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Abstract

The subject of this thesis is the analysis of the factors limiting the efficiency of
high power broad area (BA) distributed feedback (DFB) lasers, in comparison
to conventional BA lasers. During this work it will be shown how high power
conversion efficiency in the ∼ 60 % range can be achieved from 10 W-class
wavelength stabilized ∼ 100µm stripe DFB-BA lasers – values close to those
of state of the art Fabry-Pérot (FP) BA lasers.

The work is structured as follows. Firstly, the factors limiting the ef-
ficiency of real DFB-BA lasers are identified. Secondly, these factors are
reduced close to their fundamental physical limitations by identifying an ap-
propriate laser design and by the development of an improved fabrication
technology. Thirdly, high efficiency, high power DFB-BA lasers are fabri-
cated using the new design and buried overgrowth technology as are refer-
ence FP-BA lasers to the same epitaxy design grown in a single stage epitaxy,
which will be used for comparison. Subsequently, the properties of the newly
developed DFB-BA lasers and reference lasers are experimentally analyzed
in terms of threshold current, slope efficiency, optical output power, voltage
drop, power conversion efficiency, spectral properties, spatial emission prop-
erties and reliability. Selected experimental results are compared to theory.

In order to identify how design limits the efficiency, a coupled-mode-
theory-based numerical calculation of the threshold gain and differential
quantum efficiency of DFB-BA lasers is presented – with the influence of
the facet phases treated by approximation. Based on these calculations it is
shown that a low coupling strength (κ · L ≤ 1 for coupling coefficient κ and
cavity length L) is required to achieve a high differential quantum efficiency.
It is further shown that in this range, the differential quantum efficiency and
threshold gain should be comparable for FP-BA lasers and DFB-BA lasers.

In addition, this work reviews previously published studies on DFB-BA
lasers, where the power conversion efficiency was typically reduced com-
pared to appropriate reference FP-BA lasers because of an excessive coupling
strength of the DFB grating, additional internal optical loss from the grating
region, radiation loss from higher-order gratings or due to higher voltage. The
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reduction of the power conversion efficiency can be nearly completely elimi-
nated as follows: Firstly, the internal optical loss in the DFB-BA lasers must
be reduced to the value of an efficient FP-BA laser by using an optimized
DFB grating design and fabrication technology. Secondly, the radiation loss
should be negligible. Thirdly, the differential quantum efficiency must be
increased by reducing the coupling strength so that the DFB resonator loss
equals the mirror loss of an efficiency optimized FP-BA laser. Finally, the
DFB grating has to be optimized to enable carrier transport without any
excess series resistance.

Two experimental iterations were performed, that made use of succes-
sively improved design and technology. During the first iteration, an AlGaAs-
based epitaxy design optimized for efficient high power lasers was developed
which is suitable for the integration of the DFB grating. A DFB grating de-
sign was developed based on two aluminum-free layers and an in-situ etching
technique inside the epitaxy reactor was utilized for the fabrication, leading
to low losses. The coupling strength was κ ·L ∼ 1. It is shown that the devel-
oped DFB-BA lasers and reference FP-BA lasers have comparable internal
optical loss, internal quantum efficiency and transparency current density.
The oxygen contamination in the grating region was reduced to < 1017 cm−3

for optimized in-situ etching parameters. This is of particular importance
because oxygen contamination can lead to the formation of deep level trap
states. Optimized DFB gratings, developed in the second iteration of this
work, have a floating grating design which allows to eliminate any excess
voltage from the buried overgrown DFB grating and enable the fabrication
of DFB-BA lasers with exactly the same voltage-current characteristics as
obtained from the reference FP-BA lasers. The coupling strength of the
DFB grating was reduced to κ · L ≈ 0.2.

These newly developed DFB-BA lasers achieve for the first time world-
wide 10 W optical output power (> 12 W at 15 A) and both 62 % peak power
conversion efficiency and 58 % at 10 W. Compared to reference devices to
the same epitaxy design, the power conversion efficiency is now reduced by
only ∼ 5 %. Wavelength stabilization is demonstrated with this DFB-BA
lasers from threshold to 15 A with a narrow spectral width of < 0.8 nm with
95 % power content. For some devices, additional side modes appear in the
optical spectrum. These Bragg modes are shown to arise from higher-order
vertical modes of the waveguide. The factors limiting the spectral width were
also experimentally studied. The spectrum contains many separate lines and
spectrally resolved lateral near field and far field measurements show that
most arise from a regular series of lateral modes, which dominate the spec-
tral width. These lateral modes are found to be stable and reproducible in
their spectral and spatial distribution. One ore more longitudinal modes are
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also observed. To confirm comparability with industrial applications, a reli-
ability test was performed with four devices operating over > 8000 h at 10 W
optical output power.

In the experimental analysis, the spectral detuning between the Bragg
wavelength of the DFB grating and the gain peak wavelength was found
to have an important impact on the roll-over of the power-current charac-
teristics, threshold current, slope efficiency, power conversion efficiency and
spectral properties of high power DFB-BA lasers. A significant reduction in
the suppression of higher-order waveguide modes was observed compared to
the reference FP-BA lasers because higher-order modes typically have higher
coupling coefficients which lead to comparatively low threshold currents. At
high current levels and output powers, lasing on FP-like modes at the gain
peak must be suppressed by using a very low front facet reflectivity at the
wavelength range of the gain peak, which requires a specific optimization of
the reflectivity spectrum.

In conclusion, during this work, the factors limiting the efficiency of DFB-
BA lasers compared to state of the art FP-BA lasers have been identified and
largely eliminated. DFB-BA lasers and reference FP-BA lasers now differ in
power conversion efficiency by just 5 %, with the spectral detuning between
the Bragg wavelength of the DFB grating and the gain peak wavelength
playing an important role. Possibilities for the further improvement of the
spectral properties and power characteristics over a wide ∼ 15 A current
range are discussed.





Kurzfassung

Das Thema dieser Arbeit ist die Analyse der Faktoren, welche die Effizienz
von leistungsstarken Breitstreifen (BA) distributed feedback (DFB) Lasern
im Vergleich zu konventionellen BA Lasern limitieren. Im Rahmen dieser
Arbeit wird gezeigt, wie eine hohe Konversionseffizienz von ∼ 60 % bei einer
Leistung von 10 W mit ∼ 100µm breiten wellenlängenstabilisierten DFB-
BA-Lasern erzielt werden kann. Dabei handelt es sich um Effizienz- und
Leistungswerte wie sie mit aktuellen Fabry-Pérot (FP) BA-Lasern erzielt
werden.

Diese Arbeit ist folgendermaßen strukturiert: Zunächst werden die Fakto-
ren identifizieren, welche die Effizienz realer DFB-BA-Laser limitieren. Zwei-
tens werden diese Faktoren bis nah an ihre jeweilige physikalische Grenze
verringert, in erster Linie durch eine geeignete Struktur der DFB-Laser und
durch die Entwicklung einer verbesserten Technologie zu deren Herstellung.
Drittens werden hocheffiziente, leistungsstarke DFB-BA-Laser basierend auf
der neuen Struktur und Technologie durch epitaktisches Überwachsen her-
gestellt, sowie in einer einzigen Epitaxie gewachsene Referenz-FP-BA-Laser
mit dem gleichen Epitaxie Design, welche später zu Vergleichszwecken die-
nen. Anschließend werden die Eigenschaften der neu entwickelten DFB-BA-
Laser und Referenz-Laser bezüglich ihres jeweiligen Schwellenstroms, An-
stiegs, ihrer Spannung, optischen Leistung, Konversionseffizienz, spektralen
Eigenschaften, Abstrahlungscharakteristik und Lebensdauer analysiert. Aus-
gewählte experimentelle Ergebnisse werden mit theoretischen Resultaten ver-
glichen.

Um untersuchen zu können wie das Design die Effizienz von DFB-BA-
Lasern limitiert, wird eine auf der Theorie gekoppelter Moden basierende
numerische Berechnung des Schwellengewinns und der differentiellen Quan-
teneffizienz von DFB-BA-Lasern präsentiert, in welcher der Einfluss der Pha-
senbeziehung zwischen den Facetten und dem letzten Gitterstreifen nähe-
rungsweise berücksichtigt wird. Basierend auf dieser Berechnung wird ge-
zeigt, dass die Verwendung einer geringen Kopplungsstärke (κ · L ≤ 1, mit
dem Koppelkoeffizienten κ und der Resonatorlänge L) erforderlich ist um
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eine hohe differentiellen Quanteneffizienz erzielen zu können. Weiterhin wird
gezeigt, dass mit DFB-BA-Lasern eine vergleichbar hohe differentielle Quan-
teneffizienz wie mit Referenz-BA-Lasern gleichen Schwellengewinns erreicht
werden kann.

In dieser Arbeit wird analysiert, dass die Konversionseffizienz von DFB-
BA-Lasern, deren Ergebnisse überwiegend vor Beginn dieser Arbeit publi-
ziert wurden, gegenüber Effizienz-optimierten konventionellen BA-Lasern ty-
pischerweise aufgrund einer zu hohen Kopplungsstärke des DFB Gitters, zu-
sätzlicher interner optischer Verluste im Gitterbereich, durch Strahlungsver-
luste bei Bragg-Gittern höherer Ordnung oder eine erhöhte Flussspannung
reduziert war. Auf folgende Weise kann die Reduktion der Konversionseffizi-
enz fast vollständig eliminiert werden: Erstens müssen die internen optischen
Verluste in den DFB-BA-Lasern durch die Verwendung verlustarmer DFB-
Gitter und Herstellungs-Technologien auf das Niveau effizienter BA-Laser
reduziert werden. Zweitens müssen die Strahlungsverluste vernachlässigbar
gering sein. Drittens muss die differentielle Quanteneffizienz durch Reduzie-
ren der Kopplungsstärke des DFB-Gitters erhöht werden, so dass die DFB-
Resonatorver-luste den Spiegelverlusten eines Effizienz-optimierten FP-BA-
Lasers gleichen. Schließlich muss das DFB-Gitter für einen Ladungsträger-
transport ohne zusätzlichen Serienwiderstand optimiert werden.

Es wurden zwei experimentelle Iterationen durchgeführt, die auf schritt-
weisen Verbesserungen des Design der DFB-Gitter und deren Herstellungs-
Technologie basieren. Während der ersten Iteration wurde ein auf AlGaAs
basierendes, für effiziente, leistungsstarke Laser optimiertes Epitaxie-Design
entwickelt, welches zugleich für die Integration des DFB Gitters geeignet ist.
Weiterhin wurde ein Design für ein aus zwei Aluminium-freien Halbleiter-
schichten bestehendes DFB-Gitter entwickelt, dass sich durch geringe Verlu-
ste auszeichnet. Für dessen Herstellung wird unter anderem ein in-situ Ätz-
verfahren innerhalb des Epitaxie-Reaktors verwendet. Die Kopplungsstärke
des DFB-Gitters betrug κ · L ∼ 1. Es wurde gezeigt, dass die entwickel-
ten DFB-BA-Laser und Referenz-FP-BA-Laser vergleichbare interne opti-
sche Verluste, interne Quanteneffizienz und Transparenzstromdichten besit-
zen. Die Sauerstoff-Kontamination im Bereich des Gitters konnte für geeig-
nete in-situ Ätzparameter auf < 1017 cm−3 reduziert werden. Diese Tatsache
ist von besonderer Bedeutung, da Sauerstoff zur Bildung tiefer Störstellen
führen kann.

Im Rahmen der zweiten Iteration hergestellte DFB-Gitter bestehen aus
voneinander isoliert liegenden Gitterstegen, wodurch ein zusätzlicher Span-
nungsabfall durch das überwachsene Gitter vollständig eliminiert werden
konnte. Dies ermöglicht die Herstellung von DFB-BA-Lasern welche die glei-
chen Strom-Spannungs-Kennlinien wie die Referenz-FP-BA-Lasern besitzen.
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Zusätzlich wurde die Kopplungsstärke des DFB-Gitters auf κ ·L ≈ 0.2 redu-
ziert.

Die neu entwickelten DFB-BA-Laser erzielen erstmalig optische Leistun-
gen bis zu 12 W und eine maximale Konversionseffizienz von 62 %. Am 10 W-
Arbeitspunkt beträgt die Konversionseffizienz bis zu 58 %. Im Vergleich zu
Referenzlasern welche auf dem gleichen Epitaxiedesign basieren, ist die Kon-
versionseffizienz um nur noch ∼ 5 % reduziert. Mit diesen DFB-BA-Lasern
wurde eine Wellenlängen-Stabilisierung zwischen dem Schwellenstrom und
15 A mit einer geringen Spektralbreite von < 0.8 nm mit 95 % Leistungs-
gehalt demonstriert. Einige dieser Laser wiesen zusätzliche Seitenmoden im
optischen Spektrum auf, welche auf vertikale Wellenleitermoden höherer Ord-
nungen zurückgeführt werden konnten. Auch die Faktoren welche die spek-
trale Breite der DFB-BA Laser bestimmen wurden experimentell untersucht.
Die Spektren bestehen aus vielen scharfen spektralen Linien. Messungen der
spektral aufgelösten Nah- und Fernfelder haben gezeigt, dass diese spektra-
len Linien auf Serien lateraler Moden zurückzuführen sind, welche die Breite
des Spektrums maßgeblich bestimmen. Diese lateralen Moden zeigten sich
bezüglich ihrer spektralen und räumlichen Verteilung als stabil und repro-
duzierbar. Auch konnte in Abhängig vom injizierten Strom das Auftreten
einer einzigen oder mehrerer longitudinaler Moden festgestellt werden. Um
die Vereinbarkeit dieser Laser mit industriellen Anwendungsmöglichkeiten zu
belegen, wurde ein Lebensdauertest bei einer optischen Ausgangsleistung von
10 W über > 8000 h durchgeführt.

Im Rahmen der experimentellen Analyse der DFB-BA-Laser konnte fest-
gestellt werden, dass die spektrale Verschiebung zwischen der Bragg-Wellen-
länge des DFB Gitters und dem Maximum des Gewinnspektrums einen be-
deutenden Einfluss auf das Überroll-Verhalten der Strom-Leistungs-Kennlinie,
auf den Schwellenstrom, die Steilheit der Leistungskennlinie, Konversionsef-
fizienz und die spektralen Eigenschaften hat. Weiterhin wurde eine signi-
fikant geringere Unterdrückung von vertikalen Wellenleitermoden höherer
Ordnungen im Vergleich zu den FP-BA-Referenz Lasern beobachtet, welche
sich aus der Tatsache ergibt, dass die Moden höherer Ordnungen typischer-
weise höhere Koppelkoeffizienten aufweisen, was zu vergleichsweise geringen
Schwellenströmen führt. Im Bereich hoher Ströme und Leistungen müssen
Laser-Oszillationen auf FP-artigen Moden am Gewinnmaximum durch die
Verwendung einer sehr geringen Reflektivität der Frontfacette im Wellenlän-
genbereich des Gewinnmaximums unterdrückt werden, was eine spezifische
Optimierung des Reflektionsspektrums erfordern kann.

Die Faktoren welche die Effizienz von DFB-BA-Lasern im Vergleich zu
FP-BA-Lasern vom aktuellen Stand der Technik limitieren, konnten identi-
fiziert und überwiegend eliminiert werden. Nunmehr weisen DFB-BA-Laser
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gegenüber Referenz-FP-BA-Lasern eine lediglich um ∼ 5 % reduzierte Kon-
versionseffizienz auf, wobei die spektrale Verschiebung zwischen der Bragg-
Wellenlänge des DFB Gitters und dem Maximum des Gewinnspektrums von
besonderer Bedeutung ist. Möglichkeiten für eine weitere Verbesserung der
spektralen Eigenschaften und der Leistungs-Charakteristik über einen weiten
Strombereich von ∼ 15 A werden diskutiert.
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Introduction

The subject of this work is the analysis and mitigation of the factors, limiting
the performance and especially, the power conversion efficiency in high power
distributed feedback (DFB) semiconductor lasers, compared to conventional
high power lasers. The work is based on theoretical considerations and the
development of a laser structure which is optimized for high power conversion
efficiency operation of distributed feedback semiconductor lasers.

Until the beginning of this work, wavelength stabilized DFB lasers are
experimentally found to be substantially degraded compared to conventional
high power lasers in terms of the achievable optical output power, voltage
and power conversion efficiency [Yor92], [Sch09a], [Sch09b]. Some appreciable
improvement in the development of high power, high efficiency DFB lasers
has been reported by Kanskar et al. in 2006 [Kan06]. On the one hand,
the reasons for the degradation of the DFB lasers are unclear and very little
studied to date. On the other hand, technical progress in the development of
high power, high efficiency wavelength stabilized diode lasers is expected to
be of a significant industrial importance [Roh09], [Hua11], [Gra12], [Hei12].
This makes it an appropriate subject for a detailed physical and technical
study.

The aim of this work is to gain theoretical knowledge about the physical
limitations to the power conversion efficiency of DFB lasers, improvement
in the development of adequate laser designs and experimental experiences
with the operation of highly efficient DFB lasers. Because of the following
practical reasons, DFB lasers are not exclusively optimized for a maximum
power conversion efficiency in this work: Firstly, high optical output powers
in the ∼ 10 W range are required for many possible applications and can be
already achieved with conventional semiconductor diode lasers without spec-
tral stabilization. Secondly, the wavelength stabilization and the spectral
width should be significantly improved, compared to conventional semicon-
ductor diode lasers. Thirdly, the spatial emission properties, such as the
divergence angle of the laser beam, must be at least comparable to what is
achieved with conventional semiconductor diode lasers. Therefore, all these
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additional properties must be considered during the development and have
to be investigated with the devices. Taking into account additional require-
ments limits the design options and must also be considered to possibly limit
the achievable power conversion efficiency.

A motivation, why it is desirable to improve the power conversion effi-
ciency of DFB lasers, can be derived from the technological requirements
to semiconductor lasers for a selection of important industrial applications.
DFB lasers and other semiconductor diode lasers with wavelength stabiliza-
tion and narrow spectral width can be utilized for applications, where a
narrow spectral width or a weak dependence of the emission wavelength on
changes of the ambient temperature or injection current is required. One
kind of such applications is the pumping of narrow absorption bands in the
gain media of solid state lasers, fiber lasers and fiber amplifiers. Another
example is the need to increase the optical output power of laser systems
for the direct application of multiple semiconductor diode lasers, focused
into a large mode area optical fiber. In both cases, the output power can
be further increased by use of spectral beam combining [Sev08], [And09],
[Roh09], [Hua11], [Gra12], [Hei12]. One typical example is the pumping of
the ∼ 976 nm absorption bands of ytterbium (Yb) doped crystals and ger-
manosilicate glasses (as Yb3+-ion). Paschotta et al. [Pas97] discuss the advan-
tages and disadvantages of pumping fiber-amplifiers, based on Yb-doped ger-
manosilicate glass, at the comparatively narrow ∼ 976 nm absorption band
with a high absorption cross-section, instead of the broad absorption peak be-
tween 870 and 950 nm, used conventionally. Semiconductor diode lasers with
wavelength stabilization can be used to replace conventional diode lasers,
light-emitting diodes (LEDs) or even less efficient lamps as pump sources in
kW-class solid state or fiber laser systems [Vai08], [Hu09], [Köh09], [Pat09],
[Vai10], [Wol11], [Köh12], [Gal12] or used in direct diode applications [Koe11],
[Wol11], [Coh09]. In the context with such applications, increasing the power
conversion efficiency of the whole laser system by a more efficient pumping
scheme and by an increased efficiency of the pump source can drastically
decrease the power consumption.

Wavelength stabilized diode lasers with a narrow spectral width can be
obtained by the use of different concepts, such as external wavelength stabi-
lization, by use of a distributed Bragg reflector (DBR) or DFB. For external
wavelength stabilization, one facet of the laser is anti-reflection (AR) coated
and an externally adjusted mirror is used to obtain optical feedback just
over a very narrow spectral range. A grating, for example a volume Bragg
grating (VBG) [Sch07], [Cru12c], or a Fabry-Pérot (FP) etalon can be used
for this application. Nevertheless, external wavelength stabilization requires
a very precise and stable fine-adjustment of the optical elements, a compar-
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atively huge amount of space and is therefore cost-intensive. The applica-
tion of DBR or DFB lasers with monolithic integrated (on-chip) wavelength-
selective feedback-elements has many advantages in terms of stability, place
requirement and costs. Both concepts which allow monolithic integration –
DBR and DFB – have in common, that they function on the basis of Bragg
reflection. Indeed, the Bragg reflector in a DBR laser is a passive optical
element, which is not pumped electrically. In contrast, a DFB grating in a
one-section diode laser is an active optical element because the whole region
is electrically pumped. From this reason, DBR and DFB lasers have a differ-
ent behavior under changes of the injection current I. In opposite to a DFB
grating, a DBR is not directly heated by the thermal dissipation loss. As
a consequence, the temperature-induced refractive index-change in the DBR
region and the wavelength change of the laser wavelength λ, is smaller than
for a DFB laser. Thus, DBR and DFB lasers have a comparable dependence
of the laser wavelength on the ambient temperature dλ/dT ∼= 0.07 nm K−1

but DFB lasers have a stronger dependence of the laser wavelength on the
injection current dλ/dI.

For this work, goals have been defined, which are based on technical re-
quirements for possible applications of such diode lasers. These goals are
to achieve a continuous wave optical output power of ≥ 10 W with a power
conversion efficiency of ≥ 60 %, a spectral width of ≤ 0.3 nm and a vertical
beam divergence of ≤ 45 ◦, both with 95 % power content. Furthermore,
the following limitations have been made: This work concerns the develop-
ment and analysis of DFB lasers. DBR lasers and diode lasers with external
wavelength-stabilization have not been considered. The limitation was made
on the basis of already published experimental results on efficient DFB lasers
in the ≤ 5 W range [Kan06], as well as on the basis of promising experimental
results with conventional FP diode lasers [Kan05], [Kni05] and DFB gratings.
The targeted power range also requires the use of broad-area (BA) lasers,
which typically have a contact stripe width of 50 to 200µm. A stripe width
of ≈ 100µm is optimum for coupling the emitted power into standard 100µm
core optical fibers. In contrast to narrow stripe ridge-waveguide (RW) lasers
with a typical contact stripe width of 2 to 8µm, BA lasers operate in mul-
tiple higher-order optical modes in the transverse in-plane (epitaxy-plane)
direction (lateral direction) of the laser cavity. Thus, for high optical out-
put powers, disadvantages in the beam quality have to be accepted. Several
industrial applications such as pumping and many material processing appli-
cations do not require a high beam quality, which is characterized by a beam
parameter product [Ren92], [Sie98], [Eic04], [Hod05] value M2 ≈ 1. DBR
or DFB tapered diode lasers would be another approach for high power lev-
els and of better beam quality than a BA laser, but with disadvantages for
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the power conversion efficiency and have not been considered. Limitations
were also made concerning the DFB grating itself. Second-Bragg-order DFB
gratings will be used, because this allows one to enlarge the grating period
by a factor of two. Furthermore, only refractive index DFB gratings, will be
used, which are formed by a modulation of the refractive index with a cer-
tain period along the longitudinal direction of the diode laser. In principle,
DFB can be also achieved by introducing a modulation of gain or loss with
a certain period along the longitudinal direction [Kog71], [Kog72], [Luo90],
[SZA00]. Gain or loss gratings are preferred for DFB lasers, if a high side-
mode suppression ratio (SMSR) must be achieved [Kam01], for example in
telecommunication applications. A high SMSR is not critical for efficient
high power DFB-BA lasers and is therefore not considered here.

