated generation (photon absorption)

(c) Stimulated recombination (coherent photon emission)

(d) Non-radiative recombinations

The open circles in Fig. 2.1 represent unfilled states (holes) and the solid circles represent filled states
(electrons).

First, spontaneous recombination of electrons and holes results in the emission of photons of a wavelength
equal to the energy difference between the corresponding levels in the conduction and valence bands. This
being said, the emitted photons are random in phase and direction. This emission occurs at a spontaneous
transition rate of 𝑅𝑠𝑝 and is utilized in light-emitting diodes (LED)s.
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Figure 2.1: Electronic transitions between the conduction and valence bands showing (a) spontaneous
emission (b) photon absorption from level 1 to 2 (c) stimulated emission from level 2 to 1 and (d) two
non-radiative recombination processes.

Photons can also be absorbed by the material which causes generation of new pairs of electrons and holes
with a rate of 𝑅12, see Fig. 2.1(b). The third transition is stimulated emission, where the generated
photons stimulate recombination of additional electrons and holes with a rate of 𝑅21. This generation
causes simultaneous generation of additional photons that are coherent with the initial photons, in terms
of phase and direction, see fig. 2.1(c). This transition is mandatory for laser operation and sets up the
two requirements for lasing.

The first requirement is population inversion, i.e. having the number of electrons in the conduction band
exceeding the number of holes in the valence band. This is obtained by means of pumping, which in
diode lasers is typically done by an electron current. This condition will be discussed further in Sec. 2.4.
The second requirement is feedback, which is obtained by positioning the laser medium inside a resonant
cavity. By doing so, a number of photons circulate the cavity causing coherent photon emission. In
the case of diode lasers, the cavity is typically constructed between coated end facets, with back facets
having high reflectivity (𝑅𝑏 > 90%) and the front facet typically having anti-reflection (AR) coating to
have high output power. This causes most of the light to be emitted from the front facet where it is
typically collected and collimated. Alternatively, and as will be utilized in the next chapters, the back
mirror can be made using DBR gratings, which provide high reflectivity in a narrow spectral range leading
to a narrow emission linewidth.

The final electron transition is non-radiative, with a rate 𝑅𝑛𝑟 at which electron-hole pairs are recombined
without emission of any photons, through e.g. traps and/or Auger recombination [52], see fig. 2.1(d).
This process is unwanted in diode lasers as it reduces the efficiency of the light source and therefore,
different design concepts are implemented to reduce these effect.

2.2 Vertical confinement

To fulfill the two laser requirements described in the previous section, diode lasers require a medium
providing optical gain, an optical waveguide structure confining photons to the active region and a lateral
confinement of photons providing injection current and carriers [5].

Most diode lasers are based on p-i-n double heterostructures consisting of an undoped semiconductor
layer embedded between p- and n-doped semiconductors with larger band gaps. More specifically, in this
work a graded index separate confinement heterostructure (GRINCH) [53] is used, see Fig. 2.2(a). This
structure (GaAs based) has the lowest Al doping level near the active region (∼ 1016 cm−3) to reduce
absorption effects, while the outer contact and substrate layers have higher doping levels between 1018

and 1019 cm−3 to allow efficient carrier generation and low resistance [54]. A graded doping transition
is made between the outer contact and substrate layers and into the active region.

Such structures have the advantage of a narrow carrier confinement (active) region, providing a high
recombination rate, separated from the wider graded optical waveguide region, see Fig. 2.2(b). The
active region can be realized using single- or multi-quantum well (SQW, MQW). This structure allows
optimization of the optical confinement without affecting the carrier confinement. Particularly, smaller
band gap semiconductors have higher refractive indices, where the optical field will be confined and
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guided, see fig. 2.2(c) and (d). This improved confinement and guiding of a GRINSCH structure provide
reduced threshold current and higher output powers [53, 55].

The different vertical structures used in this thesis including the active materials will be described in the
next chapters.

Figure 2.2: Schematic of the GRINSCH structure showing (a) material structure of the individual lay-
ers (b) energy diagram of the conduction 𝐸𝑐 and valence 𝐸𝑣 band (c) refractive index profile and (d)
corresponding electric field profile for a mode travelling in the 𝑧-direction.

2.3 Lateral confinement

Semiconductor diode lasers utilize different concepts for lateral confinement. One concept is gain guiding,
which is enabled by defining a current aperture in the contact layer that spatially limits the carrier
injection [5]. This means that optical waves outside this aperture will experience high losses, resulting
in a lateral confinement of the generated light. This concept is typically used in broad area (BA) lasers
where stripe widths of a few hundred microns enable tens of watts of output power [56]. The main
disadvantage of BA lasers is the poor beam quality, caused by the high-order lateral modes that can fit
within the wide active region [5].

Improved beam quality can be obtained when using narrow stripe width together with the concept of
index guiding, which is based on an induced refractive index step in the lateral direction. Similar to an
optical fiber, an induced refractive index step provides guiding and confinement in the lateral direction [5].
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Assuming a three-layer waveguide (active, core and cladding); the spatial mode characteristics are given
by the normalized waveguide thickness 𝐷 [57]:

𝐷 =
2𝜋𝑑

𝜆

√︁
𝑛2
core − 𝑛2

cladding , (2.2)

where 𝑑 is the waveguide core thickness, 𝑛core is the core index of refraction and 𝑛cladding is the cladding
index of refraction. For such a waveguide, single mode propagation is obtained for 𝐷 < 𝜋. By optimizing
the width and etching depth of a ridge, single lateral mode emission can be obtained with output powers
in the watt range [58]. This concept is utilized in chapter 3, while the influence of the etching depth
is shown in Appendix A. Note that in the case of gain guiding, the injected current leads to a small
temperature increase that causes an index variation between the waveguide and cladding layers, resulting
in a (weak) index guiding effect.

Tapered diode lasers combine a ridge waveguide (RW) section with a TPA section. The RW ensures
spatial single mode with a narrow beam waist by means of index guiding, while the TPA section utilizes
gain guiding to amplify and guide the emitted light. Such devices provide multiple watts of output power
with nearly diffraction limited (single mode) spatial characteristics. As mentioned in the motivation
section, TPAs will be utilized in the MOPA systems of this work, see chapter 8.

2.4 Power characteristics

The generated photon emission needs to be amplified by stimulated emission in order to compensate all
losses occurring within the resonant cavity. In the case of a Fabry Pérot resonator having a gain medium
of length 𝐿gain in a cavity of length 𝐿cav, positioned between two mirrors of reflectivity 𝑅f and 𝑅b, see
Fig. 2.3, the threshold condition is given by [5]

Γ𝑔th = 𝛼i + 𝛼mirror = 𝛼𝑖 +
1

2𝐿cav
ln

(︂
1

𝑅f𝑅b

)︂
. (2.3)

In the above expression, Γ𝑔th is the modal gain, given by the product between the threshold material
gain 𝑔th and the confinement factor Γ. The latter describes the overlap between the optical mode and
the active region of the diode laser. 𝛼mirror represents the combined photon losses at the diode laser end
facets, while 𝛼𝑖 describes the internal losses by intrinsic absorption. For a cavity of a certain gain length
𝐿gain, the threshold gain can be reduced by either increasing the cavity length 𝐿cav or by increasing the
reflectivities of the cavity. This being said, increasing the facet reflectivities could lead to catastrophic
optical mirror damage (COMD) affecting the performance and lifetime of a laser. Therefore, the front
facet is typically made with low reflectivity, in order to reduce the load on the facet due to the out-coupled
light.

Figure 2.3: Sketch of a Fabry Pérot resonator.

After reaching threshold, the output power 𝑃 shows a linear dependence on the injection current 𝐼inj
according to [5]

𝑃 = 𝜂𝑖
𝛼mirror

𝛼𝑖 + 𝛼mirror

ℎ𝜈

𝑞
(𝐼inj − 𝐼th) = 𝜂d

ℎ𝜈

𝑞
(𝐼inj − 𝐼th) . (2.4)

8



In the above expression, 𝜂𝑖 represents the internal efficiency; the fraction of generated photons inside the
cavity to the number of carriers, 𝑞 = 1.602 × 10−19 C is the elementary charge of electrons and 𝐼th is
threshold current. Finally, 𝜂d is the differential efficiency including the internal efficiency and the different
losses. This value is defined as

𝜂d =
𝑞

ℎ𝜈

𝑑𝑃

𝑑𝐼inj
=

𝑞

ℎ𝜈
𝑆 , (2.5)

where 𝑑𝑃/𝑑𝐼inj = 𝑆 is the slope efficiency measured in W/A.

The third expression that is typically used to describe lasers is the wall-plug efficiency 𝜂c, defined as the
ratio between the measured optical power and the injected electrical power:

𝜂c =
𝑃

𝐼inj𝑉
=

𝜂d (𝐼inj − 𝐼th)

𝐼inj (𝑉𝑑 + 𝐼inj𝑅s)
. (2.6)

In the above expression, 𝑉 is the voltage drop of the power supply, 𝑉d is the ideal diode voltage (∼ 1.2 V
for GaAs) and 𝑅s is the series resistance. The wall-plug efficiency can be split into four parts:

𝜂c = 𝜂i⏟ ⏞ 
1

𝛼m

𝛼m + 𝛼i⏟  ⏞  
2

ℎ𝜈

𝑞 (𝑉d + 𝐼inj𝑅s)⏟  ⏞  
3

𝐼inj − 𝐼th
𝐼inj⏟  ⏞  
4

, (2.7)

which represents:

1. Internal efficiency > 0.9

2. Mirror loss / threshold gain ∼ 0.8

3. Electrical loss ∼ 0.9 (series resistance)

4. Excess current ∼ 0.9

and thus the product of these factors lies between 𝜂c = 0.5 and 0.6. Although diode lasers exhibits high
wall-plug efficiencies, they are typically limited by thermal effects [59, 60]. As the temperature increases
in the active region, the carrier confinement decreases and the internal efficiency decreases [5]. By a
temperature change of ∆𝑇 , the threshold current 𝐼th is changed by:

𝐼 ′th = 𝐼th exp

(︂
∆𝑇

𝑇0

)︂
, (2.8)

where 𝑇0 is the characteristic temperature of the threshold current. Likewise, the differential efficiency
𝜂d is reduced by these thermal effects:

𝜂′d = 𝜂d exp

(︂
∆𝑇

𝑇1

)︂
, (2.9)

where 𝑇1 is the characteristic temperature for the above threshold current increment, and is generally
two or three times larger than 𝑇0 [52].

These thermal effects are believed to be one of the main reasons behind COMD, which effectively limits
the lifetimes of diode lasers [61]. Therefore, heat dissipation of diode lasers is of great importance.
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2.5 Spectral properties

The second requirement for lasing is having a resonant optical feedback within the cavity. In the case of
a Fabry Pérot resonator of length 𝐿cav, standing waves fulfil the requirement:

𝐿cav =
𝑚𝜆0

2𝑛eff
, (2.10)

with 𝑚 = N being the number of the longitudinal modes, 𝜆0 is the vacuum wavelength and 𝑛eff is the
effective refractive index of the waveguide inside the laser [5]. In a similar fashion, the mode spacing 𝛿𝜆,
often noted as free spectral range (FSR) is given by

𝛿𝜆 =
𝜆2
0

2𝑛eff𝐿cav
. (2.11)

In a gain medium close to threshold, only the longitudinal modes closest to the maximum modal gain
are amplified. In the case of diode lasers, a gain spectrum wider than 𝛿𝜆 enables spectral multimode
emission and subsequently enables wavelength tuning [57].

The emission spectra of diode lasers can be narrowed by different means, e.g. by external or internal
gratings. Internally, this is done by using DBR or DFB gratings which provide intrinsic wavelength
stabilization. In the latter case, the feedback is distributed throughout the device by introducing periodic
perturbations of the refractive index along the length of the active region [62]. In both DBR and DFB
gratings, the Bragg condition must be fulfilled:

2Λ sin(𝜃) = 𝑚𝜆B , (2.12)

where Λ is the grating period, 𝜃 is the angle of incidence, 𝑚 = 1, 2, 3, ... is the order of the Bragg grating
and 𝜆B is the Bragg wavelength [63]. Eq. (2.12) implies that counter propagating waves (𝜃 = 90∘)
inside the cavity only couple coherently at Λ = 𝑚𝜆B/2 [57]. Proper engineering of the grating period
consequently provides selective feedback, resulting in spectral single-mode emission at 𝜆B.

2.6 Wavelength tuning

When considering wavelength tuning of diode lasers, three parameters should be examined: the optical
gain, the feedback and the mode spacing. This is shown in a generic schematic in Fig. 2.4, representing
reflectivity and gain versus wavelength. Note that this is a conceptual sketch which is not to scale, as the
gain profile is usually 50 to 100 nm broad, with mode spacings of the order of hundreds of picometers,
and with sub-picometer wide reflectivity spectrum.

Figure 2.4: Sketch of the grating reflectivity next to the gain profile including its mode spacing 𝛿𝜆.

The optical gain in Fig. 2.4 describes the available region of lasing emission and tunability. The shape
of the gain profile (Γ𝑔 − 𝛼i) depends on the active medium used for lasing. In the case of quantum well
(QW) based diode lasers, the composition and width of the QW structure and the number of embedded
QWs determines the gain profile.
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The second parameter, the optical feedback, and in particular the reflectivity of the grating defines the
part of the gain that sees feedback.

The final parameter is the mode spacing, which is represented as vertical arrows within the shape of the
gain profile in Fig. 2.4. Having a single longitudinal mode fit within the reflectivity curve 𝑅(𝜆) will result
in emission of a single mode. When multiple modes fits, fully or partially, then the laser is characterized
by its side-mode suppression ratio (SMSR). This is defined as the power ratio between the main mode
𝜆0, and the first higher-order mode 𝜆1:

𝑆𝑀𝑆𝑅 =
𝑃 (𝜆0)

𝑃 (𝜆1)
. (2.13)

Wavelength tuning can be obtained by different means, which can be described by the movement of the
curves in Fig. 2.4 relative to each other. By temperature tuning of the whole device, e.g. changing the
heat sink temperature, the reflectivity curve 𝑅(𝜆) and the gain profile will shift together, resulting in a
so-called continuous wavelength tuning. In this case, mode-0 is maintained as the lasing mode. When
heating the grating section only, lasing will start at mode-0 which will tune a distance smaller than the
mode spacing 𝛿𝜆, until its neighbouring peak (mode-1), fits better within the moving reflectivity curve.
This will cause a quasi-continuous wavelength tuning, where the wavelength will jump from one mode to
another, causing a step-like behaviour. This is described as mode jump or mode hop which means that
a small wavelength region between the modes will not be covered by the wavelength tuning.

Alternatively, a three section laser with a gain, phase and a grating section can provide continuous
wavelength tuning. Tuning of the grating section will shift the reflectivity curve, while a control of a
passive phase section can adjust the position of the individual modes accordingly, thus ensuring that the
mode-0 will remain as the lasing mode.

Tuning of the grating section can be done either electrically or thermally, which in both cases causes a
slight change in the index of refraction of the grating structure and thus shifts the Bragg wavelength, see
eq. (2.12). In the case of electrical tuning, a current is injected into the grating section causing a decrease
in the index of refraction, see Fig. 2.5(a). Electrical tuning is well established in InP based diode lasers
emitting around 1.3 and at 1.55 𝜇m and is used for optical communication. In the case of GaAs based
lasers, electrical tuning remains a challenge due to low non-radiative carrier lifetime (< 5 ns) [64]. As
a result, thermal tuning is preferred in GaAs lasers where resistive heater elements provide an increase
in the index of refraction with increased temperature, see 2.5(b). By increasing the heater current, the
index of refraction increases causing an increases the effective index of refraction 𝑛eff , which shifts the
grating wavelength. The applied heater elements of this work will be described in chapter 6.

Figure 2.5: Sketch of index of refraction 𝑛 during (a) electrical tuning and (b) thermal tuning as function
of tuning current.

Finally, DFB lasers can be tuned electrically by varying the injection current, however they provide
a reduced tuning range (in comparison to tunable DBR-lasers), with mode hops and output power
modulation during the wavelength tuning [41] .
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Chapter 3

DBR-RW lasers

GaAs based semiconductor lasers with DBR and DFB gratings can provide diffraction limited and tunable
narrow linewidth emission in the near IR, but emit an output power below the watt level [40, 41]. The
excellent beam quality of these light sources however, makes them ideal in MOPA configurations where
the light can be tightly focused, and thus efficiently coupled into a PA. In this work, DBR based lasers
were chosen over DFB lasers, as the latter are usually tuned by varying the injection current. This
results in a power and beam quality variation during the wavelength tuning that are undesired in MOPA
configurations. Finally, grating degradation is expected over the lifetime of a DFB laser, due to the
injection current sent through the DFB grating.

As described in the introduction chapter, the first concept of tunable lasers uses multi-wavelength (multi-
arm) DBR-RW lasers in MOPA configurations. These systems require powers above 15 mW as this is
the typical saturation power of TPAs [21]. The multi-wavelength approach is obtained by monolithically
combining individual laser arms with corresponding DBR gratings into a common laser aperture. The
motivation is then to distance each DBR grating (spectrally) so that in combination, a wider tuning
range is obtained compared to that of a "single-arm" tunable DBR-RW laser.

In this chapter, the developed structure of these light sources will be described, including its material
data parameters, vertical and lateral structures, as well as the device mounting and facet coating. In
addition, two reference lasers will be characterized and their results will be used when comparing the more
sophisticated lasers of chapter 4 and 5. This characterization focuses on the electro-optical performance,
wavelength stabilization and spatial characteristics, with the aim on implementation into MOPA systems.
The tuning performance of these lasers will be described in chapter 6.

3.1 Vertical structure

The vertical structure used for the DBR-RW based tunable lasers of this and the following two chapters
will be described next.

The vertical structure is a large optical-cavity (LOC) [65, 66], with an InGaAs SQW as the active layer,
see Fig. 3.1. The 7 nm thick SQW is sandwiched between GaAsP spacer layers, and is index guided
by AlGaAs waveguide and cladding layers. This vertical structure is grown using metal organic vapour
phase epitaxy (MOVPE). The developed structure emits transverse electrical (TE) polarized light, and
has a vertical far field angle of 26.7∘ measured at full width at half maximum (FWHM), see Fig. 3.2.

3.1.1 Internal material parameters

For reference purposes, the developed vertical structure was characterized by measuring the threshold
current and the slope efficiency of an uncoated 1 mm long Fabry-Pérot laser with a stripe width of
100 𝜇m. Under pulsed mode; 1 𝜇𝑠 long current pulses at a repetition rate of 1 kHz, a threshold current
𝐼th = 158 mA, a slope efficiency 𝑆 = 0.60 W/A and a differential efficiency of 𝜂D = 0.94 were determined.
Under the same excitation conditions, the figures of merit for the structure were obtained from power-
current characteristics for devices with 100 𝜇m stripe widths and 9 different resonator/cavity lengths:
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Figure 3.1: LOC vertical structure of the studied lasers in chapter 3 to 6.

Figure 3.2: Measured vertical far field profile of the developed LOC structure.

𝐿cav = [400, 600, 800, . . . , 1800, 2000] 𝜇m. From the obtained threshold current 𝐼th and slope efficiency
𝑆 values at each resonator length, the figures of merit given in Table 3.1 were determined. This model
assumes a logarithmic dependence of the modal gain on the current density [52], and is described further
in Appendix B. Using this vertical structure with a SQW provides a high internal quantum efficiency and
modal gain, together with low internal losses and a good temperature stability. This makes this vertical
structure well-suited for laser processing.

Table 3.1: Material data parameters of the developed vertical structure.
Parameter Symbol Value

Internal quantum efficiency 𝜂i ≈ 0.95
Internal losses 𝛼i 1.2 cm−1

Transparency current density 𝐽TR 72.5 A/cm2

Threshold current density for devices with an infinite length 𝐽∞ 78.2 A/cm2

Modal gain coefficient Γ𝑔0 15.9 cm−1

Characteristic temperature of the threshold current 𝑇0 133 K

14



3.2 Lateral structure

The RW structures of the DBR-RW lasers are 2.5 𝜇m wide, made using projection lithography with an
I-line wafer stepper. These RW structures are deeply etched (down to ∼ 1372 nm), and a comparison
between deeply and flat etched RW structures can be found in Appendix A.

The DBR gratings are 7th order deeply etched surface gratings made with E-beam lithography. Fig. 3.3
shows a scanning electron microscope (SEM) image of the developed grating structure.

Figure 3.3: SEM image of the 7th order DBR grating.

The facets of the investigated devices are cleaned by applying atomic hydrogen and a sealing process with
ZnSe before being reflectivity coated, according to the technology described by Ressel et al. [67]. All
lasers in chapter 3 to chapter 6 have a front facet reflectivity of 𝑅f ≈ 5% and an AR coating on the back
facets, with a reflectivity about the order of 𝑅b ≈ 5× 10−5, see Fig. 3.4. The back facets are AR coated
to reduce optical feedback effects of back reflected waves that do not propagate inside the waveguide.

Figure 3.4: Measured reflectivity curves of the back (left) and front (right) facets at different wavelengths.

3.3 Device mounting

All the investigated lasers were soldered p-side up on individual CuW sub-mounts using AuSn. These
were then soldered on AlN heat spreaders which then were soldered on conduction cooled package (CCP)
using PbSn. The p-side contacts were realized by wire bonding.
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3.4 Reference lasers

In the following, a "straight" and an S-bend shaped DBR-RW laser will be considered and their charac-
teristics will be used as reference, especially when considering the multi-arm lasers of the next chapters.
The "straight" or regular DBR-RW laser has a 1000 𝜇m long DBR grating, a 2000 𝜇m long gain section
and a RW width of 2.5 𝜇m, see Fig. 3.5(a). The S-bend reference laser has a 1000 𝜇m long DBR grating,
a 3000 𝜇m long gain section and a RW width of 2.5 𝜇m, see Fig. 3.5(b). The S-bend shape follows a
Co-sinusoidal form which will be described in chapter 4.

Figure 3.5: Sketch of the investigated (a) straight and (b) S-bend DBR-RW reference lasers.

3.4.1 Electro-optical characteristics

The power-voltage-current (PUI) characteristics of the two reference lasers at a heat sink temperature
of 𝑇 = 25∘C are shown in Fig. 3.6(a). Each laser was measured for 𝐼inj = [0, 500] mA with a step size
of ∆𝐼inj = 5 mA. The straight reference laser has a threshold current of 𝐼th = 30 mA, a slope efficiency
𝑆 = 0.84 W/A and an output power 𝑃max = 365 mW at 𝐼inj = 500 mA. For this laser, strong kinks can
be seen at higher output powers.

(a) (b)

Figure 3.6: Electro-optical characteristics of the DBR-RW straight and the S-bend reference lasers at 𝑇 =
25∘C showing (a) the PUI curves and (b) the corresponding emission wavelengths at different injection
currents.

The S-bend reference laser has a threshold current of 𝐼th = 35 mA, a slope efficiency 𝑆 = 0.81 W/A and
an output power 𝑃max = 268 mW at 𝐼inj = 500 mA. The slope efficiencies of both reference lasers were
obtained from linear fits between 𝐼inj = [50, 300] mA, a region above threshold and below the role-over
effect. This measurement indicates that the S-bend structure introduces additional (bending) losses,
which can be seen in the reduced output power and the earlier role-over effect. The longer gain section
of the S-bend structure introduces more absorption, however these loses are expected to be smaller than
the bending losses.
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Likewise, the spectral behaviour of the reference lasers was obtained and is shown in Fig. 3.6(b). These
plots show false colour contour diagrams, obtained using a double echelle monochromator DEMON from
LTB Lasertechnik Berlin, with a spectral resolution of 17 pm at 976 nm. The straight reference laser emits
around 976.1 nm, which is single-mode over the entire investigated injection current range. This laser
has a mode spacing of about 𝛿𝜆 = 64 pm, providing an effective cavity length of about 𝐿cav = 2.07 mm
for an effective index of 𝑛eff = 3.66, see eq. (2.11). This is in agreement with the manufactured gain
length of 2 mm, plus a small penetration depth into the grating section. The effect of penetration depth
is described in Appendix C.

The S-bend reference laser emits at similar wavelengths, however showing regions of multi-mode operation
appearing between the individual mode-jumps. The mode spacing of this laser is about 𝛿𝜆 = 42 pm,
providing an effective cavity length of about 𝐿cav = 3.15 mm, which is close to the 3 mm long gain
section of this laser, see Fig. 3.5(b).

Finally, Fig. 3.7 shows the emission spectra at maximum output powers of both reference lasers, indicating
an emission width below 17 pm (resolution limited)

Figure 3.7: Individual optical spectra of the two reference lasers at 𝐼inj = 500 mA and 𝑇 = 25∘𝐶.

3.4.2 Spatial characteristics

The spatial characteristics of the two reference lasers were obtained according to the moving slit method
[68]. The normalized lateral intensity distributions of the near and far fields are shown side-by-side in
Fig. 3.8 at different injection currents. Gaussian shaped near and far fields profiles are observed for both
lasers which stay unchanged at increasing output powers. A beam waist of about 3.9 𝜇m, a far field angle
of 17.8∘ and an 𝑀2 = 1.1 (obtained at 1/𝑒2) were measured, remaining more or less unchanged (within
the measurement accuracy) at increasing output powers.

The close resemblance between the two reference lasers suggest that the S-bend structure does not change
the spatial characteristics, as those are mainly defined by the RW width and laser aperture, which are
similar for both lasers.
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Figure 3.8: Normalized near field positions (left) and far field profiles (right) of the straight and S-bend
reference lasers at different injection currents at 𝑇 = 25∘C.

3.4.3 Summary

The DBR-RW reference laser showed overall expected behaviour with up to 365 mW of single-mode
emission. The S-bend reference laser showed a reduced output power of up to 268 mW, which together
with the earlier role-over effect observed suggest additional losses due to the S-bend shape.

Spatially, both lasers showed Gaussian-like near and far field profiles, which stayed unchanged with
increasing output powers. These results suggest that the S-bend structure does not affect the spatial
characteristics, and these results will serve as reference when considering the more sophisticated laser
structures of chapter 4 and 5.
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Chapter 4

Y-branch DBR-RW lasers

Y-branch DBR-RW lasers combine two individual DBR-RW structures in a Y-shaped intersection to
provide emission at two wavelengths from the same aperature. These light sources are suitable for beat
signal generation [69, 70], terahertz frequency generation [20, 71] and within the field of shifted excitation
Raman spectroscopy (SERDS) [72, 73]. Y-branch lasers at 671 nm and 785 nm have recently been
demonstrated with output powers of 100 mW and 200 mW, respectively [74, 75].

In this work, 3 different types of Y-branch DBR-RW lasers will be considered, where two S-bend structures
are combined into a common front section and integrated into an active cavity. The DBR gratings of
each branch/arm have different periods. Thus, depending on how the arms are electrically driven, the Y-
branch lasers can be either switched from one wavelength to the other, or can operate at two wavelengths
simultaneously. The contact scheme for the Y-branch lasers is shown in Fig. 4.2(a), consisting of two arms,
that are combined in a Y (common) section, before being emitted from the front section. These different
sections (arms, Y- and front section) have isolated gold surface contacts which enables separate/individual
control of the current injection. This being said, in the first part of this investigation (Sec. 4.1 and 4.2),
all three sections are controlled in a parallel connection; Left- or right arm + Y + front sections.

Figure 4.1: Sketch of (a) the contact scheme and (b) the three implemented S-bends structures of the
investigated Y-branch lasers.

The three Y-branch lasers differ by having a sinusoidal (Sin), a co-sinusoidal (Cos), and a Cos based
single bend (SB) waveguide curvatures, see Fig. 4.1(b). The lateral position of the Sin and Cos S-bend
structures were generated using the following formulas [76]:

𝑌Sin(𝑧) =
𝑤

𝐿
𝑧 − 𝑤

2𝜋
sin

(︂
2𝜋𝑧

𝐿

)︂
, (4.1)

𝑌Cos(𝑧) =
𝑤

2

[︁
1 − cos

(︁𝜋𝑧
𝐿

)︁]︁
, (4.2)

where 𝑤 = 40 𝜇m is the lateral offset for a bending length of 𝐿 = 2000 𝜇m, see Fig. 4.1(b). After the
merge of the two branches, the light is guided through a 500 𝜇m long straight front waveguide section.
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The cos based SB is basically a Cos bend, consisting of an angled (1.8∘) RW section, which is bent only
once (thus noted SB) using a Cos bend (𝑤 = 40 𝜇m, 𝐿 = 2000 𝜇m). Likewise, its two arms are combined
and emitted from a 500 𝜇m long front section. Thus it follows the Cos bend formula but only between
𝑧 = [𝐿/2, 𝐿] and has a lateral offset of 67 𝜇m. In comparison, the Sin and Cos each have two bends
(forming an S-shape) providing a lateral offset with a smooth curvature, see Fig. 4.1(b). The angle value
of 1.8∘ was chosen as it provides a smooth transition between the the angled and the Cos SB section.
In addition, the DBR gratings of this laser are also angled (±1.8∘) relative to front section and to the
crystal axis.