Using DFB-BA lasers for the development of wavelength stabilized high
power lasers with a power conversion efficiency close to the theoretical limits
has some advantages and disadvantages and requires to overcome technical
difficulties. The following advantages are crucial factors for the decision to
use DFB-BA lasers for the approach, mentioned above: Firstly, DFB-BA
lasers with a buried overgrown DFB grating (no surface grating) can be sol-
dered and mounted like a conventional high power BA laser, because the
grating corrugation is thoroughly embedded inside the laser chip (in contrast
to a DBR surface grating, for example). Secondly, the fact that the DFB
grating is extended over the whole laser enables a design freedom in terms of
a wide range of possible coupling strengths, which can be translated into an
effective front facet reflectivity (identical mirror and DFB loss), if the rear
facet is high reflection (HR) coated and the front facet AR coated. Thirdly,
the demand on wafer area is smaller than for a DBR laser and roughly iden-
tical to a FP laser. The stronger dependence of the Bragg wavelength on
the injection current is a disadvantage, compared to a DBR laser. Technical
difficulties for the fabrication of a DFB-BA laser with a very high power
conversion efficiency must be expected in the lithographic structuring and
epitaxial overgrowth of the buried DFB grating, for example because of pos-
sible contamination with oxygen [Bug11], crystal defects [Bug11], incomplete
planarization of the growth surface and self-assembly of structured material
hetero-interfaces [And89], [Hof01], [Bug11]. In an ideal case, the monolithic
integration of the DFB grating should cause no degradation in the electrical
properties and internal loss of the laser, compared to a reference laser design
without the DFB grating and grown in a single, un-interrupted epitaxy.

This work is subdivided into three main chapters. In chapter 1 “Theoret-
ical foundation for high power distributed feedback lasers”, the differential
quantum efficiency, internal quantum efficiency, internal optical loss and se-
ries resistance are figured out to be critical parameters, possibly limiting the
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power conversion efficiency of DFB lasers. Experimental results, obtained
with DFB-BA lasers, fabricated until the beginning of this work, have shown,
that the slope efficiency of DFB-BA lasers is too low and the resistance too
high, compared to FP reference devices [Sch09a]. If one assumes that it is
possible to integrate a DFB grating into a laser structure without adding
significant series resistance, internal loss and without significant reductions
in the internal quantum efficiency (which is in fact essential), the coupling
coefficient, the cavity length and facet coatings determine the optical out-
put power from the front facet. For a DFB laser of a specific cavity length
with a HR coated rear facet and AR coated front facet mirror, the coupling
coefficient determines the value of the threshold current and slope efficiency,
analogous to the front facet reflectivity of a FP laser. Thus, the coupling co-
efficient must be chosen to achieve the optimum DFB resonator loss, like the
front facet reflectivity of a FP laser can be adjusted for an optimum mirror
loss, adequate to achieve the maximum optical output power at a specific
injection current. Coupled mode theory [Kog72], [Str75], [Str77], [Kaz85],
[Wen06] is used to derive the coupling coefficient and threshold conditions
for a DFB laser with a second-order index grating [Kaz85]. Based on these
calculations, threshold gain and differential quantum efficiency can be deter-
mined. The influence of the phase relation between the last grating stripe
and the facet is studied and a simple a-priori approach is motivated which is
assumed to solve this problem for BA lasers.

In chapter 2 “DFB-BA laser review”, experimental results and theoretical
findings on DFB-BA lasers are reviewed which have been published before
the beginning of this work. The aim of this chapter is to draw relevant
conclusions for the development of high efficiency, high power DFB-BA lasers
from the state of the art technology.

Chapter 3 “Experimental and theoretical results from iteration I” de-
scribes in detail, how an epitaxy design for a laser waveguide is developed,
which offers promising prospects to fabricate high power, high efficiency ref-
erence lasers (without a DFB grating) and is, as well, suitable for the inte-
gration of a DFB grating. Reference FP-BA lasers are fabricated from this
material and the power-voltage-current (PUI) characteristics, spectral prop-
erties, spatial emission characteristics are investigated. Indeed, these FP-BA
reference lasers were found to reach power conversion efficiencies of > 60 %
at 10 W output power. Afterwards, the development of a DFB grating, op-
timized for high power, high efficiency DFB-BA lasers is explained and the
manufacturing and optimum coupling strength is discussed. Fabricated DFB-
BA lasers have a record high peak power conversion efficiency up to 59 % and
> 50 % at 10 W. Experiments prove that the internal loss and internal quan-
tum efficiency of the DFB-BA lasers are comparable to the FP reference
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lasers. Compared to FP reference lasers, the DFB-BA lasers are still slightly
degraded due to a lower slope efficiency and an increased series resistance.
Further improvement of the performance of DFB-BA lasers is analyzed to
be possible in all likelihood by reducing the coupling strength for a higher
slope efficiency and by a DFB grating design which enables a better charge
transport through it and thus, reduces the series resistance. Experimental
results for the threshold current and slope efficiency are in good agreement
with the values which have been obtained with coupled mode theory and BA
laser approximation. Results from the first experimental iteration have been
published in [Sch10a], [Sch10b], [Cru10] and [Wen11].

A second experimental iteration has been executed, because the results
from iteration I have shown, that the power conversion efficiency and spec-
tral properties of DFB-BA lasers can be further optimized. The results are
presented in chapter 4 “Experimental and theoretical results from iteration
II”. Firstly, a concept for the improvement of the electro-optical properties
of DFB-BA lasers is discussed. Secondly, a DFB grating, further optimized
for a lower series resistance and an even smaller coupling coefficient for a
higher slope efficiency is developed. Afterwards, fabricated DFB-BA lasers
are investigated and an increase of the peak power conversion efficiency to
> 60 % and up to 59 % at 10 W is observed. A very low reflectivity of the
front facet is found to be crucial for a sufficient wavelength stabilization of
these low-coupled high efficiency DFB-BA lasers. A high material quality
in the re-grown grating region enables reliable operation of DFB-BA lasers
over > 5000 h at 10 W output power. Results from the second experimental
iteration were reported in [Sch11], [Cru11a] and [Cru11c].

In chapter 5, the gained results are evaluated on the basis of other pub-
lications about DFB lasers and one publication about high power DBR-BA
lasers. Finally, the results of this work are summarized and conclusions are
drawn, how the performance of DFB broad area lasers can be further im-
proved.



Chapter 1

Theoretical foundation for high
power distributed feedback lasers

The aim of this chapter is to provide the theoretical background which is required
to comprehend how factors, limiting the efficiency of DFB lasers were identified,
and how high power, high efficiency DFB lasers can be developed. The chapter
begins with definition of the power conversion efficiency and continues with the
calculation of the optical output power and electrical power consumption of an
in-plane edge emitting diode laser. This calculation is done for a Fabry-Pérot
laser with reflecting mirrors at both ends of the cavity. Most of the definitions
are also valid for DFB lasers. If this is not the case, it is mentioned and adequate
definitions are derived later in this chapter. Based on these calculations, it is
shown, how a high peak power conversion efficiency can be achieved in com-
bination with a high optical output power. Afterwards, it is discussed, how in
practice parameters can be optimized for a high optical output power and low
electric power consumption. The impact of dissipated power on selected laser
properties is discussed subsequently.

In the second part of the chapter, the principle of distributed feedback is
introduced and the calculation of coupling coefficients for second-order DFB
gratings is derived. Afterwards, the threshold condition for DFB lasers is derived
in order to calculate the threshold current and slope efficiency. An approximation
for broad are lasers is motivated and numerical calculations for broad area lasers
are explained. Finally, the threshold gain and differential quantum efficiency is
compared between a DFB-BA laser and a FP reference laser and consequences
onto the power and efficiency characteristics are discussed.
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1.1 Power conversion efficiency

1.1.1 Power conversion efficiency in DFB and FP lasers

The power conversion efficiency describes the fraction of power that has been
obtained by a conversion process from an original nature of power into an-
other nature of power. In real physical processes, the conversion efficiency is
< 1 and a fraction from the original amount of power is not converted into
the wanted nature of power but into further natures of power, which is often –
heat. Power conversion and the related achievable conversion efficiency are of
an enormous importance for many natural an technical processes. To achieve
higher power conversion efficiencies in technical processes is expected to be
an essential contribution to decreasing the net energy consumption. In this
work, the power conversion efficiency ηpc of a semiconductor laser is defined
as the amount of optical power Popt that can be generated from an original
amount of electric power input into the device Pel. The electric power is
defined as the product of the diode voltage U(I) and the current I, which is
injected into the device.

ηpc(I) =
Popt(I)

Pel(I)
=

Popt(I)

U(I) · I
(1.1)

The overall amount of electric power that is required to operate a semi-
conductor laser in an experiment or in an industrial application is higher
because of the need of additional power for the electric power supply, tem-
perature stabilization as well as due to the electrical resistance of external
electrical connections. Nevertheless, the power conversion efficiency of the
diode laser is a convenient measure because it is a physical variable with
good comparability and is the ultimate limit in a system.

For the optimization of the power conversion efficiency, the optical power
Popt(I) has to be maximized and the voltage drop U(I) to be minimized. In
this work, high optical output power is also targeted. This requires an ac-
cordingly high injection current I. Therefore, both, Popt(I) and U(I) have to
be optimized especially in the range of injection currents, where high optical
output power can be achieved. In the following subsections the optical output
power of an edge emitting in-plane diode laser will be derived, as well as the
voltage drop over the diode. With the results gained, the peak power con-
version efficiency and the corresponding optical output power is calculated.
The calculations allows to study the influence of individual parameters that
affect the power conversion efficiency.
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1.1.2 Optical output power

Understanding the power conversion efficiency ηpc requires to derive the op-
tical output power Popt and the electrical power consumption Pel of a diode
laser. In this subsection, the optical output power is calculated, based on
the derivation presented in [Col95]. The derivation is valid for an edge emit-
ting in-plane diode laser with a waveguide structure and reflecting mirrors,
defining the cavity. Thus, it is a derivation for FP lasers. Nevertheless, most
of the considerations are always true for DFB lasers where a periodic mod-
ulation of the index of refraction along the cavity axis provides the major
optical feedback. It will be explicitly denoted, if an equation is not valid for
a DFB laser. The corresponding relations for DFB lasers are derived later in
this chapter.

Intuitively, the derivation must be based on the definition of rate equa-
tions for the generation and recombination of electrons and photons. Firstly,
one can define a rate equation for electrons that is valid inside the active re-
gion, which will be formed by one or more quantum wells. The time evolution
of the electron density N depends on the rate of injected and recombining
electrons Ggen and Rrec, respectively. The density of electrons, injected per
second into the active region of volume V is given by (ηiI)/(qV ). Here, I is
the electric current which is injected into the laser diode, ηi is the internal
quantum efficiency and q the charge of a single electron. It should be noted,
that the internal quantum efficiency is defined differently below and above
the lasing threshold. Below threshold, it indicates the fraction of electric
current that generates carriers inside the active region [Col95]. Therefore, it
is sometimes called an injection efficiency. In contrast, the internal quantum
efficiency above threshold is the fraction of current, which results in stimu-
lated emission [Col95]. The recombination of electrons is determined by the
rates for spontaneous recombination Rsp, nonradiative recombination Rnr,
carrier leakage Rl and stimulated recombination Rst. Thus one obtains,

dN

dt
= Ggen −Rrec (1.2)

Ggen =
ηiI

qV
(1.3)

Rrec = Rsp +Rnr +Rl +Rst. (1.4)

In the absence of generation and photons, the carrier recombination repre-
sents a natural decay with carrier lifetime τ , dN/dt = N/τ = Rsp +Rnr +Rl.
One can write

Rrec =
N

τ
+Rst. (1.5)
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The confinement factor of the active region is defined as Γ = V/Vp, where
Vp is the cavity volume which is occupied with photons. The photon rate
equation can be written as

dNp

dt
= ΓRst + ΓβspRsp −

Np

τp

, (1.6)

where Np is the photon density, βsp the spontaneous emission factor and τp

the photon lifetime in which the photon density decays in the absence of any
photon generation. The stimulated recombination rate Rst represents a gain
process for photons because it describes the photon stimulated recombination
of electrons and holes which generates more photons. With the gain per unit
length g and a cavity length element ∆z one can write

Np + ∆Np = Np eg∆z. (1.7)

For sufficiently small ∆z one can approximate eg∆z ≈ 1 + g∆z. With the
group velocity vg one can write ∆z = vg∆t and ∆Np = Np g vg ∆t, where
∆t is the time increment, a photon with group velocity vg needs to cover the
distance ∆z. For the photon generation one obtains(

dNp

dt

)
gen

= ΓRst = g vg Np. (1.8)

Thus, the new expressions for the carrier and photon density rate equations
are:

dN

dt
=

ηiI

qV
− N

τ
− g vg Np (1.9)

dNp

dt
= Γ g vg Np + Γ βsp Rsp −

Np

τp

. (1.10)

The threshold gain in a diode laser can now be derived in the following
way. The optical energy propagates in a dielectric waveguide mode. This
allows one to make the ansatz to express the electric field

−→
E with a transverse

field profile U(x, y) and a magnitude E0 that propagates along the cavity axes
z with the complex amplitude propagation constant β and angular frequency
ω in transverse electric (TE) polarization, indicated by the unity vector −→e y:

−→
E (x, y, z, t) = −→e y E0 U(x, y) ei(ωt−βz). (1.11)

The real part of the complex propagation constant β contains the dependency
on the effective index of refraction neff and wavelength λ, while the imaginary
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part contains any transverse modal gain Γxy g and loss αixy (both are related
to power).

β = <[β] + i=[β] =
2πneff

λ
+
i

2
(Γxyg − αi) (1.12)

It is now necessary to define the cavity length L and the amplitude reflectivity
of the front and rear facet mirror rf and rr. The threshold gain is reached,
when the gain in the active region compensates for all loss in the cavity due
to absorption and partially transmitting mirrors. After one roundtrip in the
cavity (after the field has covered a distance of 2L), the electric field must
replicate itself. From this requirement applied to equation 1.11, one obtains
the common threshold condition for a FP in-plane laser as

rfrr e−2iβthL = 1. (1.13)

With respect to equation 1.12, one can transform the complex equation 1.13
into two equations for its magnitude and phase. For the magnitude part one
obtains rfrr e(Γxy gth−αi)L = 1 and

Γgth = αi +
1

L
ln

(
1

rfrr

)
. (1.14)

The second summand in equation 1.14 is the mirror loss αm. With the power
reflectivities Rf = r2

f and Rr = r2
r one can write

αm =
1

2L
ln

(
1

RfRr

)
. (1.15)

For a DFB laser, the equivalent DFB resonator loss αDFB will be derived later
in this chapter. It depends on the optical feedback from the DFB grating, as
well as on optical feedback from the facet mirrors. Optical feedback in a DFB
laser or the DFB resonator loss can be compared to a FP laser by setting
αDFB = αm,eff , where αm,eff is an effective mirror loss. With a given rear facet
reflectivity, this allows to calculate an effective front facet reflectivity.

Above threshold, which is expressed here by the threshold current Ith,
both, the steady state gain and steady state carrier density clamp at its
threshold values.

g(I > Ith) = gth (1.16)
N(I > Ith) = Nth (1.17)

By using the steady-state carrier rate equation 1.3 at threshold (with Rst =
0), one obtains

ηiIth

qV
= (Rsp +Rnr +Rl)th =

Nth

τ
. (1.18)
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Above threshold, Rsp +Rnr +Rl clamps at its threshold value because it de-
pends monotonically on the carrier density N , which clamps at its threshold
value (equation 1.17). Substituting equation 1.18 into equation 1.10 gives
a new carrier rate equation which is valid only above threshold (I > Ith)
where the carrier density in the active region clamps at ist threshold value
N = Nth, so that (N −Nth)/τ vanishes, resulting in:

dN

dt
= ηi

I − Ith

qV
− vg g Np. (1.19)

Under steady-state condition above threshold one obtains

Np =
ηi(I − Ith)

q vg gth V
. (1.20)

The optical output power of a laser can be calculated from the product
of the optical energy in the cavity h ν Np Vp and the energy loss rate through
the mirrors, given by vg αm = 1/τm. Here, h is the Planck constant and
ν = ω/2π is the frequency.

Popt = vg αm Np h ν Vp. (1.21)

With equations 1.14 and 1.20 one obtains the common equation

Popt = ηd
hν

q
(I − Ith). (1.22)

The factor ηd = (ηi αm)/(αi + αm) in equation 1.22 is the differential quan-
tum efficiency ηd which determines the slope efficiency S = ((ηi αm)/(αi +
αm))(h ν/q) of a laser at a specific wavelength λ = c/ν:

ηd = ηi

(
αm

αi + αm

)
=

q

hν

dPopt

dI
. (1.23)

A maximum slope efficiency S = 1.2716 W A−1 can be theoretically obtained
at a wavelength of λ = 975 nm for αm →∞, ηi → 1 and αi → 0. For a DFB
laser, equation 1.22 remains true with the adequate differential quantum
efficiency which will be derived later in this chapter.

Now, a formula for the threshold current for a FP diode laser needs to
be derived, which is based on variables that can be obtained experimentally.
For positive gain g ≥ 0, the dependency of the gain on the carrier density N
can be approximated with a differential gain ∂g/∂N = g0/N [Col95] as

g = g0 ln

(
N

Ntr

)
. (1.24)
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The threshold carrier density can be calculated with equations 1.14 and 1.24
as

Nth = Ntr e(αi+αm)/(Γg0). (1.25)

In principle, this enables to derive a formula for the threshold current, based
on equation 1.18 and the polynomial expression for the recombination rates
in equation 1.5. For example, [Col95] argues, that in state of the art QW
diode lasers, the carrier recombination at threshold would be dominated by
spontaneous recombination and thus, with equation 1.18, one would obtain
Ith
∼= (BN2

th q V )/ηi. This argument is questionable. Instead of doing this, it
is common to replace equation 1.24 for the charge carrier density dependence
of the gain g(N) by an equation for the current density dependence of the
gain g(j), where j is the current density and jtr the transparency current
density:

g = g0 ln

(
j

jtr

)
. (1.26)

Note, that the gain coefficient g0 in equation 1.26 is different to g0 in equation
1.24. Consequently, one obtains in analogy to equation 1.25:

jth = jtr e(αi+αm)/(Γg0). (1.27)

The threshold current density jth and the threshold current Ith are therefore
given by the equations

jth
∼= jtr e(αi+αm)/(Γg0) (1.28)

Ith
∼= Itr e(αi+αm)/(Γg0), (1.29)

where Itr = jtrW L. The transparency current or current density can be
experimentally obtained from the cavity length dependence of the threshold
current and differential quantum efficiency [Col95].

1.1.3 Electrical power consumption

The electric power Pel of a diode laser is given by the product of the injection
current I and the voltage drop over the device U(I). The voltage charac-
teristics U(I) of a laser diode can be fractionized into a contribution from
the energy separation of the quasi-Fermi level which is here called the ideal
diode voltage Ud, an additional series voltage Us and a contribution from the
series resistance Rs [Col95]:

Pel(I) = U(I) · I = (Ud + Us +Rs · I)I. (1.30)
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Because of its dependence on the quasi-Fermi level energy separation, the
ideal diode voltage can be approximately calculated from the photon energy,
divided by the electron charge, Ud ≈ (hν)/q. For 975 nm lasers, one obtains
Ud = 1.272 V. The ideal diode voltage is therefore a lower limit for the
turn-on voltage of the laser diode. For typical laser diodes, a small series
voltage Us < Ud increases the turn-on voltage. In principle, the turn-on
voltage can be increased by a series voltage Us to the band-gap energy of the
highest band-gap material in the epitaxy structure, which is often, a cladding
layer on the p-side or n-side of the waveguide. For earlier InGaAs/AlGaAs
single quantum well lasers, Us ≈ 0.4V has been reported [Bou89] but in state
of the art AlGaAs-based quantum well lasers, the series voltage is smaller,
Us < 0.1V [Kni05].

The series resistance Rs determines the slope of the voltage drop U(I)
with increasing current I. Its value is determined by the resistivity of the
epitaxial layers and substrate, as well as by additional contributions from
interfaces. For this reason it must be expected, that the series resistance
of a DFB laser can be higher than the series resistance of a FP reference
laser, if the DFB grating is integrated into the device with incorporation
of additional epitaxial layers and corresponding hetero-interfaces. From a
practical point of view, the series resistance of a laser diode with contact
stripe width W , cavity length L and a known resistivity ρs can be calculated
as Rs = ρs/(WL).

1.1.4 How to achieve a high peak power conversion ef-
ficiency

Equations 1.1, 1.22 and 1.30 enable the calculation of the current dependence
of the optical output power Po(I), voltage U(I) and power conversion effi-
ciency ηPCE(I), abbreviated as PUI characteristics. In the beginning of this
section, such characteristics are calculated for variations of the front facet
reflectivity Rf , internal optical loss αi, series resistance Rs and series voltage
Us, in order to demonstrate their impact on the characteristics of the optical
power and power conversion efficiency. For this calculation, laser parameters
have been chosen according to promising values for a state of the art single
quantum well diode laser. The fixed physical variables are denoted in table
1.1.

In Fig. 1.1, calculated PUI characteristics are are depicted for FP-BA
lasers with additional fixed parameters Rs = 20 mΩ and Us = 50 mV. In
Fig. 1.1 (a) the influence of the optical feedback onto the optical power and
efficiency is demonstrated by increased the front facet reflectivity from 0.1
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Table 1.1: The physical variables, their notations and values, used in the compu-
tation example.

Variable Notation Value

Cavity length L 3000µm
Contact stripe width W 100µm
Reflectivity, rear facet Rr 98.00 %
Internal quantum efficiency ηi 0.95
Transparency current density jtr 150 A cm−2

Gain coefficient g0 2100 cm−1

Confinement factor Γ 0.7 %

to 10 %. The increase of the front facet reflectivity causes a decrease of the
threshold current and a decrease of the slope efficiency. In the high power
range at ∼ 10 W, decreasing the front facet reflectivity enables to achieve
higher powers and efficiencies, because the increase in the slope efficiency
more than compensates for the increase in threshold current. The peak power
conversion efficiency increases with decreasing optical feedback and is also
shifted towards higher currents and output powers. Low optical feedback is
therefore preferred for high power, high efficiency lasers. The validation of
this concept has to be controlled for DFB lasers, were the threshold current
and slope efficiency must be calculated in a different way.

The impact of the internal optical loss is shown in Fig. 1.1 (b). Therefore,
αi is increased from 0.5 to 2.0 cm−1. One observes, that the according increase
in the threshold current is nearly negligible, compared to the rapid decrease
of the slope efficiency. Because of being driven at currents significantly above
threshold, high power, high efficiency lasers require low internal optical loss.

Figure 1.2 shows calculated PUI characteristics for FP-BA lasers with
additional fixed parameters Rf = 2.0 % and αi = 1.0 cm−1. The influence
of the series resistance onto the voltage and efficiency is demonstrated in
Fig. 1.2 (a) between 20 and 30 mΩ. Because the series resistance determines
the slope of the voltage characteristics, its impact increases with the injection
current and is therefore of exceedingly importance for the efficiency of high
power lasers.
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Figure 1.1: Voltage, power and efficiency characteristics, calculated with param-
eters given in table 1.1 and Rs = 20 mΩ, Us = 50 mV. (a) Variation of the front
facet reflectivity Rf = 0.1, 2 and 10 %. (b) Variation of the internal optical loss
αi = 0.5, 1.0 and 2.0 cm−1.
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Figure 1.2: Voltage, power and efficiency characteristics, calculated with param-
eters given in table 1.1 and Rf = 2 %, αi = 1.0 cm−1. (a) Variation of the series
resistance Rs = 20, 25 and 30 mΩ. (b) Variation of the series voltage Us = 0, 50
and 100 mV.

The influence of the series voltage (or turn-on voltage, because the ideal
diode voltage has not been changed) onto the efficiency is demonstrated
in Fig. 1.2 (b). Naturally, to achieve low series voltage is an aim for the
improvement of all high efficiency lasers.

With the results from sections 1.1.2 and 1.1.3, the current dependence of
the power conversion efficiency ηpce(I) can be calculated for a simple model
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of an edge-emitting in-plane FP diode laser. This enables to analyze the
dependence of the power conversion efficiency on important laser parameters,
such as the cavity length L, the facet reflectivities Rf and Rr and the internal
optical loss αm. The aim of this work is to analyze the limiting factors to the
power conversion efficiency in order to practically achieve a very high power
conversion efficiency from ∼ 10 W high power DFB lasers. This requires the
lasers to be optimized to either reach the peak power conversion efficiency at
such high power levels or at least to offer a low drop of the power conversion
efficiency between the current at the peak power conversion efficiency I0 and
the operation current. It is therefore reasonable to analyze the dependence
of the peak power conversion efficiency on the laser parameters, mentioned
above.

The power conversion efficiency is defined as ηpce(I) = Popt/Pel and can
be expressed as a product of four factors with specific physical relevance
[Erb07]:

ηpce(I) = ηi ·
αm

αi + αm

· h ν/q

U0 + IRs

· I − Ith

I
. (1.31)

where the ideal diode voltage and the series voltage have been summed up
to the turn-on voltage U0 = Ud + Us. The first factor, which is the internal
quantum efficiency, indicates, how efficient the injected current above thresh-
old is used for the generation of stimulated emission. The second factor is
the optical efficiency of a FP laser and evaluates, the out-coupling from the
facets relative to the total loss of the cavity. Its definition is different for a
DFB laser. The third factor represents a drop in the efficiency due to extra
voltage which has to be applied because of the series resistance and series
voltage which raise the real voltage drop above the quasi-Fermi energy level
separation. Finally, the fourth factor describes a drop in the efficiency which
occurs due to the fact, that the threshold current has to be exceeded, before
stimulated emission dominates.

For the analysis of the peak power conversion efficiency, the current I0 at
which the power conversion efficiency ηpce(I) reaches its maximum has to be
calculated from dηpce/dI = 0 [Bou89]. One obtains

I0 = Ith

(
1 +

√
1 +

U0

IthRs

)
. (1.32)

For the peak value of the power conversion efficiency one calculates

ηpeak
pce = ηpce(I0) = ηd

(
hν

qU0

) U0

IthRs(
1 +

√
1 + U0

IthRs

) (1.33)
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and the optical output power at the peak power conversion efficiency is con-
sequently

P I0
opt = Popt(I0) = ηd

(
hν

q

)
Ith

√
1 +

U0

IthRs

. (1.34)

To analyze the influence of the optical feedback on the threshold current,
slope efficiency, optical output power at the peak power conversion efficiency
and the peak power conversion efficiency itself, these physical variables are
computed as functions of the cavity length for different values of the front
facet reflectivity Rf = 0.5, 1.0, 2.0 and 4.0 %. During the computation, the
internal optical loss was set to αi = 1.0 cm−1. The fixed physical variables
are denoted in table 1.2. Their values are selected, according to promising
values for a state of the art single quantum well diode laser.

Table 1.2: The physical variables, their notations and values, used in the compu-
tation example.

Variable Notation Value

Cavity length L 500, 600, . . . , 6000µm
Contact stripe width W 100µm
Reflectivity, rear facet Rr 98.00 %
Internal quantum efficiency ηi 0.95
Transparency current density jtr 150 A cm−2

Gain coefficient g0 2100 cm−1

Confinement factor Γ 0.7 %
Resistivity ρs 6 · 10−5 Ω cm−2

In Fig. 1.3, the resulting length dependence is depicted for the threshold
current (a), the slope efficiency (b), the optical output power at the peak
power conversion efficiency (c) and the peak power conversion efficiency it-
self (d). The threshold current as a function of the cavity length has a
characteristic local minimum at ∼ 0.15 cm and a quasi linear slope towards
longer resonator length. The minimum of the threshold current is shifted
to longer resonator length with decreasing front facet reflectivity (decreas-
ing optical feedback). The threshold-current increase with increasing cavity
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length has been fitted linearly between 0.3 and 0.6 cm, the coefficients are
given in Fig. 1.3 (a) for Rf = 0.5 and 4.0 %. For a 100µm stripe BA laser
at 10 W optical output power, the relevant cavity length is expected to be
in the 0.3 to 0.4 cm range (3000 to 4000µm), which corresponds to current
densities of 3667 and 2750 A cm2 if one assumes that the laser will have a
threshold current of 1 A and a slope efficiency of 1 W A−1. State of the art
high power single emitter diode laser can be operated at CW current densities
up to 5000 A cm2 [Kön10], [Bao11]. Thus, the evaluation of the computed
results should be focused 0.3 to 0.4 cm cavity length. The changes in the
threshold current are relatively low, compared to the absolute currents at
the peak power conversion efficiency I0 of 8.41 A at Rf = 0.5 % and 10.32 A
at Rf = 4.0 %.

The slope efficiency, depicted in Fig. 1.3 (b) decreases nearly linear with
increasing cavity length, the linear fitted coefficients (between 0.3 and 0.6 cm)
are given in Fig. 1.3 (b) for Rf = 0.5 and 4.0 %. An increasing front facet
reflectivity (increasing optical feedback) increases the negative slope of the
slope efficiency as a function of the cavity length. Figures 1.3 (a) and (b)
point out that there is a tradeoff between the aims to achieve a low threshold
current and a high slope efficiency by an optimization of the optical feedback.
For lasers, driven at a designated working current Iw substantially above
threshold (Iw ≥ 10 · Ith), a decrease of the slope efficiency due to an increase
in the optical feedback can have a dramatic impact on the optical power
Po(Iw) and efficiency ηPCE(Iw), overcompensating the effect of the reduced
threshold current.

The optical output power at the peak power conversion efficiency is a
very important parameter for the optimization of high power, high efficiency
lasers. Figure 1.3 (c) shows that the output power at the peak power con-
version efficiency increases with increasing cavity length for length above
≈ 0.1 cm for the computed cases. The slope is nearly linear with coefficients
given in Fig. 1.3 (c), fitted linear between 0.3 and 0.6 cm for Rf = 0.5 and
4.0 %.

Finally, the peak power conversion efficiency is depicted in Fig. 1.3 (d)
as a function of the cavity length. The peak power conversion efficiency has
a maximum whose position depends on the front facet reflectivity (optical
feedback) and whose value is here always the same (0.677), because it is lim-
ited by the same internal optical loss of αi = 1.0 cm−1. Above the maximum,
the peak power conversion efficiency decreases with increasing cavity length
nearly linear with coefficients, given in Fig. 1.3 (d), determined from linear
fits between 0.3 and 0.6 cm for Rf = 0.5 and 4.0 %. Thus, in the preferred
range of cavity lengths (0.3 to 0.4 cm) and with the given parameters, high
power conversion efficiencies of > 60 % can be achieved with all the front
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Figure 1.3: Analysis on the influence of the front facet reflectivity Rf on the power
and efficiency characteristics, αi = 1.0 cm−1. (a) Threshold current as a function
of the cavity length. (b) Slope efficiency as a function of the cavity length. (c)
Output power at the peak power conversion efficiency as a function of the cavity
length. (d) Peak power conversion efficiency as a function of the cavity length.

facet reflectivities, used for the computation.
A further calculation, varying the internal optical loss αi = 0.5, 1.0, 2.0

and 4.0 cm, has been carried out with the fixed physical variables, denoted
in table 1.2. For this computation, the front facet reflectivity was set to
Rf = 1.0 %. Figure 1.4 (a) shows the characteristics for the threshold cur-
rent. In contrast to increasing the front facet reflectivity, increasing the
internal optical loss causes higher threshold currents, of course. The thresh-
old increase with cavity length has been fitted linear between 0.3 and 0.6 cm,
the coefficients are given in Fig. 1.4 (a) for αi = 0.5 and 4.0 cm−1.

The slope efficiency characteristics are depicted in Figure 1.4 (b). While



1.1 Power conversion efficiency 21

0 . 0 0 . 2 0 . 4 0 . 6
0

1

2

3  αi  =  0 . 5 c m - 1

 αi  =  1 c m - 1

 αi  =  2 c m - 1

 αi  =  4 c m - 1

thr
es

ho
ld 

cu
rre

nt 
[A]

c a v i t y  l e n g t h  [ c m ]
 

 
( a )

1 . 8 0 A c m - 1
1 . 4 2 A c m - 1

- 0 . 2 2 W A - 1 c m - 1

- 0 . 6 7 W A - 1 c m - 1

0 . 0 0 . 2 0 . 4 0 . 6

0 . 6

0 . 8

1 . 0

1 . 2 ( b )

slo
pe

 ef
fici

en
cy 

[W
 A-1 ]

c a v i t y  l e n g t h  [ c m ]

0 . 0 0 . 2 0 . 4 0 . 6

5

1 0

1 5
( c )

 

op
tica

l p
ow

er 
at 

pe
k e

ffic
ien

cy 
[W

]

c a v i t y  l e n g t h  [ c m ]

1 7 . 5
W c m

- 1

6 . 5 W c m - 1

0 . 0 0 . 2 0 . 4 0 . 6
0 . 3

0 . 4

0 . 5

0 . 6

0 . 7

0 . 8
( d )

 
pe

ak
 po

we
r c

on
ve

rsi
on

 ef
fici

en
cy

c a v i t y  l e n g t h  [ c m ]

- 0 . 0 8 c m - 1

- 0 . 3 8 c m - 1

Figure 1.4: Analysis on the influence of the internal optical loss αi on the power
and efficiency characteristics, Rf = 1.0 %. (a) Threshold current as a function of
the cavity length. (b) Slope efficiency as a function of the cavity length. (c) Output
power at the peak power conversion efficiency as a function of the cavity length.
(d) Peak power conversion efficiency as a function of the cavity length.

increasing the internal optical loss, the slope efficiency decreases and its de-
crease with increasing cavity length becomes more pronounced. Thus, in-
ternal optical loss ≤ 1 cm−1 is preferred for high power lasers with cavity
lengths ≥ 0.3 cm (with the chosen fixed parameters), in order to achieve
slope efficiencies in the ∼ 1 W A−1 range or above. The decrease of the slope
efficiency with cavity length has been fitted linear between 0.3 and 0.6 cm,
the coefficients are given in Fig. 1.4 (b) for αi = 0.5 and 4.0 cm−1.

Figure 1.4 (c) shows the optical output power at the peak power conver-
sion efficiency as a function of the cavity length. The roughly linear increase
with the cavity length strongly depends on the internal optical loss. The
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gradients were fitted linear between 0.3 and 0.6 cm, the coefficients are given
in Fig. 1.4 (c) for αi = 0.5 and 4.0 cm−1.

Finally, the peak power conversion efficiency is depicted in Fig. 1.4 (d).
Its maximum strongly depends on the internal optical loss. The cavity length
at which it is reached increases with decreasing internal optical loss. Based
on the fixed parameters, optical loss ≤ 2 cm−1 is required in order to obtain
peak power conversion efficiencies ≥ 0.6 in the 0.3 to 0.4 cm cavity length
range.

1.1.5 Continuous wave power and efficiency character-
istics

Real diode lasers which are driven under continuous wave (CW) current in-
jection have power, voltage and efficiency characteristics, which deviate from
what has been derived in the first sections of this chapter. These deviations
occur due to the current and temperature dependence of important laser pa-
rameters. In some cases, these deviations are small and can be neglected, for
example close to threshold, where the diode laser is not significantly heated
and current induced effects are of minor importance.

The fraction of the electric power input that is not converted into optical
power output is called the dissipated power Pd and appears in form of heat
that increases the temperature inside the diode laser and especially, in the
active region. The exact temperature distribution depends on the design
of the diode laser, as well as on the mounting and cooling scheme. The
appearance of power dissipation is a consequence of the fact, that the power
conversion efficiency of a real diode laser is limited to a value below one.

Pd = Pel − Popt = (1− ηpc)Pel (1.35)

The power dissipation in the diode laser results in heating the device and
causes several, mostly unwanted physical effects. The actual temperature
increase ∆T in K is determined by the thermal resistance Rth in K W−1:

∆T = RthPd. (1.36)

For free running FP lasers, the most common temperature effects are
the temperature-induced increase of the threshold current, the temperature-
induced decrease of the slope efficiency and the thermal roll-over at high
current and power levels. These changes in the power characteristics occur
due to a temperature-driven decrease of the internal quantum efficiency and
the increase of the internal loss. For high power DFB lasers, one additional
important effect is the wavelength-shift of the gain spectrum (≈ 0.3 nm K−1)
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relative to the wavelength-shift of the Bragg-wavelength (≈ 0.07 nm K−1).
The voltage characteristics of a diode laser U(I) = Ud + Us + (W L)ρs I is
also effected by a temperature increase which occurs, when the CW drive
current is increased. The temperature dependence of the resistivity causes a
decrease of the series resistance. Furthermore, the quasi-Fermi level energy
separation is decreased with increasing temperature. This causes a decrease
of the ideal diode voltage and an increase of the gain peak wavelength.

Both, the decrease of the internal quantum efficiency and the increase of
the internal losses are expected to be comparable in DFB and FP lasers, if
both lasers have the same efficiency. A fundamental difference between DFB
and FP lasers occurs under the impact of the wavelength-shift of the gain
spectrum. The DFB laser is assumed to show an increased threshold current
and a decreased slope efficiency, if the maximum of the gain-spectrum λgain

shifts to longer or shorter wavelength than the Bragg-wavelength of the DFB
grating λBragg.

DFB lasers, reported until now, have a reduced power conversion effi-
ciency, compared with FP lasers from the same vertical epitaxy design and
with an optimized facet coating [Ear98], [Sch09a], [Sch10a]. For this reason,
DFB lasers are assumed to be stronger heated at the same current or output
power and to underlie increased temperature-driven effects.

Phenomenological, the temperature and carrier density effects on the
power characteristics of a FP laser can be expressed by using the dependence
of the threshold current and slope efficiency on the quantum well temperature
and by using the thermal resistance of the device. The temperature depen-
dence of the threshold current can be empirically described by the threshold
current characteristic temperature T0 [Tho80]

Ith(Tb) = Ith(Ta) · exp

(
Tb − Ta

T0

)
, (1.37)

were Ta < Tb are the temperatures inside the active region before and after
the temperature has been increased. In an experiment, this can be realized
by driving the diode laser with short current pulses (< 1000 ns) and a low
repetition rate, so that the temperature in the active region equals the tem-
perature in the rest of the laser chip (the ambient temperature). Similarly,
a slope efficiency characteristic temperature T1 can be defined:

S(Tb) = S(Ta) · exp

(
Ta − Tb

T1

)
. (1.38)

With these definitions, the CW output power characteristics of a FP diode
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laser can be approximately calculated as discussed in [Erb00]

Popt = ηd
h ν

q
· exp

(
−Rth[I(U0 + IRs)− Popt]

T1

)
×

[
I − Ith · exp

(
Rth[I(U0 + IRs)− Popt]

T0

)]
. (1.39)

Power characteristics, numerically calculated from equation 1.39 asymptoti-
cally approach to linear power characteristics, calculated with equations 1.22
and 1.28 / 1.29 for T0 → ∞ and T1 → ∞. Figure 1.5 shows power char-
acteristics, computed with equation 1.39 for different values of Rth and T1,
together with calculated voltage and efficiency characteristics. The com-
putation is based on the parameters, given in table 1.2 and W = 100µm,
L = 3000µm, Rf = 2.0%, αi = 1.0 cm−1, Us = 50 mV and T0 = 150 K. In
Fig. 1.5 (a), the dependence of the power and efficiency characteristics on the
slope efficiency characteristic temperature is depicted for T1 = 800, 400 and
200 K with fixed value Rth = 4 K W−1. The characteristics, plotted in black
and labeled "linear" are calculated based on equations 1.22 and 1.29 and are
identical to the black characteristics in Fig. 1.3 and 1.4. The reduction of
T1 causes a decrease of the local slope efficiency which is marginal below 5 A
but causes a significant decrease of the optical power above 10 A and leads
to the beginning of a thermal roll-over. Consequently, the power conversion
efficiency cannot reach its former peak value and its decrease beyond the
peak is now also driven by the decrease of the slope efficiency, in addition
to the quadratic dependence of the series resistance term on the injection
current.

The influence of the thermal resistance Rth on the power and efficiency
characteristics is demonstrated in Fig. 1.5 (b), computed with equation 1.39
for T1 = 150 K. Here the thermal resistance has been increased from Rth = 4
to 12 K W−1. This causes the local slope efficiency to decrease with increasing
current, comparable to decreasing the parameter T1, shown in Fig. 1.5 (a).
For Rth = 12 K W−1, power saturation is observed at 10 A. Further increasing
the injection current would in this case lead to a reduction in output power
and a considerable increase in device heating.

The temperature dependence of the threshold current and slope effi-
ciency, presented above, is approximately valid for FP diode lasers. For DFB
lasers, the temperature dependence will be different due to differences in the
wavelength-shift of the gain spectrum (≈ 0.3 nm K−1) and the wavelength-
shift of the Bragg-wavelength (≈ 0.07 nm K−1) with temperature. The dif-
ferent behavior of FP and DFB lasers is illustrated schematically in Fig. 1.6.
Figure 1.6 (a) shows a scheme of a parabolic shaped gain curve and a las-
ing mode at the specific Bragg wavelength at three different temperatures
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Figure 1.5: Voltage, power and efficiency characteristics of a 100µm wide and
3000µm long FP-BA laser, calculated with parameters, given in table 1.2 and
Rf = 2.0%, αi = 1.0 cm−1, T0 = 150 K. (a) Variation of the slope efficiency
characteristic temperature T1 = 800, 400 and 200 K with Rth = 4 K W−1. (b)
Variation of the thermal resistance Rth = 4, 8 and 12 K W−1 with T1 = 400 K.

T1 < T2 < T1 (not to be confused with threshold-current and slope efficiency
characteristic temperatures T0 and T1). The required threshold gain is indi-
cated with a horizontal line. While at T2, the Bragg wavelength of the DFB
grating is centered on the peak of the gain curve, the Bragg wavelength is
shifted to positions beyond the gain peak for T1 and T3. This suggests the
assumption, that at T1 and T3, the threshold current will be higher than for
T2, because higher carrier density must be achieved. Degradation of the slope
efficiency occurs at T3 , compared to T2 due to the temperature-induced de-
crease of the internal quantum efficiency and increase of the internal optical
loss. At T1, the slope efficiency might be also degraded but this is quan-
titatively not clear. On the one hand, the higher carrier density which is
required to reach threshold at T1 has a decreasing effect onto the internal
quantum efficiency. On the other hand, the internal optical loss decreases
and the internal quantum efficiency increases at lower temperatures.

For the operation of DFB lasers it is of particular importance that the gain
spectrum of an InGaAs quantum well in AlGaAs is typically several tens of
nanometers broad [Bos96], [Bef00]. This allows the Bragg wavelength of the
DFB grating to be significantly shifted away from the gain peak wavelength.
For example, Morgott et al. report that they can tune the laser emission from
a tapered external cavity laser between 1030 and 1085 nm, using wavelength-
tunable optical feedback from an grating-turned external cavity [Mor98].

In contrast to the DFB laser example, the lasing modes of a free running
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Figure 1.6: Scheme of the gain spectrum and lasing modes relations at three
different temperatures for (a) DFB lasers and (b) FP lasers.

FP laser can remain at the specific gain peak for all three temperatures, as
schematically depicted in Fig. 1.6 (b).

Thus, if values for the threshold characteristic temperature T0 and slope
efficiency characteristic temperature T1 are experimentally determined for a
DFB laser, deviations must be expected even compared to a reference FP
laser from the same epitaxy design. On the one hand, if the gain-peak is
detuned to a wavelength much lower as the Bragg wavelength of the DFB
grating and then stepwise increased towards the Bragg wavelength, even
negative values might occur for T0 and T1. On the other hand, T0 and T1

values of a DFB laser are expected to be comparable to a reference FP laser,
if the spectral detuning between the gain-peak and the Bragg wavelength is
sufficiently small.

Figure 1.7 (a) shows CW voltage, power and power conversion efficiency
characteristics, calculated with parameters given in table 1.2, as well as αi =
1.0 cm−1, Rf = 2.0 % and Us = 50 mΩ. The thermal resistance was set
to Rth = 4 K W−1, the threshold current and slope efficiency characteristic
temperatures are T0 = 150 K and T1 = 400 K. The dissipated power Pdiss(I)
and the optical power Popt(I) are calculated plotted in Fig. 1.7 (b) to the left
axis.