The complete RW structures of the three investigated Y-branch lasers are shown in Fig. 4.2. As can be
seen, the Sin and Cos lasers only differs in the S-bend structure, where the Sin S-bend has a bending
radius of 15.9 mm while the Cos has a bending radius of 20.2 mm. The SB has a similar bending radius
as the Cos S-bend. The arms of the Sin based Y-branch laser have an arc length of 2500.6 𝜇m, the Cos
have a length of 2500.5 𝜇m, while the arms of the SB have a length of 2500.3 𝜇m. In all three cases
relatively large bend radii, obtained by setting 𝑤 ≪ 𝐿, were used to reduce bend losses according to the
etch depth and effective index step methods [77, 78].

Figure 4.2: Sketch of three investigated Y-branch DBR-RW lasers.

4.1 Electro-optical characteristics

Similarly to the reference lasers, the three Y-branch lasers were characterized at a heat sink temperature
of 𝑇 = 25∘C. The power characteristics of these lasers, for both the right and left arms are shown in
Fig. 4.3. These measurements were made for injection currents between 𝐼inj = [0, 500] mA with a step
size of ∆𝐼inj = 5 mA.

The Y-branch lasers provide comparable output powers from the left and right arm, with some differences
at high output powers. A threshold current of about 𝐼th = 35 mA was observed for both arms of all
three lasers. At an injection current of 𝐼inj = 500 mA, the Y-branch lasers provide output powers of
about 𝑃Sin/Cos/SB = [237/253/253] mW, respectively. Linear fits between 𝐼inj = [50, 300] mA, a range
which is above threshold and below the roll-over effect, provide slope efficiencies of about 𝑆Sin/Cos/SB =
[0.70/0.69/0.69] W/A, for the Sin, Cos, and the SB lasers, respectively. As indicated in Fig. 4.3, the
roll-over effect can be estimated at an injection current of 𝐼inj,Sin/Cos/SB = [300/355/310] mA for the
Y-branch lasers, respectively. Kinks can be seen at higher output powers for all three Y-branch laser,
which was also observed from the two reference lasers, see Fig. 3.6(a).

The three lasers have similar threshold currents that are comparable to the two reference lasers which had
30 and 35 mA, respectively (see Sec. 3.4). This being said, they achieve less maximum output powers
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Figure 4.3: Power characteristics of the investigated Y-branch lasers at 𝑇 = 25∘C including linear fits.

when compared to the straight DBR-RW reference laser which had 𝑃max = 365 mW. The Y-branch
lasers emit comparable output powers to the S-bend reference laser with 𝑃max = 268 mW. Finally, the
slope efficiencies of the Y-branch lasers are smaller than the 0.84 and 0.81 W/A obtained for the straight
and the S-bend reference lasers, respectively. This is perhaps not surprising as the intersection between
the two arms in the Y-branch lasers is expected to provide additional losses, which will be considered
later in this chapter.

The corresponding spectral behaviour of the Y-branch lasers is shown in Fig. 4.4. The right arm of
the Sin Y-branch laser emits at wavelength of about 𝜆Sin,right = 976.0 nm while the left arm emits at
𝜆Sin,left = 973.7 nm. Both of the Sin arms are single-mode until 𝐼inj = 375 mA, at which multi-mode
operation take place. The effect of multi-mode operation is also noticeable in the power characteristics
in Fig. 4.3, where sudden drop and/or kinks starts to appear.

The Cos Y-branch laser emits at 𝜆Cos,right = 975.9 nm and at 𝜆Cos,left = 973.6 nm, for the right and
left arm, respectively. The right arm shows multi-mode operation at 𝐼inj = 435 mA, while the left arm
already becomes multi-mode at 𝐼inj = 400 mA. This difference is also visible in Fig. 4.3, as the output
power of the right and the left arms separate around 𝐼inj = 405 mA.

Finally, the SB Y-branch laser emits at 𝜆SB,right = 975.9 nm and at 𝜆SB,left = 973.6 nm. The right arm
becomes multi-mode at 𝐼inj = 360 mA, while the left arm becomes multi-mode at 𝐼inj = 310 mA. Once
again, in agreement with the power curves in Fig. 4.3.

By investigating the optical mappings in Fig. 4.4, the mode spacing of the Y-branch lasers is estimated
to be 𝛿𝜆 = 52 pm. This corresponds to an effective cavity length of 𝐿eff,cav = 2.54 mm, in agreement
with the manufactured cavity lengths of ∼ 2500 mm, see Fig. 4.2. The additional 40 𝜇m corresponds to
a penetration into the grating section.

The individual optical spectra at maximum single-mode output powers are shown in Fig. 4.5. From this
measurement, the emission linewidth of all three Y-branch lasers is estimated to be smaller than 17 pm,
limited by the spectrometer. The spectral distance between the right and left arms of the Y-branch lasers
was manufactured to be 2.3 nm. Note also that each pairs of wavelengths were designed similarly and
thus the wavelength mismatch between the three lasers is due to manufacturing tolerances.

The three Y-branch lasers show single-mode operation until a "breaking" point where they become multi-
mode. This is different to the spectral behaviour of the straight reference laser, which maintained single-
mode operation over the entire investigated injection current range. A difference is also observed when
comparing the Y-branch lasers to the S-bend reference laser which only showed multi-mode operation
at the mode jumps, see Fig. 3.6(b). Overall, the electro-optical measurements show a clear difference
between the reference and the Y-branch lasers, and suggests different guiding and/or loss mechanisms.
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This will be investigated further in this chapter.

Figure 4.4: False color contour plots of the emission wavelength of the studied lasers, as function of the
injection current at 𝑇 = 25∘C.

Figure 4.5: Individual optical spectra of the Y-branch lasers at maximum single-mode output powers at
𝑇 = 25∘C.
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4.2 Spatial characteristics

The near field profiles of the three Y-branch lasers are shown side-by-side at different injection currents
in Fig. 4.6. A Gaussian shaped near field profile is observed for the Y-branch lasers, similarly to the
reference lasers (see Fig. 3.8), however with side-modes (tails) at low output powers. These side-modes
have mirror symmetry between the right and the left arms, and are suppressed at higher output powers.
The right arm of the Sin laser has its side-mode on the left side (negative position). The right arms
of both the Cos and the SB have their side-modes on the right side (positive position), and vice versa
for the left arms. This is due to the different curvature shapes of the Sin and Cos S-bends, as will be
shown in the numerical simulations in section 4.4. The SB follows the curvature of the second Cos bend
and hence have similar behaviour. The observed side-modes are mostly evident at low powers, and are
suppressed at higher output powers for all three lasers. Note that at 𝐼inj = 500 mA, corresponding to
spectral multi-mode operation (see Fig. 4.4), the beam profiles are not changed much.

Figure 4.6: Normalized near field profiles of the investigated lasers, at different injection currents at
𝑇 = 25∘C.

Likewise, the far field profiles are shown side-by-side in Fig. 4.7 for the three Y-branch lasers. At low
output powers, the far field profiles of the Y-branch lasers consist of multiple high intensity peaks. This
effect is however reduced at higher output powers, and a single peak is measured with multiple low
intensity neighbouring peaks. By comparing the three S-bend shapes, it seems that the Sin shows least
changes in the far field profile with increasing output powers and the one being the most Gaussian-like.
Similar to the near field profiles, mirror symmetry is observed between the far field profiles.

The Cos based laser has two major peaks which merge at higher output powers. In comparison to [75]
which reports on a Cos based S-bend Y-branch laser at 785 nm, the far field profiles seems to have the
opposite effect of separating at higher output powers. This difference is believed to be caused by the
different polarization states of the two lasers; TE versus transverse magnetic (TM). In addition, the
different material data parameters, in particular the transparency current density, which for the 785 nm
Y-branch laser was 𝐽TR = 135 A/cm2 while for this investigation is 𝐽TR = 72.5 A/cm2, see Table 3.1.

The main peaks of the left and right arms of the SB Y-branch laser overlap at low output powers, and
separates at higher output powers.
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Figure 4.7: Normalized far field profiles of the investigated lasers, at different injection currents at 𝑇 =
25∘C.

The results of the spatial characteristics are summarized in Table 4.1 for both the reference and the Y-
branch lasers. It includes the near field widths, the far field angles and the propagation factors 𝑀2

2.Mom.

of the slow axis at the corresponding injection currents.

In comparison to the reference lasers, the spatial characteristics of the Y-branch lasers changes with
increasing output powers. It is seen that the propagation factors 𝑀2

2.Mom. improves with increasing
output powers, and it is also observed that the width of the near fields decreases at higher powers. The
biggest influence on the beam quality is in the far field, which changes the most with increasing output
powers. This is in comparison to the near fields which are more comparable at different output powers.
The overall far field behaviour is ambiguous and will be considered in the next sections.

Table 4.1: Spatial characteristics of the reference and the Y-branch lasers at different injection currents.
Laser Near field width Far field angle Beam quality factor

at 𝐼inj [mA] [𝜇𝑚] [∘] 𝑀2
2.Mom.

Straight DBR: 100 / 200 / 300 4.1 / 4.0 / 4.1 18.9 / 19.1 / 19.1 1.1 / 1.1 / 1.1
S-bend DBR: 100 / 300 / 500 4.2 / 4.1 / 4.2 19.1 / 19.6 / 19.6 1.1 / 1.1 / 1.1

Sin left: 100 / 300 / 500 6.2 / 6.0 / 5.9 22.0 / 17.5 / 19.4 1.9 / 1.5 / 1.6
Sin right: 100 / 300 / 500 6.3 / 5.9 / 5.9 23.0 / 18.8 / 20.4 2.1 / 1.6 / 1.7
Cos left: 100 / 300 / 500 7.4 / 6.5 / 6.4 24.5 / 20.6 / 17.8 2.6 / 1.9 / 1.6
Cos right: 100 / 300 / 500 7.1 / 5.9 / 6.2 23.8 / 19.9 / 17.8 2.4 / 1.7 / 1.6
SB left: 100 / 300 / 500 7.0 / 6.4 / 6.0 23.1 / 17.8 / 20.5 2.3 / 1.6 / 1.7
SB right: 100 / 300 / 500 6.7 / 6.1 / 5.8 22.3 / 17.6 / 20.6 2.1 / 1.5 / 1.7

The results in Fig. 4.7 and in Table 4.1 suggest that the Sin S-bend has the most "Gaussian-like" shape,
and that its spatial characteristics changes the least with increasing output powers. This being said, all
three Y-branch lasers exhibits different spatial characteristics when compared to the reference lasers. The
reason for this will be considered next.
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4.3 Simulations of single S-bend structures

To understand the spatial behaviour observed so far, passive waveguide simulations were performed on
the investigated structures and compared to the experimental results. These simulations were done with
the commercial FIMMWAVE software [79], based on a complex effective index solver. Note that these
passive RW simulations are not expected to fully agree with the experimental results obtained from active
laser devices. Nonetheless, it is meaningful to observe light propagation through such passive structures.

In this section, simulations are carried out on single S-bend structure; i.e. single Sin, Cos and SB
RW structures, which are then compared to the S-bend (Cos based) reference laser. In addition, each
simulation is made with/without a (500 𝜇m long) straight front section, in order to investigate the
influence of the front section on the beam quality, see Fig. 4.8. The simulated results next to the
measured near field profile of the S-bend reference laser (at 𝐼inj = 100 mA) are shown in Fig. 4.9. Note
that this low injection current was chosen as it resembles a passive RW case the most.

Figure 4.8: Simulation of light propagation through a passive Cos based RW S-bend, with or without a
500 𝜇m long straight front section. The brighter the color the stronger the field intensity.

From Fig. 4.9 it is seen that the four cases show similar "Gaussian-like" near fields, with a beam waist
of about 3.4 𝜇m (measured at 1/𝑒2). This is also maintained regardless of having a front section or not.
This is as expected as all the investigated structures have a small lateral offset compared to the bending
length: 𝑤 ≪ 𝐿, and all share the same RW width.

Figure 4.9: Measured near field position of the S-bend reference laser, next to simulated near fields of the
different S-bend structures, with (dashed) or without (solid) a 500 𝜇m long straight front section.
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In a similar fashion, simulations of the far field profiles of the single S-bend structure were carried out.
Fig. 4.10(top) shows the measured far field of the S-bend reference laser next to the simulated fields of
the S-bend structures. Fig. 4.10(bottom) shows the corresponding simulated fields of the S-bends with
a front section. A far field angle (at 1/𝑒2) of 17.7∘ was obtained for the experimental measurement,
while the simulated profiles have values between 19.0∘ and 18.4∘. In the case of the simulated fields, a
modulation effect is seen for all six cases, however the overall Gaussian-like shape is maintained and no
additional high intensity peaks are observed.

Figure 4.10: Top: Measured far field profile of the S-bend reference laser, next to simulated far field
profiles of the different S-bend structures. Bottom: Simulated far field profiles of the S-bend structures
with a front section.

The simulated results of this section indicate that passive S-bend structures provide a modulation effect
on the far field profiles. This being said, the worsen beam quality of the Y-branch lasers, in particular the
multiple far field peaks is less dependent on the S-bend structures. The same can be said about the front
section, as its introduction did not influence the far field shape (in all three S-bend cases). This suggests
that the beam quality is more dependent on the combination of two S-bends; the Y-section rather than
the S-bend shapes or the front section.
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4.4 Simulations of Y-branch structures

The results of the previous section suggest that the spatial characteristics of the Y-branch lasers are less
dependent on the S-bend shape nor the front section. Therefore, this section continues the numerical in-
vestigations by studying passive Y-branch structures. Fig. 4.11 shows the simulated propagation profiles,
from left to right, for the case of (a) a “straight” RW, (b) Sin, (c) Cos, and (d) SB based Y-branch RW
structures.

Figure 4.11: Simulation of light propagation through passive RW structures with similar dimensions to
the developed active devices.

In the case of the "straight" RW, the light is transmitted uniformly through the waveguide. For the
Y-branch structures however, an abrupt change occurs at the intersection point in the Y-section. At this
point, the waveguide suddenly becomes twice as wide, see the inset zooms in Fig. 4.11(b)-(d). From these
simulations, the near field profiles (of the left arms) at the front facet were obtained. These are shown
in Fig. 4.12 together with the corresponding experimental results (at low output power) of the Y-branch
DBR lasers.

Figure 4.12: Simulated near field positions of the passive RW structures together with the experimentally
obtained ones.
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The near field profile of the RW structure shows a Gaussian-like profile (similar to the S-bend structures),
which overlap with the measured near field of the straight reference laser. Likewise, the Y-branch passive
RW structures show a "relatively" good agreement with the Y-branch lasers. The mismatch between
the measured and simulated near fields can perhaps be reduced by finding a proper effective index ∆𝑛eff

value used in the simulation (by means of fitting). However, this was not done as it will not bring further
understanding to this investigation. As mentioned earlier, these passive RW simulations are not expected
to fully agree with the measured results.

The simulated results have overall similar shape to the measured ones, and show opposite side-mode
position between the Sin and the Cos/SB cases, in agreement with the experimental results. This being
said, and as indicated in the insets of Fig. 4.11(b)-(d), the position of the side peak depends on where
the light is measured from (as it zig-zags after the Y-section), i.e. how long the front section is. This
is simulated in Fig. 4.13, which shows the near field positions of a Sin/Cos based passive Y-branch
structures, having a 30, 85 and 120 𝜇m long front sections. The neighbouring peak position oscillates
with a period of about ≈ 180 𝜇m as can be estimated from Fig. 4.11.

Figure 4.13: Simulated near field positions of the Sin and Cos based Y-branch structures with different
front section lengths.

The far field distributions were also simulated and compared to the experimental results, see Fig. 4.14.
Once again, a good match is seen between the passive RW structure and the reference laser, as both show
a Gaussian profile with similar form and width. In the case of the three Y-branch passive RW structures
however, the simulated results show two main peaks, while the experimental laser results shows multiple
peaks. The simulated results reproduce to a certain limit the experimental results, as the simulated two
peaks of the Sin and Cos structures are also observed in the experimental measurements. Some of the
smaller peaks are however missing. The main difference is seen for the SB Y-branch structure where the
simulated and measured results differ the most. As mentioned earlier, the applied RW simulations have
obvious limitations as clearly seen in Fig. 4.14. Nonetheless, the overall profile; particularly the width
of the main peak (at FWHM) seems to somewhat match for the experimental and simulated cases. The
simulated results provide some components of the measured far field profiles, although a considerable
part is missing.

Next, transmission coefficients through each of the simulated RW structures were obtained from the
Fimmwave software by calculating the S-matrices [80]. This was done for 2500 𝜇m long RW structure
with a 𝛼𝑖 = 1.2 cm−1. A convergence test of the transmission coefficients as function of the applied grid
size (resolution) used in these simulations can be found in Appendix D.

28



Figure 4.14: Far field angles of the measured and of the simulated waveguide structures.

The calculated transmission of the two main modes are given in Table 4.2. The straight RW has the
highest transmission which is concentrated within the main mode, and does not allow transmission of other
modes (𝑇 < 0.1%). Similar values were obtained for the three S-bend structures, regardless of having a
straight front section or not. This behaviour is expected as they all had similar spatial characteristics to
the straight RW, see Fig. 4.9 and 4.10.

Table 4.2: Simulated transmission coefficients for a straight, the three single S-bend and the three Y-branch
RW structures (single arm).

Transmission [%]
Structure Mode 1 Mode 2
Straight RW > 95 < 0.1
Sin S-bend > 95 < 0.1
Cos S-bend > 95 < 0.1
SB S-bend > 92 < 0.1

Sin Y-branch 39 ∼11
Cos Y-branch 42 ∼10
SB Y-branch 38 ∼10

The three Y-branch RW structures however, have their transmitted power distributed within two modes.
The Cos Y-branch has the highest transmission for mode 1 (main mode), followed by the Sin and then
the SB, in agreement with previously published experimental results in [76]. Note that these values are
calculated for the transmission through one of the two arms. In all three cases, the Y-branch structures
allows the propagation of a second mode with up to 𝑇 ≈ 10%.

The calculated transmission values can be related to the experimental behaviour observed in the output
powers (see Table 4.1) and in the emission wavelength (see Fig. 4.4). The DBR-RW laser not only has a
higher slope efficiency than the Y-branch lasers, but it also maintains single-mode operation (spectrally
and spatially), over the entire investigated injection current range. In comparison, the Y-branch lasers
had reduced output powers and beam quality, together with spectral side-modes at higher output powers.
Thus suggesting that the transmission of a second mode can be the reason behind the reduced output
powers and behind the multi-mode operation of the Y-branch lasers.
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4.5 Device characteristics without operating the Y-section

The results so far indicate that the Y-section has a dominant impact on the performance of the Y-branch
lasers. In this section, an alternative operation of these lasers is considered where the Y-section is not
injected with current. As many of the upcoming investigations are similar to the ones already shown,
this section will be relatively short.

4.5.1 Electro-optical characteristics

Previously, the three sections of the Y-branch lasers; Left- or right arm + Y + front section were all
in a parallel connection. In this section, the same lasers are characterized but without connecting the
Y-section. The contact scheme of the Y-branch laser can be seen in Fig. 4.2 and a photograph of the
laser device can be found in Appendix E.

Fig. 4.15 shows the output power of a Sin based Y-branch laser at different injection currents through the
left arm, obtained at different injection currents through the front section 𝐼front and without operating
the Y-section; 𝐼Y = 0 mA. As can be seen, the threshold current is decreased and higher output powers
are obtained with increasing 𝐼front, as the front section becomes more and more amplifying. Note that
similar performances were obtained for the Cos and SB Y-branch lasers when setting 𝐼Y = 0 mA and
when increasing 𝐼front. The switching behaviour in Fig. 4.15 is explained by a saturation effect and a
transition between a multimode LED state to a single lateral mode.

Figure 4.15: Output power as function of the injection current through the left arm of a Sin Y-branch
laser, with 𝐼Y = 0 mA and at different front section currents.

Based on the results of Fig. 4.15, this section consider the operation where 𝐼front = 50 mA and 𝐼Y = 0 mA,
chosen due to the obtained output power. The output powers of the three Y-branch lasers as function
of the injection current through each arm are shown in Fig. 4.16. Laser emission (reduced threshold)
takes place at 𝐼inj = 15 mA when injecting 𝐼front = 50 mA. Maximum output powers of about 𝑃max =
[229/265/243] mW at 𝐼inj = 500 mA were obtained for the sin, cos and SB lasers, respectively. The
slope efficiencies 𝑆 = [0.62/0.69/0.65] W/A were determined from linear fits in the range [50, 300] mA.
Overall, similar output power values were obtained when operating all three section of the Y-branch
lasers, or as in this case where 𝐼Y = 0 mA and 𝐼front = 50 mA.

The corresponding emission wavelengths of the three Y-branch lasers are shown in Fig. 4.17, where single
mode operation was maintained throughout the injection current range. This is a clear improvement to
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Figure 4.16: Power characteristics of the investigated Y-branch lasers including linear fits, as function of
the injection current through each laser arm at 𝑇 = 25∘C.

the measurements in Fig. 4.4 where single mode operation was only maintained up to 𝐼inj < 400 mA.
This suggest that an unpumped Y-section provides a spectral filtering effect.

Figure 4.17: False color contour plots of the emission wavelength of the studied lasers, as function of the
injection current through each arm, with 𝐼Y = 0 mA, 𝐼front = 50 mA at 𝑇 = 25∘C.
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4.5.2 Spatial characteristics

The spatial characteristics are considered next, and the near field profiles of the Y-branch lasers are shown
in Fig. 4.18 at different injection currents. Once again, side-modes (tails) are observed at low powers
which gets suppressed at higher powers.

Figure 4.18: Normalized near field profiles of the investigated lasers, at different injection currents through
each arm, with 𝐼Y = 0 mA, 𝐼front = 50 mA at 𝑇 = 25∘C.

The measured far field profiles are shown in Fig. 4.19 at different injection currents. Once again, the Sin
laser has the majority of its intensity concentrated within the main peak, while the Cos and SB lasers
show two intensity peaks. Whether the Y-section is operated or not, the far field performance is not
influenced, see Fig. 4.7.

The obtained spatial characteristics are summarized in Table 4.3, where the near field widths seems more
stable at increasing output powers when compared to the previous measurements in Table 4.1. The far
field angles reduce and the 𝑀2 values improves at increasing output powers, similarly to the results of
Table 4.1.

Table 4.3: Spatial characteristics of Y-branch lasers at different injection currents through each arm
measured at 𝑇 = 25∘C, with 𝐼Y = 0 mA and 𝐼front = 50 mA.

Laser Near field width Far field angle Beam quality factor

at 𝐼inj [mA] [𝜇𝑚] [∘] 𝑀2
2.Mom.

Sin left: 100 / 300 / 500 6.1 / 6.3 / 6.3 21.3 / 19.9 / 19.5 1.8 / 1.8 / 1.7
Sin right: 100 / 300 / 500 6.1 / 6.1 / 6.1 23.1 / 20.4 / 19.9 2.0 / 1.8 / 1.7
Cos left: 100 / 300 / 500 6.9 / 6.9 / 6.9 24.3 / 22.5 / 21.7 2.4 / 2.2 / 2.1
Cos right: 100 / 300 / 500 6.6 / 6.3 / 6.3 23.3 / 22.0 / 19.9 2.2 / 2.0 / 1.8
SB left: 100 / 300 / 500 6.6 / 6.7 / 6.6 22.0 / 20.1 / 19.8 2.1 / 1.9 / 1.9
SB right: 100 / 300 / 500 6.2 / 6.3 / 6.2 21.3 / 18.5 / 17.9 1.9 / 1.7 / 1.6
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Figure 4.19: Normalized far field profiles of the investigated lasers, at different injection currents through
each arm, with 𝐼Y = 0 mA, 𝐼front = 50 mA at 𝑇 = 25∘C.

4.5.3 Summary

The results of this section indicate that an unpumped Y-section has an advantage, acting as a spectral
filter which provides single mode operation.

This being said, similar output powers and spatial characteristics were obtained under this operation
setting of the Y-branch lasers. Although the Y-section was not operated, the generated light still had
to pass through the Y-section, and is thus spatially affected by this section. The far field measurements
suggest once again the Sin Y-branch laser is the one which resembles a Gaussian beam the most, with
least changes at increasing output powers.
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4.6 Conclusion

The experimental investigations of the three S-bend based Y-branch DBR-RW lasers show overall com-
parable performance between each other. A small difference is seen in the power characteristics, with the
Cos based Y-branch DBR-RW laser providing about 6% more output power than the two other Y-branch
lasers. Although this difference is small, it is in agreement with the simulated transmission coefficients
obtained for passive RW structures.

On the other hand, when considering the spatial characteristics, the Sin based Y-branch DBR-RW laser
is the favourite between the three lasers. This is seen by its far field profile as it resembles a Gaussian
profile the most, and shows least changes with increasing output powers. The Sin based laser also have
the overall better beam quality in form of the𝑀2

2.Mom. values. Therefore, for applications with demanding
spatial characteristics, and where the far field profile is of great importance (e.g. optical imaging), the
Sin Y-branch structure would be the laser of choice. This being said, the near field power distributions
of all three Y-branch lasers are quite similar without a clear favourite. This suggests that in applications
where the light is tightly coupled into a single mode fiber or in an optical amplifier (see chapter 8), all
three Y-branch lasers should be equally suitable.

The overall performance of the SB based Y-branch laser lies between the Cos and Sin, having similar
output power performance to the Sin, and comparable beam quality to the Cos. Interestingly, the SB
have a narrower far field profile than the DBR-RW laser, although they have a similar ridge width. This
might be interesting in application with specific or narrow far field requirements.

Throughout this investigation, it is clear that all three Y-branch lasers exhibit worse spatial performance
when compared to both reference lasers, which is the “cost” of combining two S-bend sections. Passive
RW simulations indicate that this effect is less dependent on the S-bend shape nor the front section,
but rather the Y-section. At this point, the ridge becomes twice as wide, and this sudden "break"
allows higher spatial modes to propagate through the waveguide. The result of this is seen in the spatial
characteristics, but also in the electro-optical characteristics where a reduced slope efficiency and spectral
multi-mode operation take place.

The impact of the Y-section on the spectral characteristics of the Y-branch laser was also investigated.
Here, it was shown that the spectral characteristics can be significantly improved by simply not operating
this section. This indicates that this section is responsible for the spectral multi-mode operation observed
earlier, and a spectral filtering is obtained by not operating the Y-section; I.e. making it absorbent. This
being said, the alternative operation setting (𝐼Y = 0 mA) did not improve the spatial characteristics
significantly, as the light still had to pass through this section.

Finally, the simulated spatial characteristics can provide a qualitative description of the near fields, how-
ever they are not sufficient to fully describe the far field profiles. In addition, the spectral improvements
obtained when setting 𝐼Y = 0 mA indicates a connection between the Y-section and the spectral char-
acteristics. Therefore, future work should include active cavity simulations of the Y-branch structures to
not only understand the far field behaviour, but also the spectral characteristics.
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Chapter 5

Multi-wavelength DBR-RW lasers

The main findings of the previous chapter indicate that the Y- (common) section strongly affects the
overall laser performance. In this chapter, two other multi-wavelength lasers are investigated, namely
four- and six-arm DBR-RW lasers. The motivation of this chapter is to investigate different common
section structures and to study the influence of the bending curvature of the individual arms, while
increasing the number of laser arms.

5.1 Four-arm DBR-RW Lasers

The waveguide scheme of the processed four-arm DBR-RW lasers is shown in Fig. 5.1. Each waveguide
has its own 350 𝜇m long DBR grating, and the four waveguides are joint (common section) before being
emitted from the front section.

Figure 5.1: Sketch of the investigated four-arm lasers. The close-ups shows the common sections of laser
A and B.

Each arm follows the SB structure consisting of an angled part, a single bend (SB) and a front section.
The bend sections follow the Cos S-bend formula between 𝑧 = [𝐿/2, 𝐿], see eq. (4.2). The half lateral
offsets of the inner arms were 𝑤inner = ±20 𝜇m for a bending length of 𝐿inner = 1000 𝜇m. The outer
arms were likewise defined between 𝑧 = [𝐿/2, 𝐿], with half offset values of 𝑤outter = ±60 𝜇m for a bending
length of 𝐿outter = 2000 𝜇m. The bend losses were once again reduced by implementing a large bend
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radius according to the etch depth and effective index step [77]. The inner arms have a bending radius
of about 10.1 mm, while the outer have a bending radius of 13.5 mm.

The inner arms of the investigated lasers were angled by ±1.8∘ (similar to the SB Y-branch laser), while
the outer were angled by ±3.4∘. These values provide a smooth transition between the angled and the
bend sections, see Fig. 5.1. The DBR gratings were equally angled.

The SB structure is used here to combine the four arms as it provides low curvature with low bending
losses. In addition and more importantly, the angled RW sections ensures further displacement between
the individual arms at the back side of the devices. This provides more space for the processing of the
individual DBR gratings and the micro-heaters as will be shown in chapter 6. The motivation of these
lasers is to compare two different combiner section and investigate the influence of having two different
curvatures of the inner and outer arms.