Additionally, the center wavelength of a DFB and FP laser has been cal-
culated from λ(I) = λ0 +Pd(I) ·Rth ·dλ/dT . The temperature dependence of
the laser wavelength has been assumed as dλDFB/dT = 0.07 nm K−1 for the
DFB laser and dλFP/dT = 0.3 nm K−1 for the FP laser. The temperature
coefficient for the gain shift dλgain/dT has a value of ≈ 0.3 nm K−1. The tem-
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Figure 1.7: (a) Voltage, power and power conversion efficiency characteristics,
calculated with parameters given in table 1.2 and αi = 1.0 cm−1, Rf = 2.0 % and
Us = 50 mΩ. (b) Dissipated power (light red area), optical output power (light
blue area) and overall electrical power (upper blue line). Wavelength shift for a
DFB laser (0.07 nm K−1) and a FP laser (0.30 nm K−1) is calculated and shown to
the right axis.

perature dependence of the gain-peak wavelength is dominated by the tem-
perature dependence of the band-gap in the active region. For In13Ga0.87As at
T = 300 K, one obtains ≈ 0.34 nm K−1 with the formula Eg = 0.42+0.625x−
(5.8/(T+300)−4.19/(T+271))·10−4T 2 ·x−4.19·10−4 ·T 2/(T+271)+0.475x2,
given in [PTI11] and x = 0.87.

The temperature coefficient for the Bragg wavelength of the DFB grating
dλBragg/dT can be derived in the following way. For example, a DFB laser
with a second-order grating is assumed to have an effective index of refraction
of neff = 3.42 and a grating period of Λ = 285.088 nm at T = 25 ◦C. The
Bragg condition can be written as m(λ/2) = Λneff where m is the order of
the Bragg grating and λ is the wavelength. The temperature dependence of
the effective refractive index is dneff/dT ≈ 2.5 · 10−4 K−1 [Wen12] and the
thermal expansion coefficient of GaAs at 25 ◦C is α ≈ 6.0 · 10−6 K−1 [Bro96].
With these values, one achieves a wavelength increase of 0.071 nm K−1 due to
the temperature dependence of the effective index of refraction. In contrast,
the thermal expansion causes an wavelength shift of only 0.006 nm K−1. The
resulting temperature coefficient for the Bragg wavelength of the DFB grating
is dλBragg/dT = 0.077 nm K−1.

The non-linear increase of the dissipated power with the injection current
causes the wavelength also to be increased faster than linear. The different
temperature coefficients for the wavelength shift require DFB and FP lasers
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to be differently optimized to achieve a requested wavelength (here: 975 nm)
at a specific current or output power (here: 10 W). In the shown example
this requires, that the FP laser has a wavelength of 967.5 nm at threshold
and the DFB laser 973.3 nm. This example can be also understood in an
other way, which is very important for the optimization of high power DFB
lasers. If a wavelength of 975.0 nm shall be achieved at an optical power of
10 W, the gain peak wavelength must be designed to a shorter wavelength at
threshold, in order to coincide at 10 W.
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1.2 Distributed feedback in semiconductor
lasers

1.2.1 The principle of distributed feedback

In this section, distributed feedback is introduced as a principle, enabling lon-
gitudinal optical mode selection in edge emitting in-plane diode lasers due to
wavelength selective longitudinal optical feedback. This allows to discrimi-
nate unwanted longitudinal optical modes. Mode selection will be discussed
in a geometrically one dimensional laser model for the longitudinal direction
(along the cavity axis). The optimization of transverse mode profiles is also
large topic but is not discussed here.

In general, one must presume a laser to emit in a number of different
optical modes. It depends on the particular gain and loss relations of each
mode, if it can exceed threshold, or not. Single longitudinal mode emission is
preferred for laser applications where a narrow spectral width of the stimu-
lated emission is required. In a Fabry-Pérot laser cavity, multiple longitudinal
modes can exceed threshold, because of two reasons. Firstly longitudinal FP
modes have equal losses αi + αm with the internal loss αi and the mirror
loss αm = (1/2L)ln(1/(RfRr)). Secondly, a typical gain spectrum of a quan-
tum well g(λ) has a finite width and close to its peak value, it is relatively
flat and approximately parabolic shaped over some nanometers. The gain
of a quantum well diode laser calculated and discussed in detail in [Chi88].
Figure shows a scheme of the modal gain spectrum in a QW diode laser.
Multiple longitudinal modes can exceed threshold, if the gain does not ex-
actly clamps, after the first mode exceeded threshold. In the case of multi
modal lasing from a FP laser, the overall width of the lasing spectrum is
determined by the shape of the gain spectrum, which determines the number
of optical modes exceeding threshold.

For a diode laser with a DFB grating it will be derived, that longitudinal
modes does not have equal losses αi+αDFB, because the DFB resonator losses
αDFB have a wavelength dependence due to the wavelength selective optical
feedback. In Fig. 1.9 (a) and (b), the longitudinal optical modes and their
specific threshold gain, a gain spectrum and the resulting laser spectrum is
depicted schematically for a FP laser.

Accordingly, one longitudinal mode could be selected by increasing the
particular gain or by decreasing their losses. In edge emitting quantum well
semiconductor lasers, gain driven mode selection is not a suitable method
because of the typically > 10 nm wide quantum well gain spectrum and the
narrow spectral distance of longitudinal modes < 1 nm. In contrast, a strong
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Figure 1.8: Scheme of a gain spectrum for a QW in a diode laser. The gain-peak
and width is indicated, as well as the absorbing region, regions with positive gain
and the transparent region.

differentiation of the cavity losses for neighboring longitudinal modes is pos-
sible due to the principle of Bragg scattering in periodic structures. The
term Bragg scattering and the Bragg-condition traces back to W. H. Bragg
and W. L. Bragg who found, that they can calculate crystallographic lattice
plane distances in solid state crystals form the measurement of the glancing
angles with monochrome X-radiation. Constructive interference appears, if
the optical path difference between two waves is an integer multiple n of
the wavelength λ′ (in the material) for a fixed value of the angle θ between
the incident wave and the lattice planes and the distance between two lattice
planes Λ: nλ

′
= 2Λsin(θ). This is illustrated in Fig. 1.10 (a). For wave prop-

agation along the refractive index variation in a laser waveguide structure,
θ = 0 and the Bragg-condition reduces to nλ

′
= 2Λ as visualized in Fig. 1.10

(b). With the effective refractive index neff and the vacuum wavelength λ,
the Bragg-condition in a laser structure with a Bragg index grating of the
order m writes:

Λ = λm/2neff (1.40)

Modal selection by use of Bragg scattering can be achieved with dis-
tributed Bragg reflector (DBR) cavity mirrors [Cho77], [Dup78], [Fri09],
[Pas10], [Red11] or by the principle of distributed feedback (DFB) along the
cavity axis [Kog71], [Kog72], [Luo90], [Ear98], [Cha00], [Sch10a]. Both phys-
ical principles, the distributed Bragg reflection and the distributed feedback
lead to strongly increased optical feedback an thus, decreased cavity losses
for modes with an emission wavelength very close to the Bragg wavelength
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Figure 1.9: Schematic construction of the gain spectrum and threshold gain of
optical modes for a FP laser (a) and a DFB laser (c) and the resulting lasing
spectrum above threshold for a FP laser (b) and a DFB laser (d).

of the periodic structure. The periodic structure, providing Bragg scatter-
ing, is typically a periodic array of refractive index variations, henceforth
denominated as DBR or DFB grating respectively. Periodic variations of
optical gain or loss can be also used to provide distributed feedback [Kog71],
[Rob97] but are not considered in this work. Gain or loss DFB gratings can
be beneficial for achieving a high side mode suppression ratio (SMSR).

In Fig. 1.11, the propagation and reflection of waves in an periodic index
structure is depicted. Figure 1.11 (a) and (b) demonstrates the relation of a
standing wave period at the Bragg-wavelength in a first-order grating with
50 % duty cycle and a second-order grating with 25 % duty cycle respectively.
Each grating stripe can be understood as two weak mirrors with reflectivity
±r. The minus sign stands for the λ′

/2 phase shift at reflections with an index



32 Theoretical foundation for high power DFB lasers

Figure 1.10: Scheme of Bragg reflection. (a) At lattice planes under an angle θ.
(b) Perpendicular, as it appears in a DBR or DFB laser.
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Figure 1.11: Amplitude of an optical wave at the Bragg-wavelength in first and
second-order gratings. (a) First-order grating with 50 % duty cycle. (b) Second-
order grating with 25 % duty cycle. (c) Second-order grating with 25 % duty cycle.
The reflections at index discontinuities with reflectivities r and −r (λ′

/2 phase
shift) add in phase and lead to constructive interference of the reflected wave parts.

step from low to high. For a DBR reflector, a number of small reflections
sums up to a high net reflection because the reflected parts of the incident
wave add up in phase (Fig. 1.11 (c)) if the wavelength of the incident wave
fulfills the Bragg-condition. In a DFB laser waveguide structure, waves are
assumed to propagate forward and backward. At the Bragg wavelength, each
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part of the forward propagating wave that is reflected at one of the index
discontinuities couples constructively to the backward propagating wave and
vice versa. Accordingly, for DFB laser operation, no reflectivity is required at
the ends of the laser cavity, because forward and backward propagating waves
interchange and superpose due to weak mirrors (the index discontinuities)
that are distributed over the whole cavity length. During the propagation,
energy is coherently transferred between the forward and backward traveling
waves which form a standing wave laser mode at the Bragg wavelength. The
strength of the coupling between the counterpropagating waves is determined
by the coupling coefficient κ of the DFB grating which will be derived in the
following section.

The possibility to utilize higher-order Bragg gratings m = 2, 3, . . . is of
importance for the fabrication because it allows to use lattice constants that
are m/2-times larger than the wavelength in the medium (For λ = 976nm,
neff = 3.4, Λm=1

∼= 143.5nm, Λm=2
∼= 287.1nm, Λm=3

∼= 430.6nm, . . . ).
In a DFB laser, the DFB grating provides a distributed optical feedback

with spectral selectivity. This is different from using a Bragg index grating as
a passive back-reflector. Nevertheless, plotting the power reflectivity Rg(λ)
of the grating as a function of the vacuum wavelength λ can be helpful to
demonstrate the impact of parameters such as the coupling coefficient κ and
the length of the grating L. The reflectivity can be calculated from the ratio
of the reflected wave to the incident wave with an ansatz for coupled mode
theory as explained in [Col95]. For a rectangular grating without any optical
loss one obtains:

Rg =

∣∣∣∣∣−i κ tanh(
√
κ2 −∆β2L)√

κ2 −∆β2 + i∆β tanh(
√
κ2 −∆β2L)

∣∣∣∣∣
2

(1.41)

In this formula, ∆β = β − β0 = 2πneff/λ − 2π/Λ is the real part of the
propagation constant, Λ is the grating period and L the length of the DFB
grating. Figure 1.12 shows calculated reflection spectra of Bragg index grat-
ings with variation of the coupling coefficient and grating length. No optical
loss has been considered. The Bragg wavelength is set to λ0 = 975 nm and
the reflectivity is always scaled from 0 to 1.

In Fig. 1.12 (a), the reflectivity spectra of a grating with fixed real cou-
pling coefficient κ = 25 cm−1 are depicted for a variation of the grating length
from L = 0, . . . , 2 mm. The reflectivity at λ0 increases with L and approaches
1 at L ≈ 1 mm. While the width of the reflection band is unchanged, the
form of the reflection band becomes more and more rectangular. Note, that
the width of the reflection band approximately corresponds to the width of
the so called stopband in a DFB laser. With increasing grating length, the
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Figure 1.12: Calculated reflection spectra (always scaled from 0 to 1) with vari-
ations in the coupling coefficient and grating length. (a) Variation of the grating
length with fixed κ = 25 cm−1. (b) Variation of the coupling coefficient with fixed
L = 1 mm. (c) Variation of the grating length with fixed κ = 3 cm−1. (d) Variation
of the coupling coefficient with fixed L = 3 mm.

number of side maxima in the plotted spectral range also increases analo-
gous to the decrease of the free spectral range in a FP cavity with increasing
cavity length ∆λ = λ2/(2ngL) [Col95], where ng is the group index. With
λ = 975.0 nm, L = 1 mm and ng = 4.0, one obtains ∆λ = 0.12 nm which
corresponds to 8.4 FP modes per nanometer. For comparison, in Fig. 1.12
(b), 7 local maxima can be observed per nanometer. Figure 1.12 (b) shows
the reflectivity spectra of a grating with fixed L = 1 mm for a variation of the
real coupling coefficient from κ = 0, . . . , 50 cm−1. The reflectivity at λ0 is
comparable to (a), but in contrast, the width of the reflection band increases
with the grating length. The peak reflectivity approaches 1 at κ ≈ 25 cm−1
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and thus, at the same κL value as observed in Fig. 1.12 (a). The width of
the reflection band depends on the value of the coupling coefficient, while
the grating length determines, how sharp a band is formed. The absolute
reflectivity at λ0 depends on the product κ · L, because at the Bragg wave-
length λ = λ0, equation 1.41 reduces to Rmax

g = |i tanh(κL)|2. Instead of the
behavior observed in (a), the number of side maxima in the plotted spectral
range is unchanged and identical to the L = 1 mm case in Fig. 1.12 (a).
Reflectivity spectra with a peak reflectivity in the range between 0.8 and 1.0
are suitable for the application as a wavelength selective back reflector in a
DBR laser.

In Fig. 1.12 (c) and (d), reflectivity spectra as discussed in (a) and (b) are
plotted for values of the grating length and coupling coefficient, as they will
appear in DFB lasers, developed during this work. The last spectrum shows
the identical case in both diagrams (c) and (d) with L = 3 mm and κ ≈
3 cm−1. It es representative for the DFB gratings, prepared during iteration
I (see chapter 3). At this specific combination of κ and L, the reflectivity
has a maximum of 51.3 %. A further relevant example, representative for the
DFB gratings, prepared during iteration II (see chapter 4), can be found in
Fig. 1.12 (d) at κ ≈ 0.5 cm−1. At this low coupling coefficient, the reflectivity
has a maximum of only 2.2 %. One might tend to suppose, that a 3 mm long
index grating with a reflectivity of only 2.2 % will not be adequate for DFB
lasers with a sufficient suppression of side modes in the optical spectrum. For
a DBR laser, a DBR rear mirror reflectivity ≥ 80 % is typically necessary for
good electro-optic properties. The crucial difference between DBR and DFB
lasers is, that the grating is used to achieve spectral selectivity and a high
differential quantum efficiency from a DBR laser. A front facet reflectivity,
comparable to a FP laser with the same cavity length is therefore used. In
contrast, the grating in a DFB laser enables a wavelength depending feedback
but significantly reduces the differential quantum efficiency at high coupling
regime. Consequently, the strength of the DFB grating κL should be as low
as possible if high efficiency is required. The front facet reflectivity of a DFB
laser must be chosen low enough to avoid lasing on FP-like modes at the
maximum of the gain spectrum and to enable a high differential quantum
efficiency, because it also influences the total optical feedback for the lasing
modes. Note that in the following, FP-like modes which appear in a DFB
laser at the maximum of the gain spectrum will be also called FP modes
or FP-like modes, even though they are influenced by the DFB grating but
this influence decreases with increasing spectral separation from the Bragg
wavelength.
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1.2.2 Coupled mode theory and coupling coefficients for
second-order DFB gratings

Calculating the threshold gain and differential quantum efficiency for optical
modes in DFB lasers is essential for a deep understanding that allows to
optimize this type of diode lasers for high power and high efficiency operation.
One possible mathematical description of the DFB problem is the coupled
mode theory (CMT). In this section, CMT is applied to a model for a DFB
laser with a DFB grating, which is a thin layer in the y-z-plane (x: vertical,
y: lateral, z: longitudinal) and provides a periodic perturbation of the index
of refraction or dielectric constant along the z-direction. No perturbation
of gain or loss is considered in the following calculations. In accordance to
the DFB gratings which have been experimentally realized during this work,
coupled mode theory will be derived for a second-order DFB grating. The aim
of this section is to find a mathematical description for the coupling coefficient
and to derive a set of two coupled differential equations which describe the
wave propagation and energy exchange between counterpropagating waves
in a second-order DFB laser.

The electric field in the waveguide of a diode laser is supposed to consist
of eigenmodes which can be expressed as

E(x, y, z, t) = eyE(x, y, z) eiωt, (1.42)

where ey indicates linear transverse electric (TE) polarization, E(x, y, z) is
the time-independent field intensity distribution and eiωt indicates the time
dependence. By plugging this ansatz for the electric field of an eigenmode
into the Maxwell equations, one obtains the following time-independent wave
equation for the field intensity distribution:[

∇2 +
ω2

c2
ε(x, y, z)

]
E(x, y, z) = 0, (1.43)

with the angular frequency ω, the vacuum speed of light c and the dielec-
tric function ε(x, y, z). The time-independent field intensity distribution can
be expressed by two counterpropagating modes Φ(x, y)[A(z) · exp(iK0z) +
B(z) · exp(−iK0z)], where Φ(x, y) is the transversal mode profile, and a ra-
diated wave ∆E(x, z) which alters the coefficients A(z) and B(z). In the
following, the problem is reduced to two dimensions by neglecting the lateral
y-dependence. Thus, the field intensity distribution can be written as:

E(x, z) = Φ(x)
[
A(z)eiK0z +B(z)e−iK0z

]
+ ∆E(x, z). (1.44)

Note that for a second-order DFB grating m = 2 and from the Bragg
condition (equation 1.40) one finds that Λ = mλ0/2neff . The second-order
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periodic index grating (m = 2) with wave vector K0 = 2π/Λ couples two
oppositely propagating waves with propagation vectors ±K0.

The transverse (vertical) field Φ(x) fulfills the equation[
∂2

∂x2
+
ω2

c2
ε0 − β2

]
Φ(x) = 0, (1.45)

where ε0 is the dielectric function of the unperturbed waveguide and β is the
complex propagation constant.

Considering second-order DFB gratings requires to discuss the different
role of first-order and second-order Bragg scattering in the grating structure.
The following explanations in this subsection are based on the derivations of
R.F. Kazarinov and C.H. Henry [Kaz85], as well as on [Col95]. In the case of
a second-order DFB grating (m = 2), second-order Bragg scattering is what
leads to coherent phasing in the coupling between the counterpropagating
waves. Additionally, two first-order Bragg scattering events lead to additional
radiated waves at ∼= 90 ◦ and thus, perpendicular to the grating plane. The
radiated waves ∆E(x, z) imply a loss mechanism in coupling between the
oppositely propagating waves. The effect of the additional radiated waves is,
that they alter the coupling between the coefficients A(z) and B(z), which
are slowly varying functions of z. A part of the 90 ◦ waves is refracted back
into the fundamental propagating mode. The remaining part of it leads to
an additional radiation loss term for second-order DFB gratings which will
be later shown to depend on the duty cycle of the grating.

From this ansatz, coupled wave equations can be derived by using equa-
tion 1.44 in the wave equation 1.43. Firstly, the periodic dielectric perturba-
tion will be discussed. Secondly, the ansatz for the propagating modes will
be introduced into the wave equation. This will be used to derive expressions
for the coupled mode equations and coupling coefficients.

The perturbation of the dielectric constant which is expected to lead
to distributed feedback coupling between the counterpropagating modes is
introduced by a z-dependence of the dielectric constant

ε(x, z) = ε0(x) + ∆ε(x, z). (1.46)

In this expression, ∆ε(x, z) = ε1 − ε2 is the periodic dielectric perturbation
along the z-direction which exists only in the grating layer (at a small, specific
range in x), with local dielectric constants ε1 and ε2. In Fig. 1.13 (a),
a scheme of a rectangular DFB grating is depicted that is composed of a
material with dielectric function ε2, embedded into material with dielectric
function ε1. The duty cycle is cd = (Λ− b)/Λ. Note, that the x-direction is
defined perpendicular to the grating plane. The resulting periodic dielectric
function is shown in Fig. 1.13 (b).
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Figure 1.13: Scheme of a rectangular DFB grating that is composed of a material
with dielectric function ε2, embedded into material with dielectric function ε1.
The resulting longitudinal dielectric function can be expressed as ε(x, z) = ε0(x) +
∆ε(x, z).

Fourier analysis of ∆ε(x, z) leads to

∆ε(x, z) = −∆ε
∑
l 6=0

ξl(x) e−il(2π/Λ)z, (1.47)

with the perturbation amplitude ∆ε, Fourier coefficients ξl(x), perturbation
period Λ and the space harmonics 2πl/Λ. For a symmetric second-order
grating, ∆ε(x, z) = ∆ε(x,−z) and ξl = ξ−l can be derived. Application of
equation 1.47 to a rectangular grating with grating period Λ and length b
between the grating stripes, results in Fourier coefficients of the form

ξl(x) =
sin (πlb(x)/Λ)

πl
. (1.48)

For a desired laser wavelength at the Bragg condition of 975 nm and for
neff = 3.42 one calculates that the grating period is Λm=2

∼= 285.1 nm for a
second-order DFB grating instead of Λm=1

∼= 142.5 nm for a first-order DFB
grating.

With the wave equation 1.43, the expression for the dielectric function 1.47
and considering that K0 = 2π/Λ, the wave equation that has to be solved
can be written as[

∂2

∂x2
+

∂2

∂z2
+
ω2

c2
ε0(x)− ω2

c2
∆ε
∑
l

ξl(x) · eiK0lz

]
E(x, z) = 0. (1.49)

One substitutes the expression for E(x, z) from equation 1.44 into 1.49 and
drops terms with ∂2A/∂z2 and ∂2B/∂z2. By setting the sum of terms with
the same exponential factors to zero, one obtains the following three expres-
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sions: [
∂2

∂x2
+
ω2

c2
ε0(x)

]
∆E(x, z)

=
ω2

c2
∆ε [(ξ−1(x)A(z) + ξ1(x)B(z)) Φ(x)] (1.50)

[
∂2

∂x2
+
ω2

c2
ε0(x)−K2

0 + 2iK0
∂

∂z

]
A(z)Φ(x)

=
ω2

c2
∆ε [(ξ1(x)∆E(x, z) + ξ2(x)B(z)Φ(x))] (1.51)

[
∂2

∂x2
+
ω2

c2
ε0(x)−K2

0 − 2iK0
∂

∂z

]
B(z)Φ(x)

=
ω2

c2
∆ε [(ξ−1(x)∆E(x, z) + ξ−2(x)A(z)Φ(x))] . (1.52)

Equation 1.50 can be solved with a Greens function G(x, y) that satisfies[
∂2

∂x2
+
ω2

c2
ε0(x)

]
G(x, y) = δ(x− y). (1.53)

Thus, an expression for ∆E(x, z) is given due to the definition of the Greens
function by

∆E(x, z) =
ω2∆ε

c2

∫
dy G(x, y)ξ1(y) (A(z) +B(z)) Φ(y). (1.54)

Two coupled differential equations for A(z) and B(z) can be obtained
by multiplying equations 1.51 and 1.52 with Φ(x), integrate and use equa-
tion 1.45. For simplicity, only symmetric gratings with ξ−l = ξ+l have been
considered and the following approximation has been used:

β2 −K2
0 = (β +K0)︸ ︷︷ ︸

∼=2K0

·(β −K0) ∼= 2K0 · (β −K0). (1.55)

Furthermore, the complex propagation constant β was expressed as

β = <[β] + i=[β] = K0 +
∆ω

vg

+ i
(α− g)

2
, (1.56)
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where vg stands for the group velocity, α for optical loss and g for optical
gain and ∆β was defined as

∆β =
∆ω

vg

+ i
(α− g)

2
. (1.57)

For the two coupled differential equations for A(z) and B(z) one obtains:[
∆ω

vg
+ i

α− g
2

+ i
d

dz

]
A(z)

+ h2B(z) + ih1[A(z) +B(z)] = 0 (1.58)[
∆ω

vg
+ i

α− g
2
− i d

dz

]
B(z)

+ h2A(z) + ih1[A(z) +B(z)] = 0. (1.59)

The coupling coefficients for second-order diffractions h2 and for two first-
order diffractions h1 which appear in equations 1.58 and 1.59 are defined
as:

h2 =
−ω2∆ε

2K0c2

∫
dx Φ2(x)ξ2(x) (1.60)

h1 =
iω4∆ε2

2K0c4

∫
dx

∫
dy ξ1(x)ξ1(y)Φ(x)Φ(y)G(x, y). (1.61)

A set of two coupled differential equations for A(z) and B(z) has been
found and coupling coefficients h2 and h1 determine how energy is transferred
between the counterpropagating modes. The radiation loss which is associ-
ated with h1 cancels for A(z) = −B(z). To understand the meaning of the
second-order coupling efficient h2 which will be most important for second-
order DFB gratings optimized for in-plane coupling, the coupled differential
equations shall be discussed at the Bragg wavelength (∆ω = 0), for α = g
and for h1 = 0. Under this circumstances, equations 1.58 and 1.59 can be
reduced to:

dA(z)

dz
= ih2B(z) (1.62)

dB(z)

dz
= −ih2A(z). (1.63)

Thus, at the Bragg wavelength and under absence of radiation loss, the
coupling coefficient h2 clearly determines the coherent energy transfer.

For completeness, a mathematical description for the first-order coupling
coefficient h1 is required. As already mentioned above, it causes radiating
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waves, perpendicular to the grating plane. On the one hand, the radiating
waves cause an increase of the optical loss of the DFB laser cavity [Str76],
[Hen85], [Kaz85], [SZA00], [Wen04], [Wen06]. On the other hand, this can
be also functionalized for out-coupling of a laser beam perpendicular to the
grating plane and epitaxy plane [Sci75], [Lop99], [Li03]. Furthermore, it must
be investigated, if part of the radiated wave can be coupled back into the
propagating wave and therefore, alter the second-order coupling coefficient
h2. To calculate h1 one needs to find the Greens function G(x, y) that satisfies
equation 1.53. It is given by:

G(x, y) =
1

W

{
Φ+(x)Φ−(y) for x > y
Φ−(x)Φ+(y) for x < y

(1.64)

Φ±(x) are radiating waves into ±x-direction and satisfying equation 1.53.
The Wronskian associated W with equation 1.53 is given by:

W =
dΦ+

dx
Φ− − Φ+

dΦ−
dx

. (1.65)

If Φ±(x) are approximated as plane waves Φ± ∼ e±iKxx, equation 1.64 be-
comes

G(x, y) =
1

2iKx

{
eiKx(x−y)

eiKx(y−x)

=
1

2iKx

{
cos [Kx(x− y)] + i sin [Kx(x− y)] for x > y
cos [Kx(y − x)] + i sin [Kx(y − x)] for x < y

(1.66)

For the coupling coefficient of two first-order diffractions one finds the fol-
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lowing complex expression:

h1

(
ω4∆ε2

4K0Kxc4

)−1

︸ ︷︷ ︸
1/F

=

=

∫
dx

∫
dy ξ1(x)Φ(x)G(x, y)ξ1(y)Φ(y)

=

∫
x>y

dx

∫
dy ξ1(x)Φ(x) {cos [Kx(x− y)] + i sin [Kx(x− y)]} ξ1(y)Φ(y)

+

∫
x<y

dx

∫
dy ξ1(x)Φ(x) {cos [Kx(y − x)] + i sin [Kx(y − x)]} ξ1(y)Φ(y)

=

∫
x>y

dx

∫
dy ξ1(x)Φ(x) {cos [Kx(x− y)] + i sin [Kx(x− y)]} ξ1(y)Φ(y)

+

∫
x<y

dx

∫
dy ξ1(x)Φ(x) {cos [Kx(y − x)] + i sin [Kx(y − x)]} ξ1(y)Φ(y)

+

∫
x<y

dx

∫
dy ξ1(x)Φ(x) {i sin [Kx(x− y)]− i sin [Kx(x− y)]}︸ ︷︷ ︸

= 0

ξ1(y)Φ(y)

=

∣∣∣∣∫ dx ξ1(x)Φ(x)eiKxx
∣∣∣∣2︸ ︷︷ ︸

<[h1]/F

+ i 2

∫
y>x

dx

∫
dy ξ1(x)Φ(x) sin [Kx(y − x)] ξ1(y)Φ(y)

︸ ︷︷ ︸
=[h1]/F

. (1.67)

Thus, h1 has an dominating real part (equation 1.68) which stands for radi-
ation loss. An additional imaginary part (equation 1.69) can be also derived
for h1 [Wen06] in contrast to what is stated in [Kaz85]. The real part of
h1 can be understood as a small correction to h2. In cases when the duty
cycle of a second-order DFB grating is close to cd = 1/2, it becomes of a not
negligible magnitude compared to h2.

<[h1] =
ω4∆ε2

2K0c4

∣∣∣∣∫ dx ξ1(x)Φ(x)eiKxx
∣∣∣∣2 (1.68)

=[h1] =
ω4∆ε2

K0c4

∫
y>x

dx

∫
dy ξ1(x)Φ(x) sin [Kx(y − x)] ξ1(y)Φ(y) (1.69)
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Accordingly one can write the coupling coefficient κ in the common way as
a complex value κ that is defined by the coupling coefficients h1 and h2.

κ = <[κ] + i =[κ]

= (h2 −=[h1]) + i <[h1] (1.70)

In this work, second-order DFB gratings have an optimized duty cycle of cd =
1/4 in-order to achieve a high coupling coefficient h2 and a comparatively low
radiation loss. The coupling coefficient κ will be dominated by h2 so that it
can be approximated to be real with κ ∼= h2. The relation between the real
and imaginary part of the coupling coefficient is depicted in Fig. 1.14 (a) as a
function of the duty cycle cd for a second-order and a first-order DFB index
grating.
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Figure 1.14: Complex coupling coefficients and radiation loss for second- and
first-order DFB gratings. (a) Real and imaginary part (×100 for better visibility)
of the coupling coefficient as a function of the duty cycle. (b) Radiation loss as a
function of the duty cycle.

The real part of the coupling coefficient for the second-order grating has
a local minimum at cd = 0.25 (maximum in-plane optical feedback.) and
crosses zero at cd = 0.50 (no in-plane optical feedback). From the used
definition, <[κ] is negative for cd < 0.50, because ∆ε is < 0 in this calculation
example. Positive values for <[κ] occur for cd > 0.50 because the fourier
coefficient (equation 1.47) changes its algebraic sign at cd = (Λ−b)/Λ = 0.50.
Nevertheless, the in-plane optical feedback at cd = 0.75 equals the in-plane
optical feedback at cd = 0.25. For the second-order grating, =[κ] reaches its
minimum at cd ≈ 0.33 and crosses zero at cd ≈ 0.67.
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The resulting radiation loss αrad = 2<[h1] (factor 2 appears because it
shall be related to power) from first-order Bragg scattering in the second-
order DFB grating, is shown in Fig. 1.14 (b). As mentioned above, it is
maximal at cd = 0.50. Note that the radiation loss for a second-order grating
is > 0 for all 0 < cd < 1. With αmax

rad < 0.004 cm−1 in the shown example, it
is two-orders of magnitude smaller than the typical internal optical loss of a
state of the art broad area laser, αi ∼ 1 cm−1.

In contrast to the second-order DFB grating, the coupling coefficients for
a first-order grating <[κ] and =[κ] have a single local minimum at cd = 0.50
and radiation loss does not appear.

1.2.3 Threshold condition for DFB lasers

The next step towards calculating the threshold properties of longitudinal
modes in a DFB laser is to derive a threshold condition. The coupled ho-
mogenous differential equations 1.58 and 1.59 can be solved, substituting
A(z) ∼ B(z) ∼ eikz. One obtains a dispersion relation of the form:

∆ω

vg
= i

(
g − α

2

)
− ih1 ±

[
(h2 + ih1)2 + k2

]1/2 (1.71)

Equation 1.71 has to be solved for k. It is clear that each longitudinal mode
of a DFB laser will have its own wavelength an thus, ∆ω. An ansatz for
general solutions of A(z) and B(z) can be defined as

A(z) = αeikz + βRe−ikz (1.72)
B(z) = αReikz + βe−ikz, (1.73)

where the coefficient R provides the coupling between A(z) and B(z). Sub-
stituting equation 1.71 into equation 1.59 results in

R(k) =
−(h2 + ih1)

± [(h2 + ih1)2 + k2]1/2 + k
. (1.74)

The physical properties of the modes of a DFB laser at threshold can
be calculated as follows. At each end of the laser, the field (equations 1.72
and 1.73) and its derivative must be continuously matched with an outgoing
wave. Writing the field E(z) as the sum of an incident and reflected wave
with expressions 1.72 and 1.73 leads to:

E(z) =
[
αeikz + βRe−ikz

]
eiK0z +

[
αReikz + βe−ikz

]
e−iK0z. (1.75)

The cavity length L shall be defined as an integer multiple of the grating
period Λ, which is completed by so called facet phase sections at the rear
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and front facet da and db. The definition of the facet phase sections enables
a precise choice of the facet mirrors relative to the last grating stripe of the
DFB grating. In most cases it will be adequate to let da ≤ Λ and db ≤ Λ.
This is a suitable definition for all DFB lasers with L� Λ. Thus, one cane
write L = Lnom +da +db with Lnom = l ·Λ, and a real integer l. The boundary
conditions are applied at positions z = −da (rear facet) and z = Lnom + db

(front facet). The amplitude facet reflectivities are given by ra (at z = −da)
and rb (at z = Lnom + db). With the boundary conditions and equation 1.74
one obtains:

αReikL + βe−ikL = rbe2iK0db
[
αeikL + βRe−ikL

]
(1.76)

α + βR = rae2iK0da [αR + β] . (1.77)

Exponents ikda and ikdb have been neglected because of k � K0. Equa-
tions 1.76 and 1.77 results in the following equation, whose solutions for
complex values of k describe the threshold properties of longitudinal modes
of a DFB laser with nonzero reflecting facets:[

R− rae2iK0da
] [
R− rbe2iK0db

]
e2ikL

=
[
1−Rrae2iK0da

] [
1−Rrbe2iK0db

]
. (1.78)

In order to calculate the threshold gain for optical modes, equation 1.78
must be solved for k. This will be discussed in the following section. Fur-
thermore, equation 1.78 has got two familiar border solutions. For R(k) = 0
or for ra = rb = 0 one obtains respectively:

rarbe2i(K0+k)(Lnom+da+db) = 1 (1.79)
R2e2ikL = 1. (1.80)

Equation 1.79 describes the modes of a Fabry-Pérot laser with cavity length
L = Lnom + da + db and amplitude facet reflectivities ra and rb, because any
distributed feedback effects have been neglected. In contrast, equation 1.80
describes a DFB laser with non reflecting facets (for example anti-reflection
coated), which is sometimes called the ideal DFB laser.

1.2.4 Approximations and numerical solutions for DFB-
BA lasers

To calculate the threshold conditions of the modes of a DFB laser, equa-
tion 1.78 has to be solved for a complex value of k. The calculations have
been carried out with the computational software program “Mathematica”.
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In most cases it turned out to be advantageous to start with the k values for
a Fabry-Pérot laser with the facet reflectivities, the DFB laser later should
have; for example with power reflectivity Rf = r2

b = 0.05% at the front facet
and Rr = r2

a = 96% at the rear facet. These k starting values can be simply
calculated analytically as

kstart
n = nπ/L+ i ln(rarb)/L, (1.81)

for real integers n = (0,±1,±2, . . .), where n = 0 is chosen to indicate the
Bragg-condition. Note that based on this definition, the longitudinal mode
index is n > 0 for longitudinal modes with a wavelength λ < λ0 and n < 0
for longitudinal modes with a wavelength λ > λ0. The absolute value of
the coupling coefficient h2 is afterwards gradually increased from 0 cm−1 to
the value of interest h2max as h2 = (0.0,−0.1,−0.2, . . . ,−h2 max)cm−1 (from
the used definition, h2 ≤ 0). The step size has to be chosen very carefully,
because the result for k of the previous calculation has been used as starting
value for the following numerical calculation. The step size of h2 has to be
so small, that the change in k is much smaller than the difference between
k and the k value of the neighboring longitudinal modes. When the imag-
inary coupling coefficient h1 was considered as well, it has been gradually
increased simultaneously, for example h1 = (0.00, 0.01, 0.02, . . . , h1 max)cm−1.
To ensure that the DFB mode with the lowest threshold gain (at one of the
two possible sides of the stopband) has definitely been found, typically five
longitudinal modes that are located close to the Bragg wavelength have been
calculated (for example n = −2,−1, 0, 1, 2).

The steady-state threshold condition for a specific mode is fulfilled, if
=[∆β] = 0. Accordingly, if the complex value k has been found for this mode,
the DFB resonator losses α, the threshold gain gth and the wavelength λ can
be calculated from equation 1.71, here replicated as equation 1.82. The DFB
resonator loss α is caused by the DFB grating and facet mirrors. It can be
compared to the mirror loss of a FP laser αm, which is caused only by facet
mirrors. To point out this comparability, the DFB resonator loss α will be
written in the following as αDFB.

∆ω

vg
+ i

(
α− g

2

)
= −ih1 ±

[
(h2 + ih1)2 + k2

]1/2
= ∆β (1.82)

αDFB = 2=[∆β] (1.83)
gth = 2 (αi + =[∆β]) (1.84)

λ =
2neffπ

K0 + <[∆β]
. (1.85)

An overview of input parameters, used for an simulation example is given in
table 1.3. In Fig. 1.15 (a), the results of the threshold gain are depicted for
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Table 1.3: The fixed physical variables, their notations and values, used in the
numerical simulation example. The effective index of refraction neff and the grating
period Λ are chosen for a Bragg wavelength of λ0 = 975.000 nm.

Variable Notation Value

Cavity length L 3000µm
Contact stripe width W 90µm
Rear facet Reflectivity Rr 96.00 %
Front facet Reflectivity Rf 0.09 %
Rear facet phase section da (0.00, 0.02, ..., 0.48)Λ
Front facet phase section db 0.00
Effective index of refraction neff 3.434308
Grating period Λ 283.9 nm
Second-order coupling coefficient h2 max 10.0 cm−1

First-order coupling coefficient h1 max 0.0 cm−1

Internal optical loss αi 0.80 cm−1

Internal quantum efficiency ηi 0.90
Transparency current density jtr 151 Acm−2

the modes with the longitudinal mode indices n = (0,±1,±2). The coupling
coefficient has been varied from 0 cm−1 to 10 cm−1 with a step size of 0.1 cm−1.
The fixed physical variables that have been used in the simulation example
are denoted in table 1.3. With increasing coupling coefficient κ = |h2|, the
threshold gain decreases. The strongest decrease is observed for the mode
with the lowest threshold gain (black arrow), which will be the only lasing
mode.

Besides the threshold gain, the differential quantum efficiency ηd is im-
portant for the analysis of the maximum achievable power conversion effi-
ciency. It determines the slope efficiency of the power characteristics P (I)
for I > Ith. The differential quantum efficiency of one specific facet is defined
as the product of the internal quantum efficiency ηi and the power transmit-
ted through this facet, divided through the integrated stimulated emission in
the cavity. The power transmitted through one of the facets is given by the
product of the incident field and the facet transmittancy 1− |rf/r|2. For the
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Figure 1.15: Threshold gain and differential quantum efficiency of five modes
around the stopband for a 3mm long DFB laser with zero facet phase sections.
(a) Threshold gain. (b) Differential quantum efficiency with ηi = 1 at the front
facet (curves above ηd = 0.4) and at the rear facet (curves below ηd = 0.2). The
evolution with κ = (0.0, 0.1, . . . , 10.0) cm−1 is marked with arrows.

rear facet at z = −da, the incident field is given by αReik(−da) + βe−ik(−da),
while for the front facet at z = Lnom + db, the incident field is given by
αeik(Lnom+db) + βRe−ik(Lnom+db). The integrated stimulated emission in the
cavity is defined as the integral of |E(z)|2, multiplied with the threshold
gain. Thus, one obtains for the differential quantum efficiency:

ηd f/r = ηi

[
αeikz + βRe−ikz

] (
1− |rf/r|2

)
gth

∫ L
0

dz |E(z)|2
(1.86)

In Fig. 1.15 (b), the results of the differential quantum efficiency are shown
for the front and rear facet. Note that in Fig. 1.15 (b), the internal quantum
efficiency was set to ηi = 1, for simplicity. With increasing coupling coefficient
κ = |h2| = (0.0, 0.1, . . . , 10.0) cm−1, the differential quantum efficiency at the
front facet decreases. The strongest decrease of the differential quantum
efficiency with κ is observed for the mode with the lowest threshold gain
(black arrow). Simultaneously with the decrease of the differential quantum
efficiency at the front facet, an increase of the differential quantum efficiency
at the rear facet is observed.

This kind of calculation was performed for different values of the so called
facet phase, expressed here by the facet phase sections da ≤ Λ and db ≤ Λ.
By adding a phase section of the length Λ/2 to the cavity length Lnom for
a second-order DFB grating, the mode with the longitudinal mode index
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n+ 1 overtakes the role of the mode withe the index n and the value of the
threshold gain is replicated. Fig. 1.16 (a) and (b) show the results of the
threshold gain and differential quantum efficiency for the same parameters
as in Fig. 1.15 (a) and (b) but now for different rear-facet phase sections
da = (0.00, 0.02, ..., 0.48)Λ, respectively. The increase of the rear-facet phase-
section da is indicated with a red arrow.

Figure 1.16: Threshold gain and differential quantum efficiency with ηi = 1 of five
modes around the stopband for a 3mm long DFB laser with facet phase sections
da = (0.00, 0.02, ..., 0.48). (a) Threshold gain. (b) Differential quantum efficiency
at the front facet (upper series of curves) and at the rear facet (lower series of
curves).

As predicted above, by tracing the threshold gain or differential quantum
efficiency of a specific mode and specific value for the coupling coefficient
for increasing da (for example along the red arrow), the longitudinal mode
index n− 1 overtakes the role of the mode with the index n. Especially the
differential quantum efficiency is found to show a very strong dependence on
the rear facet phase section da. This dependence increases with increasing
coupling coefficient κ or coupling strength κL.

The assumption that the counter propagating waves in DFB laser see a
fixed phase condition between the facet position and the grating corrugation
is valid either in a one dimensional model or if the grating stripes in a real
laser with a lateral elongation are aligned to the facet plane with infinite
accuracy. In the case of a ridge waveguide laser, a fixed phase condition
(a constant value of the phase sections da and db) can be achieved easily.
Assuming that the angular misalignment or tilting between the facet plane
and the grating stripes of a second-order DFB grating for 975nm (Λ = 284nm,
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neff
∼= 3.433) is ≤ 0.5 ◦ for a 3µm wide ridge waveguide laser, one finds that

the phase section varies by less than 0.1 grating periods Λ.
In contradiction to a ridge waveguide laser, a constant value of the phase

sections is an implausible assumption for a broad area laser. For Λ = 284 nm
and a stripe width of 90µm one finds that the phase sections vary by Λ, if
the grating stripes are tilted to the facet plane by only 0.18 ◦.

Practically, the interference pattern of a laser holography tool, used to
define the grating, are manually aligned to the flat of a three inch GaAs
wafer. The direction of the flat is parallel to the (100) direction of the GaAs
crystal with an accuracy better than 0.5 ◦. If one assumes an accuracy for
the manual alignment better than 0.5 ◦, the over all misalignment of up to
1.0 ◦ leads to a phase section variation of 5.53Λ. In Fig. 1.17, a scheme of
the facet and the resonator end section is depicted for a DFB-BA laser with
a grating, tilted by 0.5 ◦. The scheme is not true to scale, so that the facet
phase modulation along the facet is clearly visible.

Figure 1.17: Facet and resonator end section of a DFB-BA laser with a grating,
tilted by 0.5 ◦. The scheme is not true to scale.

It has been assumed that the properties of a DFB-BA laser with a varying
phase between the grating and the facets, can be approximated by calculat-
ing the threshold gain and differential quantum efficiency for a number of
different phases and finally, utilize the arithmetic mean of the threshold gain
and differential quantum efficiency as a broad area laser approximation. If
the reflectivity of the rear facet is very high (Rr > 95 %) and the reflectivity
of the front facet very low (Rf < 0.5 %), it should be sufficient to apply this
averaging the rear facet phase section and choose any front facet phase sec-
tion. Different lateral modes are expected to “see” an effective facet phase
which depends on the phase modulation and on the lateral field profile. Thus,
a large number of different lateral modes with different field profiles could
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indeed lead approximately to an averaging over the facet phase. Lateral field
profiles of different lateral modes have been measured and are shown later in
the following chapter of this work.

As already mentioned above, the properties of the longitudinal modes
are “periodic” in da = 1/2 Λ. This means, that the threshold gain and dif-
ferential quantum efficiency of the longitudinal mode m at da = 0 Λ and
mode m − 1 at da = 1/2 Λ must be identical. To prove this, the proper-
ties of 11 longitudinal modes around the stopband have been calculated for
da = (0.00, 0.01. . . . 1.00)Λ. The other parameters are the same as given in
table 1.3. Figure 1.18 (a) shows the rear facet phase section versus the wave-
length for the 11 modes. The Bragg wavelength is set to 975 nm and one can
see the stopband at this position as a slightly broadened spectral gap between
the longitudinal modes. At da = 0.13 Λ, mode 0 crosses the 975 nm line and
at da = 0.63 Λ, mode −1 crosses it again. Thus, the difference between these
crossings is ∆da = 1/2 Λ. At da = 1/2 Λ, the wavelength of mode −1 equals
the wavelength of mode 0 at da = 0 Λ.

In Fig. 1.18 (b) 11 specific numbered curves represent the threshold gain
for the 11 longitudinal modes at da = (0.00, 0.01, . . . 0.50)Λ. The black arrows
indicate the direction in which the rear-facet phase section da increases. As
expected, the curves pass into each other without any steps in the threshold
gain and form a minimum at the Bragg wavelength. A similar behavior
is found for the differential quantum efficiency (ηi = 1) and is shown in
Fig. 1.18 (c). Finally, in Fig. 1.18 (d), the rear facet phase section versus
the wavelength wavelength is depicted like in Fig. 1.18 (a), but with an
additional false-color scale, indicating the threshold gain for each mode at a
specific value of da. One can clearly see that the lowest threshold gain occurs,
when a longitudinal mode crosses the Bragg wavelength, and that the lasing
mode jumps to the next shorter wavelength mode if the rear facet phase
section is more and more increased. Thus, with the help of the calculations
presented in Fig. 1.18 it has been shown, that the numerical calculation treats
the impact of the facet phase sections quite well.