In this investigation, two four-arm lasers (laser A and B) are investigated with different common sections.
Laser A has a single intersection point for all four waveguides, while laser B has two separate points.
In the latter case, the inner and outer arms’ intersection points were displaced by 150 𝜇m from one
another, see Fig. 5.1. This displacement is compensated by shortening the angled sections. At position
𝑧 = 0 𝜇m in Fig. 5.1, the outer arms of laser A are positioned at 𝑌 = ±295.6 𝜇m while the inner were at
𝑌 = ±102.2 𝜇m, respectively. In the case of laser B, the inner arms positioned at 𝑌 = ±309.8 𝜇m while
the outer are at 𝑌 = ±102.2 𝜇m.

The contact scheme of these lasers is shown in Fig. 5.2. The individual sections (each arm, common-
and the front section) have isolated gold surface contacts to control the current injections separately. A
photograph of the laser can be seen in Appendix E.

Figure 5.2: Contact scheme of the investigated four-arm DBR-RW lasers.

The individual arms of laser A are denoted as; A1, A2, A3 and A4 and likewise for Laser B; B1, B2, B3
and B4, see Fig. 5.2. Note that the inner and outer arms of both lasers have different curvatures (as they
have different 𝑤 and 𝐿 values) and the effect of this will also be considered in the following.

5.1.1 Electro-optical characteristics

The PUI curves of the two lasers are shown side-by-side in Fig. 5.3 when operated at a heat sink temper-
ature of 𝑇 = 25∘C. Similarly to the Y-branch lasers (see Sec. 4.5), the common section was not operated
in this investigation in order to obtain a complete single mode operation range. In addition, the front
section was injected with 𝐼front = 35 mA. The injection current through each arm was varied between
𝐼inj = [0, 500] mA with a step size of ∆𝐼inj = 5 mA.

The four arms of each laser were characterized and the threshold current 𝐼th, the maximum measured
output power 𝑃max and the slope efficiency 𝑆 were obtained, see Table 5.1. The slope efficiencies were
obtained through linear fits between 𝐼inj = [100, 300] mA, a region above threshold and below the role-
over effect. Table 5.1 indicates a clear difference in performance when comparing the outer (A1 & A4)
and the inner arms (A2 & A3) of laser A. This is seen in 𝐼th, 𝑃max and 𝑆, which is also clear in Fig. 5.3(a).
Overall, a worse performance is observed for the outer than for the inner arms.

The laser characteristics of the four arms of laser B were likewise obtained and are summarized in
Table 5.1. In this case, similar performance was observed with a smaller discrepancy between the outer
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Figure 5.3: PUI characteristics of the individual arms of Laser A and of Laser B, respectively.

arms (B1 & B4) and the inner arms (B2 & B3), which is also clear in the power curves in Fig. 5.3(b).
This indicates that the joining section has a strong impact on the output power, while the curvature
plays a minor role as seen for laser B.

Table 5.1: Laser characteristics of the two four-wavelength DBR-RW lasers.
Laser 𝐼th 𝑆 𝑃max(500 mA) 𝜆(𝑃max)

at 𝑇 = 25∘C [mA] [W/A] [mW] [nm]
A1 50 0.41 190 978.01
A2 30 0.52 225 975.74
A3 35 0.60 230 973.63
A4 (75) 0.45 200 971.28
B1 45 0.63 230 978.14
B2 35 0.60 225 975.87
B3 35 0.60 230 973.63
B4 (60) 0.63 225 971.44

An irregular power curve is seen for A4 and B4 which is why their 𝐼th values are written in parenthesis
in Table 5.1. By back-interpolation of these power curves, expected threshold values of about 46 mA
and 39 mA were obtained for A4 and B4, which are closer to the threshold values of A1 and B1 (the
corresponding pairs). This switching behaviour is likely explained by a transition between a multimode
LED state to a single lateral mode.

Next, the spectral behaviour of the two lasers is investigated, see Fig. 5.4. The two lasers emits at
wavelengths of about 𝜆1 = 978 nm, 𝜆2 = 975 nm, 𝜆3 = 973 nm and 𝜆4 = 971 nm, respectively. As can
be seen in Fig. 5.4, all eight arms of the two lasers maintain single-mode operation over the investigated
injection current range. This was obtained because the common section was not operated; 𝐼commom =
0 mA. The discrepancy in the threshold currents between the inner and outer arms of laser A (see
Fig. 5.3(a)) can also be observed in the spectral emission. Likewise, the observed threshold values are in
agreement with the power curves, see Fig. 5.3(b).

The individual optical spectra of the investigated lasers at 𝑃max are shown in Fig. 5.5, and the peak
emission wavelength values are summarized in Table 5.1. From this measurement, the spectral linewidth
of all eight measurements was estimated to be < 17 pm, limited by the resolution of the spectrometer.
This indicates that the common section and the different curvatures of the inner/outer arms have within
the studied parameter ranges no impact on the spectral performance.

The spectral distance between the four arms was processed to be 2̃.2 nm. In addition, the DBR gratings
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Figure 5.4: False colour contour plots of the emission wavelength of the investigated lasers, as function
of the injection current with 𝐼common = 0 mA, 𝐼front = 35 mA at 𝑇 = 25∘C.

were designed to provide similar wavelengths from both lasers (A1 and B1, A2 and B2, ect.), and thus
the observed small mismatch between the wavelengths in Fig. 5.5 are due to manufacturing tolerances.

Figure 5.5: Normalized individual optical spectra of the investigated lasers at 𝑃max, measured at 𝐼inj =
500 mA, 𝐼common = 0 mA, 𝐼front = 35 mA at 𝑇 = 25∘C.

The output power behaviour in Fig. 5.3 suggest different performances from the inner and outer arms in
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the case of laser A, and comparable performance in the case of the four arms of laser B. This is explained
by the different common section designs. The comparable values for the arms of laser B indicate that the
curvature of the individual arms has a minor effect on the electro-optical performance.

5.1.2 Spatial characteristics

The spatial characteristics of both four-arm lasers were obtained according to the moving slit method, and
the normalized lateral intensity distributions of the near fields (at 𝐼inj = 200 mA) are shown side-by-side
in Fig. 5.6.

Figure 5.6: Normalized near field profiles of the investigated lasers at 𝐼inj = 200 mA, 𝐼common = 0 mA,
𝐼front = 35 mA at 𝑇 = 25∘C.

The near fields of the inner arms of laser A (A2 and A3) show defined central lobes, with a number of low
intensity side-lobes. In the case of A2, these side-lobes are mainly concentrated on the right-hand-side
(positive position), and vice versa for A3. The outer arms of laser A (A1 and A4) shows similar behaviour,
having defined central lobes but with strong side-lobes concentrated toward the inner arms.

The inner arms of laser B show two broad neighbouring peaks and defined central lobes in between.
Similarly to the inner arms of laser A, these neighbouring peaks are stronger towards the aperture side.
The outer arms of laser B show similar behaviour to those of laser A, however with weaker side-lobes
that are also concentrated toward the inner arms.

The near fields of both the inner and outer arms of both lasers have mirror symmetry, and show the
effect of having stronger side-lobes towards the aperture (front section).

The near field widths of both lasers are summarized in Table 5.2. In the case of laser A, comparable
values were obtained for the inner arms (∼ 5 𝜇m) and for the outer arms (∼ 26 𝜇m). In the case of laser
B, the same behaviour was observed, however with a smaller discrepancy between the inner (∼ 6 𝜇m)
and outer arms (∼ 9 𝜇m).

By considering the near field distributions, the power in central lobe 𝑃CL of each arm was obtained,
see Table 5.2. Once again, laser A have comparable values for the inner (or outer) arms, but with a
large discrepancy from 32 to 78% between those. In the case of laser B, the 𝑃CL values of the inner and
outer arms only vary between 45 to 53%. Note that this parameter was not considered previously, as
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Table 5.2: Spatial characteristics of the investigated four-arm lasers, at 𝐼front = 35 mA, 𝐼common = 0 mA
and 𝑇 = 25∘C.

Laser Near field width Far field angle 𝑀2
1/𝑒2 𝑃CL

at 𝐼inj = 200 mA [𝜇m] [∘] [%]
A1 26 22 8.2 32
A2 5 22 1.5 78
A3 5 19 1.4 78
A4 27 22 8.4 36
B1 7 21 2.2 45
B2 6 21 1.6 53
B3 6 20 1.7 51
B4 9 22 2.8 53

the reference and the Y-branch lasers had most of their power concentrated within the central lobe, with
values above 𝑃CL > 90%.

The results in Fig. 5.6 and in Table 5.2 indicate that in the case of laser B, comparable near fields were
obtained with matching widths. In the case of laser A however, it seems that the outer arms have a
spatial filtering effect on the inner arms as they have much smaller side-lobes in comparison to the inner
arms of laser B. In addition, the inner arms of laser A acts oppositely and have a degrading effect on the
outer arms. This is seen as the outer arms of laser A have stronger and wider side-lobes in comparison
to the outer arms of laser B.

The measured far field profiles of the two lasers are shown in Fig. 5.7. The far field profiles of both lasers
consist of multiple high intensity peaks, showing mirror symmetry between the inner and outer arms. By
using the far field angles of the investigated lasers together with the near field values, the propagation
values 𝑀2

1/𝑒2 in Table 5.2 were obtained.

Figure 5.7: Normalized far field profiles of the investigated lasers at 𝐼inj = 200 mA, 𝐼common = 0 mA,
𝐼front = 35 mA at 𝑇 = 25∘C.

In the case of laser A, the inner arms have comparable 𝑀2
1/𝑒2 values (∼ 1.5) and likewise for the outer

arms (∼ 8.2). The same effect was observed in the case of laser B, however with a smaller discrepancy in
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the 𝑀2
1/𝑒2 values, ranging between 1.6 for the inner and 2.8 for the outer arms, respectively.

Note that at the chosen injection current of 𝐼inj = 200 mA, an output power of about 𝑃 = 100 mW is
emitted, which is the typical value needed in different applications. At higher injection currents, the beam
quality deteriorates for both lasers, however the overall observed behaviour is maintained, i.e. the large
discrepancy between the inner and outer arms for laser A and the more comparable behaviour observed
for laser B.

5.1.3 Summary

In this study, two different four-arm DBR-RW lasers were investigated; Laser A having a single inter-
section and laser B with two separate intersection points between the individual arms. Through this
investigation, it is clear the two structures exhibit different laser characteristics. This was observed in
the output power characteristics, where laser A have distinct performance when comparing the inner
and outer arms. In particular, the outer arms had smaller slope efficiencies and lower output powers in
comparison to the inner arms. On the other hand, laser B showed similar slope efficiencies and power
values for all four arms.

Similar behaviour was observed in the spatial characteristics, where Laser A had a higher 𝑀2
1/𝑒2 values

(∼ 8.2) for the outer arms than for the inner arms (∼ 1.5), and likewise smaller 𝑃CL (32%) for the outer
arms when compared to the inner (78%). The four arms of laser B had more comparable beam qualities,
where the 𝑀2

1/𝑒2 values only ranged between 1.6 to 2.8 and the 𝑃CL ranged between 45 to 53%.

The output power and spatial characteristics indicate that the main difference is due to the intersection
point, and is less influenced by the different curvature of the inner and outer arms. This is clear from the
performance of laser B, while the discrepancy seen between the four arms of laser A (similar curvature
to laser B) is caused by the single intersection point.

On the other hand, the spectral behaviour was not influenced by the laser structures, at least within the
studied parameters and spectral resolution. Single mode operation and a spectral width smaller than
17 pm (resolution limit) were maintained over the investigated injection current range for both lasers.

The spatial characteristics of both lasers, especially the far field profiles, indicates non-diffraction limited
beams which is the "cost" of having four monolithically combined laser arms. This is believed to be caused
by the joining sections, where in the case of laser A the RW suddenly becomes 4 times as wide, and in
the case of laser B becomes twice as wide at the first joining point, and 3 times as wide at the second
joining point. This is believed to be the reason behind the difference in the overall performance when
comparing the two lasers. In both lasers, this change allows higher order (spatial) modes to propagate
as seen in the near and far field measurements. Nonetheless, in the targeted applications where a spatial
filtering takes place, the observed spatial characteristics and output powers makes both lasers suitable in
MOPA systems.

One interesting result from laser A is that the single intersection provided a spatial filtering effect on
the inner arms’ near fields, and a degrading effect on the outer arms, leading to the different spatial
characteristics. This spatial filtering effect could be interesting to study further, as it could potentially
lead to improved spatial performance of multi-arm lasers.

Finally, it is clear that laser B is preferred over laser A in terms of homogeneous output power and spatial
characteristics between each arm. In this section, no simulations were presented as the numerical model
used in chapter 4, did not provide meaningful results when used to simulate passive four-arm structures.
Future work should therefore include active simulations of the intersection between the RW in four-arm
lasers. This can potentially bring further understanding of the experimental results shown in this study,
and bring further improvement to the spatial characteristics of multi-arm DBR-RW lasers.
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5.2 Six-branch DBR-RW laser

The findings of the previous section indicate that the laser structure with individual intersection points
is preferred over the one with a single point. In addition, the different curvatures of the inner and outer
arms played a minor role on the overall laser performance. In this section, another multi-wavelength laser
namely a six-arm DBR-RW laser will be considered, with three separate intersection points. The contact
scheme of the six-arm laser is seen in Fig. 5.8(a), where each arm has its own DBR grating. The six
arms are joint before being emitted from a single aperture (front section). In this structure, no common
section was implemented mainly due to space constriction. A photograph of this laser can be found in
Appendix E showing how the injection current was lead into the different arms and front section. A zoom
of the the three separate intersection points is shown in Fig. 5.8(b), which are spaced 100 𝜇m apart.

(a) (b)

Figure 5.8: Sketch of (a) the six-arms DBR-RW laser and (b) close-ups of the intersection points.

The arms follow the SB structure once again, consisting of an angled part, a SB and a front section.
The bend sections follow the Cosine S-bend eq. (4.2), with half lateral offset values of 𝑤outer = 200 𝜇m
(C1 and C6), 𝑤middle = 120 𝜇m (C2 and C5) and 𝑤inner = 40 𝜇m (C3 and C4), for bending lengths
of 𝐿outer = 2000 𝜇m, 𝐿middle = 2000 𝜇m and 𝐿inner = 2000 𝜇m, respectively. The bend structures are
defined between 𝑧 = [𝐿/2, 𝐿], and the lateral offsets at the back of the device are: ±[532, 310, 98] 𝜇m
for the outer, middle and inner arms respectively. The outer arms were angled by ±8.9∘, the middle
by ±5.4∘ and the inner were angled by ±1.8∘, respectively, and the corresponding DBR gratings were
angled equally. These values were found to provide a smooth transition between the angled and the
bend sections. The bending radii are 𝑅𝑖𝑛𝑛𝑒𝑟 = 28.7 mm, 𝑅𝑚𝑖𝑑𝑑𝑙𝑒 = 9.6 mm and 𝑅𝑜𝑢𝑡𝑒𝑟 = 5.8 mm,
respectively.

As described earlier, the motivation behind using the SB structure is the smooth combination between
the individual arms, while the angled sections provide an increased spacing between the individual DBR
gratings for easier manufacturing and heater implementation.

5.2.1 Electro-optical characteristics

The PUI characteristics of the individual arms of the Six-arm laser were obtained in a similar fashion to
the previous lasers. This was done for injection currents between 𝐼inj = [0, 500] mA for ∆𝐼inj = 5 mA,
with 𝐼front = 35 mA at a heat sink temperature of 𝑇 = 25∘C, see Fig. 5.9(a).

The threshold current 𝐼th, maximum measured output power 𝑃max and the slope efficiency 𝑆, fitted
between 𝐼 = [100, 300] mA, were obtained and are summarized in Table 5.3. As can be seen, comparable
threshold current values were obtained from the individual arms. In the case of the slope efficiencies
and the maximum output powers, larger deviations were observed with 𝑆 values varying between 0.47
and 0.63 W/A and 𝑃max between 199 and 246 mW. This deviation is observed for C2 and C5, which
provide the highest and lowest output powers, see Fig. 5.9(a). The difference between C2 and C5 is also
somewhat peculiar as this pair of arms are symmetrical with each other, and could indicate a defect/error
during the manufacturing process or in the design layout.

The spectral behaviour was likewise obtained for the individual arms, see Fig. 5.9(b). Each of the six
arms shows single- and multi-mode operation, where in the latter maximum spectral widths of about
262 pm at 1/𝑒2 and around 77 pm at FWHM were measured.
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(a) (b)

Figure 5.9: PUI characteristics (a) and the corresponding emission wavelength (b) of the six-arms, as
function of the injection current, measured at 𝐼front = 35 mA at 𝑇 = 25∘C.

Table 5.3: Laser characteristics of the six-wavelength DBR-RW lasers.
Laser 𝐼th 𝑆 𝑃max(500 mA) 𝜆(𝑃max)

at 𝑇 = 25∘C [mA] [W/A] [mW] [nm]
C1 55 0.56 234 978.52
C2 55 0.47 199 977.11
C3 45 0.52 228 975.78
C4 45 0.53 231 974.48
C5 40 0.63 246 973.02
C6 50 0.58 235 971.67

a spectral width (at FWHM) of up to 120 pm was observed. This multi-mode behaviour is likely explained
by the lack of a separate common section contact, as was the case in both the Y-branch and in the four-arm
lasers. Due to manufacturing space limitations, this section was not processed on the six-arm lasers.

The individual spectra at 𝑃max are shown in Fig. 5.10, indicating single-mode operation at maximum
output powers. The corresponding emission wavelengths are summarized in Table. 5.3.

5.2.2 Spatial characteristics

The spatial characteristics of the individual arms at 𝐼inj = 200 mA were obtained in a similar fashion to
the previous sections, and the near and far field distributions are shown in Fig. 5.11.

The near field profiles show well defined central lobes, with different neighbouring peaks that are largest
for the outer arms and reduces for the inner arms. Similarly to the four arm lasers, a symmetry is
observed between each pair of arms, and the neighbouring peaks for all six lasers are strongest toward
the aperture side.

The near field widths are summarized in Table 5.4 which show comparable values for the four inner arms
(∼ 20 𝜇m) and larger values for the outer two arms C1 and C6 of 30 and 40 𝜇m, respectively. This
tendency was also observed in the power in central lobe values 𝑃CL as summarized in Table 5.4.
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Figure 5.10: Normalized optical spectra of the six-arms near 𝑃max measured at 𝐼front = 35 mA and
𝑇 = 25∘C.

Figure 5.11: Normalized near field positions (top) and far field angles (bottom) of the six-arm DBR-RW
laser at 𝐼inj = 200 mA, 𝐼front = 35 mA and 𝑇 = 25∘C.

Table 5.4: Spatial characteristics (using the 1/𝑒2 definition) of the six-wavelength DBR-RW lasers.
Laser Near field width Far field angle 𝑀2

1/𝑒2 𝑃CL

at 𝐼inj = 200 mA [𝜇m] [∘] [%]
C1 32.0 20.8 9.4 26
C2 21.8 22.2 6.8 50
C3 21.4 21.5 6.5 51
C4 20.6 21.5 6.2 51
C5 21.9 21.2 6.5 42
C6 40.9 20.8 12.0 34

The far field profiles shown in Fig. 5.11 indicate mirror symmetry between each pair of arms. Multiple
high intensity peaks are seen, similarly to the far field profiles of the four-arm lasers. The far field angles
(obtained at 1/𝑒2) are summarized in Table 5.4 together with the corresponding beam propagation
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factors 𝑀2
1/𝑒2 . Once again, comparable behaviour for the four inner arms are observed with 𝑀2

1/𝑒2

values ranging between 6.2 and 6.8, while the outer arms, C1 and C6, have 𝑀2
1/𝑒2 values of 9.4 and 12,

respectively. This discrepancy is likely due to the stronger curvature of the outer arms. While this effect
is clear in the beam quality comparison, it is less evident in the output powers of the individual arms,
which is likely reduced by the amplifying front section.

Once again, the beam quality deteriorates at higher injection currents, however the overall observed
behaviour is maintained e.g. the larger discrepancy for the outer two arms (C1 and C6) and the more
comparable values for the four inner arms (C2, C3, C4 and C5). The injection current of 𝐼inj = 200 mA
was chosen as it provides an output power of about 𝑃 = 100 mW, which is sufficient in multiple appli-
cations.

5.2.3 Summary

In this section, a six-arm DBR-RW laser was investigated with three separate intersection points. The
six arms have similar threshold current values and all provided output powers above 200 mW, with some
smaller discrepancy in the electro-optical characteristics.

The six-arms showed broad regions of multi-mode emission, with single-mode operation at some injection
current regions. This puts some restrictions on this device when choosing a certain wavelength and
corresponding output powers. This is in contrast to the four-arm lasers which showed single mode
operation at all output power. This difference is believed to be caused by the lack of an isolated common
section in the six-arm device, which was implemented in the Y- and the four-arm lasers. In those cases,
an absorbent(𝐼Y = 0 mA) common section provided a spectral filtering effect. Such a section was not
included in the six-arm laser.

Unsurprisingly, the spatial characteristics of the six-arms laser showed non-diffraction limited beams,
which was also the case the four-arm lasers. This behaviour is the cost of having multiple monolithically
combined laser arms.

The outer arms had higher 𝑀2
1/𝑒2 values (9.4 and 12.0) whereas the four inner arms had comparable

values (between 6.2 and 6.8). This discrepancy is believed to be caused by stronger bending losses, due
to the stronger curvature of the outer arms. This being said, this discrepancy is still smaller than in the
case of the four-arm laser with a single intersection point (laser A). In addition, the 𝑀2

1/𝑒2 values of the
four inner arms are comparable with one another, similarly to the case of the four-arm laser with two
intersection points (Laser B).

Finally, although the six-arm laser had large 𝑀2
1/𝑒2 values and low 𝑃CL, the well-defined central lobes in

the near field profiles together with the relatively high output powers, makes this laser suitable for MOPA
systems. In such systems, a spatial filtering takes place and usually require relatively small saturation
powers.
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5.3 Conclusion

In this chapter, two concepts of multi-arm DBR-RW lasers were investigated. The first section compares
two four-arm lasers, one with a single intersection point between the four arms (Laser A), and another
with two separate points (Laser B). Laser A showed different performances for the inner and outer arms,
both in terms of output power and spatial characteristics. Laser B on the other hand showed comparable
performance for the inner and outer arms. This indicates that the intersection point is responsible for the
performance of these lasers, similarly to the case of the Y-branch lasers. In addition, both four-arm lasers
have different curvature for the inner and outer arms. This had a minor effect on the laser characteristics,
as comparable performances were obtained from all four arms of laser B.

To further investigate the effect of the RW curvature, a six-arm laser with three different curvatures
and three individual intersection points was developed and investigated. This laser provided comparable
output power values with some smaller discrepancy between the arms. Spatially, the outer arms with
the largest curvatures had worse beam qualities (𝑀2

1/𝑒2 = 9.4 and 12.0) when compared to the four inner

arms (𝑀2
1/𝑒2 ∼ 6.5). This being said, this discrepancy is still smaller than the one observed in the case

of the four-arm laser with a single intersection point (laser A). In comparison to the four-arm lasers,
multiple regions of spectral multi-mode were observed from the six-arm laser. This is believed to be
caused by the lack of an isolated common section, which in the case of the Y- and the four-arm lasers
serve as a spectral filter.

The introduction of more laser arms reduces the beam quality as more and more spatial modes are sup-
ported, see Fig. 5.12. In some application which needs both wide tuning and excellent beam quality, the
approach of multi-arm lasers introduces some challenges. However, in the targeted MOPA applications,
these light sources could still be suitable. Although the beam quality deteriorates and the power in central
lobe 𝑃CL decreases with increasing number of arms, these light sources still provide enough powers to
saturate a PA with well defined beam waits. Even in the case of 𝑃CL < 30%, having more than 200 mW
should still provide enough power to properly seed and saturate a PA.

Figure 5.12: Beam quality factors of the different lasers investigated so far.

Finally, to fully understand and improve the performance of multi-arm lasers, active cavity simulations
are required. Passive waveguide simulations could not fully describe the Y-branch laser performance, and
even less in case of the four- and six-arm lasers. Although each laser arm is operated separately, it is
reasonable to assume that interaction between the different arms takes place at the intersection point,
which affects both the spectral and the spatial performances.
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Chapter 6

Heater based wavelength tuning

The motivation behind the multi-wavelength lasers is to obtain an extended wavelength tuning compared
to a "regular" DBR-RW laser. The tuning of these devices can be either obtained electrically or thermally.

Electrical tuning provides a shift in wavelength (decreasing) by inducing carriers into a passive grating
section, which reduces the effective index of refraction (see Sec. 2.6). This tuning mechanism is employed
in InP based semiconductor lasers (at 1.3 or 1.55 𝜇m) [41, 81]. This effect however remains a challenge
in GaAs based semiconductors (700 − 1100 nm), and only sub-nanometer of electrical tuning has been
demonstrated [64].

Thermal tuning on the other hand, introduces a temperature gradient which slightly increases the index
of refraction, resulting in a wavelength shift (increasing) at higher temperatures. This mechanism is
typically obtained by resistor based micro-heaters, embedded on top of the grating section [82, 83].

Electrically controlled micro-heaters will be considered in this chapter, together with the material heating
properties, heater configurations and tuning reproducibility. This is followed by the tuning characteriza-
tion of the individual lasers; the DBR-RW reference laser, the three types of Y-branch lasers (Sin, Cos
and SB), the two four arms laser (Laser A and B) and finally the six-arm laser (Laser C).

6.1 Heater configurations

Before investigating the tuning properties of the micro-heaters, the tuning coefficient of the developed
process is estimated. This is done by measuring the emission wavelengths at different (heat sink) tem-
peratures. Fig. 6.1 shows the emission wavelengths of a Y-branch DBR-RW laser operated at different
injection currents at different heat sink temperatures. Due to the linear relationship between the wave-
length and temperature, a slope of ∆𝜆/∆𝑇 = (65.0 ± 0.5) pm/K is estimated from linear fits of the
different measurements.

Next, the micro-heaters are considered, in particular the two embedded on top of each of the two DBR-
gratings in the Y-branch lasers, see Fig. 6.2. A left and a right heater are implemented, each with its
own two contact pads. This investigation consider the operation of the left arm of a Y-branch laser, but
with four different heater configurations: Left heater, right heater, both heaters in a parallel connection
and in series. Fig. 6.3(a) shows the emission wavelength as function of the heater current for these four
cases. As can be seen, the laser emits around 974.73 nm and different tuning ranges were obtained, as
summarized in Table 6.1.

When operating the left heater, a tuning range of 2.57 nm is obtained at a heater current of 600 mA.
When operating the right heater, a tuning range of only 0.90 nm is measured, due to the (physical)
distance between the left DBR grating and the right heater. When both heaters are in parallel connection,
an even smaller tuning range of 0.73 nm is obtained. This is due to the reduced resistance;

𝑅parallel =
1

𝑅left
+

1

𝑅right
, (6.1)
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Figure 6.1: Emission wavelength of a Y-branch DBR-RW at different injection currents as function of
heat sink temperature.

Figure 6.2: Photograph of a Y-branch DBR laser with the corresponding bonding scheme of the individual
sections. The two micro-heaters are seen on the left, each consisting of two contact pads.

obtained in a parallel connection. The widest tuning of 3.90 nm is obtained when the two heaters are
connected in series, due to the highest obtained resistance of

𝑅serie = 𝑅left + 𝑅right . (6.2)

The super imposed emission spectra in Fig. 6.3(a) indicate single mode operation during the wavelength
tuning in all four heater configurations. A quadratic tuning behaviour is seen, as the induced heater
power scales quadratically with the heater current; 𝑃 = 𝐼2 𝑅. The induced temperature gradient ∆𝑇 is
obtained by dividing the tuning range by the material tuning coefficient of 65 pm/K, see Table 6.1.

Table 6.1: Tuning characteristics of the left arm at different heater configurations.
Connection 𝐼heater 𝑈heater 𝑃heater Δ𝜆 Δ𝑇 Δ𝑃

[mA] [V] [W] [nm] [K] [%]
left heater 600 1.68 1.0 2.57 39 2.38
right heater 600 1.72 1.0 0.90 13 0.83

Both heaters - parallel 600 0.72 0.4 0.73 11 0.62
Both heaters - series 600 3.57 2.1 3.90 60 4.61

Fig. 6.3(b) shows the output power and heater voltage during the wavelength tuning. A small power
variation is seen when operating the right heater and under parallel connection. This is an agreement
with the narrow tuning range obtained from these two settings. In the case of the left heater, a stronger
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(a) (b)

Figure 6.3: Tuning characteristics showing (a) the emission wavelength and (b) the output power and
heater voltage at different heater configurations as function of the heater current at 𝑇 = 25∘C.

power drop of about 2.4% is observed during the wavelength tuning, and an even stronger drop of 4.6%
is obtained for the "in series" connection. This is once again in agreement with the corresponding tuning
ranges of the individual heater settings.

The heater voltage drop in Fig. 6.3(b) indicates once again that in the case of wide wavelength tuning,
a higher voltage is measured which corresponds to a higher induced heater power: 𝑃 = 𝐼 𝑈 . These
power values are summarized in Table 6.1. It is seen that the left and right heaters have similar voltage
drops, indicating comparable heating performances. In summary, the higher induced heater power, the
higher the temperature gradient, the wider the wavelength tuning and the stronger power drop during
the tuning.