After showing that the numerical calculation treats the impact of the
facet phase sections correctly, the threshold gain and differential quantum
efficiency has been calculated for five modes (n = 0,±1,±2) around the stop-
band. For each longitudinal mode, the threshold gain and differential quan-
tum efficiency was averaged over the rear-facet phases (da = (0.00, 0.02, . . . ,
0.48)Λ). Fig. 1.19, 1.20, 1.21 and 1.22 show the resulting phase-averaged
curves for the threshold gain and differential quantum efficiency of five modes
around the stopband as a function of the coupling coefficient (κ = h2), for
cavity length of Lnominal = 1500, 3000, 4000 and 6000µm.

At first, similarities of the diagrams for the DFB-BA lasers with different
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Figure 1.18: Properties of 11 modes around the stopband at 975 nm under
variations of the rear-facet phase section da by one grating period Λ: da =
(0.00, 0.01. . . . 1.00)Λ. (a) Phase section versus wavelength. The modes are num-
bered with relative longitudinal mode numbers 0, 1, 2, . . . where red stands for the
long-wavelength side and blue for the short-wavelength side of the stopband. (b)
Threshold gain versus wavelength for each mode from da = 0.00 Λ to da = 0.50 Λ.
Arrows indicate the increase of da. (c) Differential quantum efficiency versus wave-
length. (d) Phase section versus wavelength with additionally false-color intensity
indicating the threshold gain (the scale is depicted at the right hand side).

cavity length shall be discussed. For κ = 0 cm−1, all the five longitudinal
modes have the same threshold gain and differential quantum efficiency. This
is comprehensible, because at κ = 0 cm−1, these lasers are FP lasers with a
front-facet reflectivity of Rf = 0.09 %, a rear-facet reflectivity of Rr = 96 %
and its specific cavity length. With increasing κ, mode 0 turns out to be the
lowest threshold gain mode, the lasing mode. In comparison with the other
modes, its threshold gain decreases stronger with the increasing coupling
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coefficient. Simultaneously, mode 0 is the mode with the strongest decrease of
the differential quantum efficiency for the front-facet with increasing coupling
coefficient. For mode 0, the differential quantum efficiency for the rear-facet
increases with κ faster, than for the other modes.

With increasing cavity length, the coupling strength κ ·L increases for the
same value of the coupling coefficient κ. This causes the differential quantum
efficiency for the front-facet to decrease faster with κ while the differential
quantum efficiency for the rear–facet increases faster. For L = 6000µm, and
κ = 10 cm−1, the differential quantum efficiency for the front- and rear-facet
becomes equal. Further increasing the coupling coefficient would lead both
to decrease towards zero, because in resonators with very low loss through
the facets, the stimulated emission is stored and absorbed inside the cavity.
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Figure 1.19: Facet phase-averaged threshold gain and differential quantum ef-
ficiency of five modes around the stopband for a 1500µm long DFB laser as a
function of the coupling coefficient. (a) Threshold gain. (b) Differential quantum
efficiency at the front facet (upper curves) and at the rear facet (lower curves).

For a better comparison, the threshold gain and differential quantum
efficiency (ηi = 1) of the lasing mode is plotted together for all cavity length
in Fig. 1.23 (a) and (b), respectively. At κ = 0 cm−1, the threshold gain is the
same as for a FP laser with the specific facet reflectivities, cavity length and
internal optical loss. Due to the low optical feedback in this case and even
at low κ > 1 cm−1, the threshold gain is dominated by the resonator loss.
For high values of the coupling strength, for example at L = 0.60 cm and
κ ≥ 5 cm−1, the threshold gain converges towards the value of the internal
optical loss, because the contribution from the resonator loss decreases. This
will in principle allow to adjust the coupling coefficient in order to obtain
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Figure 1.20: Facet phase-averaged threshold gain and differential quantum ef-
ficiency of five modes around the stopband for a 3000µm long DFB laser as a
function of the coupling coefficient. (a) Threshold gain. (b) Differential quantum
efficiency at the front facet (upper curves) and at the rear facet (lower curves).
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Figure 1.21: Facet phase-averaged threshold gain and differential quantum ef-
ficiency of five modes around the stopband for a 4000µm long DFB laser as a
function of the coupling coefficient. (a) Threshold gain. (b) Differential quantum
efficiency at the front facet (upper curves) and at the rear facet (lower curves).

the same threshold gain as it would be obtained from a FP laser with an
optimized front facet reflectivity (RFP

f > RDFB
f = 0.09 %). The differential

quantum efficiency, plotted in Fig. 1.23 (b) decreases with increasing κ. In
the cavity length range of special interest between L = 0.30 and 0.40 cm,
κ ≤ 3.2 cm−1 must be chosen to achieve a differential quantum efficiency
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Figure 1.22: Facet phase-averaged threshold gain and differential quantum ef-
ficiency of five modes around the stopband for a 6000µm long DFB laser as a
function of the coupling coefficient. (a) Threshold gain. (b) Differential quantum
efficiency at the front facet (upper curves) and at the rear facet (lower curves).

from the front facet of ≥ 0.80, which is approximately required for efficient
high power lasers.

Sometimes it is advantageous to plot the threshold gain or differential
quantum efficiency as a function of κ · L instead of plotting it as a function
of κ. This is especially the case for the threshold gain minus the internal
optical loss, multiplied with the cavity length, because (Γgth − αi)/L is a
universal function for DFB lasers with different internal loss, cavity length
and coupling coefficient. This can be clearly seen from Fig. 1.23 (c), where
the calculated (Γgth − αi)/L for L = 0.15, 0.30, 0.40 and 0.60 cm overlay
on the same curve but cover different ranges of κ · L. In Fig. 1.23 (d), the
differential quantum efficiency is also plotted as a function of κ · L.

Chen et al. [Che98] have already performed calculations of the differential
quantum efficiency as a function of the coupling coefficient or as a function
of the cavity length. Because they were interested in narrow linewidth diode
lasers for telecommunication applications, they performed their computations
for specific phase relations between the facets and the grating stripes. In
detail, they state that they have set both phases to 0 – a random choice.
Nevertheless, the authors draw important conclusions for the optimization
of high power DFB laser. Firstly, they recognize the importance to achieve
κ · L ≤ 1. Secondly, they discuss that low distributed feedback may arouse
the onset of lasing on FP-like modes. Thirdly, they show that it is necessary
to obtain a low internal optical loss. Finally, reducing the coupling coefficient
while increasing the cavity length is discussed as a strategy for high power
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Figure 1.23: Facet phase-averaged threshold gain and differential quantum effi-
ciency (ηi = 1) of the lasing mode for 0.15, 0.30, 0.40 and 0.60 cm long DFB lasers.
(a) Threshold gain as a function of the coupling coefficient κ. (b) Differential quan-
tum efficiency at the front facet (upper curves) and at the rear facet (lower curves)
as a function of the coupling coefficient κ. (c) Threshold gain as a function of κ ·L.
(d) Differential quantum efficiency at the front facet (upper curves) and at the rear
facet (lower curves) as a function of κ · L.

DFB lasers.

Finally, the influence of the coupling strength κ · L on the longitudinal
field profile shall be discussed briefly. As mentioned above, κ · L = 1 is of-
ten stated in literature to arouse a uniform longitudinal field profile [Ear98].
Also promising slope efficiency has been achieved with κ · L ≈ 1 [Kan06],
[He09]. Uniform longitudinal field profiles are expected to reduce the ef-
fect of longitudinal spatial hole burning, which occurs under the presence of
longitudinal inhomogeneities of the photon density due to the interactions



1.2 Distributed feedback in semiconductor lasers 57

between photons and electrons. Longitudinal spatial hole burning stands
for a reduction in the gain at specific longitudinal positions and therefore
may alter the slope efficiency of high power diode lasers. Basically two ques-
tions arises which shall be answered in the following by plotting longitudinal
profiles of the squared optical field, based on derivations, presented in sec-
tion 1.2.3. Firstly, what does “uniform longitudinal field profile at κ ·L = 1”
means under the consideration of the facet phase conditions between the last
grating stripe and the facet mirror for an asymmetrically facet coated DFB
laser? Secondly, how does the longitudinal field profile and the impact of the
facet phases change under variations of κ · L?

To answer these questions, the square of the electric field |E(z)|2 has
been computed following equation 1.75 during numerical DFB calculations,
based on parameters, given in table 1.3. Deviating from parameters, given
in table 1.3, the rear-facet phase section da has been increased with a larger
step size of ∆da = 0.05 Λ. The fast oscillating mixed term of the square and
fast oscillations exp[iK0z] have been neglected. In Fig. 1.24, longitudinal
profiles of the squared electric field are depicted for rear-facet phase section
values of da = (0.00, 0.05, ..., 0.45)Λ (grey lines) and the averaged profile (red
line) for three different values of the coupling strength κ · L, all applied to
the same cavity length L = 0.3 cm. The computed profiles are normalized
at the front-facet position at z = 0.3 cm. Figure 1.24 (a) shows the κ · L ≈
1 case. The depicted squared field profiles deviate strongly, depending of
the rear-facet phase between increasing and decreasing from z = 0.0 cm to
z = 0.3 cm. However, approximately uniform longitudinal profiles can be
observed for specific values of the rear-facet phase section, such as da = 0.00Λ.
Interestingly, the averaged longitudinal profile (red) is also approximately
uniform.

Figure 1.24 (b) shows profiles for κ · L = 0.30. The squared field profiles
show a much lower deviation with the rear-facet phase and always, increase
from z = 0.0 cm to z = 0.3 cm. Such behavior will be also observed for a FP
laser with strongly asymmetric facet coatings. Consequently, the averaged
longitudinal profile (red) increase from z = 0.0 cm to z = 0.3 cm. Further
reduction of the coupling strength to κ ·L = 0.15 as shown in Figure 1.24 (c)
results in squared field profiles with vanishing deviation with the rear-facet
phase. Such behavior might have been expected because for κ · L → 0, the
DFB-BA laser converges to a FP-BA laser with the defined facet reflectivities.

To conclude, κ · L ≈ 1 only results in uniform longitudinal squared field
profiles, for specific configurations of the facet phases – and results in a
uniform phase-averaged profile. The dependence of the profiles on the facet
phases is rapidly reduced for κ·L < 1 and the profiles converge to what is well
known for FP lasers with HR coated rear-facets and AR coated front-facets
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Figure 1.24: Calculated (normalized) longitudinal profiles of the squared electric
field for DFB lasers with different coupling coefficients. Fixed parameters are:
L = 3 mm, Rf = 0.09 %, Rr = 96 % and αi = 0.8 cm−1. The calculation was
performed for various phases of the rear-facet (at 0 cm) with phase sections of
(0.00, 0.05, ..., 0.45)Λ. (a) κ = 3.3 cm−1, κ · L ∼= 1. (b) κ = 1.0 cm−1, κ · L = 0.3.
(c) κ = 0.5 cm−1, κ · L = 0.15.

– they increase towards the front-facet. For efficient high power DFB-BA
lasers with κ · L ≤ 1, uniform or increasing (towards the front-facet) profiles
must be therefore expected. On the other hand, a DFB grating might be
used in diode lasers with very long cavity length L ≥ 6 mm in order to keep
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the longitudinal field uniform. This could possibly enable very high current
densities and power levels due to avoiding longitudinal spatial hole burning.

1.2.5 Power and efficiency characteristics of DFB-BA
lasers

It has been already mentioned, that the coupling coefficient of a DFB laser
can be used to achieve the same threshold gain as for a FP laser, used as
a reference device. In this section, it will be analyzed, how a comparable
threshold gain can be achieved for a DFB-BA laser and what this means
for the differential quantum efficiency. The gained results are then used to
calculate the threshold current and slope efficiency, in order to transfer the
consequences to the optical output power and power conversion efficiency.

At first, some parameters shall be fixed. The DFB and FP laser shall
be comparable in all aspects, besides the principles, how optical feedback is
achieved. Therefore, parameters given in table 1.3 have been used for both,
the DFB and FP laser with the following exception: The front facet of the
FP laser was set to values of Rf = 0.5, 1.0, 2.0, 4.0, 8.0, 16.0 and 32.0 %.
Based on equation 1.15, this results in FP mirror loss, given in table 1.4.
As a next step, the coupling coefficient κ = |h2| for which the DFB-BA
laser has the same DFB resonator loss (with averaging over the rear-facet
phase section) has been determined from the numerical DFB calculation.
Considering the internal optical loss of 0.80 cm−1, this leads to the same
threshold gain for both, the DFB and FP laser. Now, the differential quantum
efficiency has been determined. For the DFB laser, the values for the front-
and rear-facet have been obtained from the numerical calculation and ηi =
0.9 has been considered. In order to ensure comparability, the differential
quantum efficiency has been calculated also with respect to the fact, that
less than 100 % of the optical power will be emitted from the front facet. In
former calculations for FP lasers, this has been considered, for example in
equation 1.23, no differentiation for the facets is used. A factor Ff/r which
describes the fraction of the optical power which is emitted through the front-
and rear-facet can be calculated based on the reflectivity and transmissivity
of the facets as explained in [Col95]:

Ff/r =

√
1− r2

f/r

(1− r2
f/r) +

rf/r
rr/f

(1− r2
r/f)

. (1.87)

The differential quantum efficiency of the FP laser was therefore calculated
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with the following equation:

ηd f/r = Ff/r ηi

(
αm

αi + αm

)
. (1.88)

The results for the coupling coefficient κ, the threshold gain Γgth, and the
differential quantum efficiencies ηf/r

d FP and ηf/r
d DFB are given in table 1.4.

Table 1.4: Input parameters and results of a comparison of the threshold gain
and differential quantum efficiency of a DFB-BA laser and a reference FP laser,
both with L = 3000µm.

Rf αm/DFB κ Γgth η
f/r
d FP η

f/r
d DFB

[%] [cm−1] [cm−1] [cm−1]

0.5 8.899 0.668 9.698 0.823/0.003 0.823/0.002
1.0 7.743 0.986 8.542 0.812/0.004 0.812/0.003
2.0 6.588 1.389 7.388 0.798/0.005 0.797/0.006
4.0 5.433 1.929 6.233 0.778/0.007 0.774/0.010
8.0 4.278 2.689 5.078 0.749/0.010 0.741/0.015
16.0 3.112 3.860 3.912 0.703/0.014 0.682/0.027
32.0 1.967 5.922 2.767 0.619/0.021 0.567/0.056

Figure 1.25 (a) shows the front-facet reflectivity of the FP reference laser
and the corresponding coupling coefficients of the DFB-BA laser over the
resonator loss. In Fig. 1.25 (b), the threshold gain is plotted for both, the
FP reference laser and the DFB-BA laser is depicted. The threshold gain
values are identical for both laser types, because identical internal optical
loss has been considered and the coupling coefficient of the DFB-BA laser
was chosen to achieve the same resonator loss as obtained for the FP laser.
Figure 1.25 (c) shows the differential quantum efficiencies from the front-
and rear facets (ηi = 0.9). For high resonator loss (low optical feedback),
both lasers have nearly identical differential quantum efficiencies, but at low
resonator loss (high optical feedback), the curves diverge. By increasing the
coupling coefficient (from the right to the left in Fig 1.25 (c)), the differ-
ential quantum efficiency from the front-facet shows a stronger decrease for
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the DFB-BA laser than for the FP-BA laser. In addition, the differential
quantum efficiency form the rear-facet increases stronger for the DFB-BA
laser than for the FP-BA laser.
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Figure 1.25: Comparison of the differential quantum efficiency between a FP
reference laser and a DFB-BA laser with identical threshold gain. (a) Front facet
reflectivities of the FP laser and coupling coefficients of the DFB laser. (b) Result-
ing threshold gain with αi = 0.8 cm−1. (c) Comparison of the differential quantum
efficiency from the front- and rear-facet. (d) Comparison of the sum of the differ-
ential quantum efficiency from the front- and rear-facet.

Thus, a fundamental difference is observed between the FP laser and the
DFB-BA laser in terms of the differential quantum efficiency at identical
threshold gain. Note, that for the DFB-BA laser, averaging over the pos-
sible facet phase section has been applied. The different relation between
the threshold gain and differential quantum efficiency from the front-facet
is a drawback for the DFB-BA laser in order to achieve high power, high
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efficiency operation, even if all other parameters are identically. The ques-
tion arises, if the differences between the differential quantum efficiency from
the front-facet occur only due to the differences in the differential quantum
efficiency from the rear-facet, or if other effects are important. Therefore,
the sum of the differential quantum efficiency from the front- and rear-facet
was plotted as a function of the resonator loss, shown in Fig 1.25 (d). One
can clearly see, that there is a small difference between the curves for the
DFB-BA and FP laser at low resonator loss (high optical feedback). Thus,
differences between the differential quantum efficiency from the front-facet
occur not only due to the differences in the differential quantum efficiency
from the rear-facet. It should be also noted that for the calculations pre-
sented here, the rear-facet reflectivity Rr is only 96 %. A lower fraction of
the differential quantum efficiency for the rear-facet can be achieved by in-
creasing the rear-facet reflectivity to Rr ≥ 98 %, which accessible with high
quality facet coatings. By decreasing the differential quantum efficiency for
the rear-facet due to a better HR-coating of the rear-facet, the drawback for
DFB lasers is expected to increase as well.

Finally, voltage, power and efficiency characteristics have been calculated
for a FP reference laser and a DFB-BA laser. To achieve comparability, iden-
tical voltage characteristics, wavelength and transparency current density
were considered. For the voltage, U(I) = Ud +Us +ρs ·W ·L ·I has been cho-
sen with Ud = hν/q, Us = 50 mΩ, ρs = 6.0 ·10−5 Ω cm−2, W = 0.009 cm. The
wavelength of both, the FP reference laser and the DFB-BA laser is 975 nm.
The transparency current density was set to jtr = 151 A cm−2. The power
characteristics P (I) was calculated with equation 1.22 and 1.29. The influ-
ence of heat onto the power characteristics as introduced with equation 1.39
has not been considered, because the heat-dependence of the threshold cur-
rent and slope efficiency is unclear for the DFB-BA laser. Voltage, power
and efficiency characteristics have been calculated for parameters, given in
table 1.4 and shown in Fig. 1.25, and are depicted in Fig. 1.26 (a). The
voltage characteristics is always the same as defined above. The slope ef-
ficiency depends strongly on the resonator loss αm/DFB. For low values of
the FP laser front facet Rf < 8 % and the equivalent DFB coupling coeffi-
cient κ < 2.689 cm−1, the differences between the slope efficiency of the FP
reference laser and the DFB-BA laser are small and roughly negligible. For
Rf > 8 % and κ > 2.689 cm−1, the differences become important and lead
to a substantial reduction of the output power at I = 15 A, as well as to a
substantial reduction in the power conversion efficiency.

The values of the threshold current and slope efficiency are depicted in
Fig. 1.26 (b). The drawback in differential quantum efficiency or slope effi-
ciency for a DFB-BA laser is very low for low DFB coupling strength. In the
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Figure 1.26: Calculated voltage, power and efficiency characteristics for a FP
reference laser and a DFB-BA laser with identical threshold gain. (a) Calculated
voltage, power and efficiency characteristics based on parameters, given in the text.
(b) Threshold currents and slope efficiencies.

calculated example (L = 0.3 cm, αi = 0.8 cm−1, Rf DFB = 0.09 %, Rr = 96 %),
the reduction in the differential quantum efficiency from the front-facet is
negligible for κ · L ≤ 1

For the optimization of DFB-BA lasers for high output powers and high
power conversion efficiency, the following conclusions can be drawn:

• Threshold currents and slope efficiencies comparable to high power,
high efficiency FP-BA lasers can be achieved, provided that the cou-
pling strength is low (approximately κ · L ≤ 1) and the front facet is
sufficiently anti-reflection coated.

• To achieve comparable threshold currents and slope efficiencies also re-
quires the DFB-BA laser to have the same internal optical loss, trans-
parency current density and internal quantum efficiency.

• Comparable high power conversion efficiency in addition requires the
DFB-BA laser to have the same voltage characteristics.
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1.2.6 Important aspects for the design of efficient high
power DFB-BA lasers

Low optical feedback
High power DFB-BA lasers will be operated significantly above threshold
current. In order to achieve high optical output power of 10 W at minimal
injection current, there is a tradeoff between the aim to achieve a low thresh-
old current and the aim to achieve a high slope efficiency by optimization of
the optical feedback. It has been derived, that there is a principle drawback
in terms of this tradeoff for a DFB-BA laser, compared to a FP-BA laser
with the same threshold gain. This drawback was shown to vanish when
the optical feedback from the DFB grating and from the front facet is suf-
ficiently low. In contrast to the DFB grating and front-facet which should
provide low optical feedback, the rear-facet should have a facet coating with
the highest possible reflectivity. As already discussed in section 1.1.2, low op-
tical feedback is preferred for high optical output power because the increase
in threshold current is more than compensated by the increase in slope effi-
ciency. This is valid for FP and DFB lasers. Low optical feedback results in
a low DFB coupling strength κ ·L and presumably limits the spectral locking
on DFB modes. Conventionally, κ ·L = 1 is preferred for DFB lasers in order
to achieve stable DFB operation and prevent spatial hole burning [Ear98].
DFB laser operation is limited to currents I and temperatures T , at which
the threshold gain of FP-like modes (close the peak of the gain spectrum)
is not reached. To achieve high power conversion efficiency, comparable to
a efficiency optimized FP-BA laser, the resonator loss of a DFB-BA laser
should be approximately the same as for the FP-BA laser.

Low internal optical loss
As already shown in section 1.1.2, low internal optical loss is required for ef-
ficient high power diode lasers. This can be achieved by an optimized design
of the waveguide structure, which should have a low doping profile and has
to prevent coupling to the substrate and contact layers. Firstly, the introduc-
tion of a buried DFB grating can have a strong influence onto the internal
optical loss [Yor92], because DFB gratings are conventionally highly p-doped
(integrated into the p-side waveguide) and must be located within the inten-
sity profile of the transverse optical field. High p-doping levels are required
to improve the charge carrier transport through the epitaxy layers. Secondly,
semiconductor layers and material interfaces are added to the epitaxy design.
As a consequence, DFB gratings for highly efficient DFB-BA lasers should
be as thin as possible, consist of a low number of semiconductor layers. Low
loss DFB gratings should be placed at a position in the transverse mode
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profile with low intensity, for example in the waveguide close to a cladding
layer. The introduction of additional impurities and crystal defects due to
the fabrication of the DFB grating must be prevented. Finally, radiation
loss from higher-order DFB gratings [Str76] [Hen85], [Kaz85] has to be mini-
mized by optimizing the duty cycle [Wen04], [Wen06]. To achieve high power
conversion efficiency, comparable to a efficiency optimized FP-BA laser, the
internal loss of a DFB-BA laser should be the same as for the FP-BA laser.

High internal quantum efficiency
Basically, an epitaxy design should be optimized for a high internal quantum
efficiency. This requires sufficiently high barriers to the quantum wells in
the active region, in order to minimize current leakage effects. Furthermore,
the DFB grating should be optimized to prevent carrier recombination which
would reduce the stimulated emission in the quantum well active region. To
achieve high power conversion efficiency, comparable to a efficiency optimized
FP-BA laser, the internal quantum efficiency of a DFB-BA laser should be
the same as for the FP-BA laser.

Low voltage
A low voltage drop over the laser diode must be achieved at high power op-
eration currents for a high efficiency. The usage of semiconductor materials
with a low band-gap in the waveguide structure and a sufficient doping pro-
file helps to reduce the series voltage and series resistance. The resistivity of
the epitaxial layer system also depends on its thickness. Clearly, there is a
tradeoff between the aim to achieve a ow internal optical loss (requires a low
doping profile) and the aim to achieve a low voltage (requires a high doping
profile). Additional semiconductor layers and material interfaces should be
reduced as much as possible in order to achieve a low series voltage and series
resistance. Finally, the n-substrate, p-contact layer and the ohmic contacts
to the n- and p-metallization have to be considered. To achieve high power
conversion efficiency, comparable to a efficiency optimized FP-BA laser at
the same wavelength, the defect voltage Udef(I) = U(I)−hν/q of a DFB-BA
laser should be the same as for the FP-BA laser.

Spectral properties
A CW driven DFB laser is spectrally locked to the Bragg wavelength of the
DFB grating over a certain range in injection current and temperature. This
requires, that the gain spectrum is spectrally optimized to the Bragg wave-
length of the DFB grating. As already discussed in section 1.1.5, the peak
of the gain spectrum and the Bragg wavelength should be optimized to co-
incide at the required optical output power and at a given temperature for
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a high efficiency. This requires that the grating period, the effective index
of refraction and the gain spectrum has to be optimized. Because the main
aspect of this work is to achieve high power conversion efficiencies, the opti-
cal feedback from the DFB grating will be chosen in order to achieve a high
slope efficiency, instead of choosing it for a maximum suppression of lasing
on FP-like modes. Therefore, the reflectivity of the front facet must be very
low and is the key parameter for the suppression of FP-like modes.

Limited operation range
From the discussion of the spectral properties of a CW driven DFB laser
it turns out, that its operation will be limited to a specific range in tem-
perature and current, in order to achieve the required high optical output
power, high power conversion efficiency, wavelength stabilization and narrow
spectral width. This range in temperature and current presumably becomes
smaller, if the coupling strength is decreased and broader, if the front facet
reflectivity is decreased.

To conclude, the development of high power and high efficiency DFB-BA
lasers can be done by approximately adapting the properties of the DFB-
BA laser to the properties of a power and efficiency-optimized FP-BA laser.
Firstly, the DFB resonator loss should be comparable or slightly smaller
than the FP mirror loss αDFB ≤ αm. Secondly, the internal loss and internal
quantum efficiency and transparency current density should be comparable.
As derived above, this will lead to the same threshold current and slope
efficiency for the DFB-BA and FP-BA laser. Based on this requirements,
comparable power conversion efficiency will be obtained, if the voltage drop
U(I) is approximately identical. Finally, the wavelength of the gain-peak
must be optimized to coincide with the Bragg wavelength of the DFB grat-
ing at the desired output-power. The qualifications, specified above, imply
high requirements to the laser and grating design, fabrication technology and
material quality.



Chapter 2

DFB-BA laser review

In this chapter, physical properties and technology of previously published work
on typically high power DFB-BA lasers before the beginning of this work are pre-
sented. These lasers were usually developed to achieve a narrow spectral width,
highly suppression of side modes in the optical spectrum and wavelength stabi-
lization over a wide range in temperature. Additionally, the achievable optical
output power was higher than what could be obtained from a DFB-RW laser
in transversal and longitudinal single mode emission. The possibility to achieve
high optical output power ≥ 4 W and power conversion efficiency ≥ 50 % from
DFB-BA lasers has not been a major matter of research and development, since
first promising results in this field have been reported by Kanskar et al. [Kan06].
Good understanding of the best previously published DFB-BA lasers, their design
and fabrication technology is essential for further successful development. This
chapter summarizes which power and efficiency levels were previously achievable
and reviews promising fabrication technologies for DFB gratings to be used in
wavelength stabilized BA lasers. Thus, findings from the review concerning the
efficiency, optical output power and wavelength stabilization can be used as as a
design guidance in this work.

After distributed feedback has been initiated as a principle for optical feed-
back in a gelatine film dye laser by Kogelnik et al. [Kog71] in 1971, this
has been rapidly transferred to semiconductor diode lasers [Nak73], [Sci74].
Early DFB diode lasers were typically fabricated using a narrow ridge waveg-
uide design in order to obtain transversal single mode emission, in addition
to longitudinal single mode behavior [Nak89], [Wen04]. Other fabrication
approaches, such as buried or diffused waveguides have been reported as
well [Sin93], [Lam98]. Later, DFB-RW lasers have been used and devel-
oped for telecommunications technology [Ber02], [Fun04] and spectroscopy
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applications [Sum12], for example. These lasers were typically optimized for
lateral and longitudinal single mode lasing, a high side mode suppression
ratio (SMSR) and spectral stabilization over a wide range in temperature.
Achieving high optical output power was no main focus of the development
and typical values in the < 1 W range have been achieved [Wen04]. Even the
possibility to achieve high power conversion efficiency has not been consid-
ered very seriously. Such narrow stripe width DFB lasers must be considered
as a basis for the development of DFB-BA lasers but they are rather not the
main aspect of this chapter.

In parallel to the development of narrow stripe DFB lasers for transversal
single mode emission, the question arises how the optical output power can
be increased to > 1 W. Distributed feedback BA lasers were fabricated based
on the obvious assumption, that the achievable optical output power can be
increased by increasing the width of the laser stripe. This first types of DFB-
BA lasers were primarily developed to achieve a narrow spectral width, good
suppression of side modes in the optical spectrum (for example > 30 dB
SMSR) and wavelength stabilization over a wide range in temperature at
optical output powers above 1 W.

The first gain coupled 923 nm DFB-BA lasers were demonstrated by
Robadey et al. [Rob97]. These lasers consist of a GaAs waveguide with
InGaAs quantum wires and AlGaAs cladding layers and were fabricated,
based on a two-step epitaxy process. The molecular beam epitaxy (MBE)
growth process is interrupted within the GaAs waveguide and a V-groove
second-order grating is etched into it with lithographic techniques. After be-
ing returned into the MBE reactor, oxide desorption is applied at ∼ 600 ◦C
and the surface is regrown with a thin GaAs layer and InGaAs is grown into
the V-grooves to form quantum wires (periodicity of 264 nm), which provide
periodic gain and function as a second-order DFB gain grating. From this
material, DFB-BA lasers with a stripe width up to 100µm were fabricated.
The authors present spectra with good side mode suppression and a spectral
width of � 1 nm. From the width of the stopband, they determine a cou-
pling coefficient of ∼ 30 cm−1. However, measurements had to be performed
at liquid nitrogen temperature of 77 K under pulsed current injection and val-
ues of the optical output power have not been reported. These lasers could
not exceed threshold at room temperature (even on FP modes), presumably
because of too high optical loss and too low gain, provided by the quantum
wires and regrowth technology.

Earles et al. [Ear98] successfully increased the optical output power of
DFB-BA lasers at 893 nm above 1 W. The epitaxy design is based on an
InGaP waveguide, an InGaAs DQW and InGaAlP cladding layers. A second-
order DFB index grating is etched 50 nm deep into the p-type waveguide



69

with lithographic techniques outside the metal-organic chemical vapor depo-
sition (MOCVD) reactor, then overgrown with the InGaP p-type cladding
layer. Thus, the authors also apply a two-step epitaxy process, but use the
difference of index of refraction between the waveguide and cladding layer
material to provide periodic optical feedback, instead of structuring the ac-
tive region. Compared to the design and technique used by Robadey et al.
[Rob97], this method has the advantage that the DQW active region can
be grown with high quality and is unaffected by the etching and two-step
epitaxy process. The grating is etched into aluminum-free material which is
reported to prevent problems with the formation of stable aluminum oxide
and oxygen contamination at the grating interface. The authors fabricated
DFB-BA lasers from the material with 100µm stripe width and 1 mm cavity
length. A coating with a front-facet reflectivity of Rf = 5 % and rear-facet
reflectivity of Rr = 95 % has been applied to the cleaved facets. Continuous
wave optical output power of ≈ 1.1 W is obtained at ≈ 1.9 A with a power
conversion efficiency of 32 %. The authors also report on the optical spec-
trum, which consists of several lateral modes that originate from a single
longitudinal mode. They propose that lasing in a single longitudinal mode
has been obtained due to using κ ≈ 7 cm−1 which leads to a low coupling
strength κ · L ≈ 0.7 cm−1. Coupling strength between 0.5 and 1.0 is stated
to lead to relatively uniform longitudinal field profiles and therefore avoids
longitudinal spectral hole burning. The authors further recognize that low
coupling strength and an asymmetric facet coating will lead to high differen-
tial quantum efficiency.

Further advancement in the technology of BA diode lasers with DFB
index gratings has been reported by Chang et al. [Cha00], where some of
the authors from [Ear98] are also involved. The epitaxy design has been
changed towards a completely aluminum-free waveguide structure that con-
sists of InGaP cladding layers, an InGaAsP waveguide and an InGaAs DQW
active region. Again, the second-order DFB grating is structured into p-
type waveguide region outside the MOCVD reactor, then overgrown with
aluminum-free cladding compound. This aluminum-free epitaxy design was
developed for > 10 W (CW) high power FP-BA diode lasers as reported in
[Maw96] and [AM98] and is originally based on the aluminum-free large op-
tical cavity (LOC) design, published in [Bot96]. DFB-BA lasers with 100µm
stripe width, 2 mm cavity length and facet coatings for Rf = 5 %, Rr = 95 %
achieve optical output power of 1 W with a power conversion efficiency of
33 % and a narrow spectrum (< 1 nm) at 976 nm. The authors determine
a coupling coefficient of κ ≈ 1.5 cm−1 and thus, κ · L ≈ 0.3 is quite low.
Finally, the authors also determine the internal optical loss under DFB oper-
ation (6 cm−1) and under FP operation (4 cm−1). Even 4 cm−1 is higher than
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the internal optical loss of the same device structure without the grating,
reported in [Maw96] and [AM98]. Presumably, the difference occurs due to
significant radiation loss from the second-order DFB grating (non-ideal duty
cycle) or increased internal optical loss.

In the publications, mentioned above, DFB-BA diode lasers, wavelength
stabilized at three different wavelength have been reported. Robadey et al.
[Rob97] report on 923 nm DFB-BA lasers but the do not explicitly point
out possible applications of this wavelength. Earles et al. [Ear98] fabricate
893 nm DFB-BA lasers for polarization of Cs which is used for the generation
of spin-polarized Xe gas. Furthermore, Chang et al. [Cha00] report on 976 nm
DFB-BA lasers which could be promising pump sources for Yb-doped solid
state lasers or fiber lasers.

Klehr et al. [Kle06] have developed DFB-BA lasers emitting at 808 nm,
which can be used for pumping Nd:YAG solid state lasers. Besides introduc-
ing a new wavelength for DFB-BA lasers, the authors used AlxGa1−xAs-based
designs with aluminum-free grating layers.

Meanwhile, epitaxy designs with aluminum-free waveguide [Ear98] and
even completely aluminum-free designs [Cha00] have been developed and
were stated to be favorable for the monolithic integration of the DFB grating
with a two-step epitaxy process, because exposing aluminum to air during
the grating fabrication would lead to the formation of stable oxides and could
cause oxygen contamination in the regrown material. Note, that in contrast
to oxides on InGaAsP, aluminum oxides cannot be desorbed by a temperature
increase to ∼ 700 ◦C in the epitaxy reactor. In parallel to aluminum-free
designs for high power FP-BA lasers, (In)AlGaAs-based epitaxy designs have
been developed, showing promising results in power and efficiency [Sak92b],
[Sak92a]. Advantages and disadvantages of both material systems are for
example discussed in [Tre00].

Klehr et al. have implemented a multiple layer DFB grating into the
p-side of the 2000 nm broad Al0.45Ga0.55As waveguide, 600 nm above the
single quantum well active region, located in the center of the waveguide.
The wafers were grown using low-pressure metal-organic vapor phase epitaxy
(MOVPE). The cladding layers consist of Al0.70Ga0.30As. The first epitaxy is
finished with a aluminum-free layer system from In0.48Ga0.52P, GaAs0.85P0.15

and In0.48Ga0.52P. The second-order DFB grating is etched into the upper
two layers of this aluminum-free layer system with lithographic techniques.
The three-layer approach allows the usage of selective etching techniques,
so that the last In0.48Ga0.52P layer can stop etching and uncovering of the
underlying Al0.45Ga0.55As is avoided. After the ex-situ etching, the surface is
regrown with the second part of the p-side waveguide and cladding layer to
complete the structure. Thus, the authors combine the benefit of aluminum-
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free grating material (avoid formation of stable aluminum oxide and oxygen
contamination in the regrown compound) with the benefit of AlxGa1−xAs-
based waveguide and cladding layers. Klehr et al. experimentally determine
a coupling coefficient of ∼ 1 cm−1. DFB-BA lasers with a stripe width of
100µm and a cavity length of 3 mm from this material have therefore a low
coupling strength κ · L ≈ 0.3. Facet coating has been applied to achieve a
front-facet reflectivity of Rf < 0.1 % and rear-facet reflectivity of Rf = 95 %.
Single emitter DFB-BA lasers were investigated at 20 ◦C under CW current
injection and found to have threshold current of 0.58 A and a very high slope
efficiency of 1.06 W A−1. A peak output power of 4.7 W has been obtained
at ≈ 5.8 A with 34 % power conversion efficiency, until power saturation and
roll-over is observed. Wavelength stabilization is reported for the whole in-
vestigated current range (0 - 6 A) with a spectral width < 0.3 nm.

The epitaxy design and grating technology for 808 nm DFB-BA lasers,
reported in [Kle06], has later been transferred to 975 nm DFB-BA lasers
in [Sch09a]. These lasers were optimized to achieve a narrow vertical far
field and for wavelength stabilization over a wide temperature range. The
idea behind the development of narrow, far field DFB-BA lasers was to en-
hance the possible coupling efficiency of the laser emission to lenses or optical
fibers. For narrow far field emission, an asymmetrical LOC design has been
used for the 4.8µm wide Al0.35Ga0.65As waveguide, embedded between n-
and p-cladding layers from Al0.45Ga0.55As and Al0.85Ga0.15As, respectively.
The Al0.35Ga0.65As waveguide consists of a 3.9µm thick n-type region and
a 0.9µm thick p-type region with an InGaAs DQW active region located in
between. The second-order DFB grating (295 nm period, duty cycle opti-
mized to cd ≈ 1/4) is integrated with a two-step epitaxy process into the
p-type waveguide, 0.8µm above the DQW and 0.2µm under the p-cladding
layer. As reported in [Kle06], it consists of a three layer system, here using
InGaP/GaAs/InGaP, grown at the end of the first epitaxy. The grating is
structured with lithographic techniques and selective etching is applied to
stop on the lower InGaP layer. Afterwards, the wafer is transferred back to
the MOVPE reactor and the surface is regrown with AlxGa1−xAs to complete
the structure. The coupling coefficient has been experimentally determined
as ≈ 9 cm−1. DFB-BA lasers with a stripe width of 100µm and a cav-
ity length of 2 mm have high κ · L ≈ 1.8 and were facet coated to achieve
Rf < 0.1 % and Rr = 95 %. Mounted p-side down, these lasers achieve an op-
tical output power of 2.4 W at 4 A CW and 25◦C. From the voltage and power
characteristics, a threshold current of 0.34 A, a slope efficiency of 0.69 W A−1

and a peak power conversion efficiency of 35 % has been determined. From
the length dependence of the differential quantum efficiency and threshold
current density, the internal optical loss αi and internal quantum efficiency
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ηi was determined both – for DFB-BA lasers (spectrally detuned to achieve
lasing on FP modes) and FP-BA reference devices, grown in a single stage
epitaxy without the grating layers. While ηi = 0.85 was found for the DFB-
BA and FP-BA lasers, αDFB

i = 2.0 cm−1 for the DFB-BA lasers is increased,
compared to αFP

i = 1.2 cm−1, found for the FP-BA lasers. The asymmetric
LOC waveguide design results in a narrow vertical far field emission angle of
14 ◦ FWHM and 38.5 ◦ with 95 % power content, which is significantly lower
than what has been reported earlier for other DFB-BA lasers. The high cou-
pling strength of κ ·L ≈ 1.8 is a compromise which on the one hand, leads to
a compromised slope efficiency, but on the other hand, enables wavelength
stabilization between 15 and 100◦C via a low threshold current and good
suppression of FP-like modes [Sch09a], [Sch09b].

From about 2006 onwards, DFB-BA lasers began to be optimized pri-
marily for optical power (≥ 4 W) and power conversion efficiency (≥ 50 %)
to make them suitable for high power pumping applications. This type of
DFB-BA lasers was developed to obtain comparable optical output power and
power conversion efficiency as already achieved with FP-BA lasers [Sak92b],
[Sak92a], [Bot96], [Maw96], [AM98], [Tre00], [Kan05], [Kni05]. In order to
maximize the optical output power and power conversion efficiency, some
degradations in the temperature range with sufficient wavelength stabiliza-
tion and side mode suppression must be accepted.

In 2006, Kanskar et al. [Kan06] published experimental results which
have been obtained with 975 nm DFB-BA lasers (suitable for pumping Yb
doped gain media). Even though the authors conceal the material system
in use, one may assume that the lasers have been developed, based on the
aluminum-free epitaxy design they have published in earlier work [Cha00].
The second-order DFB grating is again placed between the p-type waveguide
and the p-type cladding layer and structured by use of a two-step epitaxy,
lithographic techniques and 100 nm deep reactive ion etching. Cleaved into
cavity length of 1 and 2 mm, 100µm broad DFB lasers were facet coated to
achieve Rf ≈ 4 % and Rr ≈ 95 % and mounted p-side down. The authors
note that κ·L ∼ 1 (presumably for 1 mm cavity length). DFB-BA lasers with
1 mm cavity length have a slope efficiency of 0.9 W A−1 and achieve ≈ 4 W
CW peak power and a peak power conversion efficiency of 53 % at 2 W at 25◦C
heatsink temperature. Furthermore, 2 mm long DFB-BA lasers were driven
up to 8 A and achieve 5.5 W optical output power. Finally, spectra at 2 A are
shown for heatsink temperatures of 10, 20, . . . 50◦C and provide locking over
40◦C. The spectra are structured due to the appearance of multiple lateral
and maybe even multiple longitudinal modes and the spectral width remains
< 0.5 nm.

Furthermore, part of the authors from [Kan06] report on 808 nm DFB-
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BA lasers in He et al. [He09]. Presumably, the authors have adapted the
epitaxy design from [Kan06] to be suitable for 808 nm DFB-BA lasers (now
suitable for pumping Nd:YAG). In fact, the authors again conceal the mate-
rial system in use. The grating technology is also comparable to what has
been published in [Kan06]. DFB-BA lasers (100µm× 2 mm were again facet
coated to achieve Rf ≈ 4 % and Rr ≈ 95 % and mounted p-side down, the
coupling strength is κ ·L ∼ 1. At 25◦C, these lasers have a threshold current
of 0.45 A, a slope efficiency of > 1 W A−1 and achieve 4 W optical output
power with a power conversion efficiency, close to the peak efficiency of 57 %
(at 3 W). The spectral width is shown to be ∼ 0.5 nm when it is evaluated
at approximately 95 % power content. The authors finish their report with a
diagram, showing sporadic measurements of the spectral locking range over
heatsink temperature (between 10 and 50 ◦C) and CW drive current (between
0 and 4.5 A). Interestingly, it is limited at high temperatures and currents,
as well as for low temperatures. The locking range in heatsink temperature
is indeed, lower than for a DFB-BA laser with κ · L > 1, as for example,
reported in [Sch09a].

Finally, the question arises what can be learned from the publications
about DFB-BA lasers mentioned above, which have been reported before or
at the beginning of this work, with respect to the development targets in this
work. The most important findings are itemized below.

• The two-step epitaxy is a successful concept for the monolithic integra-
tion of DFB gratings, although it requires a sophisticated fabrication
technology.

• Usage of second-order DFB gratings is a proved concept for ease of
fabrication and the corresponding radiation loss from first-order Bragg
scattering in this gratings can be small if the duty cycle is adjusted
precisely.

• The epitaxy design of the waveguide structure can be based either on
an aluminum-free material system or on an AlGaAs-based material
system, both have achieved promising power and efficiency results in
FP-BA lasers and laser bars.

• For high power, high efficiency DFB-BA lasers, long cavity length and
low coupling strength κ · L ≤ 1 is preferred in order to achieve a high
differential quantum efficiency.

• The front facets of DFB-BA lasers must be AR coated for a sufficient
suppression of lasing on FP-like modes at the gain peak wavelength
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which is essential to achieve a narrow wavelength stabilized spectrum
in a broad range of injection current and heatsink temperature.



Chapter 3

Experimental and theoretical
results from iteration I

In this chapter, conclusions drawn in chapter 1 will be applied to the develop-
ment of high power and efficiency DFB-BA lasers. Firstly, a design for FP-BA
reference lasers is presented. These lasers have been optimized for high optical
output powers and high power conversion efficiency, as well as for the monolithic
integration of a DFB grating. Based on the design specifications, lasers were
grown, processed, facet coated and mounted, in order to enable extensive device
characterization. Voltage and power characteristics were then investigated, as
well as the spectral properties and the temperature dependence of the wave-
length, threshold current and slope efficiency. The characterization is completed
with investigation of the spatial emission properties. The experimental results
show, that these lasers are promising for state of the art FP-BA diode lasers
and potentially enable the further development of DFB-BA lasers in the ∼ 10 W
output power, ∼ 60 % power conversion efficiency range.