Finally, Fig. 6.4 shows the individual emission spectra during the wavelength tuning using the in series
heater connection. Single mode operation is once again confirmed, with emission widths smaller than
17 pm (resolution limited) are maintained.

Figure 6.4: Individual emission spectra obtained during the wavelength tuning at 𝑇 = 25∘C.
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6.2 Tuning reproducibility

Reproducibility is an important parameter when considering wavelength tuning. This is considered in this
section by measuring the output power and emission wavelength during the wavelength tuning at different
times. Fig. 6.5(a) and (b) show the output power and heater voltage drop of the left and right arms of a
Y-branch laser respectively, measured at different times. A small variation is seen in the output power,
which is shown as the standard deviation of mean (SDOM) of the emitted output power in Fig. 6.6(a).
A maximum SDOM of about 0.3 mW for the left and 0.4 mW is observed for the right arm, during the
6 and 7 measurements, respectively. These measurements were obtained using a Gentech PH100-Si UV
power meter with a noise equivalent power of 10 pW [84]. The measurements of the left arm were carried
over two consecutive days, which explains the higher SDOM in the output power in comparison to the
right arm. This is also seen in Fig. 6.5(a) where the individual measurements do not overlap as good as
in the case of the right arm.

(a) (b)

Figure 6.5: Output power and heater voltage characteristics of (a) the left arm and (b) the right arm of
a Y-branch laser as function of the heater current, obtained at different times at 𝑇 = 25∘C.

Likewise, the emission wavelength during the tuning is measured over multiple measurements, and
Fig. 6.6(b) shows the SDOM of the emission wavelengths of the left and right arms, respectively. As
seen, a maximum variation of about 25 pm is seen in the emission wavelength during the different mea-
surements. Note that the mode-spacing of this laser is 52 pm (see Sec. 4.1), thus indicating a high level
of reproducibility which is about twice the 17 pm resolution limit. The individual peaks in Fig. 6.6(b)
are likely explained by slightly shifted mode hops that are averaged over the different measurements.

Figure 6.6: SDOM of (a) the output power and (b) the emitted wavelength of the left and right arms,
respectively, as function of the heater current obtained over 6-7 individual measurements at 𝑇 = 25∘C.
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6.3 Tuning of the individual lasers

The previous sections showed that wider wavelength tuning is obtained when connecting the individual
heaters in series, which will be the configuration used in the next sections. In addition, single-mode
operation is maintained during the wavelength tuning, with a reproducibility of the order of the mode
spacing. This makes these lasers (and heaters) interesting for many applications. This being said, a trade
off must be made between the tuning range and the output power drop, as the wider the wavelength
tuning the stronger the power drop.

6.3.1 DBR-RW reference laser tuning

In a similar order to the previous chapters, the first laser that will be considered is the DBR-RW reference
laser. The emission wavelength as function of the heater current is shown in Fig. 6.7(a). Once again,
a quadratic tuning behaviour is observed with single-mode operation maintained over a tuning range of
about 4.4 nm.

(a) (b)

Figure 6.7: Heater characteristics showing (a) the emission wavelength and (b) the emitted output power
and heater voltage as function of the heater current at 𝑇 = 25∘C.

Fig. 6.7(b) shows the corresponding output power and heater voltage drop during the wavelength tuning,
indicating a power drop of about 7% (SDOM). From the power measurement, it can be seen that the
voltage does not increase linearly with current, which indicates that the resistor is slightly temperature
dependent; 𝑅(𝑇 ). Note that the reference laser has a 1000 𝜇m long DBR grating, in comparison to the
500 𝜇m long DBR gratings of the Y-branch lasers. In addition, the observed individual kinks and ticks
in Fig. 6.7(b) correspond to mode hops as indicated in Fig. 6.7(a).

6.3.2 Y-branch DBR-RW laser tuning

The three Y-branch DBR-RW lasers will be considered next, namely the one based on a Sin, Cos and
the SB structures. Fig. 6.8 shows the wavelength tuning as function of the heater current, where single-
mode operation is observed from all three lasers with a ∆𝜆 = 3.9 nm tuning range. A total tuning
coverage of 6.2 nm between 973 to 979 nm is obtained with a 2.3 nm grating spacing. With proper
grating wavelength spacing, a total tuning of 2 × 3.9 nm = 7.8 nm can be achieved from these lasers.

The corresponding output power variation during the wavelength tuning is seen in Fig. 6.9. In this case,
an output power variation (SDOM) less than 2% is observed.
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Figure 6.8: False color contour plot of the spectral tuning of the emission wavelength of the Y-branch
DBR-RW lasers (superimposed) as function of the heater current at 𝑇 = 25∘C.

Figure 6.9: Output power and heater voltage of the Y-branch DBR-RW lasers as function of the heater
current at 𝑇 = 25∘C.

6.3.3 Four-arm DBR-RW laser tuning

The tuning of the four-arm lasers is also investigated, where each laser has four micro-heaters embedded
on top of each DBR grating, see Appendix E for a photograph of this device. These four heaters
are connected in series as discussed in the previous section. Fig. 6.10 shows the emission wavelength as
function of the heater current where 2.7 nm tuning is obtained from each arm. Note that this discrepancy
with the Y-branch lasers (∆𝜆 = 3.9 nm), is explained by the 850 𝜇m long gratings, compared to the
shorter 500 𝜇m gratings of the Y-branch lasers. In addition, the larger heater dimensions as well as chip
size corresponds to a larger heating surface.

In the case of Laser A (with a single intersection point), the inner arms shows some regions with multi-
mode operation (< 80 pm at FWHM), which is still smaller than the targeted applications. The outer
arms of Laser A mainly show single-mode operation with a spectral linewidth of 17 pm. In the case of
laser B (with two intersection points), single-mode operation is observed from all four arms. This being
said, B1 and B2 show a fall-back in the wavelength around a heater current of 475 mA, after which the
wavelength increases once again. In both cases, the four-arm lasers covers a tuning range of about 9 nm
from about 971 to 980 nm. With proper grating design, 4×2.7 nm = 10.8 nm of tuning can be obtained.
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The corresponding power and heater voltage during the wavelength tuning is seen in Fig. 6.11. A small
power drop of about 3% is observed for both lasers, with overall similar power and voltage characteristics
between the individual arms.

Figure 6.10: Emission wavelengths of the individual arms of the two four-arm lasers, as function of the
heater current at 𝑇 = 25∘C.

(a) (b)

Figure 6.11: Output power and heater voltage of laser A and B, as function of the heater current at
𝑇 = 25∘C.
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6.3.4 Six-arm DBR-RW laser tuning

Finally, the same investigation is made for the six-arm laser, which has six individual micro-heaters
embedded on top of its DBR gratings. A photograph of this device can be found in Appendix E.
Fig. 6.12(a) shows the emission wavelength of the individual arms as function of the heater current,
where each arm can be tuned by 2.9 nm, providing in total more than 9 nm of combined tuning. As can
be seen, each of the six arms has regions of multi-mode operation, in particular above a heater current
of 400 mA. This multi-mode operation was also observed earlier in the electro-optical investigation, see
Sec. 5.2, and is therefore not a feature of the micro-heaters.

Figure 6.12: Heater characteristics showing (a) the emission wavelength and (b) the emitted output power
of the six-arm laser, as function of the heater current at 𝑇 = 25∘C.

The corresponding output power and heater voltage characteristics are seen in Fig. 6.12(b), where an
output power drop of up to 7% is seen. The combination of the six heaters provides a higher resistance,
which explains the high voltage drop of about 10 V reached at a heater current of 450 mA. The tuning
was stopped around a heater current of 450 mA due to a 10 V limit of the applied power supply.
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6.4 Conclusion

In summary, the tuning capabilities of the micro-heaters have been presented in this chapter. One of the
main findings is the extended tuning range obtained when connecting multiple micro-heaters in series.
This configuration provides the highest induced electrical heater power, and subsequently the widest
wavelength tuning. On the other hand, due to this induced large thermal gradient, this configuration
also provides the strongest output power drop during the wavelength tuning.

The reproducibility of the micro-heaters was also investigated, which proved over multiple measurements
a SDOM below of 0.5 mW in output power and below 30 pm in emission wavelength. Note that the
latter value is below the mode spacing, estimated to be about 𝛿𝜆 = 52 pm, and about two times the
17 pm resolution limit of the spectrometer.

The tuning characteristics of the individual lasers are summarized in Table 6.2. It was shown that single-
mode operation is maintained during the wavelength for all lasers, beside the Six-arm DBR-RW laser
which had regions of multi-mode emission. This is however due to the laser cavity itself, as was shown
in Sec. 5.2, and not due to the tuning of the micro-heaters.

Table 6.2: Tuning characteristics of a single arm of the different investigated lasers.
Laser 𝐼heater 𝑈heater 𝑃heater Δ𝜆 Δ𝑇 𝑅heater Δ𝑃

(single arm) [mA] [V] [W] [nm] [K] [Ω] [%]
DBR-RW 350 5.70 1.99 4.4 67.5 16.2 6.6
Y-branch 600 3.79 2.27 3.9 60.5 6.3 < 2
Four-arm 500 7.19 3.59 2.7 42.0 14.4 < 3
Six-arm 460 9.99 4.59 2.9 44.5 21.7 < 7

The findings of this investigation support the motivation behind the use of multi-wavelength lasers. By
proper distancing the wavelength of each DBR grating, such that one begins where the tuning of the
previous grating ends, an extended tuning of ∆𝜆 = 𝐶 𝑁arms can be realized. Here, 𝐶 denotes the tuning
range of the applied micro-heater for a laser of 𝑁arms arms. E.g. for the six-arm laser, a total tuning
range of ∆𝜆 = 6 × 2.7 nm = 17.4 nm can be realized. The tuning range 𝐶 can also be increased by
optimizing the micro-heater design, by e.g. considering its’ and the DBR dimensions. The larger the
heater surface the higher induced heater power, and the smaller the DBR grating the higher induced
temperature gradient and thus wider tuning. By using 500 𝜇m long DBR gratings (as in the Y-branch
lasers), the six-arm laser can potentially provide 6 × 3.9 nm = 23.4 nm of combined tuning.

Different parameters can be considered when optimizing such heater elements, such as the dimensions of
the micro-heaters, DBR gratings as well as the chip dimensions. The induced heating should optimized to
the grating structures, and the heating of the surroundings should be minimized as it is mainly lost heat.
In addition, this extra heating which does not contribute to the wavelength tuning, heats up the entire
chip resulting in a stronger power drop. The different heater, grating and chip dimensions explains the
different tuning performance of the different lasers in Table 6.2. That is e.g. why the four- and six-arm
lasers have narrower tuning ∆𝜆 than the Y-branch and DBR-RW lasers, although larger heater powers
𝑃ℎ𝑒𝑎𝑡𝑒𝑟 are induced.

The upper tuning range limit would be the width of the gain profile, which depends on the QW structure
of the active region. One way of extending the gain profile, e.g. by implementing MQWs with varying
thickness and/or compositions in a single active region [85, 86, 87]. This approach is used in superlumi-
nescent laser diodes [88]. The drawback however is the reduced output power, as the gain is "flattens
out" over a wide spectral range.

The speed at which the tuning can take place was not presented in this study, although simple tests in
the Lab indicates that 4.4 nm of tuning can be obtained within tens of milliseconds. This is ultimately
limited by the material (GaAs) heat dissipation rate, i.e. how quick the heating/cooling of the material
can take place.

Finally and as already mentioned, a trade-off must be made between the tuning range and drop in the
output power. This is crucial in e.g. MOPA applications, where a change in the seed power can affects
the output power of the PA. This will be investigated in more details in chapter 8.

55





Chapter 7

Sampled-grating DBR-RW laser

SG based lasers can provide wide wavelength tuning (> 100 nm), and are well established in InP for
optical telecommunication [6, 89]. In particular, these light sources are used within the field of dense
wavelength division multiplexed (DWDM) fiber-optic networks [7, 8, 9].

While InP based SG lasers are well established, this work (to the authors best knowledge) is the first
demonstration of GaAs based SG lasers. The challenges in realizing such light sources are explained by
the GaAs technological and material-related difficulties, mainly in the realization and integration of the
different elements. This includes the shorter wavelength of GaAs which requires smaller grating periods,
the difficult regrowth of GaAs/AlGaAs which requires high temperature to avoid bulk oxygen and the
risk of surface oxidation [90].

In addition, electrical tuning is challenging in GaAs due to low non-radiative carrier lifetime of < 5 ns,
and electrical tuning of only −0.3 nm has been demonstrated [64]. As a result, thermal tuning is used
to control the wavelength of the presented GaAs lasers.

In this chapter, the concept and design of SG lasers is presented, including numerical simulations de-
scribing the performance of the designed SG lasers. This is followed by a description of the development
process of GaAs based vertical structures. Experimental investigations are then carried out on different
types of developed SG structures. Finally, SG-DBR lasers emitting around 976 nm are experimentally
characterized and their results are compared with the numerical simulations.

7.1 Concept and design of SG lasers

A schematic of a typical SG-DBR laser is shown in Fig. 7.1. The cavity is defined by a gain section,
a phase section and two SG sections serving as the front and back mirrors (FM and BM, respectively).
A SG consist of a periodic sequence Λs of regions with and without a Bragg grating, of length 𝐿𝑔 and
Λs−𝐿𝑔, respectively. Such structures provide comb-shaped reflection spectra, which are the basis for the
tuning mechanism, see Fig. 7.2. Lasing occurs at the overlap between the two reflectivity spectra of the
FM and BM i.e. at 𝜆0 = 976 nm.

Figure 7.1: Schematic of a SG-DBR laser consisting of a gain section, a phase section, a FM and a BM.
The red sections represent the passive waveguide, whereas the blue represent the active section where the
gain material is embedded. Zoom: A SG consists of a periodic sequence of regions with (𝐿g) and without
a Bragg grating (Λs − 𝐿𝑔).
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Figure 7.2: Simulated reflectivity curves of the FM (black), the BM (red) and the corresponding RMS.

Wavelength tuning is obtained when the reflectivity spectrum of one/both SGs are tuned, which can
either be done electrically or thermally. In the latter case and as will be employed in this thesis, a change
in temperature will induce a change in the effective index of refraction ∆𝑛, which provides a tuning of
the corresponding reflectivity spectra. As described in chapter 6, the induced heat shifts the reflectivity
spectrum towards longer wavelengths.

The active section of the laser lies within the cavity, typically consisting of embedded SQW or MQW.
The structure also includes a section for phase control, which can be used to adjust the position of the
longitudinal modes relative to the reflectivity spectra of the two mirrors, and hence improve the SMSR.

The period Λs defines the peak-peak distance between the reflectivity peaks according to the relation [91]

∆𝜆s =
𝜆2
0

2𝑛gΛs

. (7.1)

As an example and as will be used for the BM; a period of Λs,back = 50 𝜇m, 𝜆0 = 976 nm and a
group index of 𝑛g = 4.0 (experimentally estimated for GaAs [92]), provides a peak-peak distance of
∆𝜆s,back = 2.38 nm. This means that the temperature of the corresponding mirror section must at least
be changed by 37 K, for a tuning coefficient ∆𝜆/∆𝑇 = 6.5 pm/K (see Sec. 6.1), to realize the full tuning
potential of the laser.

The reflectivity spectra of three examples of period lengths: Λ𝑠 = [50, 100, 150] 𝜇m are shown in Fig. 7.3,
which provide peak-peak distances of ∆𝜆s = [2.4, 1.2, 0.8] nm, respectively. These peak-peak distances
can easily be obtained using micro-heaters as demonstrated in chapter 6.

Similar to a Vernier tool, the tuning mechanism of a SG-DBR laser is based on the period difference
between the FM and the BM; ∆Λs = Λs,back − Λs,front [41]. By having different periods, different
peak-peak distances are obtained, however with both being centred around 𝜆0 = 976 nm. The two
reflectivity curves will then coincide once again at a distance called the Repeat-Mode-Spacing (𝑅𝑀𝑆),
which describes the total possible tuning, see Fig. 7.2. The RMS can be approximated by [91]

𝑅𝑀𝑆 ≈ 𝜆2
0

2𝑛g∆Λs

=
𝜆2
0

2𝑛g (Λs,back − Λs,front)
. (7.2)

By combining a Λs,back = 50 𝜇m with a Λs,back = 45 𝜇m so that ∆Λs = 5 𝜇m, a 𝑅𝑀𝑆 ≈ 23.8 nm can
be obtained, see Fig. 7.2. Eq. (7.2) also indicates that an increased RMS and hence wider tuning can be
achieved with a smaller period difference ∆Λs.
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Figure 7.3: Reflectivity spectra around 𝜆0 = 976 nm for periods of length Λs = [50, 100, 150] 𝜇m.

7.1.1 Passive cavity simulations

The shown reflectivity spectra in Fig. 7.2 and 7.3 were obtained using the Transfer matrix model defined
as [︃

𝑎(𝑧)

𝑏(𝑧)

]︃
= T(𝑧)

[︃
𝑎(0)

𝑏(0)

]︃
. (7.3)

This model describes the transfer of a forward and a backward propagating field amplitudes 𝑎 and 𝑏,
respectively, from a position 𝑧 = 0 to an arbitrary position 𝑧 after passing a medium described by T(𝑧).
The Transfer matrix of a dielectric section containing a Bragg grating is given by [93]

T(𝑧) =

[︃
cos(𝛾𝑧) − 𝑖∆𝛽𝑝

sin(𝛾𝑧)
𝛾 −𝑖𝜅+ sin(𝛾𝑧)

𝛾

𝑖𝜅− sin(𝛾𝑧)
𝛾 cos(𝛾𝑧) + 𝑖∆𝛽𝑝

sin(𝛾𝑧)
𝛾

]︃
. (7.4)

The parameter 𝛾 =
√︀

(∆𝛽𝑝)2 − 𝜅+𝜅− includes the passive propagation factor ∆𝛽𝑝 and the coupling
coefficients 𝜅+ and 𝜅− for the forward and backward propagating waves, respectively. The passive
propagation factor is defined as

∆𝛽𝑝(𝑧, 𝜆) = 𝛽(𝑧, 𝜆) − 𝛽0 =
2𝜋

𝜆
𝑛(𝜆) − 𝑖

2
𝛼0 −

2𝜋

𝜆0
𝑛0 , (7.5)

where 𝑛(𝜆) is the modal index of refraction, 𝛼0 the modal absorption coefficient, 𝜆0 = 976 nm the center
wavelength and 𝑛0 is the reference effective index. The coupling coefficients of the grating defined as
𝜅± = 𝜅𝑒∓2𝑖𝜋𝜑 with 𝜑 being the grating phase, depends on the etching depth, width and the order of the
grating. In sections without a Bragg grating, these coefficients are simply set 𝜅± = 0.

The Transfer matrix T(𝑧) in eq. (7.4) describes a single dielectric section, and the corresponding matrix
for a stack of sections of lengths 𝐿1, 𝐿2, ..., 𝐿𝑛 is simply obtained by the multiplication

T(𝐿) = T𝑛(𝐿𝑛)T𝑛−1(𝐿𝑛−1) · · ·T2(𝐿2)T1(𝐿1) for 𝐿 =

𝑛∑︁
𝑖=1

𝐿𝑖 . (7.6)

In the particular case of a SG, the corresponding T(𝑧) matrix can be simplified as

TSG(𝐿) = (T(𝐿g, 𝜅)T(Λs − 𝐿g, 𝜅 = 0))
𝑚

, (7.7)

which contains a grating section and a sampling section (without a grating) repeated 𝑚 number of times,
i.e. number of periods. Finally, the overall reflectivity coefficient of the stack is obtained by the elements
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of the Transfer matrix as 𝑟𝐿 = 𝑇12(𝐿)/𝑇22(𝐿). This model was implemented into aMatlab script which
can be found in Appendix F.

In order to achieve high reflectivity from a SG, a structure with a high coupling coefficient is needed, as
the grating only fills a part of the total mirror section.

This effect is simulated for coupling coefficients of; 𝜅 = 200 cm−1 and 𝜅 = 400 cm−1, and the corre-
sponding maximum reflectivities (at 𝜆0) are shown in Fig. 7.4. As can be seen, the reflectivity increases
with increasing coupling coefficient 𝜅, grating length 𝐿g and with larger number of sampling periods 𝑚,
and vice versa. The first step of designing a SG-DBR laser is choosing the appropriate SG structures for
the FM and BM.

Figure 7.4: Simulation of the maximum reflectivity of a SG having a coupling coefficient of (a) 𝜅 =
200 cm−1 and (b) 𝜅 = 400 cm−1, as function of the grating length 𝐿g and number of periods 𝑚.

In the shown example of Fig. 7.2, the BM consist of 𝑚 = 20 periods of Λs,back = 50 𝜇m with a grating
length 𝐿g = 5 𝜇m providing a maximum BM reflectivity 𝑅back,max ≈ 90% for 𝜅 = 200 cm−1. In most
lasers, the FM should have lower reflectivity and in the shown example in Fig. 7.2, the FM consists of
𝑚 = 10 periods of Λs,front = 45 𝜇m with the same grating length of 𝐿g = 5 𝜇m, providing 𝑅front,max ≈
58%.

Alternative models to the Transfer matrix model exist, which describe SG lasers with analytical expres-
sions. One of these models by Jayaraman et al. [91] is considered in Appendix G and compared to the
Transfer matrix model. Based on the limitations of the analytical model, the Transfer matrix model was
used in this work.

7.1.2 Longitudinal mode spacing

In this section the active cavity is considered, in particular the length of the gain section. The mode
spacing inside a SG cavity can be described as

𝛿𝜆 =
𝜆2
0

2𝑛𝑔𝐿Cavity
=

𝜆2
0

2𝑛𝑔 (𝐿front,eff + 𝐿gain + 𝐿phase + 𝐿back,eff)
. (7.8)

In the case of a SG, the cavity consists of the gain and phase sections, plus an effective penetration depth
into the FM and BM. The effective length of a grating can be obtained from the Transfer matrix model,
and is further described in Appendix C. From eq. (7.8), it is clear that a larger mode spacing is obtained
for a shorter cavity.

The impact of the mode spacing and the cavity length is illustrated in Fig. 7.5 which shows the longitudinal
mode spacings of (a) 𝐿gain = 900 𝜇m and (b) 𝐿gain = 1900 𝜇m, both having a 𝐿phase = 100 𝜇m and
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the before mentioned FM and BM specifications. In the case of 𝐿gain = 900 𝜇m, a mode spacing of
𝛿𝜆 = 90 pm is obtained, while the longer gain section of 𝐿gain = 1900 𝜇m gives a mode spacing of
𝛿𝜆 = 50 pm. Note that the reflectivity product FM × BM is also shown in Fig. 7.5 as it represent the
reflectivity seen inside the cavity.

Figure 7.5: Longitudinal modes 𝜆𝑖 for a cavity of gain length (a) 𝐿gain = 900 𝜇m and (b) 𝐿gain =
1900 𝜇m, next to the reflectivity curves of the FM, BM and the product FM × BM.

In the case of 𝐿gain = 900 𝜇m, few (three) longitudinal modes fits within the reflectivity product of the
FM/BM, and thus single mode operation with a relatively good SMSR can be expected. In the case
of 𝐿gain = 1900 𝜇m gain, multiple longitudinal modes fits within the reflectivity curves, and thus worse
SMSR can be expected from such a cavity.

Reducing the gain length even further, say 𝐿gain = 400 𝜇m, will provide a longitudinal mode spacing of
about 𝛿𝜆 = 136 pm. In this case, only a single longitudinal mode will fit within the reflectivity curves,
and an even better SMSR can be expected. This being said, shorter gain sections provide less output
powers and thus a trade-off must be made.

7.1.3 Active cavity simulations

In this section, active cavity simulations are carried out to investigate the dynamics of the studied SG-
DBR laser during wavelength tuning. This study is based on the coupled wave equations [94]:[︃

∂
∂𝑧 + 𝑖∆𝛽𝑎(𝑧) 𝑖𝜅+(𝑧)

𝑖𝜅−(𝑧) − ∂
∂𝑧 + 𝑖∆𝛽𝑎(𝑧)

]︃[︃
𝑎(𝑧)

𝑏(𝑧)

]︃
= 0 , (7.9)

with the active propagation factor

∆𝛽𝑎 =
2𝜋

𝜆0
∆𝑛 +

𝑛g
𝑐

Ω +
𝑖

2
[𝑔 − 𝛼0] . (7.10)

In the above expression, 𝑐 is the speed of light in vacuum, ∆𝑛 is the difference between the sectional
effective index of refraction and the reference index (set to 0 here), 𝑔 is the modal gain of the active
material and 𝛼0 = 3 cm−1 is the modal absorption coefficient [92]. The complex frequency (eigenvalue)
Ω is a solution of 𝑏(𝐿) − 𝑟𝐿𝑎(𝐿) = 0 for the initial condition 𝑎(0) = 𝑟0𝑏(0) as described in [95].

From this frequency, the threshold gain 𝑔th can be obtained as a solution of Im (Ω(𝑔th)) = 0. The gain
margin ∆𝑔 of the cavity modes needed to reach threshold is obtained as

∆𝑔 ≈ 2𝑛g
𝑐

Im(Ω)
𝐿total

𝐿gain

, (7.11)

and the corresponding wavelengths of the cavity modes are given by

∆𝜆 =
𝑑𝜆

𝑑𝜔
Re(Ω) . (7.12)

The model above is implemented in the cme software developed at the Ferdinand-Braun-Institute, which
can simulate the active cavity of SG-DBR lasers near threshold [96].

61



7.1.4 Tuning of a single SG

The simplest wavelength tuning scheme of a SG laser would be the tuning of one of the two mirrors,
resulting in a step-like tuning behaviour. This is seen in Fig. 7.6 for the case of 𝐿gain = 900 𝜇m, where
the black curve shows the wavelength change ∆𝜆 during the index changing (tuning) ∆𝑛 of the FM. This
results in a discrete wavelength tuning from −9.5 to +9.6 nm, hence providing a total tuning of about
19 nm. The discrete tuning "steps" are spaced by 2.3 nm, in accordance with the FM peak-peak design
(Λs,front = 45 𝜇m ⇒ ∆𝜆s,front = 2.3 nm).

Figure 7.6: Wavelength change of the lasing mode (left axis) and the gain margin of the main and side-
modes (right axis), as function of the index change of the FM.

Fig. 7.6 also shows the gain margin ∆𝑔 of the lasing and of the side-mode. The gain margin for the lasing
mode is per definition 0 cm−1, while it varies for the side-mode during the wavelength tuning. It is seen
that the gain margin of the side-mode has a maximum at ∼ 550 cm−1, and a minimum (goes to 0 cm−1)
at each of the edges of the discrete wavelength steps. The latter corresponds to the case where there will
be a competition between the main and the side-mode. In the presentation of Fig. 7.5, this corresponds
to having two longitudinal modes symmetrically positioned around the reflectivity peaks.

In addition, local maxima (and few minimas) are seen in Fig. 7.6, suggesting an optimum (and pessimum)
operation setting at each discrete wavelength step. This implies that single mode operation with high
SMSR can be found at these maxima, as the "main mode" would be centered around 𝑅peak, and vice
versa for the local minima [97].

In the case of BM index change, the wavelength tuning also follows a stair-like behaviour, however with
opposite sign (increasing with the index change) to the one shown in Fig. 7.6. The wavelength is then
tuned between +10.7 to −8.0 nm, covering an ∼ 19 nm tuning range. The gain margin of the side-mode
during the BM index change ranges between 0 and 580 cm−1, in a similar fashion to the case of FM
index change.

Finally, the effect of the mode spacing is once again shown, but in terms of the gain margin. Fig. 7.7 shows
the gain margin for the case of 𝐿gain = 900 𝜇m (same as in Fig. 7.6) next to the case of 𝐿gain = 1900 𝜇m,
which has a maximum value of about 238 cm−1. The larger gain margin is obtained for the shorter
cavity, which corresponds to less competition between the longitudinal modes compared to the longer
cavity, and suggests improved SMSR. This is in agreement with the description in Sec. 7.1.2.

7.1.5 Tuning of both SGs

For a continuous wavelength tuning, both mirrors must be tuned simultaneously. Fig. 7.8 shows a tuning
map of the studied laser (𝐿gain = 900 𝜇m) under the index change ∆𝑛 of both the FM and BM. When
both mirrors are tuned simultaneously and equally, a diagonal "tuning line" is obtained, where the
wavelength will increase linearly from 𝜆0 (1) to 𝜆0 + 2.4 nm (2), see Fig. 7.8. Such a tuning is similar
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Figure 7.7: Gain margin of the side-mode as function of the index change of the FM for 𝐿gain = 900 𝜇m
(black curve) and for 𝐿gain = 1900 𝜇m (red curve).

to the thermal tuning of DBR (see Fig. 6.1 in chapter 6) and of DFB lasers [40]. If a further continuous
tuning is desired, one would have to go to the next diagonal line; +2.4 nm (3) to +4.8 nm (4), (5), and
the next line, until passing every diagonal tuning-line and hence cover the whole tuning range. Fig. 7.9
shows the tuning map in a 3D presentation, indicating the slope of the individual regions and how each
region ends at a wavelength where the next begins. The wavelength can be tuned between −10.9 nm
up to +11.3 nm, thus covering a 22.2 nm tuning range, which is close to the estimated RMS value of
23.8 nm obtained from eq. (7.2).

Figure 7.8: Wavelength tuning-map as function of the index change ∆𝑛 of the FM and BM, respectively.

7.1.6 Tuning of the phase section

The effect of the phase section is considered next in Fig. 7.6, which shows (a) the wavelength change and
(b) the gain margin, as function of the index change ∆𝑛 of the phase and of the FM.

The results indicate that the phase section does not affect the lasing wavelength, however it influences the
gain margin. The gain margin indicates that there would be an optimum (pessimum) operation setting,
which provides the highest (lowest) SMSR. This optimum position corresponds to the situation where a
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Figure 7.9: 3D representation of the wavelength change as function of the index change ∆𝑛 of the FM
and BM, respectively.

single longitudinal mode is centred at the reflectivity curve maxima, see Fig. 7.5(a). The pessimum case
corresponds to having two longitudinal modes centred within the reflectivity curves.

An optimum operation setting can be found around ∆𝑛 ∼ 35 × 10−3 (and at ∆𝑛 ≈ 83 × 10−3), offering
the largest gain margin throughout the wavelength tuning. This being said, the gain margin still goes to
zero in between the discrete wavelength tuning steps (with increasing FM index) as seen in Fig. 7.6.

The FM index change in Fig. 7.10(a) causes a discrete wavelength tuning, as was already shown in Fig. 7.6

Figure 7.10: Emission wavelength (a) and gain margin (b) as function of the index change ∆𝑛 of the FM
and of the phase section.
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7.2 Vertical structure

After describing the tools and design approach of SG-lasers, the vertical structure is now considered. A
SG can be realized either as a surface or as a buried grating structure, however it is only in the latter
case that high enough coupling coefficients can be realized. The developed vertical structure of the SG
lasers in this work was grown in a two-step process by MOVPE on 3 inch GaAs wafers. The different
steps of this process are illustrated in Fig. 7.11, including:

1. AlGaAs cladding layer grown on top of the GaAs substrate

2. Growth of the GaAs waveguide

3. Growth of the grating layer and an stop-etch layer

4. Growth of the InGaAs QW

5. Growth of the GaAs cap

6. Lithography step and selective etching (GaAs and InGaP) of the active area

7. E-beam lithography and selective wet etching to define the grating and waveguide areas

8. CBr4-based shallow in-situ etching to remove the oxygen contamination

9. Second MOVPE growth of the p-side; GaAs waveguide, AlGaAs cladding and GaAs contact layer

65



Figure 7.11: Growth steps of the vertical structure used for the SG-DBR lasers.
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Figure 7.12: Measured oxygen and aluminium concentration around the regrow interface.

Between step (5) and (6) in Fig. 7.11, the GaAs cap layer was etched away until the InGaP stop-etch
layer was reached. The InGaP was then etched away while using the GaAs below as a stop-etch layer.

After the wet etch in step (8) for the definition of the grating, a shallow etch of (nominally) 5 nm was
done in-situ before the regrowth. This shallow etch reduces the thickness of the cap, nominally from 30
to 25 nm, and attacks the grating section both vertically and horizontally, with the result of shrinking a
bit the protruding parts.

In Fig. 7.12 one can see the secondary ion mass spectrometry (SIMS) profiles of aluminium and oxygen.
The aluminium profile has a through or depression corresponding to the waveguide. The regrowth
interface position within this depression is indicated. This was done to remove contamination, in order
to minimize losses and carrier recombination effects.

The transition between the gain and the grating sections is shown in Fig. 7.13, indicating a smooth transit
between the layers, with some compositional perturbation in the AlGaAs layer and with a small interface
reflectivity.

Figure 7.13: SEM images of the transition between the gain and grating sections, obtained with backscat-
tered electrons.
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The vertical structure, including its dimensions and material composition is illustrated in Fig. 7.14.
As can be seen, two different structures were developed, one with a SQW and another with a double
quantum well (DQW). Both structures utilize InGaAs QWs symmetrically sandwiched between GaAsP
spacer layers, that were asymmetrically embedded in GaAs confinement and AlGaAs cladding layers.
The n-confinement layer beneath the active region contains two InGaP layers acting as etch stop and
grating layers, see Fig. 7.11. The placement of the grating layer near the active region ensures a high
coupling coefficient 𝜅.

Figure 7.14: Vertical structures of the SG lasers with a SQW or a DQW.

Fig. 7.14 also shows two different n-cladding layer thickness’s, which were used for the SQW and the
DQW structures. The difference in composition and the data parameters are summarized in Table 7.1.
In the case of the DQW, the larger n-cladding layer was grown to obtain a reduced vertical far field
angle. This will be described in the next section, where the two vertical structures are experimentally
characterized and compared.

Table 7.1: Material data parameters of the developed vertical structures.
Vertical structure SQW DQW

Thickness of n-Al𝑥Ga1−𝑥As (𝑑cladding) [𝜇𝑚] 2.53 3.20
Composition of n-Al𝑥Ga1−𝑥As (𝑥) 0.25 0.17

Theoretical confinement factor ΓQW [92] 0.015 0.022
Theoretical far field angle (FWHM) [92] 40∘ 28∘

7.2.1 SG-design

The implemented SGs were based on the simulated design of Sec. 7.1. This includes grating bursts with
grating lengths of 𝐿g = 5 𝜇m defined with Ebeam (Vistec SB251) in ma-N2401 resist. The bursts were
repeated in periods of Λs,front = 45 𝜇m and Λs,back = 50 𝜇m for the front and back gratings, respectively.
Within a burst, the gratings have a period of 143 nm (1st order) or 286 nm (2nd order), both with a
duty cycle of 50%. The difference between the two order of gratings will also be considered in the next
section. Fig. 7.15 shows the surface of the device over a SG section, where the position of the buried
grating bursts can still be seen from the interference contrast, since the surface there is not perfectly
planarized.

68



Figure 7.15: Photograph of a SG, showing the individual grating burst and the implemented surface micro-
heater with its bonding wires for electrical control.

7.3 Grating characterization

Within the developed vertical structures of last section, grating structures were implemented which will
be characterized next, with the focus on the difference in performance. In this section, these vertical
structures are characterized, with focus on the difference in performance. This is done for the SQW /
DQW based vertical structures having 1st or 2nd order gratings. This investigation was carried on devices
consisting of an active section with a single grating section (either DBR or SG), see Fig. 7.16. These
devices were in total 3000 𝜇m long with 2.2 𝜇m wide RW. At the back of these devices, the waveguide
was tilted by an angle of 3∘ with respect to the normal, which suppresses reflections from the back facet
to a power reflectivity 𝑅back < 10−3 [98]. Since no coating was applied to the front facets of the analyzed
DBR/SG lasers, the power reflectivity is of the order of 𝑅front ≈ 0.3.

Figure 7.16: Schematic of the analyzed devices.

As described in the previous section, the vertical structures were grown with variations in the thickness
and composition of the n-AlGaAs cladding layer, see Table 7.1.

The cross-section of the fabricated DBR lasers is shown in Fig. 7.17, obtained using an SEM. Image (a)
shows a 1st order grating with a grating period of 143 nm while (b) shows the 2nd order grating (next
to the active section) with a period of 286 nm, both having a duty cycle of 0.5. A smooth transition
between the sections can be seen in the SEM images.

7.3.1 Electro-optical characteristics

The investigated devices were mounted p-side up on C-mounts and characterized at 𝑇 = 25∘C. The
power characteristics are shown in Fig. 7.18 for the case of devices made on SQW / DQW based vertical
structures with a 1st / 2nd order uniform Bragg gratings. Here, uniform grating refer to a DBR grating
section, without interrupt or periods (as in a SG). The two SQW lasers have a threshold current of about
𝐼SQW,th = 23 mA and slope efficiencies of 𝑆SQW,1st = 0.31 W/A and 𝑆SQW,2nd = 0.29 W/A for the 1st

and 2nd order grating, respectively.
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Figure 7.17: SEM images of (a) 1st order and (b) 2nd order grating next to the active section.

The DQW based lasers have a threshold current of 𝐼DQW,th = 30 mA and slope efficiencies of 𝑆DQW,1st =
0.43 W/A and 𝑆DQW,2nd = 0.40 W/A, respectively. The SQW DBR lasers have lower threshold current
and slope efficiency in comparison to the DQW lasers. The optical losses due to absorption are governed
by free carriers originating from the ionized dopants (𝛼𝑖 ≈ 0.5 cm−1 [92]), which dominates over the
absorption on carriers injected into the QWs. Therefore, the lower slope efficiency of the SQW structure
is probably caused by an enhanced number of recombination centers in the confinement layers, resulting
in an increased current leakage out of the QW above threshold. Since the slope efficiencies of the DBR
with a 2nd order grating were reduced by only 7%, one can assume that the reflectivity of the Bragg
reflector was only slightly decreased.

Figure 7.18: Output power of DBR lasers with 1st or 2nd order uniform gratings developed on (left) SQW-
and (right) DQW structure at 𝑇 = 25∘𝐶.
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7.3.2 Far field characteristics

The measured far field profiles of the SQW and DQW structures are shown in Fig. 7.19 at 𝐼inj = 100 mA.
The DBR laser with a SQW structure has a vertical far field angle of 41∘, while the DQW structure has
a far field angle of 24∘, both determined at FWHM. The slight asymmetry in the far fields is likely due
to radiation effects into the substrate, indicating a too thin n-cladding layer.

Finally, the large far field angle of the SQW structure makes light collection a challenge, especially in
miniatured optical systems (e.g. MOPA), where space and the number of optical components are limited.

Figure 7.19: Measured vertical far fields of the developed SQW and DQW structures at 𝐼inj = 100 mA
and 𝑇 = 25∘𝐶.

7.3.3 Optical characterization of the uniform DBR gratings

The optical properties of the developed vertical structures are studied next. Once again, this include
devices processed on a SQW / DQW vertical structures having a 1st / 2nd order gratings.

In this section, the emission spectra of the devices with uniform DBR gratings were characterized by
directly coupling the emitted light into a lensed optical fiber, connected to an optical spectrum analyzer
(Yokogawa AQ6370D ; resolution limit 20 pm).

The emission spectra of the SQW (left) and DQW (right) lasers with 1st (upper) and 2nd (lower) order
DBR gratings for a sub-threshold current of 𝐼inj = 20 mA are shown in Fig. 7.20. Longitudinal modes
spectrally positioned within the Bragg reflection band show > 3 dB increased optical power, with respect
to the background level of the amplified spontaneous emission (ASE).

The higher the coupling coefficient 𝜅 the broader the reflection band and the more longitudinal modes
arise. The 𝜅 values were determined with a curve fitting based parameterized model as described in [95].
These values as well as the 3 dB widths of the Bragg reflection bands are summarized in Table 7.2.

Table 7.2: Material data parameters of the developed vertical structure.
Vertical structure SQW DQW

Grating order 𝑁 1st 2nd 1st 2nd

Grating period Λr [nm] 143 286 143 286
Duty cycle 𝐷 0.5 0.25 0.5 0.25

Theoretical effective index 𝑛eff [92] 3.408 3.424
𝜅 fitted from measured spectra [cm−1] 497 292 251 152
Measured width of reflection band [nm] 4.0 2.4 1.8 1.4
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Figure 7.20: Emission spectra below threshold (𝐼inj = 20 mA) for DBR laser with uniform gratings (left)
SQW- (right) DQW structure, (top) 1st and (bottom) 2nd order gratings at 𝑇 = 25∘𝐶.

In the case of the 1st order grating in the SQW structure, a coupling coefficient 𝜅 > 497 cm−1 was
estimated. The 1st order grating in a DQW structure provides a coupling coefficient of 𝜅 = 250 cm−1.
The center wavelengths of the reflection bands are around 970 nm and 977 nm for the SQW / DQW
structures, respectively. These values correlates to the theoretically determined effective indices 𝑛eff

summarized in Table 7.2. These values were obtained according to the relationship

𝑁𝜆 = 2𝑛effΛr , (7.13)

where 𝑁 is the grating order and Λ𝑟 is the grating period [99].

Widely tunable SG-DBR lasers require a broad gain spectrum to allow lasing of a sufficiently large number
of SG modes. As can be seen in Fig. 7.20, the spectral width of the ASE (in good agreement with the
gain dispersion) is only slightly affected by the number of QWs.

7.3.4 Optical characterization of the SGs

Similar optical characterizations were performed on devices with a SG instead of the uniform DBR
grating. The investigated SGs consisted of 𝑚 = 10 periods, with grating lengths of 𝐿g = 10 𝜇m and
Λs = 100 𝜇m.

The optical spectra below threshold (𝐼inj = 20 mA) are shown in Fig. 7.21, again for the case of SQW
(left) and DQW (right) lasers with 1st (upper) and 2nd (lower) order gratings, respectively. All four
spectra show 17 pronounced modes within a spectral range of about 20 nm. The distance between two
SG modes is 1.2 nm, which is in a good agreement with eq. (7.1) (𝜆0 = 976 nm,Λ = 100 𝜇m, 𝑛g = 4.0 ⇒
∆Λs = 1.19 nm).

The sub-threshold spectra for the 1st and 2nd order gratings are comparable and the 2nd order gratings
provide sufficient reflectivity to form SG modes. Pronounced modes can also be seen for the SG laser
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Figure 7.21: Emission spectra below threshold (𝐼inj = 20 mA) for SG lasers. (left) SQW- (right) DQW
structure, (top) 1st and (bottom) 2nd order gratings at 𝑇 = 25∘𝐶.

with the DQW vertical structure despite the lower 𝜅. The effect of the lower 𝜅 is seen in the lower peaks
of the individual modes in Fig. 7.21 for the DQW structure in comparison to the SQW.

7.3.5 Summary

The results of this section show, that although the coupling coefficient 𝜅 of the DQW vertical structure
is lower than the case of the SQW, a DQW structure can still be used in SG lasers. The advantage of
using a DQW structure is the reduced far field angle from 41∘ to 24∘, which enables easy beam shaping
in different applications, particularly in the targeted miniaturized MOPA systems. On the other hand,
a reduced SMSR can be expected from the DQW structure, due to its lower SG mode amplitudes. In
addition, the DQW structure provide higher (up to 20 mW) output powers than the SQW. In regards
to the grating order, a 1st order is preferred over a 2nd order grating as it provide higher output powers
as well as coupling coefficients.
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7.4 SG-DBR laser characterization

In the first three sections of this chapter, the SG-DBR laser was designed, its vertical structure was
developed and characterizations of the developed SGs were performed. Next, two SG-DBR lasers are
characterized that are based on the SQW and DQW vertical structure. Both devices were processed with
1st order gratings as these provided higher coupling coefficients and output powers, see Table 7.2 and
Fig. 7.18, respectively.

Fig. 7.22 shows a photograph of the 4 mm long developed device, consisting of a 900 𝜇m long gain section,
a 100 𝜇m long phase section, a 𝐿gain = 450 𝜇m long front SG, a 𝐿front = 1150 𝜇m long back SG, and
two 750 𝜇m long tilted RWs at each end of the laser. The tilted waveguide sections suppresses reflections
to a power reflectivity of about < 10−3. In addition, the facets of the laser are AR coated to minimize
(even further) Fabry–Pérot modes and to enhance the effect of the developed SGs. The corresponding
reflectivity curves can be found in Appendix H. Finally, three micro-heaters were implemented on top of
the back SG, the front SG and on top of the phase section.

Figure 7.22: Photograph of the developed SG-DBR laser.

7.4.1 Electro-optical characteristics

The PUI characteristics of the two SG-DBR lasers at a heat sink temperature of 𝑇 = 25∘C are shown in
Fig. 7.23. Each laser was measured for 𝐼inj = [0, 200] mA with a step size of ∆𝐼inj = 1 mA. The SQW
based laser has a threshold current of 𝐼th,SQW = 25 mA, a slope efficiency 𝑆𝑆𝑄𝑊 = 0.29 W/A and a
maximum output power of 𝑃𝑚𝑎𝑥,𝑆𝑄𝑊 = 48 mW. The DQW based laser has a slightly higher threshold
current of 𝐼th,DQW = 33 mA, a slope efficiency 𝑆𝐷𝑄𝑊 = 0.43 W/A and a maximum output power of
𝑃𝑚𝑎𝑥,𝐷𝑄𝑊 = 71 mW. In both cases, the slope efficiencies were obtained through linear fits between
𝐼𝑖𝑛𝑗 = [75, 150] mA, a region above threshold and below the role-over effect.

Figure 7.23: PUI-curves of the SQW and DQW based SG-DBR lasers at 𝑇 = 25∘C.
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7.4.2 Single heater tuning

The simplest tuning scheme of a SG-laser is obtained by operating one of the two SGs which provides
a discrete wavelength tuning. This is shown in Fig. 7.24 for different BM and FM heater currents. A
step-like behaviour is obtained, with increasing wavelengths when the BM is tuned and decreasing when
the FM is tuned, in accordance with the results of Sec. 7.1.4. In both cases, a tuning of range of 21 nm
can be obtained, which is close to the predicted RMS value of 23.8 nm. The discrete steps are of the size
2.4 nm and 2.7 nm for the BM / FM tuning, respectively. These values are close to the designed values
of ∆𝜆s,back = 2.4 nm and ∆𝜆s,front = 2.6 nm, see Sec. 7.1. Over this tuning range, a power variation of
about 10% was measured.

Figure 7.24: Measured emission wavelengths at different BM (left) and FM (right) heater currents at
𝐼inj = 180 mA and 𝑇 = 25∘C.

Next, the tuning characteristics of the two types of vertical structures are compared with each other.
Fig. 7.25 shows the emission wavelengths at selected front heater currents for the SQW (left) and the
DQW (right) based lasers. Both lasers provide a tuning of about 21 nm, with a narrow emission width
below 20 pm (resolution limited).

The SQW structure provides higher SMSR of about 55 dB in comparison to the 45 dB SMSR of the
DQW structure. This is expected as the SQW structure have a higher coupling coefficient and should
therefore have higher reflectivity, see Table. 7.2. Fig. 7.25 also shows that the DQW structure emits at
longer wavelengths than the SQW structure, as was observed in Sec. 7.3.4.

This investigation indicates that SQW and DQW structures performs differently. The power character-
istics in Fig. 7.23 show that the DQW structure provides higher output powers in comparison with the
SQW. This result was also obtained in the power curves of the test devices with uniform DBR gratings,
see Fig. 7.18. The optical performance is also different for the two structures. Although a similar tuning
range of about 21 nm was obtained, the SQW structure provides higher SMSR than the DQW. Finally,
the far field angle is also different for the two structures, with the SQW structure having a 41∘ angle
while the DQW have 24∘, see Sec. 7.3.2.

The overall comparison suggest that SQW based SG-lasers should be used in applications where high
SMSR is required. In the targeted MOPA applications, both structures provide comparable tuning range
with enough output powers to saturate a PA. The crucial point is however the far field angle, where the
wide angle of the SQW structure limits the optical shaping, especially in a miniaturized MOPA system.
Therefore, only the DQW structure will be considered in the following.
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Figure 7.25: Measured emission wavelengths at different BM heater currents of a SQW and DQW struc-
ture at 𝐼inj = 180 mA and 𝑇 = 25∘C.

7.4.3 Dual heater tuning

Quasi-continuous wavelength tuning is obtained when both the front and the back heaters of the SG
laser are operated. Thereby, a tuning map is obtained as function of the front/back heater currents, see
Fig. 7.26(a). In total, quasi-continuous tuning from 964.5 nm up to 988 nm was obtained, corresponding
to a tuning range of 23.5 nm. This tuning range is close to the designed 𝑅𝑀𝑆 = 23.8 nm in Sec. 7.1.
Over this tuning range, a mode spacing of 𝛿𝜆 = 115 pm was estimated, corresponding to an effective
cavity length of about 1035 𝜇m. This value is close to the 1000 𝜇m long manufactured cavity length (gain
+ phase sections) plus a small penetration depth into the two SGs. This being said, the 𝛿𝜆 = 115 pm
value is larger than the 90 pm calculated mode spacing of Sec. 7.1.2, where the penetration depths were
estimated.

Figure 7.26: Experimentally obtained tuning map as function of (a) different FM/BM heater currents
and (b) as function of the index of refraction, at 𝐼inj = 180 mA and 𝑇 = 25∘𝐶.

The results in Fig. 7.26(a) show curved wavelength regions in comparison to the simulated linear regions
in Fig. 7.8. This is once again due to the Joule effect of the applied micro-heaters, where the injected

76



heater power scales quadratically with the heater current. Fig. 7.26(b) shows the tuning map as function
of the index change of the FM and BM, respectively. The conversion from heater current to index of
refraction was based on an estimated temperature dispersion coefficient of ∆𝑛/∆𝑇 ≈ 3 × 10−4 1/K [92],
and a temperature gradient of ∆𝑇/∆𝜆 ≈ 1/0.065 K/nm. A good agreement is observed between the
experimentally obtained results in Fig. 7.26 and the simulated in Fig. 7.8, indicating similar wavelength
range coverage and wavelength regions.

7.4.4 Phase control

In addition to the two SG sections, a third passive section was implemented on the SG laser, namely
the phase section. This is considered in Fig. 7.27(a) showing the emission wavelength as function of the
phase heater current. The laser emits first at 978.1 nm, but between 50−125 mA phase heater currents,
emission occurs at the next SG mode (975.8 nm), and later jumps back to 978.1 nm. In addition, a
reduced SMSR is seen around 250 mA where both modes are observed.

The corresponding SMSR as function of the heater current is seen in Fig. 7.27(b). The shift to the next
SG mode is seen as a reduction in the SMSR from 40 to 0 dB. Likewise, a reduction in the SMSR is
seen around 250 mA which goes from 50 to 15 dB, corresponding to the scenario where both modes were
observed, see Fig. 7.27(a). In between, local minima/maxima are observed providing increased/decreased
SMSR. This behaviour was predicted in Sec. 7.1.6 suggesting optimum and pessimum phase section
indices. The improved SMSR corresponds to the scenario where a single longitudinal mode fits within
the reflectivity curves. The scenario with 0 dB SMSR corresponds to the transition between two SG
modes. At a heater current of 150 mA, an optimum operation setting can be found which provides the
largest SMSR of 52 dB.

This being said, the simulated phase section dependency did not fully agree with the measured one due
to the thermal tuning method used. The results in Fig. 7.27(a) show a wavelength change which was
not predicted in the phase section simulations. This inconsistency is explained by the method of tuning.
While the simulations simply consider a change in the refractive of index, the micro-heater (in addition)
heats the surroundings including the reflectivity of the neighbouring SG. This leads to the wavelength
changed observed in Fig. 7.27(a).

Figure 7.27: Phase heater characteristics showing (a) the emission spectrum and (b) the corresponding
SMSR of the emission wavelength at 𝐼inj = 180 mA and 𝑇 = 25∘𝐶.
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7.5 Conclusion

In this chapter, the theory behind SG lasers was described and numerical tools to design a SG laser were
presented. These include passive simulations of the SG structure using the Transfer matrix model, as
well as active cavity simulations based on the coupled mode equations. These simulations describe the
SG reflectivity spectra, gain, mode competition and wavelength tuning during lasing operation. Based
on these simulations, a SG laser was designed to operate in single mode and have up to 23.8 nm of
wavelength tuning.

Vertical structures were then grown which could provide high coupling coefficients suitable for SG laser
processing. These structures were made in a two step MOVPE process, where the first step develop up
to the active region and a small part of the upper waveguide layer. Parts of the active regions were then
etched away in order to obtain passive regions without gain, for the processing of the phase section and
the two SG structures. Here, the placement of the grating layer near the active medium was done to
ensure a high coupling coefficient. Between the two processes, oxygen contamination was removed by
means of in-situ etching. This was done in order to minimize losses and carrier recombination effects.
The second growth process builds further on, and provides the upper waveguide, cladding and contact
layers.

Different vertical and gratings structures were developed in order to understand their physical perfor-
mances. The first structure was based on a SQW gain medium, which provided a large vertical far
field angle of 41∘. With a 1st order grating structure, a coupling coefficient of 𝜅 = 500 cm−1 could be
obtained, while a 2nd order grating provided a coupling coefficient of about 𝜅 = 300 cm−1. Although a
large coupling coefficient is highly desirable in SG lasers, the large far field angle puts a challenge on the
light collection. This fact makes this type of laser unsuitable for miniaturized MOPA configurations.

A second vertical structure was therefore developed utilizing a DQW structure with a larger n-side
cladding layer. This structure provided a reduced far field angle of 24∘ which is more suitable in MOPA
configurations. This however comes at the cost of a reduced coupling coefficients of 𝜅 = 250 cm−1 and
𝜅 = 150 cm−1 for the 1st and the 2nd order gratings, respectively.

Based on the design parameters and the developed vertical structures, SG lasers were manufactured on
SQW and DQW based vertical structures. Both lasers were manufactured with a 1st order grating, as it
provided higher output powers and coupling coefficients in comparison to the 2nd order grating.

The processed SG lasers emitted 50 and 70 mW of output powers from the SQW and DQW structures,
respectively. These devices were thermally tuned using micro-heaters implemented on top of each SG. Up
to 21 nm of discrete wavelength tuning could be obtained from both devices while maintaining a spectral
linewidth below 20 pm. The SQW structure provided a SMSR of 55 dB while the DQW provided 45 dB.
This difference is explained by the different coupling coefficients. A higher coupling coefficient provides
higher reflectivity and vice versa for a smaller coefficient. Between the two lasers, the DQW was chosen
as its narrow far field angle is more suitable for MOPA applications.

By operating both SG heaters, 23.5 nm of quasi-continuous tuning could be obtained with a mode
spacing of about 𝛿𝜆 = 115 pm. This is in agreement with the designed grating structures. By operating
the micro-heater on top of the phase section, the longitudinal mode spacing can be adjusted. This results
in an improved SMSR (or worsen) which once again agrees with the numerical simulations.

The demonstrated GaAs based SG lasers serve as the first and so far only demonstration of GaAs based
SG lasers, in comparison to the well established InP SG lasers. The challenges of of using GaAs includes
manufacturing of shorter grating periods, difficult regrowth and surface oxidation.
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Chapter 8

High power tunable MOPA lasers

The described light sources so far provide low output powers (< 0.5 W) and wavelength tuning by different
means. In order to obtain output powers in the watt range as required in upconversion applications,
MOPA systems are constructed. This chapter describes the applied MOPA configuration, and results
of three developed MOPA systems will be presented. These systems utilizes TPAs, but with different
tunable MO light sources: a DBR-RW, a Y-branch DBR-RW and a SG-DBR laser.

This chapter begins with a description of the applied TPAs, including their vertical and lateral structures,
mounting and facet coating. This is followed by a description of the MOPA systems, including numerical
simulations of the light coupling between the MO and PA. Finally, experimental results of the three
developed MOPA systems are presented and discussed.

8.1 Tapered power amplifier

Tapered diode lasers provide high output powers with nearly diffraction beams. Such devices utilize a
RW section to define a narrow beam waist, while the following tapered section ensures amplification up
to ten watts of output power [100]. The performance of tapered diode lasers lies between RW and BA
lasers. Tapered lasers provide nearly diffraction limited beams (𝑀2

1/𝑒2 < 2) with high output powers

(10− 15 W) [101]. RW lasers have excellent beam quality, and can emit up to 3 W of output power [42].
BA lasers on the other hand provide tens of watts of output powers at the cost of poor beam quality.

Tapered lasers can have a narrow emission linewidth when combined with e.g. a DBR grating. Alter-
natively, by applying an AR coating to both facets, such structures can be utilized as optical amplifiers,
providing high gain and nearly diffraction limited emission.

8.1.1 Vertical structure

The vertical structure of the TPAs is based on an asymmetric super large optical cavity (ASLOC)
structure, see Fig. 8.1.

The different layers were grown by MOPVE on a n-GaAs substrate, which utilize a DQW structure
for increased gain amplitude. 8 nm thick InGaAs QWs were used as an active medium, sandwiched
between GaAsP spacer layers. This structure emits TE-polarized light, due to the compressive strain in
the DQW structure. In order to reduce the vertical far field angle, an ASLOC design was used for the
confinement layers, in a similar fashion to the DQW SG laser, see Sec. 7.3. With this asymmetry, higher
order lasing modes are suppressed. In addition the series resistance is reduced, which helps decrease the
facet load. This structure provides a narrow vertical far field of about 14.3∘ at FWHM, which allows easy
coupling into fibers or non-linear crystals. The temperature gradient of these TPAs was experimentally
determined to be ∆𝜆/∆𝑇 = 0.3 nm/K. This value is set by the material property, whereas the small
value of ∆𝜆/∆𝑇 = 0.065 nm/K value of the MOs is mainly set by the grating.

The figures of merit of this structure were obtained in a similar fashion to those in Sec. 3.1.1 and are
summarized in Table 8.1. A large internal quantum efficiency 𝜂𝑖 together with low internal losses 𝛼𝑖

makes this structure suitable for amplification.
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Figure 8.1: Vertical structure of the TPA.

Table 8.1: Material data parameters of the TPA vertical structure.
Parameter Symbol Value

Internal quantum efficiency 𝜂i ≈ 0.91
Internal losses 𝛼i 0.3 cm−1

Transparency current density 𝐽TR 134 A/cm2

Modal gain coefficient Γ𝑔0 23 cm−1

Characteristic temperature of the threshold current 𝑇0 160 K

8.1.2 Lateral structure

The applied TPA devices of this chapter are 6 mm long and consists of two sections; a 5 𝜇m wide,
2 mm long RW section, followed by a 4 mm long TPA section with a tapered angle of 6∘, forming a
422 𝜇m wide aperture (front facet). The chosen taper angle corresponds to the diffraction angle of the
light exiting the RW section, and thus provide a smooth transition between the two sections. Fig. 8.2
shows a photograph of a TPA, indicating the two separated gold contacts of the RW and TPA sections.
This allows for individual contact and control of the current injection, which can provide improved beam
quality at certain current settings [102].

Figure 8.2: Photograph of the TPA showing the lateral structure.
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8.1.3 Mounting and facet coating

Similarly to the previously described lasers, the TPA chips are mounted p-side up on CuW sub-mounts,
a material chosen due to its comparable expansion coefficients with the GaAs chip material. In addition,
the TPAs have another CuW top-mount (sandwiched), which allows a more uniform current injection into
the relatively wide TPA section. Fig. 8.3 shows the mounting of these devices, including the individual
bonding wires, which ensures a uniform current injection into the RW section, and into the top-mount of
the TPA section.

Figure 8.3: Photographs of (a) the mounting and wire bonding and (b) and the sandwich mounting and
facet of the TPA device.

Both facets of the TPAs were cleaned by applying atomic hydrogen and a sealing process with ZnSe before
applying the AR coating [67]. This coating was made to ensure pure amplification and to minimize lasing
from the PA itself.

8.1.4 Gain spectrum

The vertical structure of the TPAs was chosen due to its gain shape which provide between 20 and
25 nm of gain bandwidth around 976 nm. The ASE of such an amplifier is shown in Fig. 8.4, measured
at different TPA currents for 𝐼RW = 200 mA at 𝑇 = 20∘C. The shown gain bandwidth fits well with the
achieved tuning ranges of the different lasers of this work. This being said, for a wider tuning range a
SQW or a varying MQW structure would be more suitable as it provide a wider gain bandwidth.
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Figure 8.4: Measured gain spectra at different 𝐼TPA currents, measured with 𝐼RW = 200 mA and at
𝑇 = 20∘𝐶.

8.2 Hybrid MOPA configuration

A hybrid MOPA configuration was applied between the tunable MO and the amplifying TPA. In general,
one key advantage of using a hybrid approach, instead of a monolithic, is the capability of optimizing the
epitaxial structures of both components independently. In regards to tunable MOPA configurations, the
motivation behind a hybrid approach is to minimize the thermal decoupling between the two components.
As the PA is injected with a relatively high current (multiple of amperes), spacing the MO and PA apart
reduces the thermal feedback. On the other hand, the micro-heaters of the MO provide a relatively
high temperature gradient (see chapter 6), which in a monolithic MOPA configuration would result in a
reduced output power during the wavelength tuning. In addition to thermal feedback, by separating the
two components, the optical feedback between the MO and PA can be reduced.

The emitted light by the MO was coupled into the PA using a system of optical lenses, chosen according to
optical simulations performed with the software WinABCD by BeamXpert [103]. As the name suggests,
this software uses a ray-transfer (ABCD) matrix method, to describe the change of an optical beam after
propagating through a set of lenses and/or other optical components [104].

The MO is defined in this software by its aperture, which is set by the vertical structure and its RW width,
and is collimated by a set of fast/slow axis collimation (FAC/SAC) cylindrical micro-lenses. Among the
investigated lenses, an FAC lens with the dimensions 𝐿 ×𝑊 ×𝐻 = 1.5 mm × 0.8 mm × 1 mm, a focal
length of 𝑓𝐹𝐴𝐶 = 0.6 mm and a numerical aperture (NA) of 0.8 was chosen. The chosen SAC lens have
the dimensions 𝐿×𝑊 ×𝐻 = 1.5 mm × 1 mm × 1.5 mm, a focal length of 𝑓𝑆𝐴𝐶 = 2.3 mm and a NA of
0.3. The positioning of the lenses was done using a SmarPod 6D positioner from SmarAct, which has a
resolution of about 10 nm [105].

The PA is defined as a slit by its aperture, and the coupling of the collimated light of the MO was
estimated by the transmission through this slit, see Fig. 8.5. This transmission can be estimated both as
the total transmitted power, or as the transmitted power which resembles a Gaussian profile inside the slit.
A similar set of lenses (SAC/FAC) were chosen, which provides a transmission/coupling of 97.5% along
the horizontal axis and a 93.1% transmission along the vertical axis. According to the Gaussian profiled
transmission, a transmission of about 88.7% was obtained for both axes. This coupling corresponds to a
1:1 imaging of a MO aperture (spot) that is 2.5 𝜇m wide and 2 𝜇m tall, into the PA aperture of 5 𝜇m
wide and 2 𝜇m tall. The vertical apertures of the MO and PA fits with one another, and the FACs makes
a 1:1 imaging into the PA. The wider RW of the PA makes it easy to couple the MO light, and offers
spatial filtering as the divergence of the MO occurs at the start of the RW section of the PA.

While the slit representation of the PA is not complete, it gives a good estimate of the amount of coupling.
A similar concept has been used to design a miniturized second harmonic generation (SHG) laser system
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using cylindrical micro-lenses [106].

Figure 8.5: Optical simulation of the optical coupling between the MO (left) and PA (right), using the
program WinABCD.

As mentioned earlier, the MO and PA were mounted p-side up on CuW sub-mounts during characteri-
zation and in the MOPA configuration. These chips were then mounted on top of an AlN heat spreader
mount using AuSn solder. This heat spreader serves as the base for the optical bench, and has the
dimensions 𝐿 ×𝑊 ×𝐻 = 20 mm × 5 mm × 1 mm. Likewise, the collimation and focusing lenses were
glued on top of the optical bench using UV-harden glue.

The configuration and the dimensions of the MOPA system are shown in Fig. 8.6. The disadvantage of
this arrangement is the necessary high-precession alignment of both the semiconductor components and
of the micro lenses. During the hardening process, the glue shrink a couple of micrometers depending
on the amount of applied glue, as well as the power and exposure time of the UV light. Therefore, this
shrinkage must be accounted for, especially in the case of the FAC lenses where the vertical position is
crucial. Typical accuracies between 300 to 500 nm were achieved for the different MOPA systems of this
work.

Photographs of the developed MOPA systems can be found in Appendix E.

Figure 8.6: Sketch of the MOPA system in a micro-bench setup.
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8.3 DBR-RW based MOPA system

The first developed MOPA system is based on a tunable DBR-RW laser (similar to the reference laser
of Sec. 3.4) combined with a TPA, see Fig. 8.7. This section describes the performance of this system
including its power, spectral, spatial, tuning and stability performances.

Figure 8.7: Sketch of DBR-based MOPA system.

8.3.1 Electro-optical characteristics

The MO used in this system is similar to the reference laser, however its front facet is coated with 30%
instead of the 5% reflectivity used in earlier chapters, see Appendix H. This configuration with higher
front facet reflectivity was used, as it proved to be more stable in terms of wavelength stabilization. This
is explained by the reduced coupling between the back reflected light from the PA and into the MO (and
the optical elements), as it suppresses a possible cavity arising between the front facets of the PA and
the MO.

The emitted output power of the MO (with the increased front facet reflectivity) is shown in Fig. 8.8,
together with the output power of the MOPA system as function of the MO current/output power. From
this measurement, a seed power of about 𝑃𝑀𝑂 = 30 mW (𝐼𝑅𝑊 = 100 mA) was chosen although typical
saturation power of TPAs lies around 15−20 mW [22]. This over-saturation setting was chosen to ensure
a uniform amplification from the PA, even during the wavelength tuning. As the output power of the
MO drops when applying the micro-heaters (see chapter 6), the reduced output power of the MO will
still be enough to saturate the PA.

Figure 8.8: Power characteristics (left axis) of the MO and (right axis) of the emitted output power of
the MOPA system at 𝐼𝑅𝑊 = 300 mA, 𝐼𝑇𝑃𝐴 = 6.5 A and 𝑇 = 15∘C.

The output power of the MOPA system as function of the TPA current 𝐼𝑇𝑃𝐴 is seen in Fig. 8.9, for a
RW injection current of 𝐼𝑅𝑊 = 300 mA at a heat sink temperature of 𝑇 = 15∘𝐶. This temperature
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was chosen as it provided the least spectral detuning between the MO and PA. In addition, this lower
temperature provides higher output powers in comparison to e.g. 25∘C. It is seen in Fig. 8.9 that at an
amplifier current of 𝐼𝑇𝑃𝐴 = 8.5 A, a maximum output power of 6.2 W was obtained. At higher TPA
currents, the system becomes unstable and self-lasing from the PA was observed. This is explained by
the different temperature gradients ∆𝜆/∆𝑇 (0.065 vs. 0.3 nm/K) of the MO and PA, respectively. I.e.
the stronger red-shift of the gain of the PA, relative to the shifting of the DBR grating of the MO.

Figure 8.9: Power characteristics of the MOPA as function of the amplifier current 𝐼𝑇𝑃𝐴. The black curve
(squares) shows the total emitted power, whereas the red curve (circles) shows the diffraction limited power
of the PA, both when operated with 𝐼𝑀𝑂 = 100 mA and 𝐼𝑅𝑊 = 300 mA at 𝑇 = 15∘C. The blue curve
(triangles) shows the output power of the PA before attaching the micro-lenses and without being seeded.

In addition, Fig. 8.9 shows the amount of power in central lobe as function of the amplifier current (red
circles). These values were obtained from the lateral intensity distribution of the emitted light, as will be
shown next in the next section. Finally, the output power of the TPA (blue triangles) before attaching
the micro-lenses, and without being seeded is also shown in Fig. 8.9. This measurement indicates an
upper limit of the amount of ASE of the PA, although it is expected to reduce when the PA is seeded.

The corresponding emission spectrum at 𝑃𝑀𝑂𝑃𝐴 = 6.2 W is shown in Fig. 8.10. This spectrum indicates
an emission wavelength of 971.82 nm, with a FWHM spectral width of about 17 pm (spectrometer
resolution limit).

Figure 8.10: Spectrum of the MOPA system at an output power of 𝑃𝑀𝑂𝑃𝐴 = 6.2 W at 𝑇 = 15∘C.
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8.3.2 Beam quality

The lateral beam quality of the MOPA system was characterizied according to the method of the moving
slit [68]. The normalized lateral intensity distributions of the near field, beam waist and far field at
𝑃𝑀𝑂𝑃𝐴 = 6.2 W are shown side-by-side in Fig. 8.11. Note that due to the tapered structure, the near
field and beam waist are at two different positions; the beam waist is close to the front of the RW section,
while the near field is measured at the front facet of the PA. In addition, this astigmatism (≈ 1.5 mm)
increases approximately linearly with the TPA currents by 1̃5 𝜇m/A.

Figure 8.11: Normalized intensity distributions of the near field (left), beam waist (center) and far field
(right) at 𝑃𝑀𝑂𝑃𝐴 = 6.2 W and 𝑇 = 15∘C.

A near field width of about 392 𝜇m was measured at 1/𝑒2, which is in good agreement with the 422 𝜇m
wide front aperture of the TPA. The measured beam waist profile shows a number of lateral side lobes
and a defined central lobe with a width of about 6.4 𝜇m (1/𝑒2). From the beam waist measurements,
the power in central lobe was estimated to lie between 𝑃𝐶𝐿 = [91, 79]% for 𝐼𝑇𝑃𝐴 = [3.0, 8.5] A. The
corresponding diffraction limited output powers are shown in Fig. 8.9 as red circles. The far field angle
of about 13.7∘ together with the beam waist width provide a beam propagation factor of 𝑀2

1/𝑒2 = 1.3 in
the slow axis at 𝐼TPA = 8.5 A.

8.3.3 Wavelength tuning

Wavelength tuning is the next parameter considered. As described in chapter 6, resistor based micro-
heaters were embedded on top of the DBR section, which can provide thermal wavelength tuning. Fig. 8.12
shows the emission wavelength of the MOPA system as function of the heater current 𝐼𝐻𝑒𝑎𝑡𝑒𝑟. It is seen
that the wavelength of the MOPA system can be tuned from 971.82 nm up to 977.23 nm, thus covering
a 5.5 nm tuning range with a mode spacing of about 𝛿𝜆 = 64 pm. The 5.5 nm tuning corresponds to a
temperature gradient of about 85 K as described by the ∆𝜆/∆𝑇 = 65 pm/K (see Sec. 6.1).

A quadratic tuning behaviour is once again seen, as the induced electrical power scales quadratically with
current. Fig. 8.12 shows poor SMSR at shorter wavelengths (𝐼𝐻𝑒𝑎𝑡𝑒𝑟 < 150 mA), which is improved as
the wavelength of the MO increases. This is also seen in the inset of Fig. 8.12 for the 𝐼𝐻𝑒𝑎𝑡𝑒𝑟 = 0 mA.
This is due to a spectral mismatch between the MO and PA, which is reduced at longer MO wavelengths.
This effect can be reduced by operating at lower temperatures, as ∆𝜆/∆𝐾 is stronger for the PA (set by
the gain) than for the MO (set by the grating). However, the chosen 𝑇 = 15∘C is more suitable during
applications as it can be obtained without the risk of water condensation (especially during summer)
at the laser facets. Nonetheless, single mode operation was observed at most heater currents, expect in
between the individual mode jumps. The 𝛿𝜆 = 64 pm mode spacing corresponds to the MO effective
cavity length of about 2.05 mm (as was already shown in Sec. 3.4).

The output power during the wavelength tuning is another important parameter, which is shown in
Fig. 8.13 as function of the heater current. It is seen that an almost constant output power was measured,
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Figure 8.12: Contour plot of the wavelength as function of the heater current at 𝑇 = 25∘C. Inset:
emission wavelengths at selected heater currents.

with an average power of (6.22 ± 0.01) W, maintained over the entire tuning range. This variation
corresponds to a SDOM of ±10 mW (±0.16%). This being said, a tendency of decreasing output power
is seen at 𝐼𝐻𝑒𝑎𝑡𝑒𝑟 > 390 mA, which is likely due to the redshift of the MO relative to the gain maximum
of the PA. Finally, the heater voltage drop is also shown in Fig. 8.13, which at a heater current of
𝐼𝐻𝑒𝑎𝑡𝑒𝑟 = 400 mA has a voltage drop of 7.1 V, resulting in an induced heater electrical power of 2.84 W
and a resistance of 18 Ω.

Figure 8.13: MOPA output power (left axis) and heater voltage (right axis) as function of the heater
current 𝐼𝐻𝑒𝑎𝑡𝑒𝑟 at 𝑇 = 15∘C.

8.3.4 Stability

Finally, stability is a crucial parameter for most laser applications. Therefore, the output power of the
MOPA system was measured once every second for a period of 1 hour, and a mean output power of
6.240 W ± 2 mW was obtained, corresponding to a SDOM of ±0.03%, see Fig. 8.14.

Likewise, the emission spectrum was measured over the same time period as shown in the inset of Fig. 8.14.
An emission wavelength of 971.86 nm±17 pm was emitted and maintained, limited by the 17 pm spectral
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resolution of the spectrometer.

In this measurement, no precautions were made to minimize temperature fluctuations, and this level of
stability indicates that there is no need for an an optical isolator between the MO and PA. Nonetheless,
an optical isolator might still be required after the MOPA system, in e.g. non-linear frequency conversion
applications, where the light is tightly focused into a non-linear crystal [18].

Figure 8.14: Stability measurement of the output power for a period of 1 hour at 𝑇 = 15∘C. Inset:
corresponding emission wavelength.

8.3.5 Summary

In conclusion, the presented MOPA system which combines a tunable DBR-laser with a TPA provides
an output power of 6.2 W at a wavelength of 971.82 nm, with a spectral width of about 17 pm. The
emitted light is nearly diffraction limited with a propagation factor of 𝑀2

1/𝑒2 = 1.3 in the slow axis, and
has 4.9 W of diffraction limited power. The embedded micro-heater on top of the grating section of
the MO provides up to 5.5 nm of electrically controlled wavelength tuning. Over this tuning range, an
average output power of 6.22 W ± 0.01 W was maintained. The stability of the system was tested for
a period of 1 hour, which emitted an average output power of 6.240 W ± 2 mW and a wavelength of
971.86 nm ± 17 pm. Thus no indications of instabilities or feedback issues were observed.
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8.4 Y-branch based MOPA system

The next MOPA system was based on a Y-branch DBR-RW laser with a Sinusoidal S-bends. The
investigation in chapter 4 showed that the three types of Y-branch lasers had similar performances,
with the Sin having slightly better beam quality. Once again, the MO utilized has a 30% front facet
reflectivity, which is more stable (than the 5% coating) against back reflections from the PA. The higher
reflectivity couples less output powers, while the spectral properties shown in chapter 4 were unchanged.
As motivated earlier, the advantage of using a Y-branch laser compared to a regular/standard DBR laser,
is the extended combined wavelength tuning range.

Figure 8.15: Sketch of the Y-branch based MOPA system.

8.4.1 Electro-optical characteristics

The investigation of the Y-branch lasers in chapter 4 showed that comparable optical characteristics from
both the left and right arms were obtained, which is a big advantage in a MOPA system. In addition, it
was shown that spectral single mode was obtained over the entire injection current range by not operating
the Y-section of these lasers. Therefore, the MO was operated by injecting 100 mA into each arm, and
50 mA into the front section, see Fig. 8.15. This provided an output power of 24 mW and 21 mW from
the left/right arm, respectively. Once again, these values are chosen to be above the saturation power
(≈ 15 mW), to ensure saturation even during the wavelength tuning.

The corresponding output power of the MOPA system as function of the TPA current is shown in
Fig. 8.16(a) for a RW current of 𝐼𝑅𝑊 = 300 mA at a heat sink temperature of 𝑇 = 25∘C. As can be
seen, the MOPA system emits comparable output powers regardless of being seeded from one (left or
right) or even when seeded from both arms simultaneously. Simultaneous seeding was done by setting
𝐼𝑓𝑟𝑜𝑛𝑡 = 50 mA, 𝐼𝑙𝑒𝑓𝑡,𝑎𝑟𝑚 = 100 mA and 𝐼𝑟𝑖𝑔ℎ𝑡,𝑎𝑟𝑚 = 100 mA.

Figure 8.16: Electro-optical characteristics of the MOPA system showing (a) the MOPA output power
and (b) the corresponding emission wavelengths of the individual arms at maximum output powers.
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The maximum output power for the left, right, and both arms at a TPA current of 𝐼𝑇𝑃𝐴 = 8 A were
𝑃𝐿𝑒𝑓𝑡 = 5.4 W, 𝑃𝑅𝑖𝑔ℎ𝑡 = 5.5 W and 𝑃𝐵𝑜𝑡ℎ = 5.5 W, respectively. This is another indication that the PA
was being saturated properly, as the case of dual arms provides about twice the seed power compared to
single arm operation, however, no increase in output power was observed.

The corresponding emission spectra of the left and right arms at their corresponding maximum out
powers are shown in Fig. 8.16(b). The left arm emits at 𝜆𝐿𝑒𝑓𝑡 = 973.67 nm while the right arm emits at
𝜆𝑅𝑖𝑔ℎ𝑡 = 975.91 nm, both having FWHM spectral widths below 17 pm (spectrometer resolution limit).

8.4.2 Beam quality

The normalized lateral intensity distributions of this MOPA system are comparable to the ones in Fig. 8.11
of the DBR-RW based MOPA system. The spatial characteristics are mainly set by the TPA and although
different MO were used, comparable spatial characteristics were obtained.

In the case of the Y-branch MOPA system, a near field width of about 390 𝜇m (1/𝑒2) was measured, and
the beam waist profile showed a number of lateral side lobes, with a 6.4 𝜇m (1/𝑒2) wide defined central
lobe. The far field angle was about 13.7∘, which provides a beam propagation factor of 𝑀2

1/𝑒2 = 2.2

in the slow axis. The power content within the central lobe was 72% at a TPA current of 8 A, which
corresponds to a diffraction limited output power of approximately 4 W.

8.4.3 Wavelength tuning

Wavelength tuning of the MOPA system was once again obtained by operating the micro-heaters, that
were implemented on top of the DBR gratings of the MO. As described in chapter 6, the widest wavelength
tuning was obtained when the heaters are connected in series. At maximum output power from both arms,
the heater was operated with currents between 𝐼𝐻𝑒𝑎𝑡𝑒𝑟 = [0, 750] mA, with a step size of ∆𝐼Heater = 5 mA.
The corresponding emission spectra (superimposed) are shown in the contour plot in Fig. 8.17.

The left arm can be tuned from ∆𝜆𝐿𝑒𝑓𝑡 = [973.70, 981.20] nm, and the right arm from ∆𝜆𝑅𝑖𝑔ℎ𝑡 =
[975.89, 983.40] nm, both with a mode spacing of about 𝛿𝜆 = 52 pm. This corresponds to a tuning of
∆𝜆 = 7.5 nm from each arm, and to a temperature gradient of about 115 K, estimated according to
∆𝜆/∆𝑇 = 65 pm/K. Note that in this case, the micro heaters were operated up to 750 mA, whereas in
chapter 6 they were only operated up to 500 mA, which explains the wider tuning ranges.

Figure 8.17: False color contour plot of the spectral tuning of the emission wavelength of the individual
arms (super imposed) as function of the heater current at 𝑇 = 25∘C.

With the spectral distance of 2.23 nm between the two arms, and in combination with the micro-heaters,
a combined wavelength tuning of 2.2 + 7.5 nm = 9.7 nm was obtained from 973.70 nm (left arm +
𝐼𝐻𝑒𝑎𝑡𝑒𝑟 = 0 mA) up to 983.40 nm (right arm + 𝐼𝐻𝑒𝑎𝑡𝑒𝑟 = 750 mA).

90



Up to a heater current of approximately 𝐼𝐻𝑒𝑎𝑡𝑒𝑟 = 60 mA, the change of the emission wavelength was
within the resolution limit of the spectrometer, see Fig. 8.17, and a quadratic tuning behaviour is once
again observed (see chapter 6). At a heater current of 𝐼𝐻𝑒𝑎𝑡𝑒𝑟 = 750 mA, a voltage drop of 4 V was
measured, thus inducing 3 W of electrical power into the heaters with a resistance of 5.3 Ω.

Single mode operation was observed at most heater current steps, expect in between some of the mode
hops. Fig. 8.18 shows emission spectra of the left (bottom) and of the right (top), at selected heater
currents. These measurements were obtained using a Yokogawa—AQ6373 optical spectrum analyzer,
with a resolution limit of 20 pm. A SMSR of about 15 − 25 dB was observed.

The difference in SMSR between the two arms are likely due to a different coupling efficiency from the
two MO arms. Compensation was made during the lens positioning to ensure comparable coupling from
both MO arms. However, it is likely that the final lens position provides a better coupling from one of
the two arms, translating to a better SMSR.

Figure 8.18: Optical spectra of the right (top) and left (bottom) arms as function of the heater current at
𝑇 = 25∘C.

The output power during the wavelength tuning is shown in Fig. 8.19. The left arm emits an average
output power of 𝑃𝐿𝑒𝑓𝑡 = 5.41 W ± 0.03 W with a SDOM power variation of about ±0.5%. The right
arm emits an average power of 𝑃𝐿𝑒𝑓𝑡 = 5.48 W ± 0.01 W, with a SDOM of ±0.2%.

As mentioned earlier, the MOPA system can also be operated as a dual-wavelength source when being
seeded from both arms simultaneously. Fig. 8.20 shows the emission spectra of the dual-wavelength
MOPA system at three different heater currents. A SMSR of about 15 − 25 dB was observed, while no
additional lasing peaks were seen in between the two wavelengths.

8.4.4 Stability

Finally, the stability of the system was investigated by measuring the output power once every second for
a duration of 1 hour. Fig. 8.21 shows the normalized output power once every minute, for clarity of the
stability measurement. A power SDOM of 0.03% and 0.02% were estimated for the left and right arms,
respectively. Under dual wavelength operation, a power variation of 0.09% was observed over 1 hour.
This increased SDOM is likely due to an additative power (in)stability effect between the two arms.

Over the same period, the emission wavelengths were measured to be 𝜆𝐿𝑒𝑓𝑡 = 973.71 nm and 𝜆𝑅𝑖𝑔ℎ𝑡 =
975.99 nm, both maintained within the 17 pm resolution limit. As in the case of the DBR-RW based
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Figure 8.19: Output power versus the emission wavelength for the two arms under individual arm opera-
tion at 𝑇 = 25∘C.

Figure 8.20: Tuning spectra during dual-wavelength operation at 𝑇 = 25∘C.

MOPA system, no precautions were taken to minimize temperature fluctuations or to stabilize the system
during this stability measurement.

8.4.5 Summary

A compact high power MOPA system was presented which utilizes a Y-branch DBR-RW laser as MO
and a TPA. It emits at two wavelengths; 𝜆𝐿𝑒𝑓𝑡 = 973.67 nm and 𝜆𝑅𝑖𝑔ℎ𝑡 = 975.91 nm, with a spectral
linewidth limited by a 17 pm resolution limit. The emitted light of the MO was collimated and coupled
into the PA using a set of cylindrical micro-lenses, constructed onto a 25 mm×25 mm CCP mount. The
MOPA system emits about 5.5 W of output power, with a beam propagation factor of 𝑀2

1/𝑒2 = 2.2 in

the slow axis, resulting in a power in the central lobe of about 4 W (72%).

By applying the micro-heaters, each arm can be tuned by 7.5 nm, and up to 9.7 nm of combined quasi-
continuous wavelength tuning can be achieved from the two arms (spaced by 2.23 nm apart). Over this
tuning range, an almost constant output power was maintained, with a power variation of only 0.5% and
0.2% from the left and right arms, respectively.

In addition, the system can operate as a dual-wavelength laser when seeded from both arms simultane-
ously, without showing any sign of wavelength fluctuations or self-lasing effects from the PA.
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Figure 8.21: Output power measured for a period of 1 h at 𝑇 = 25∘C.

Finally, the stability of the system was tested for a period of 1 hour, and very low power fluctuations of
the order of 0.03% and 0.02% were observed for the left and right arms, respectively. Over the same time
period, no wavelength fluctuations were observed within the 17 pm resolution limit.
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8.5 Sampled-grating based MOPA system

A SG based MOPA system was also developed in this work. The SG used in this MOPA system has
a DQW as active medium with a 1st order grating, which provides a reduced far field angle of 28∘, see
Sec. 7.3.

The scheme of the SG-MOPA is similar to the previous systems and is shown in Fig. 8.22. As described
earlier, the MO has a 2.2 𝜇m wide RW and consists of four longitudinal sections: a 900 𝜇m long gain
section, a 100 𝜇m long phase section, a 1000 𝜇m long back SG and a 450 𝜇m long front SG.

Figure 8.22: Sketch of the SG-based MOPA system.

8.5.1 Electro-optical characteristics

The PA was seeded with a measured MO output power of 25 mW, and the corresponding output power
of the MOPA as function of the TPA current is shown in Fig. 8.23. A total output power of 𝑃𝑀𝑂𝑃𝐴 =
1040 mW was obtained at amplifier currents of 𝐼𝑇𝑃𝐴 = 6 A and 𝐼𝑅𝑊 = 5 mA, when operated at a heat
sink temperature of 𝑇 = 15∘C. These low output power values are set by the low 𝐼𝑅𝑊 current value.

At higher amplifier currents, in particular through the RW section, self-lasing from the PA was observed.
This is likely due to a cavity arising between the PA front facet and the front SG of the MO, and this
effect (of self-lasing) will be explained later in this section.

Figure 8.23: Power characteristics of the MOPA system as function of the amplifier current.

8.5.2 Beam quality

The spatial characteristics of the emitted light were characterized once again according to the moving slit
method [68]. The near field has a width (measured at 1/𝑒2) of 425 𝜇m, in agreement with the TPA front
aperture. The beam waist has a width of about 7.4 𝜇m, containing 74% of the total output power, and a
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15.5∘ far field angle was measured. This results in a nearly diffraction limited beam with a propagation
factor of 𝑀2

1/𝑒2 = 1.6 in the slow axis.

8.5.3 Single heater tuning

The emission spectrum at 𝑃𝑀𝑂𝑃𝐴 = 1040 mW is denoted as (1) in Fig. 8.24. The MOPA system emits
at a wavelength of 𝜆 = 979.08 nm with a FWHM spectral width smaller than 20 pm (resolution limit).

Figure 8.24: Emission spectra during single (back) heater tuning, with 𝐼TPA = 6 A, 𝐼𝑅𝑊 = 5 mA and
𝑇 = 15∘C.

By operating one of the two micro-heaters embedded on top of each SG, a discrete wavelength tuning
of ∆𝜆 = 21.1 nm with a peak-peak distance of about 2.3 nm can be obtained, see Fig. 8.24. The laser
emits first at 𝜆 = 979.08 nm (1) which then jumps to the next SG mode (2), (3), ... , (9). By further
increasing the heater current, the laser emits at wavelength (1) once again. Note that over this tuning
range, a spectral linewidth below 20 pm was maintained.

The lower output power obtained from the SG-MOPA system (relative to the other two MOPA systems),
is due to the low injection currents of the PA. As mentioned earlier, self-lasing effects took place at
increasing injection currents, and this is shown in Fig. 8.25 for the cases of 𝐼𝑅𝑊 = 50 mA and at
100 mA. As can be seen, additional emission peaks were observed for both cases, lying in between the
SG modes. Nevertheless, this effect is reduced with decreasing injection current and the 𝐼RW = 5 mA
setting was chosen as a compromise, see Fig. 8.24. Note that the additional emission peaks were mainly
present in the case of the (4) - (6), SG-modes, i.e. at the shortest emission wavelengths.

One of the differences between this MOPA system and the previous two is the front facet reflectivity.
While the two other systems had a 30% front facet reflectivity, this MO has a SG and an AR coating.
The front SG had a maximum reflectivity of about 60% (see Sec. 7.1). This high reflectivity is likely the
cause for the arising cavity between the MO and PA. In addition, an improper seeding is expected when
injected a low current into the RW section of the PA.

By reducing the 𝐼𝑅𝑊 injection current to this level, the light of the MO undergoes a section with
absorption. This reduces additional lasing peaks due to a cavity arising between the front facets of the
MO and PA, but comes at the cost of overall reduced power amplification.

8.5.4 Dual heater tuning

By simultaneous heating of both SGs, a tuning map is obtained as function of the individual heater
currents, see Fig. 8.26(a). In this measurement, the heater currents were varied between 𝐼ℎ𝑒𝑎𝑡𝑒𝑟 =
[0, 350] mA with a step size of ∆𝐼Heater = 5 mA.
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Figure 8.25: Emission spectra during single (back) heater tuning, with 𝐼𝑅𝑊 = 100 mA (left) and 𝐼𝑅𝑊 =
50 mA (right) both with 𝐼TPA = 6 A at 𝑇 = 15∘C.

Figure 8.26: (a) Tuning map as function of the front/back heater currents and (b) the corresponding
output power at the individual emitted wavelengths at 𝑇 = 15∘C.

In total, ∆𝜆 = 23.5 nm of quasi-continous wavelength tuning was obtained between 962.0 nm and
985.5 nm. This tuning has mode-jumps of the order of 115 pm, in accordance with the observed mode-
spacing described in Sec. 7.4 and with the cavity length plus a small penetration depth.

Over this tuning range and for a constant amplifier current, the MOPA output power varies between
𝑃𝑀𝑂𝑃𝐴 = [480, 1040] mW. This is shown in Fig. 8.26(b) where the output power of the individual lasing
modes (wavelengths) is plotted. Once again, a mode spacing of 115 pm was observed, with some modes
being skipped (e.g. at 965 nm). The observed variation in the output power during the wavelength
tuning is likely due to the low 𝐼𝑅𝑊 current, providing a non-proper seeding of the PA. In addition, the
detuning between the emission wavelength of the MO and peak gain wavelength of PA, which for the
wide tuning range of the MO also influences the output power during the tuning.

8.5.5 Stability

The stability of this MOPA system was investigated by measuring the output power and emission
wavelength for a period of 1 hour, see Fig. 8.27. Over this period, the average output power was
(1.070 ± 0.001) W, with a power variation of about 0.11%. Over the same time period, the mea-
sured wavelength was 978.79 nm ± 17 pm, with a variation corresponding to the resolution limit of the
spectrometer.
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Figure 8.27: Stability measurement of the output power for a period of 1 hour at 𝑇 = 15∘C. Inset:
corresponding emission wavelength.

8.5.6 Summary

A compact hybrid MOPA system was presented consisting of a SG-DBR laser and a TPA. The emitted
light of the SG-laser was collimated and coupled into the PA using cylindrical micro-lenses. The MOPA
system emits an output power of 1040 mW at a wavelength of 979.08 nm, with a spectral width smaller
than 20 pm (resolution limited). The emitted light was nearly diffraction limited with a propagation
factor of 𝑀2

1/𝑒2 = 1.6 along the slow axis.

By operating one of the two heaters placed on top of each SG, 21.1 nm of discrete wavelength tuning could
be obtained, with a SG peak-peak spacing of about 2.3 nm. By operating both heaters, a tuning map
with 23.5 nm of quasi-continuous tuning was demonstrated with a mode-spacing of about 𝛿𝜆 = 115 pm.
The tuning range spans between 962.0 nm and 985.5 nm, over which the output power varies between
482 and 1042 mW. This strong power variation is believed to be caused by the low amplifier current
𝐼RW, and due to the detuning between the emission wavelengths of the MO and the peak gain wavelength
of the PA.

The stability of the system was tested for a period of 1 hour, showing an average output power of
1070 mW ± 1 mW, at a wavelength of 978.79 nm ± 17 pm. Thus no indications of instabilities or
feedback effects were observed.

The combination of diffraction limited high output power, tuning, narrow spectral width and compactness
makes this device ideal for non-linear frequency conversion applications, in particular upconversion based
hyperspectral imaging in the long IR wavelengths.

Future work should consider increasing the output power by reducing instability and self-lasing effects
of the PA at higher injection currents. As mentioned, these effects are likely due to the high reflectivity
(∼ 60%) of the front SG, whereas the previous MOPA systems utilized MOs with 30% front reflectivity.
Self-lasing and instability effects could perhaps be reduced by reducing the front SG reflectivity, or by
implementing an optical isolator between the MO and PA. An isolation will reduce the feedback between
the PA (front facet) and the MO considerably, and the PA can potentially be operated at higher injection
currents with no/limited self-lasing effects. In addition, an automated tuning scheme should be developed
which can operate the individual SG heaters and the phase section simultaneously, in order to obtain a
fully continuous wavelength tuning.
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8.6 Conclusion and discussion

Three different compact MOPA systems were presented in this chapter, all utilizing a TPA in a hybrid
configuration. The main results of the three systems are summarizied in Table 8.2.

Table 8.2: Tuning characteristics of the three MOPA systems.
MO Δ𝜆 𝛿𝜆 𝑃max Δ𝑃 𝑀2

1/𝑒2 𝑃𝐶𝐿

type [nm] [pm] [W] [%] [%]
DBR-RW 5.5 64 6.2 < 0.2 1.3 79
Y-branch 9.7 52 5.5 < 0.5 2.2 72
SG-DBR 23.5 115 1.0 < 50 1.6 74

The DBR-RW based MOPA system provided 5.5 nm of wavelength tuning, with mode jumps of the order
of 64 pm at an output power of 6.2 W. Over this tuning range, an almost constant output power was
maintained with a power variation < 0.2%. This small power variation was obtained by seeding the PA
above its saturation level to such a level, that even with the power drop of the MO during the wavelength
tuning, the PA was still seeded properly.

The Y-branch based MOPA system utilized a Sinusoidal S-bend structure (see chapter 4) as MO, which
provided an extended tuning range of 9.7 nm at an output power of 5.5 nm. Once again, by over-seeding
the PA, a small power variation < 0.5% was obtained during the wavelength tuning. This system showed
the capability of extending the tuning range by implementing multiple-arm lasers, such as the four- or
six-arms lasers of chapter 5. However, to fully utilize the extended tuning range, each DBR grating must
be optimized according to the tuning range. The larger 𝑀2 value of this system in comparison to the two
others is likely explained by a worse coupling into the PA during the glueing process of the micro-lenses.

The MOPA system with a SG-DBR laser provided up to 1.0 W of output power. This low output power
(compared to the first two MOPA systems) was explained by the low PA injection current, in particular
through the RW section. By increasing the RW current, the MOPA system became unstable and self-
lasing effects occured, due to an arising cavity between the front SG facet of the MO and the front facet
of the PA. By operating the back SG heater, a discrete tuning of about 21.1 nm was obtained, with a
SG peak-peak spacing of about 2.3 nm. By tuning both SGs, a quasi-continuous tuning of 23.5 nm was
achieved with a mode spacing of about 𝛿𝜆 = 115 nm. Over this tuning range, the output power varied
between 0.5 W and 1.0 W, which was explained by a detuning between the MO and PA.

Future work should therefore focus on increasing the output power, by reducing these instability and
self-lasing effects. This could e.g. be done by reducing the front SG reflectivity, or by implementing an
isolator which will reduce the optical feedback between the PA and MO.

The SG based MOPA system provides the widest tuning, however requires a sophisticated tuning scheme.
The alternative concept of multiple-arm seed lasers offers a simpler tuning scheme, however requires a
switching mechanism between the laser arms.

Limit and possibilities

For the targeted applications, a hybrid MOPA configuration is versatile and can provide a good un-
derstanding of the individual components. In addition, this configuration reduces the thermal feedback
effects between the MO and PA. As the PA is injected with a high current, spacing the MO and PA apart
reduces the overall thermal feedback. In addition, the micro-heaters of the MO provides a relatively high
temperature gradient, which in a monolithic MOPA configuration would cause a reduction in the overall
output power (as the PA also gets warmer) during the wavelength tuning.

The three MOPA systems of this work all provide wavelength tuning with mode hops. While this
is typically unwanted in many applications, this effect is not an issue in the targeted upconversion
applications.

The maximum tuning range depends on the heating capability of the micro-heaters, and is ultimately
limited by the width of the gain curve, which depends on the active medium embedded within the vertical
structure. While similar MQWs provide higher output powers (as used in the TPAs), the width of the
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gain curve gets narrower, and thus a trade-off must be made between the maximum output power and
tuning range.

Alternatively, by implementing MQWs with varying thickness and/or composition in the active region,
the gain profile can be extended as already discussed in chapter 6.

The power variations of the first two MOPA systems during the wavelength tuning, although were very
small, are likely explained by the gain shape of the PA and the detuning between the MO and PA. While
the latter can be minimized during the design of the MO and PA vertical structures, a power variation
is still to be expected due to the gain profile. In fact, one can expect this variation to be larger when
extending the tuning range and thus a strong power variation be expected from a wide tuning range.

Finally, a 30% front facet reflectivity was used in the first two MOPA systems as it minimized the optical
feedback between the PA and the MO, and provided stable spectral performance. In the case of the
SG laser however, the front SG had a maximum 60% reflectivity, which caused the instabilities and self-
lasing effects. These effects could be reduced by designing a front SG with 30% reflectivity. Alternatively,
applying a micro-isolator between the MO and PA, would reduce the feedback between the PA and the
MO.
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Chapter 9

Applications

Preliminary results of two upconversion experiments that both utilize the developed MOPA systems
are shown in this chapter. The implementation of a MOPA based pump sources into an upconversion
experiment is currently work under progress. The presented results serve as a proof of concept of the
capabilities that tunable high power MOPA systems offer.

9.1 Upconversion detection

In the following experiment, the DBR-RW based MOPA system was used as a single frequency light
source, to efficiently upconvert long IR wavelengths between 9.7 to 10.2 𝜇m. Thus, the motivation
behind this experiment is simply to test the laser in long wavelength upconversion experiments.

The setup for the upconversion system is shown in Fig. 9.1. A quantum cascade laser (QCL) from Block
engineering [107] is used as an IR light source. This laser can be tuned between 9.4 to 12 𝜇m, delivering
50 ns pulses with a time separation of 1 𝜇s. The emitted light from the QCL laser is collimated using
two ZnSe cylindrical lenses of focal length 𝑓1 = 25.4 mm and 𝑓2 = 50.8 mm. A half-wave plate (𝜆/2) is
then used to align the the polarization of the IR radiation along the extraordinary axis of the non-linear
crystal. The collimated IR light is then focused using a lens with a focal length of 𝑓3 = 50 mm, inside a
AgGaS2 non-linear crystal with a cut angle of 𝜃 = 43.3∘. A more detailed description of this setup can
be found in [50]

Figure 9.1: Single-pass upconversion system.

As mentioned, the pump source is the DBR-RW based MOPA system emitting at 972 nm, which is
collimated using an aspheric lens of 𝑓4 = 3.1 mm and then a cylindrical lens of 𝑓5 = 12.7 mm. The
light passes through a half-wave plate before entering an optical isolator. By rotating the half-wave plate
before the isolator, the amount of light that enters the system can be controlled. After the isolator, the
light passes through another half-wave plate where the polarization of the light is corrected in regards to

101



the non-linear crystal. The pump source is then focused inside the non-linear crystal using a lens with
𝑓6 = 150 mm.

The residual pump and IR light are filtered away before the upconverted light is detected using a thermal
detector or a CCD camera. Fig. 9.2 shows the upconverted light generated inside the non-linear crystal.
Due to the high brightness of the QCL laser, the upconverted light can easily be seen with a CCD camera.

Figure 9.2: Photograph of the non-linear crystal through the collimation lens, showing a white bright spot
corresponding to the upconverted light.

In this experiment, the QCL wavelength is tuned between 9.4 to 10.2 𝜇m, while keeping the pump
wavelength constant at 972 nm. The upconverted light have wavelengths between 880.9 and 887.4 nm
and is detected using a thermal detector. The normalized output power of the upconverted light is
shown in Fig. 9.3. It is seen that the different IR wavelengths are upconverted with different efficiencies
determined by the phase matching condition. Here, a Sinc-like conversion profile is expected, with the
peak being centred at the wavelength with the highest conversion efficiency. However, the observed
conversion shape corresponds to the QCLs output power variation at the different IR wavelengths as
reported in [50], and not due to an absorption effect.

Figure 9.3: Normalized output power of the upconverted light as function of the IR wavelength.
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The second part of this experiment considers keeping both the pump and the IR wavelenths constants,
while rotating the angle of the non-linear crystal between −2.0∘ to 1.6∘. The normalized output power
of the upconverted light is shown in Fig. 9.4. A Sinc-like function is shown as expected from a non-linear
frequency conversion process.

Figure 9.4: Normalized output power of the upconverted light as function of crystal rotation angle.
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9.2 Hyperspectral Imaging

The second experiment utilizes the tuning capabilities of the MOPA system in an upconversion imaging
system. Here, a glowbar is used as a broadband IR light source instead of the QCL. The emitted light of
the glowbar undergoes a 4-𝑓 imaging system as described in [33]. Once again, a AgGaS2 crystal is used
but with a 48∘ cut angle covering the 6 to 7 𝜇m range.

In this experiment, a CCD camera is used instead of the thermal detector. After aligning the pump laser
with the IR light of the glowbar inside the non-linear crystal, a round upconverted spot is seen on the
CCD camera, see Fig. 9.5(a). By inserting a Polystyrene film in front of the glowbar, a missing ring
is observed, see Fig. 9.5(b). This ring corresponds to an absorption peak of Polystyrene. In addition,
by placing both the Polystyrene film and a resolution target in front of the glowbar, both spectral and
spatial information can be obtained at the camera, see Fig. 9.5(c).

(a) (b) (c)

Figure 9.5: Upconverted images showing (a) the upconverted signal alone (b) the upconverted signal
through a polystyrene absorption film and (c) upconverted signal through the absorption film and the
resolution target.

The resolution target is a 1951 USAF [108]. Its structures are seen in Fig. 9.6 next to the upconverted
image through it. Using the resolution target, an estimated spatial resolution of 35 𝜇m is obtained from
the upconverted image.

(a) (b)

Figure 9.6: (a) 1951 USAF resolution test targets and (b) the corresponding upconverted image through
the target.

By tuning the laser wavelength, different phase matching conditions are fulfilled between the pump
wavelength and the broadband IR light of the glowbar. This provide a method for obtaining images of
the same sample but at different IR wavelengths; hyperspectral imaging. Fig. 9.5(a)-(c) shows images
obtained around 6.3, 6.6 and 6.9 𝜇m, respectively. Polystyrene have strong absorption at these IR
wavelengths as shown in Fig. 9.8.
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(a) (b) (c)

Figure 9.7: Hyperspectral images obtained at (a) 6.3 (b) 6.6 and (c) at 6.9 𝜇m

Figure 9.8: Polystyrene absorption spectra obtained using Fourier-transform infrared spectroscopy (FTIR).
This measurement was made at the Technical University of Denmark.

9.3 Summary

The presented results show the capabilities of the developed MOPA systems. While these are still
preliminary results, the combination of high power and wide wavelength tuning seems promising in
upconversion applications. One interesting feature that is worth investigating is the pulsing and/or
modulation capabilities of the developed MOPA systems. By synchronizing the pump wavelength with a
pulsed IR source, upconversion can only occur at a certain time window. This will reduce the upconversion
of background thermal noise, and could potentially improve the overall noise performance of the system
[109].
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Chapter 10

Summary and outlook

The aim of this work is to develop tunable high power laser sources emitting around 976 nm. This was
successfully realized through MOPA systems that utilize two different types of tunable lasers. The first
approach uses multi-arm DBR-RW lasers, where the introduction of additional arms expands the tuning
range in comparison to "standard" DBR-RW lasers. The second approach uses SG structures to obtain
wide wavelength tuning from a single laser cavity. These tunable lasers were implemented into MOPA
systems that utilizes a TPA structure to provide output powers in the watt range. This was done on
miniaturized optical benches that have the dimensions 25 mm × 25 mm. The developed MOPA systems
were shown to be suitable for the targeted application, where early-stage upconversion experiments were
demonstrated including upconversion detection and hyperspectral imaging.

In the following, the main results of this thesis are summarized and discussed in regards to further
development and outlook.

Tunable multi-arm lasers

The first approach of obtaining tunable diode lasers was based on developing tunable multi-arm DBR-RW
lasers. These lasers include two-arm (Y-branch), four arm (laser A and B) and a six-arm (laser C), with
each arm having its own DBR grating and micro-heater for thermal wavelength tuning. These devices
emits around 976 nm with output powers between 200 and 250 mW.

Y-branch DBR-RW lasers

The investigation of the Y-branch lasers includes the study of three different bend structures; a Sin, Cos
and a SB based structures. It was shown that the Y-branch structures emit reduced output powers in
comparison with straight or S-shaped "single-arm" DBR-RW reference lasers. The Y-branch lasers offer
nearly diffraction limited output powers with 𝑀2

2.Mom. values ranging between 2.6 and 1.6. Through
numerical simulations and comparison with the reference lasers, this effect was explained by the common
section where the two arms are joint. At this point, the RW suddenly become twice as wide and starts
to support higher order modes which deteriorates the beam quality.

In addition to the spatial influence of the common section, it was experimentally shown that this section
also affects the spectral performance of these lasers. By simply not operating this section, a small
absorbent section was obtained which acts as a spectral filter. Spectral multi-mode operation at high
output powers was observed when this section was operated, however by setting 𝐼Y = 0 mA single mode
operation was maintained over the entire investigated current injection range.

The performed simulations of this study were based on calculations of passive RW structures, which could
describe the near field behaviour of the Y-branch lasers. However, due to their clear limitations the far
field simulations did not provide a complete description. This suggests the development of active cavity
simulation tools, which could potentially also describe the spectral dependence of the common section of
these lasers.
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Among the three studied types of Y-branch lasers, it was seen that the Cos based laser provides the
highest output power, in accordance with the simulated transmission coefficients. This favoritizes this
device in applications where spectral single-mode high output powers are needed. The Sin based laser
offered less output powers, but with improved beam quality that changed the least with increasing output
powers. This makes this device suitable for applications with higher beam quality demands. The SB
based Y-branch laser offered performance in between the two other lasers, providing similar output powers
to the Sin laser, while having comparable beam quality to the Cos laser.

Four-arm DBR-RW lasers

After realizing the strong influence of the common section, four-arm lasers were developed with different
common section structures. In laser A the four arms were joint at a single intersection point, while
laser B had a joining section for the two inner arms, which was then joint with the two outer arms at a
displacement of about 150 𝜇m. In addition, this investigation compared different arm curvatures as the
outer arms had stronger bending curvatures than the inner.

The results of this study clearly indicate that the structure in laser B is preferred as it provided comparable
laser performance from all four laser arms. This is in contrast to laser A, where reduced output power
and spatial performance were observed for the outer arms in comparison to the inner.

Interestingly enough, this mismatch in performance from laser A suggest that a single intersection point
acts as a spatial filter for the inner arms, while degrading the performance of the outer arms. In fact, a
better beam quality was obtained for the inner arms of laser A in comparison to the four arms of laser B.
While this "spatial filtering" effect did degrade the performance of the outer arms, one could use this
effect to improve the spatial performance at the intersection points of multi-arm lasers.

Finally, the comparable laser performance of the four arms of laser B indicates, that the different (inner
vs. outer) arm curvatures do not affect the laser performance.

Six-arm DBR-RW laser

The influence of the arm curvature was further investigated by developing a six-arm laser with three
different arm curvatures, combined through three individual intersection points. This structure provided
comparable output power performances with some smaller difference between the six arms. This being
said, the outer arms (with the largest curvatures) had worse beam quality when compared to the four
inner arms. While these discrepancies are still smaller than those observed in the case of laser A, these
results indicate that the bending curvatures must be held below a certain level.

Further development

The results of the multi-arm DBR-RW lasers indicate that relatively high output powers with moderate
beam qualities can be obtained. This makes these devices suitable for various applications where lasing
at multiple wavelengths is needed. While the non-Gaussian far fields of these devices limits their usage,
e.g. in imaging applications, their well defined beam waists and relatively high output powers enables
their usage in MOPA systems and in systems with fiber coupling.

The spectral and spatial dependence of the common section between the individual arms suggest, that
more emphasis should be made on this section in future developed devices. This includes the usage of
multiple intersection points, keeping bending curvatures within a certain limit and having isolated current
injection sections. The latter point is important in regards to having spectral single mode operation, where
an absorbent common section acts as a spectral filter.

Finally, it is clear from this study that the introduction of additional arms deteriorates the laser per-
formance which is the "cost" of this combination. However, the nearly-diffraction limited beam quality
obtained from the Y-branch lasers suggest that multiple Y structures should be combined in multi-arm
devices. I.e. having two Y-branch structures connected through a third Y-branch structure, combining
in total four arms into a single aperture. This could potentially provide multi-arm laser devices with im-
proved spatial characteristics. Such structures are however likely to become quite long, especially while
maintaining the design criteria of 𝑤 ≪ 𝐿. Having long devices in itself is not an issue during manufac-
turing process, but it introduces some technical difficulties during the laser mounting and soldering.
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Micro-heater wavelength tuning

Thermal wavelength tuning was obtained by embedding resistor based micro-heaters on top of each DBR
grating. One of the main findings of this investigation is the extended tuning range, obtained when
connecting multiple micro-heaters in series. This configuration provides the highest induced electrical
power, due to the increased total resistance and subsequently the widest wavelength tuning. The drawback
of this configuration is however the strong output power drop during wavelength tuning, due to the
induced large thermal gradient. Therefore, a trade-off must be made between tuning range and output
power drop during this tuning.

Such an effect can be reduced by using electrical wavelength tuning, where the injected current causes a
slight change in the index of refraction of the grating section. This being said, this is yet to be developed
and optimized in GaAs materials. Not only will electrical tuning reduce the output power drop/variation,
but potentially also provide higher tuning speeds. Thermal tuning speed is ultimately limited by by the
material (GaAs) heat dissipation rate, i.e. how quick the heating/cooling of the material can take place.
In the developed devices with the described micro-heaters, a tuning range of about 4.4 nm could be
obtained within tens of milliseconds.

The micro-heaters provide quadratic tuning behaviour as function of the injected current due to the
Joule heating effect. In addition, quasi-continuous wavelength tuning was observed with a mode spacing
set by the cavity length. The investigated devices showed different tuning capabilities due to their
different heater and grating dimensions. These results indicate that wider tuning can be obtained from
shorter grating structures due to smaller heating surfaces. Heating of smaller surfaces can be made more
efficiently if the dimensions of the grating and heaters are adjusted and optimized to one another. This
suggest developing shorter grating structures of a certain length which still provide sufficient reflectivity
properties.

The main finding of this investigation is that a 7.5 nm of tuning range can be obtained from each arm,
demonstrated from a Y-branch DBR-RW laser. This indicates that a potential combined tuning range of
𝑁 × 7.5 nm can be realized for a laser of 𝑁 arms, where the individual gratings are spectrally separated
by 7.5 nm.

Tuning limits

The multi-arm laser approach provides a combined wider tuning range in comparison to "standard"
single arm lasers. This is however limited by the number of arms and ultimately by the available gain
bandwidth of the active material. While SQW structures (GaAs based) provide gain bandwidth of tens
of nanometres, the usage of MQW structures can provide a wider gain bandwidth. This effect is typically
used in superluminescent diodes where MQW structures with varying thickness and/or composition are
used. The drawback of "stretching" the gain bandwidth is the reduction in the gain amplitude, which
corresponds to a reduced lasing output power. Hence a trade-off must be made between output power
and gain bandwidth.

Tunable Sampled-grating lasers

The second approach uses SG structures to obtain wide wavelength tuning from a single laser cavity. In
this work, passive and active cavity simulations were presented, with the Transfer matrix model used
to design the SGs. The coupled mode equation was then used to simulate the active cavity during
wavelength tuning. The presented theory together with these simulation tools provide design approach
of SG lasers, having single mode operation over a desired tuning range.

Different vertical structures were fabricated including a SQW structure with a 1st order grating, providing
the highest coupling coefficient of 𝜅 = 500 cm−1. The drawback of this structure was however a large
far field angle of about 41∘ which limits the usability of these devices. This was compensated by using
a DQW based structure, with a 1st order grating and a wider n-cladding layer. This improved structure
emits higher output powers, provides a reduced yet suitable coupling coefficient of about 250 cm−1,
with a narrower far field angle of 24∘. 2nd order gratings were also developed on the SQW and DQW
structures, however they provided a reduced output powers and lower coupling coefficients than the 1st

order gratings.
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Based on the design parameters and the developed vertical structures, SG laser devices were manufactured
providing up to 70 mW of output powers from diffraction limited beams. By operating a single SG heater,
up to 21 nm of discrete wavelength could be obtained. When operating both heaters, 23.5 nm of quasi-
continuous tuning was achieved. These laser sources serve as the first demonstration of GaAs based SG
lasers.

An excellent agreement was observed between the simulated and the measured performance of these
devices. This includes the designed reflectivity spectra, tuning behaviour, tuning range and single mode
operation.

A SG laser provide wide wavelength tuning from a single cavity, in comparison to the multi-arm laser
sources. This being said, a more sophisticated tuning scheme is needed, in particular if a continuous
tuning is required. This is in contrast to the simpler tuning scheme of the multi-arm lasers. Another
drawback of SG lasers is the two-step MOVPE processes, which increases the risks of contamination
between the two steps and requires a cleaning process in between.

Further development

The developed SG lasers were designed to emit single mode over a 23 nm tuning range. This tuning
range can be made larger by reducing the period difference between the front and the back SG. E.g. by
having a difference of ∆Λ = 4 𝜇m, a tuning range of 30 nm can be expected. Obviously, as the tuning
range is increased, the system must be adjusted accordingly to maintain single mode operation.

The obvious next step of this work is to apply the phase section to obtain fully continuous wavelength
tuning. In particular, this requires a programmable tuning scheme which controls both SG heaters and
the phase section to adjust the longitudinal mode position accordingly.

Another interesting approach of further developing SG lasers is to combine SGs with a Y-branch structure,
where a SG would be positioned at the front section and with two SGs at each end of the two arms. The
front SG would define the center wavelength, while the other two SGs would be spectrally displaced by
a ±𝑅𝑀𝑆/2. Such a structure could potentially provide about two times the tuning range obtained from
a regular SG laser.

Master oscillator power amplifier systems

Compact hybrid MOPA systems were demonstrated in this work, that combines wavelength tuning from
MOs with high output power from TPAs. A hybrid configuration was used instead of a monolithic one
for different reasons, particularly as it enables the optimization of the two components separately. In
regard to tunable MOPA systems, the motivation was to minimize thermal and optical feedback between
the MO and PA. As the micro-heaters induce relatively large temperature gradients, and as the PA is
injected with multiple amperes of current, spacing the MO and PA apart reduces the thermal decoupling.
Such a feedback is expected from a monolithic device, which could cause strong output power variation
during the wavelength tuning and/or drift of the emitted wavelengths.

Separating the MO and PA also reduces the optical feedback as back propagating light, that is not
guided through the waveguide structure, is less likely to reach the MO. Another method of reducing
optical feedback is to use high (30%) front facet reflectivity of the MOs, which reduces the coupling
between the back reflected light from the PA into the MO. This configuration also increases the photon
circulation time inside the MO cavity, providing overall improved lasing stability. This being said, a too
large reflectivity (60%) caused instabilities as was seen in the case of the SG MOPA system.

The drawback of a hybrid configuration is the need for the coupling between the two components. This
was done using micro-lenses that require positioning with high precession, which limits mass production
of such devices. Having power variations during the wavelength tuning is perhaps acceptable in some
applications, and thus the development of monolithic tunable MOPA systems would still be interesting
within the photonic community.
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Tapered power amplifiers

A TPA was used to amplify the tunable emission of the MO due to different reasons. TPAs utilize a
RW section to define a narrow beam waist, while the tapered section provides high output power. In
the case of a MOPA system, the RW structure of these amplifiers provides spatial filtering of the seeded
light which is another advantage. These devices can provide tens of watts of output powers from nearly
diffraction limited beams.

The MO of this work utilize thermal wavelength tuning, which as already discussed causes a power drop
during the tuning process. To avoid a similar power drop in the MOPA systems, the PAs were over-
seeded in order to obtain a uniform amplification during the wavelength tuning. The applied TPAs have
a saturation power of about 15 mW, and by seeding them with 20 to 30 mW, saturation was maintained
even during the (< 10%) power drop during wavelength tuning.

The same discussion of using MQWs can be applied in PA structures, however with more emphasis on
the trade-off between the gain bandwidth and amplitude. The TPAs used in this work have a DQW
structure with ∼ 30 nm of gain bandwidth. This was chosen as it fits the realized tuning ranges of the
different MOs. PA structures (and high power diode lasers) utilize MQWs of similar dimension to obtain
an increased gain amplitude at the cost of a gain bandwidth shrinkage. Ideally, a PA should have a broad
(and flat) gain spectrum providing uniform amplification of all the seeded wavelengths, but in reality a
trade-off must be made between those two parameters.

Y-branch based MOPA system

Among the constructed MOPA systems of this work, a high power MOPA system that utilizes a Y-
branch DBR-RW laser was described and characterized. It provides emission at two wavelengths: 𝜆left =
973.67 nm and 𝜆right = 975.91 nm with a spectral linewidth below 17 pm. This laser emits 5.5 W of
output power, with a 𝑀2

1/𝑒2 = 2.2 in the slow axis, resulting in a power in central lobe of about 4 W

(72%).

Each of the MO arms provides 7.5 nm of quasi-continuous wavelength tuning with mode hops of the
order of 52 pm. As the two DBR gratings were spectrally spaced apart by 2.23 nm, 9.7 nm of combined
wavelength tuning could be obtained. Over this tuning range, an almost constant output power was
maintained, with power variations of only 0.5% and 0.2% from the left and right arms, respectively. The
stability of this device was demonstrated over 1 hour, with power fluctuations below 0.03% and a constant
emission wavelength within a resolution of 17 pm.

In addition, the developed MOPA system offers simultaneous dual-wavelength emission and tuning from
both arms. During this tuning, single mode operation was maintained, and a power stability < 0.1% was
observed during a 1 hour of period.

SG-based MOPA system

Another MOPA system was demonstrated with a SG laser as MO. By operating a single SG heater, a
discrete wavelength tuning of 21.1 nm could be obtained with a SG mode spacing of about 2.3 nm. By
operating both SG heaters, 23.5 nm of quasi-continuous wavelength tuning was obtained with a mode
spacing of about 𝛿𝜆 = 115 pm. Over this tuning range, a power variation between 0.5 and 1.0 W was
observed.

The PA of this system, in particularly the RW section was injected with smaller amount of current
(𝐼RW = 5 mA) in comparison to the Y-branch MOPA system (𝐼RW = 300 mA). This was done to avoid
self-lasing effects that were seen from the SG-MOPA system at high amplifier currents. This is believed
to be caused by a cavity arising between the front facets of the MO and PA. This effect is expected to
be stronger in the SG-MOPA system, due to its unique reflectivity spectrum with up to a 60% front
reflectivity.

Future work should therefore consider minimizing these self-lasing and instability effects, e.g. by reducing
the reflectivity of the front SG or by introducing an optical micro-isolator between the MO and PA. An
isolator will considerably reduce the feedback from the PA into the MO, which could potentially lead to
higher output powers without wavelength instabilities.
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The strong power variation during the wavelength tuning was explained by a detuning between the gain
curves of the MO and PA. Therefore, tailored PA structures should be developed, which matches the
wide tuning range of the SG lasers, at a certain operation temperature.

Further development

The discussion about applying MQW structures could indeed provide a broader gain bandwidth leading
to wider wavelength tuning, with the obvious consequence of reducing the gain amplitude. This approach
could still be worth investigating, where the reduced output power could be compensated by using two
or multiple cascaded amplification stages. While multiple amplification stages are likely to introduce
instabilities, this could be compensated by the use of optical micro isolators between some or all of the
different components.

Status of this work

This work targets a "classical" wavelength which is used to pump Erbium-doped fiber amplifiers (EDFA)
in optical-telecommunication, and to generate blue laser light by means of SHG. This being said, few high
power tunable diode lasers can be found around this wavelength. In this section, the status of this work
(tuning range and output power) is compared to other types of tunable diode lasers emitting between
800 and 1100 nm, i.e. GaAs based lasers. This is shown in Fig. 10.1 for lasers with nearly diffraction
limited beams, and the corresponding tuning parameters are summarized in Table 10.1.

The Y-branch lasers of this work provide up to 250 mW of output powers with 9.7 nm of combined
tuning from both arms. This suggests that a six-arm laser with optimized spectral spacing between its
six gratings can provide up to 6 × 7.5 nm = 45 nm of tuning range. These two cases are shown as black
and red stars in Fig. 10.1, respectively. Likewise, the developed SG laser is included in Fig. 10.1 as blue
stars, providing 23.5 nm of tuning at an output power of about 70 mW.

In comparison, the widest tuning range of GaAs based light sources is obtained from VCSEL lasers with
a MEMS structure. These lasers can provide up to 100 nm of tuning range at up to 850 kHz of sweeping
rates. The drawback of these light sources is their low output powers which typically lies ≤ 1 mW.

Another challenger to the presented light sources of this work is the so-called V-cavity laser. These light
sources emit narrow linewidths around 850 nm, have a small footprint and offers 11.4 nm of electrically
controlled tuning range [110].

The main adversary is the external cavity laser where mechanical movement of a an external grating
selects and tunes the wavelength. Fig. 10.1 shows six cases of such configurations (triangles), including
three commercially available systems. An external cavity configuration can potentially provide as wide
tuning as the total gain bandwidth. The output power depends on the cavity structure, and with a
TPA structure a couple of watts can be obtained, see Table 10.1. The drawback of these structures is the
mechanical adjustments needed and the typically shoebox size footprint. Although only three commercial
lasers are shown in Fig. 10.1, a numerous amount of lasers can be bought at these wavelength, offering
somewhat lower output powers and/or narrower tuning ranges.

The three MOPA systems of this work are shown as squares in Fig. 10.1, which provide some of the highest
output powers between the shown lasers. This being said, an external grating configuration combined
with the TPAs of this work could potentially offer wider tuning with similar output powers.

In conclusion, the presented light sources of this work provide a few hundreds of milliwatts of output
power with relatively wide electrically controlled wavelength tuning. With a MOPA configuration, the
output power of these light sources can be increased up to the watt level, while maintaining the small
footprint and tuning. This makes these light sources suitable for integration into compact optical systems.
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Figure 10.1: Output power and tuning range of different GaAs based lasers.

Table 10.1: Tuning specifications of different GaAa based tunable lasers as indicated in Fig. 10.1.
Type Author Tuning [nm] Range [nm] Power

Y-branch This work 9.7 973.7 - 983.4 250 mW
(Optimized Six-arm) – (6 × 7.5) (950 - 995) 200 mW

SG – 23.5 962.0 - 985.5 70 mW
DBR-RW MOPA This Work 5.5 971.8 - 977.3 6.2 W
Y-branch MOPA – 9.7 973.7 - 983.4 5.5 W
6-arm MOPA – 9.4 971.3 - 980.7 3.5 W
SG MOPA – 23.5 962.0 - 985.5 1.0 W
VCSEL 1 Jayaraman et al. [111] 100 1005 - 1105 1 mW
VCSEL 2 John et al. [47] 64 1018 - 1082 0.4 mW
VCSEL 3 Huang et al. [112] 17 837 - 854 0.5 mW
V-cavity Wei et al. [110] 11.4 858.8 - 881.2 20 mW

External cavity 1 Jensen et al. [45] 75 1018 - 1093 2.5 W
External cavity 2 Chinn et al. [113] 23 828 - 851 35 mW
External cavity 3 Chi et al. [44] 19 793 - 812 1.9 W
Commercial 1 Toptica Photonics [114] 70 910 - 980 80 mW
Commercial 2 Toptica Photonics [115] 25 845 - 870 3 W
Commercial 3 Sacher Lasertechnik [116] 15 970 - 985 2 W

113



Applications

The demonstration of high power MOPA systems with electrically controlled wavelength tuning is suitable
for upconversion applications. This was demonstrated as the wavelength tuning provided a method for
obtaining wide IR upconversion from e.g. 6 to 7 𝜇m.

In addition, diode lasers offer pulsing and modulation capabilities which could be interesting to utilize
within upconversion applications. Instead of a constant wave (CW) pump source, having a certain time
window (synchronized with e.g. a QCL laser) at which upconversion occurs would reduce upconversion
of background thermal radiation, leading to an improved noise performance of the system.

The work presented in this thesis is targeted IR upconversion detection, however the developed light
sources can also be used in other type of applications. Tunable high power diode lasers are interesting
in other non-linear frequency conversion applications such as optical parametric oscillator (OPO). These
cavity based laser sources are used to generate two sets of photons; an idler and a signal, both lying in
the IR range. Such light sources are typically pumped by fiber lasers emitting around 1 𝜇m, although
diode pumped OPOs has been demonstrated [117].

In a similar fashion to upconversion, OPOs are tuned by temperature change or by rotating the non-
linear crystal to fulfil different phase matching conditions. In both cases, this is a slow process and in the
latter mechanical movement is required. Alternatively, a tunable high power pump source would not only
reduce the overall size and complexity of an OPO system, but also offer an easy and quick method for IR
wavelength tuning. This being said, the demonstrated output powers of the MOPA systems in this work
are still too low, and power scaling is therefore necessary before such an implementation. In addition, it
is preferable to have a pump source with continuous tuning to avoid having missing IR regions, which is
important in IR absorption spectroscopy applications.

Dual- or even multiple-wavelength tunable laser sources are also interesting in different applications,
particularly in tunable THz generation. In such applications, THz radiation can be generated by focusing
two laser wavelengths at a photoconductive material that generates THz waves by means of difference
frequency generation. Thus compact and tunable THz sources could be realized by using tunable multi-
wavelength laser sources.

LIDAR applications would also benefit from having high power lasing emission at multiple near IR
wavelengths. For these applications, it would be interesting to investigate the switching speed between the
individual MOPA arms, as this will determine how quick a measurement of on/off absorption resonance
can be made.

While the tuning range of the demonstrated SG lasers are too narrow and their tuning speeds are too
low for high resolution OCT applications, they might still be useful in some low resolution OCT systems.
The advantage could be the combination of "moderate" tuning range with high output power from a
compact laser source. This being said, OCT systems require continuous wavelength tuning, which could
be achieved from a SG lasers by applying the phase section.
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Appendix A

Etching depth

The effect of the etching depth of the RW structures used in chapter 3 to 5 will be investigated next. This
is done by comparing two (similar) lasers from two different wafers, both based on the vertical structure
described in chapter 3. The two wafers differ however by having different RW etching depth; One with
a flat (average depth ≈ 1232 nm ± 19 nm) and another with a deep etch (≈ 1372 nm ± 19 nm), see
Fig. A.1. These values were measured using a P16+ surface profiler from KLA-Tencor with a 0.6 nm
resolution [118], and the ± variation correspond to the SDOM.

(a) (b)

Figure A.1: Measured RW etching depths in [nm] of the flat (a) and deep (b) etched wafers.

In terms of optical waveguiding, the difference between the flat/deep etching corresponds to a difference in
the effective index of refraction ∆𝑛eff of the ridge, which is larger for the case of the deeply etched wafer.
A larger ∆𝑛eff provides a better confinement of the mode within the waveguide structure as described in
Sec. 2.2.

This investigation was carried on Y-branch DBR-RW lasers with a Sinusoidal S-bends, see chapter 4. It
considers only the left arm of the two lasers, as comparable results were obtained from both the left and
the right arms of Y-branch lasers. In addition, in order to keep this investigation simple, only the spatial
characteristics are considered in this appendix.

Spatial characteristics

The normalized lateral intensity distributions of the near fields at different injection currents are shown
side-by-side in Fig. A.2. Both lasers show "Gaussian-like" near field profiles, with the flat etched laser
having a broader side-lope compared to the deeply etched laser.

Likewise, the measured far field profiles are shown side-by-side in Fig. A.3. In the case of the flat etched
laser, two "puddles" are seen at low powers which merges together at higher output powers. In the case
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of the deeply etched laser, a broad high intensity peak was observed with some neighbouring peaks, with
a shape that does not change considerably with increasing output powers.

Figure A.2: Normalized near field profiles of the investigated lasers at different injection currents.

Figure A.3: Normalized far field profiles of the investigated lasers at different injection currents.

Summary

Based on this comparison, the deeply etched laser will be the favourite due to its better spatial perfor-
mance, particularly seen in the far field profiles in Fig. A.3. The overall better beam quality obtained
from this laser is explained by the higher ∆𝑛eff , which provide a better mode confinement, see Sec. 2.3.
Obviously, the better beam quality would be preferential in MOPA systems and in most other applica-
tions. Based on this investigation, the described lasers of chapter 3 to 5 were all based on the the deeply
etched wafer.
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Appendix B

Fitting of the internal parameters

In this appendix, the model used to obtain the internal parameters is described according to [52]. Fig. B.1
to B.4 shows examples of the fittings used to obtain the internal parameters.

The developed vertical structure of chapter 3 was characterized by measuring the threshold current and
estimating the slope efficiency under pulsed mode with 1 𝜇s current pulses at a repetition rate of 1 kHz.
The differential efficiency 𝜂D was determined using the output power 𝑃0 expression above threshold 𝐼𝑡ℎ

𝑃0 = 𝜂D
ℎ𝜈

𝑞
(𝐼inj − 𝐼th) for 𝐼inj > 𝐼th , (B.1)

where ℎ is Planks constant, 𝜈 is the frequency, 𝑞 is the elementary charge and 𝐼inj is the injected current.
Note that this is under the assumption that the frequency/wavelength is known.

This was done for a 1 mm long laser with a stripe width of 𝑤 = 100 𝜇m; a threshold current 𝐼th =
158 mA, a slope efficiency 𝑆 = 0.60 W/A, and a differential efficiency of 𝜂D = 0.94 were determined.
Under the same excitation conditions, the same parameters were determined for devices with 𝑤 = 100 𝜇m
width but with 9 different resonator lengths: 𝐿 = [400, 600, 800, · · · , 1800, 2000] 𝜇m. After obtaining
these parameters at different lengths, one can determine the internal quantum efficiency 𝜂i and internal
loses 𝛼i using the relationship

1

𝜂D
=

𝛼i

𝜂i ln
(︁

1
𝑅f𝑅b

)︁𝐿𝑐𝑎𝑣 +
1

𝜂i
, (B.2)

where 𝑅f and 𝑅b are the FM/BM’ power reflectivity. For cleaved facet lasers upon GaAs, the product
𝑅f ×𝑅b ≈ 0.32. In practice, the reciprocal of the measured differential efficiencies are plotted as function
of the laser length 𝐿, and fitted with a linear fit. The slope and the intercept of the linear fit can
determine/estimate 𝛼i and 𝜂i, respectively. After obtaining the internal losses, one can determine the
modal gain Γ𝑔0 according to the relationship

Γ𝑔0 = 𝛼i +
1

𝐿𝑐𝑎𝑣
ln

(︂
1

𝑅f𝑅b

)︂
= 𝛼i + 𝛼m , (B.3)

where 𝛼m is the mirror loss. Next, one can construct the modal gain versus the current density as
𝐽th = 𝜂i𝐼th/(𝑤𝐿). The threshold modal gains Γ𝑔𝑡ℎ can be calculated by

Γ𝑔𝑡ℎ = 𝛼𝑖 +
1

𝐿𝑐𝑎𝑣
ln

(︂
1

𝑅f𝑅b

)︂
, (B.4)

for each resonator length 𝐿, once the internal loss 𝛼𝑖 is found. Thus, it is possible to construct the modal
gain versus current density characteristic for the laser from these threshold values. This characteristic is
usually fitted well to an exponential of the form

𝐽 = 𝐽TR exp

(︂
𝑔

𝑔0

)︂
, (B.5)

in order to obtain the transparency current density 𝐽TR and the gain parameters 𝑔0.
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Different parameters depends on temperature, and in general more current is required both for threshold
and the increment above threshold as the temperature is increased. The threshold current generally
contains three factors which have a significant temperature dependence; the transparency carrier density
𝑁tr ∝ 𝑇 , the gain parameter 𝑔0 ∝ 1/𝑇 and the internal loss 𝛼𝑖 ∝ 𝑇 . The transparency carrier density
is increased and the gain parameter is reduced because the injected carriers spread over a wider range
in energy at higher temperatures. The increased internal loss results from the required higher carrier
densities for threshold.

Therefore, the threshold current can be approximately modelled by

𝐼 ′th = 𝐼𝑡ℎ exp

(︂
∆𝑇

𝑇0

)︂
, (B.6)

where 𝑇0 is some overall characteristic temperature, and both temperatures are given in degrees Kelvin,
K. Note that small values of 𝑇0 indicate a larger dependence on temperature (since 𝑑𝐼𝑡ℎ/𝑑𝑇 = 𝐼𝑡ℎ/𝑇0).

Figure B.1: Output power as function of the injection current for a 100 and 200 𝜇m wide, 1000 𝜇m long
BA laser.

Figure B.2: ln (𝐽𝑡ℎ/𝐽0) as function of reciprocal resonator length for a 100 and 200 𝜇m wide, 1000 𝜇m
long BA laser.

118



Figure B.3: Reciprocal differential efficiency as function reciprocal resonator length for a 100 and 200 𝜇m
wide, 1000 𝜇m long BA laser.

Figure B.4: Emission wavelength (triangles) and threshold current (circles) at different temperatures, for
a 100 𝜇m wide, 1000 𝜇m long BA laser.
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Appendix C

Effective cavity length

The longitudinal mode spacing for a SG-DBR laser can be described as

𝛿𝜆 =
𝜆2
0

2𝑛𝑔𝐿𝑐𝑎𝑣
=

𝜆2
0

2𝑛𝑔 (𝐿𝑓𝑟𝑜𝑛𝑡,𝑒𝑓𝑓 + 𝐿𝑔𝑎𝑖𝑛 + 𝐿𝑝ℎ𝑎𝑠𝑒 + 𝐿𝑏𝑎𝑐𝑘,𝑒𝑓𝑓 )
, (C.1)

which describes the mode spacing inside a cavity consisting of a gain section and phase section, plus an
additional penetration into each SG. In this section, these penetration / effective lengths of the gratings
are described.

In the following, consider the simple case of a three mirror laser, consisting of a front facet with reflectivity
𝑟1, a back reflectivity of 𝑟3, and a transition between an active and a passive section with reflectivity 𝑟2,
see Fig. C.1.

Figure C.1: Schematic of a three mirror laser (external cavity) with effective mirror to model the external
part.

The transmission coefficient across the interface 𝑡2 includes any scattering or coupling loss, so that in
general 𝑟22 + 𝑡22 ̸= 1. Fig. C.1 also shows an equivalent two mirror cavity, which replaces the passive
section by an effective mirror with reflectivity 𝑟𝑒𝑓𝑓 . The value of 𝑟𝑒𝑓𝑓 can be derived as

𝑟𝑒𝑓𝑓 = 𝑟2 +
𝑟22𝑟3 exp

(︁
−2𝑖𝛽𝑝𝐿𝑝

)︁
1 + 𝑟2𝑟3 exp

(︁
−2𝑖𝛽𝑝𝐿𝑝

)︁ . (C.2)
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By implementing eq. (C.2) into the threshold expression one gets

Γ𝑔𝑡ℎ = 𝛼𝑖 +
1

𝐿𝑎
ln

(︂
1

𝑟1 | 𝑟𝑒𝑓𝑓 |

)︂
, (C.3)

where Γ and 𝛼𝑖 are averages taken over the active section of the cavity only. This is valid as any losses
encountered in the passive section are contained in 𝑟𝑒𝑓𝑓 .

Next, the threshold condition is specified for the round-trip phase with

𝑟𝑒𝑓𝑓 =| 𝑟𝑒𝑓𝑓 | exp (𝑖𝜑𝑒𝑓𝑓 ) , (C.4)

and assumes that both 𝑟𝑒𝑓𝑓 and 𝑟1 are positive and real. The round-trip phase must thus satisfy

exp (−2𝑖𝛽𝑎𝐿𝑎)) exp (𝑖𝜑𝑒𝑓𝑓 ) = 1 , (C.5)

which translates into 2𝛽𝑎𝐿𝑎−𝜑𝑒𝑓𝑓 = 2𝜋𝑚. Taking the derivatives of all variables depending on frequency
one obtains

𝑑𝛽𝑎𝐿𝑎 −
1

2
𝑑𝜑𝑒𝑓𝑓 = 𝜋𝑑𝑚 . (C.6)

The spacing between adjacent modes is found by setting 𝑑𝑚 = 1 and solving for 𝛽𝑎:

𝑑𝛽𝑎 =
𝜋

𝐿𝑎 − 1
2
𝑑𝜑𝑒𝑓𝑓

𝑑𝛽𝑎

. (C.7)

In the above expression, the cavity length that defines the mode spacing includes the length of the active
section, plus an additional factor depending on how the effective mirror phase changes with frequency.
This forms the base for the effective length quantity. As 𝜑𝑒𝑓𝑓 explicitly depends on 𝛽𝑝 and not 𝛽𝑎, the
effective length is often defined as

𝐿𝑒𝑓𝑓 = −1

2

𝑑𝜑𝑒𝑓𝑓

𝑑𝛽𝑝
. (C.8)

In the general case of a grating based laser:

𝐿𝑒𝑓𝑓 = −1

2

∂𝜑

∂𝛽
, (C.9)

which can be obtained by different means [52]. In addition, the effective length can be described in terms
of the coupling coefficient of the grating [91]

𝐿𝑒𝑓𝑓 =
1

2𝜅
tanh (𝜅𝐿𝑔) . (C.10)
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Appendix D

Convergence test

In this chapter, the grid size (resolution) used in the software Fimmwave is investigated. Fig. D.1
shows a convergence test of the transmission as function of the applied calculation resolution and the
corresponding grid size 𝑛𝑥. Convergence is observed at around a resolution of 1 𝜇m, where the variation
of the transmission coefficients is of the order of only 6 × 10−3%. This being said, the results shown in
chapter 4 were obtained using a resolution of 0.5 𝜇m, just to ensure that the resolution is around half the
investigated wavelength. Ideally, the resolution should be at least a quarter of the wavelength, however
due to the relatively large structures (≈ 3 mm), this makes the calculations very time consuming.

Figure D.1: Calculated transmission coefficients of the two main modes propagating through a Y-branch
structure as function of the applied calculation resolution.
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Appendix E

Photographs of the developed lasers

Figure E.1: Photograph of a Y-branch laser with two micro-heaters (farthest left) above the grating section.

Figure E.2: Photograph of a four-arm laser.

Figure E.3: Photograph of a six-arm laser.
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Figure E.4: Photograph of the DBR-RW based MOPA system.

Figure E.5: Photograph of the Y-branch based MOPA system.
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Figure E.6: Photograph of the bonding scheme for the current injection of the Y-branch laser.

Figure E.7: Photograph of the SG based MOPA system.
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Appendix F

Matlab code of the Transfer matrix

model

In the following, the Matlab function used to obtain the SG reflectivity spectra is shown. It requires
three input parameters: number of periods m, grating length g and period length p. The function returns
six parameters: the reflectivity R, the wavelength axis lambda, the maximum reflectivity Rmax, effective
length Leff, the propagation parameter b and the phase.

function [R,lambda,Rmax,Leff,b,phase] = P_vs_g(m,g,p)

figure(1)

hold on

%% variables

lambda_s=0.950; % wavelength axis start

lambda_e=1.0; % wavelength axis end

nlambda=10000; % wavelength resolution

lambda=zeros(1,nlambda);

R=lambda; Q=lambda;

z_grating=g;

for i=1:nlambda;

lambda(i)=lambda_s+i*(lambda_e-lambda_s)/nlambda;

%% constants

lambda0=0.976;

alpha0=0;

n0=3.424;

ng=4;

n=n0+(n0-ng)/lambda0*(lambda(i)-lambda0);

%% Propagation parameter beta

b(i)=2*pi*n./lambda(i)+1i*alpha0/2;

b_0=2*pi*n0/lambda0;

Delta_b=b(i)-b_0;

%% Coupling coefficient kappa [1/cm]

phi=0;

kappa=200/1e4; % Coupling coefficient kappa [1/cm]

kappa_p=kappa*exp(-1i*2*pi*phi);

kappa_m=kappa*exp(1i*2*pi*phi);

%% T matrix for sections with grating: kappa not 0

y=sqrt((Delta_b).^2-kappa_p.*kappa_m);

T_grating=[cos(y*z_grating)-1i*Delta_b.*sin(y*z_grating)./y,-1i*kappa_p.*sin(y*z_grating)./
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y;1i*kappa_m.*sin(y*z_grating)./y,cos(y*z_grating)+1i*Delta_b.*sin(y*z_grating)./y];

%% T matrix for section without grating: kappa=0

z_no_grating=p-z_grating; % length of grating

phi=0; %b*z_no_grating;

kappa=0; % 1/cm

kappa_p=kappa*exp(-1i*2*pi*phi);

kappa_m=kappa*exp(1i*2*pi*phi);

y=sqrt((Delta_b).^2-kappa_p.*kappa_m);

if lambda(i)==lambda0

T_no_grating=[1,0;0,1];

else

T_no_grating=[cos(y*z_no_grating)-1i*Delta_b.*sin(y*z_no_grating)./

y,-1i*kappa_p.*sin(y*z_no_grating)./y;1i*kappa_m.*sin(y*z_no_grating)./

y,cos(y*z_no_grating)+1i*Delta_b.*sin(y*z_no_grating)./y];

end

%% Combined T matrix

T=(T_grating*T_no_grating)^m;

phase(i)=angle(T(1,2)/T(2,2));

tt(i)=abs(T(1,2)/T(2,2))^2;

end

%% Reflectivity

R=tt;

Rmax=max(R)*100;

lambda=lambda*1000;

%% Plot the reflectivity spectrum

figure(1)

hold on

plot(lambda,R)

%% Phase

phase=transpose(phase);

b=transpose(b);

R=transpose(R); lambda=transpose(lambda);

%% Effective length

Leff1=-1/2*diff(phase)./diff(b);

x=find(lambda==976);

Leff=Leff1(x);
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Appendix G

Sampled-grating reflectivity models

In this chapter, a comparison is made between the applied Transfer matrix (TM) model to simulate
the reflectivity spectra and the analytical SG model by Jayaraman et. al which is based on a Fourier
component analysis. This comparison does not illustrate the analytical model as it is described elsewhere
[91]. Instead it simply shows why the TM model is preferred in cases where the coupling coefficients
exceeds 𝜅 > 200 cm−1.

By using the two methods, the simulated reflectivity spectra were obtained for a Λ𝑠 = 50 𝜇m long period,
with a grating of length 𝐿𝑔 = 10 𝜇m, having 𝑚 = 20 periods for 𝜅 = 200 cm−1, see Fig. G.1. As can be
seen, the analytical model provides unrealistic reflectivity values above 100%.

Figure G.1: Simulated peak reflectivity using the analytic and the TM model.

The maximum reflectivity for 𝜅 = [100/200/300] cm−1 at different grating lengths is shown in Fig. G.2.
As can be seen, higher coupling coefficients provide peak reflectivities > 1, and this deviation is increased
even further for longer grating lengths.

Finally, the simulated FWHM using the two models is considered. This is shown in Fig. G.2 for the three
different coupling coefficients. The TM model provides linear dependence between the FMWH and the
grating length. In the case of the analytic model, a deviation is observed at some grating lengths.

These results suggests that the analytic model provides correct reflectivity values for a certain range of
SG parameters. In comparison, the TM model provides realistic reflectivity values even for large coupling
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coefficients. Therefore, the TM was chosen to simulate the reflectivity spectra shown in chapter 7. The
advantage of the analytic model however, is the simple expressions it provides for the different SG design
parameters such as; peak reflectivity, the bandwidth of a certain peak, the penetration depth ect.

Figure G.2: Simulated peak reflectivity (at 976 nm) as function of the grating length, for 𝜅 =
[100/200/300] cm−1, obtained using the TM and the analytic model.

Figure G.3: Simulated FWHM of the main reflectivity peak (at 976 nm) as function of the grating length,
for 𝜅 = [100/200/300] cm−1, obtained using the TM and the analytic model.
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Appendix H

Facet coating

In this section, some of the measured facet reflectivities are shown. Fig. H.1 shows an AR back and
a 30% front facet coating used for the DBR-RW and the Y-branch lasers that were implemented into
MOPA systems in chapter 8. Likewise, Fig. H.2 shows the AR coating of the front/back facets a SG-DBR
laser. These devices were AR coated to minimize Fabry–Pérot modes and to maximize the effects of the
developed SGs in chapter 7.

Figure H.1: Reflectivity curves of the back (left) and front (right) facets at different wavelengths used for
the MOs.

Figure H.2: Reflectivity curves of the back and front facets at different wavelengths used for the SG-DBR
lasers.
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