In the second part of this chapter, the development of a DFB grating for efficient
high power DFB-BA lasers is described. DFB-BA lasers with such gratings are
then fabricated and characterized, comparable to the FP-BA reference lasers.
DFB-BA lasers are investigated in order to analyze similarities and differences,
compared to the reference devices. Finally, the power, voltage and efficiency char-
acteristics of the best DFB-BA lasers from iteration I are compared to results,
obtained with the numerical calculations. Conclusions are drawn, how the power
conversion efficiency of the DFB-BA lasers can be further optimized in order to
approach to the properties of the highly efficient FP-BA reference lasers.
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3.1 Design of a low loss laser waveguide

The goal of this work package was the development of an epitaxy design for
high-power and high-efficiency edge emitting semiconductor lasers. FP-BA
lasers, processed from wafers of this epitaxy design will later on be used as
reference devices for the comparison and benchmarking of DFB-BA lasers
from the same epitaxy design but with an integrated DFB grating. For this
reason, the possibility for the monolithic integration of a DFB index grating
had to be considered in addition to general design-requirements in order to
achieve low internal optical loss, high internal quantum efficiency, low voltage
and series resistance.

Some design parameters were restricted in advance from requirements for
the practical usage of high power semiconductor lasers. These restrictions
were made on the basis of findings, derived in sections 1.1.4, 1.2.4, 1.2.5,
1.2.6, as well as in chapter 2. The vertical far field distribution that contains
95 % of the emitted optical power was limited to a divergence angle of ≤ 45 ◦.
The cavity length was limited to 3 - 4 mm and the stripe width determined
to 90 - 100µm.

The decision between the possibilities to use either aluminum-free epitaxy
designs for the waveguide structure or AlxGa1−xAs-based designs, was made
in favor of the AlxGa1−xAs-based designs, because of promising experimental
results [Kni05] and experience with the related technology at the FBH. The
following material systems were taken as a basis:

• AlxGa1−xAs waveguide with x ≤ 0.3

• AlxGa1−xAs cladding layers

• InyGa1−yAs double quantum well with GaAszP1−z barriers

The aluminum content in the waveguide has been limited to x ≤ 0.3, because
the integration of the DFB grating via a two-step epitaxy process is expected
to cause less regrowth problems in low-aluminum content AlxGa1−xAs. This
arises from experimental results, reported in publications such as [Yor92],
[Bia99] and [Hof01].

For the design optimization, the semiconductor laser simulation program
QIP, developed by H. Wenzel and H.-J. Wünsche has been used. QIP is orig-
inally based on a model for the calculation of the threshold current of diode
lasers, published in [Wen90]. The design optimization targets are basically
to achieve low internal optical loss αi ≤ 1 cm−1 and a high internal quantum
efficiency ηi ≥ 0.9. In combination with a low voltage, this will potentially
enable efficient high power diode lasers as discussed in section 1.1.4.
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In state of the art high quality MOVPE grown InAlGaAs-based QW
laser designs, internal optical loss is dominated by doping level dependent
free carrier absorption [Bul07] and absorption in the quantum wells. For the
free carrier intra-band absorption which depends on the carrier density (n
for electrons, p for holes) and wavelength, various values have been reported
in literature (often studied at higher energies than equivalent to ∼ 975 nm),
for example in [Cas75]. Here, the coefficient of intra conduction band (free
electron) absorption has been set to σn = 4 cm−1, the coefficient of intra
valence band (free hole) absorption was assumed to be σp = 12 cm−1 as given
in [Pet07] for carrier densities of 1 · 1018 cm−3 (typical at threshold) and at
a wavelength of 940 nm. Internal optical loss calculated with these values is
in good agreement with internal optical loss, experimentally determined in
AlGaAs-based ∼ 950 nm laser structures at the FBH.

The following parameters have been varied during the optimization of the
epitaxy layers:

• the width and aluminum content of the waveguide

• the position of the double quantum well

• the width and aluminum content of the cladding layers

• the graded refractive index change-over regions

• the doping profile

The vertical far field distribution which contains 95 % of the emitted
optical power has been limited to a divergence angle of ≤ 45 ◦. As discussed
earlier, a narrow vertical far field is an important development target for
diode lasers because it enables efficient coupling of the emitted power into
lenses or optical fibers for further applications. Broad waveguide designs as
reported in [Maw96], [Bot96], [Bot99] and [Kni05] are suitable to achieve a
narrow vertical far field. Such designs are often called large optical cavity
(LOC) waveguides. In addition to the narrow vertical far field, LOC designs
have the advantage that the broad near field results in a low optical power
density at the facets. Consequently, the power level at which catastrophical
optical mirror damage (COMD) occurs, can be very high, provided that the
facet passivation and facet coating is robust. Because of the advantages
mentioned above, an LOC waveguide design will be used in this work.

To achieve a high power conversion efficiency, the following qualitative
concepts have been taken into account. A high power conversion efficiency
requires a high slope efficiency of the power-current characteristic, a moder-
ate threshold current as well as a low diode voltage. High slope efficiency can
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be obtained with a laser epitaxy structure with a high internal quantum effi-
ciency and low internal optical loss. While a high internal quantum efficiency
can be achieved with a quantum well structure with high electronic barriers
that prevent carrier leakage, the internal optical loss can be minimized with
a low doping level in regions with non vanishing modal intensity and a low
aluminum-concentration x in the AlxGa1−xAs waveguide. The threshold cur-
rent can be lowered with an epitaxy structure with low loss and a high internal
quantum efficiency. In order to reach threshold, the carrier density in the ac-
tive region must be increased towards ∼ 1 · 1018 cm−3 to generate population
inversion and quasi Fermi level energy separation. To achieve this, an exter-
nal voltage is required to deliver sufficient current through highly (cladding)
and in particular through weakly doped layers (waveguide) to support n, p.
Effectively, a p-i-n diode is turned on. The diode voltage mostly depends
on the quasi Fermi level separation of electrons and holes at threshold and
on the series resistance. The quasi-Fermi level separation of a laser epitaxy
structure is a monotone rising function of the aluminum concentration x in
AlxGa1−xAs because the band gap increases with x. The series resistance is
partway produced by the conductivity of the semiconductor bulk material
and the quality of the epitaxial grown material hetero-interfaces, which can
also lead to steps in series voltage. The carrier mobility is predominantly
limited by phonon scattering and alloy scattering [Ada93].

The iterative epitaxy design optimization lead to a laser structure with
a 2.1µm thick Al0.15Ga0.85As waveguide. A double quantum well (DQW)
active region with two InyGa1−yAs quantum wells (7 nm) and GaAszP1−z

barriers (7.5 nm between the quantum wells and 5 nm outside) is asymmetri-
cally placed within the waveguide (1180 nm n-type waveguide (57 %), 920 nm
p-type waveguide(43 %)). The Al0.30Ga0.70As n-cladding layer has a thickness
of 1.2µm, while the Al0.85Ga0.15As p-cladding layer is 0.3µm thin. The tran-
sition from the waveguide to the cladding layers is realized with 30 nm thin
graded refractive index (GRIN) regions. The doping levels are 1·1018 cm−3 in
the n-cladding layer, 5 ·1016 cm−3 in the n- and p-waveguide and 2 ·1018 cm−3

in the p-cladding layer respectively.
In Fig. 3.1 (a), the resulting electronic band-structure is depicted for

an un-doped case. The red solid line is given by the minimum of the con-
duction band edges at the Γ- and X-point of the Brillouin zone. At all
positions, where the semiconductor crystal has a direct band-gap (x ≤ 0.45
in AlxGa1−xAs), the red curve is defined by the Γ-point conduction band
edge. The red dashed-dotted line indicates the position of the first electron
energy level which is the fundamental solution of the Schrödinger equation
in the quantum well. The heavy hole valence band edge is depicted as a
blue solid line and the corresponding first heavy hole energy level as a blue
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dashed-dotted line. Fig. 3.1 (b) shows the magnified quantum-well region
from Fig. 3.1 (a), so that the two quantum wells and the surrounding barri-
ers are clearly visible.
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Figure 3.1: Electronic band-structure of the epitaxy design, selected for for high-
efficiency, high-power lasers. (a) Minimum of the conduction band edges at the Γ-
and X-point (blue solid line) and the heavy hole valence band edge (red solid line).
The corresponding first electron energy level and first heavy hole energy level are
depicted as blue and red dashed lines, respectively. (b) Magnified section of (a) in
the quantum-well region.

The profile of the refractive index, the profiles of the waveguide modes
and the resulting far field distributions are depicted in Fig. 3.2. In Fig. 3.2
(a), the refractive index profile is shown in the background as a grey area.
The near field profiles of the four different guided modes (v = 0, 1, 2, 3) are
depicted on top as colored lines. depending on their overlap with the highly
absorbing cladding layers, their internal loss αm ranges from 0.47 cm−1 for
the fundamental mode to 24 cm−1 for the highest-order mode. With the
vertical field profile Φ(x), the doping profile n(x) and p(x) and the free
carrier absorption coefficients σn = 4 cm−1 and σp = 12 cm−1, the internal
loss is calculated in QIP, following

αi =
1

neff

∫
|Φ(x)|2 · n(x) · [σnn(x) + σpp(x)] dx, (3.1)

where neff is the effective index of refraction and n(x) is the index of refrac-
tion.

In Fig. 3.2 (b), the calculated far field profiles of the waveguide modes
are depicted as a function of the divergence angle. As required in the ex-
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perimental targets of this work, the fundamental mode contains 95 % of the
emitted optical power within an angle of 44.3 ◦ < 45 ◦.
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Figure 3.2: (a) Refractive index profile of the epitaxy design for high-efficiency,
high-power lasers and the simulated near field profiles of the waveguide modes
with the corresponding internal losses indicated. (b) Simulated far field angular
distribution of the waveguide modes.

The calculation of the optical modes and their properties, results in four
different vertical modes as solution of the waveguide problem. Thus, in ad-
dition to the desired fundamental mode (v = 0), three higher-order modes
with different near field and far field profiles (shown in Fig. 3.2) occur. The
question arises, if lasing only on the fundamental mode can be obtained.
Lasing on higher-order vertical modes could potentially prevent that the de-
sired vertical far field angle of ≤ 45 ◦ can be achieved, because the width of
the vertical far field significantly increases with the vertical mode order v.
Therefore, the modal discrimination must be evaluated. As already indicated
in Fig. 3.2 (a), these modes have different internal optical loss αi. From the
individual field profiles at the position of the DQW, also different confine-
ment factors with the active region Γ can be estimated from the diagram.
Before starting to discuss the modal discrimination, an analysis of the cavity
length dependence of the differential quantum efficiency and threshold cur-
rent density will be carried out. This will allow to experimentally determine
the transparency current density jtr and modal gain coefficient Γg0. Subse-
quently, the discussion will return to the modal discrimination and it will be
evaluated by calculating the threshold current.

The following characterization is used to determine important param-
eters for the grown laser material and often used as a quality control in
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order to verify, if the experimentally obtained material parameters are in
appropriate agreement with the results from the simulation (QIP). To de-
termine important optoelectronic parameters of the laser waveguide design,
power-voltage-current characteristics have been measured on un-mounted
lasers with a stripe width of 100 and 200µm and different cavity lengths
(L = 400, 600, . . . , 2000µm). No facet coating has been applied for these
measurements, so that both, the reflectivity at the front and rear facet, are
approximately 32 %, and 50 % of the optical power is assumed to be emit-
ted through each facet. The measurement-procedure is explained in chapter
B.2.2, while the theoretical background is given in [Col95]. In Fig. 3.3 (a) and
(c), the inverse value of the differential quantum efficiency η−1

d is depicted as
a function of the cavity length L. The linear relation for FP lasers

η−1
d = 1/ηi + [αi/(ηi ln(1/R))] · L (3.2)

allows to determine the internal optical loss and the internal quantum effi-
ciency. For the linear fit, shown in the graph, the measurement result from
devices with a cavity length of 400µm have been excluded. From the linear
fits for 100 and 200µm stripe width, one obtains internal optical loss of ap-
proximately 1.0 cm−1 and an internal quantum efficiency of 0.92. Both values
are within the desired parameter range, defined above, which is required for
high efficiency lasers.

Based on the natural logarithm of the threshold current density jth, plot-
ted as a function of the inverse cavity length, one can derive the modal
gain coefficient Γg0 and the transparency current density jtr from the linear
relation:

ln (jth) ∼= ln
(
jtre

(αi+
1
L

ln( 1
R))/Γg0

)
=

[
ln(jtr) +

αi

Γg0

]
+

1

L

[
ln (1/R)

Γg0

]
, (3.3)

where R = Rf = Rr = 32 %. The measured values and a linear fit curve for
this method are depicted in Fig. 3.3 (b) and (d). Again, the measurement
results for a cavity length of 400µm have been excluded. For the modal gain
coefficient, one approximately obtains 20.0 cm−1 and for the transparency
current density 138 A cm−2.

The values, experimentally obtained for αi and ηi, are promising and rep-
resent an improvement compared to values, reported in earlier work [Sch09a].
In [Sch09a], a much wider waveguide design has been used (4.8µm instead of
2.1µm), the aluminum-content in the waveguide was higher (Al0.35Ga0.65As
instead of Al0.15Ga0.85As) and also the p- and n-doping level was higher



82 Experimental and theoretical results from iteration I

0 . 0 0 0 . 0 5 0 . 1 0 0 . 1 5 0 . 2 0 0 . 2 5
0 . 0

0 . 4

0 . 8

1 . 2

1 . 6
(di

ff. 
qu

an
tum

 ef
fici

en
cy)

-1

��!� "����� ������

 

�
��� �������#�

η�������

α������������

0 5 1 0 1 5 2 0 2 5 3 0
4

5

6

7

8
���

ln(
j th/j 0)

���!� "����� �����������

�������#�

Γ�������������

� �����		�������

0 . 0 0 0 . 0 5 0 . 1 0 0 . 1 5 0 . 2 0 0 . 2 5
0 . 0

0 . 4

0 . 8

1 . 2

1 . 6
���

�

(di
ff. 

qu
an

tum
 ef

fici
en

cy)
-1

��!� "����� ������

�������#�

η��������
α�������
����

0 5 1 0 1 5 2 0 2 5 3 0
4

5

6

7

8
���

�

ln(
j th/j 0)

���!� "����� �����������

�������#�

Γ�������������

� �����
��������

Figure 3.3: Cavity length dependence of the differential quantum efficiency and
threshold current density. (a) The inverse value of the differential quantum effi-
ciency over the cavity length allows to determine the internal quantum efficiency ηi

and the internal loss αi (for 100µm stripe width). (b) ln (jth/j0) over the inverse
cavity length allows to determine the confinement factor of the double quantum
well Γg0 and the transparency current density jtr (for 100µm stripe width). (c)
Equivalent to (a) but for 200µm stripe width. (d) Equivalent to (b) but for 200µm
stripe width. j0 is here always set to one.

(1 · 1017 cm−1 instead of 5 · 1016 cm−1). Changes in the waveguide design and
doping level results in a reduction in the internal optical loss and increase of
the internal quantum efficiency, which were αi = 1.2 cm−2 and ηi = 0.85 in
[Sch09a]. Compared to [Sch09a], jtr is nearly unchanged.

Finally, the discussion of modal discrimination will be continued. The
cavity length dependence of the differential quantum efficiency and threshold
current density gave experimental results for the transparency current density
jtr and modal gain coefficient Γg0. With these values, threshold currents
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have been calculated for a DFB-BA laser with a stripe width of W = 90µm,
cavity length of L = 3000µm, front and rear facet reflectivity Rf = 2 % and
Rf = 98 % on the basis of equation 1.29. Table 3.1 summarizes the simulated
internal optical loss αi, the simulated confinement factor of the optical field
profile with the DQW, Γ, and the calculated threshold currents Ith.

Table 3.1: Discrimination of higher-order vertical modes in the FP laser structure,
based on the simulation results. The threshold current has been calculated with
L = 3000µm, W = 90µm, Rf = 2 %, Rf = 98 % and jtr = 138 A cm−2.

mode αi Γ Ith

v [cm−1] [%] [A]

0 0.473 1.400 0.519
1 1.051 0.256 2.662
2 2.411 0.566 1.063
3 24.02 0.760 5.342

Firstly, modal discrimination is obtained because of significant increase
of the internal optical loss with increasing mode number v. This leads to
higher threshold currents for the higher-order modes. Secondly, the funda-
mental mode v = 0 has the highest confinement factor of the optical field
profile with the DQW, which also contributes to the lowest threshold gain.
Admittedly, the confinement factor increases from v = 1 to v = 3 as can be
also qualitatively derived from Fig. 3.2 (a). For the calculation of the thresh-
old current it has been assumed, that the reflectivity of the facet mirrors is
identical for all vertical modes. This is an approximation. In fact, the re-
flectivity slightly increases for the higher-order modes and will cause a small
reduction in the threshold current. The resulting values for the threshold
current of the vertical modes are shown in the last column of table 3.1. The
threshold current of the fundamental mode is only half as high (∼ 0.5 A) as
the threshold of mode v = 2 (∼ 1 A, which is the one with the second lowest
threshold). This modal discrimination is expected to be sufficient in order
to obtain lasing exclusively on the fundamental mode.
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3.2 Characterization of FP-BA reference lasers

3.2.1 Facet coating for FP-BA reference lasers

Wafers for FP-BA lasers with 3000µm cavity length and 90µm stripe width
were grown by low-pressure MOVPE as briefly described in section A.1 and a
standard processing has been applied as specified in section A.2. The epitaxy
design is detailed in section 3.1. For the further characterization, a facet
passivation and facet coating was applied to laser bars with single emitters
of 3 mm cavity length and 90µm stripe widths (adequate for optical coupling
into 100µm-core diameter optical fibers). In order to achieve a maximum
front facet slope efficiency, a very high rear facet reflectivity Rr = 98 %
was targeted. To optimize the slope efficiency and threshold current for a
maximum power conversion efficiency, a front facet reflectivity Rf = 2 % has
been chosen. Much lower front facet reflectivity typically do not lead to
an increased slope efficiency at L = 3000µm, but increases the threshold
current and makes the lasers sensitive to unwanted external feedback during
experiments. With the applied facet coating, Rf = 2.75 % and Rr = 98.06 %
was achieved at 976 nm. In Fig. 3.4, the reflectivity is depicted as a function
of the wavelength for both facets. The reflectivity was measured on GaAs-
dummies. Afterwards, the reflectivity on the laser facet has been calculated
with respect to the effective index of the fundamental waveguide mode.
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Figure 3.4: Reflectivity of the anti-reflection coated front facet (a) and the high-
reflection coated rear facet (b) for FP-BA reference lasers.
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3.2.2 P-U-I characteristics of FP-BA lasers

After the facet passivation and coating, single emitters with 3000µm cav-
ity length and 90µm stripe width were mounted on 4 mm × 6 mm CuW
sub-mounts as explained in chapter A.4. The P-U-I characteristics and the
spectrum map were then measured with the setup, explained in chapter B.1.1.
Temperature stabilization of the sub-mount at 25.0 ◦C ± 0.1 ◦C was also re-
alized as explained in chapter B.1.1. Figure 3.5 (a) shows the P-U-I charac-
teristics of three devices from Wafer F1850-4, measured at 25.0 ◦C heatsink
temperature between 0 and 12 A (for one device also up to 15 A) with a step
size of 100 mA. The threshold currents vary between 600 and 621 mA. The
slope efficiency, determined from a linear fit over 2.0 A directly above thresh-
old, is in the range between 1.067 and 1.104 W A−1. From a linear fit of
the voltage in the flat region above threshold between 1 and 5 A, an average
turn-on voltage U0 = 1.305 V (at 0 A) and an average series resistance of
Rs = 23.2 mΩ has been determined for the three devices.
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Figure 3.5: P-U-I characteristics from FP-BA lasers from wafers F1850-4 and
D1423-1, measured at 25.0 ◦C heatsink temperature. (a) Lasers F1850-4 071004,
071006 and 071008. (b) Lasers D1423-1 040203, 051301 and 051303.

The electro-optical results of FP-BA lasers from Wafer F1850-4 (MOVPE
reactor F), shown in Fig. 3.5 (a) are promising, because the lasers achieve
10 W optical output power at a power conversion efficiency of more than
60 %. Subsequently, wafers for FP-BA lasers were grown in a second MOVPE
epitaxy reactor (D), which has been selected for the growth of the DFB-
BA lasers in a two step epitaxy process. Of course, the question arises, if
the electro-optical properties of FP-BA lasers from reactor D are identical
with lasers from reactor F. Figure 3.5 (b) shows P-U-I characteristics of
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three devices from Wafer D1423-1 which have been measured in the same
way as it has been done for the devices from wafer F1850-4, presented in
Fig. 3.5 (a). At a first glance, the threshold current and slope efficiencies
are comparable to the devices from Wafer F1850-4. Differences in the P-
U-I characteristics occur in the series resistance. This leads to lower power
conversion efficiency and consequently, to a slightly increased thermal roll-
over of the power characteristics, compared to devices from Wafer F1850-4.
This effect is demonstrated in Fig. 3.6, where the P-U-I characteristics of FP-
BA laser F1850-4 071006 are compared to the characteristics from D1423-1
051301. An average turn-on voltage of U0 = 1.308 V and an average series
resistance of Rs = 27.3 mΩ was determined for the three devices from Wafer
D1423-1.
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Figure 3.6: P-U-I characteristics from FP-BA laser F1850-4 071006 compared to
FP-BA laser D1423-1 051301, measured at 25.0 ◦C heatsink temperature.

Finally, the threshold current Ith, slope efficiency S2 A, peak power con-
version efficiency ηmax

PCE, and power conversion efficiency at 7 and 10 W, η7 W
PCE

and η10 W
PCE , respectively, are summarized in table 3.2. A comparison of the

threshold current and slope efficiency values for Wafers F1850-4 and D1423-1
shows, that occurring differences are of minor importance. This indicates,
that important parameters such as the internal optical loss, internal quan-
tum efficiency, threshold current density and facet coatings are comparable
for devices from both wafers.

Nevertheless, the increase of the series resistance from Wafer F1850-4 to
D1423-1 by only ≈ 4 mΩ causes significant differences in the voltage drop
U(I). Because the threshold currents and slope efficiencies are nearly identi-
cal for devices from wafers F1850-4 and D1423-1, the increase of the thermal
roll-over, observed for devices from D1423-1, is presumably a consequence
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Table 3.2: Overview of the threshold gain, slope efficiency and power conversion
efficiency from FP-BA lasers.

wafer laser Ith S2 A ηmax
PCE η7 W

PCE η10 W
PCE

[mA] [WA−1]

F1850-4 071004 619 1.071 0.659 0.647 0.617
071006 603 1.092 0.670 0.666 0.642
071008 624 1.107 0.679 0.671 0.647

D1423-1 040203 657 1.091 0.646 0.640 0.606
051301 614 1.093 0.654 0.645 0.611
051303 625 1.092 0.651 0.642 0.609

of the reduction in power conversion efficiency and thus, a consequence of
the higher voltage drop. The power conversion efficiency η10 W

PCE drops from
≈ 64 % for devices from wafer F1850-4 to η10 W

PCE ≈ 61 % for devices from
wafer D1423-1. This means, that, if η10 W

PCE = 60 % is a target for the DFB-BA
lasers, the reduction in the power conversion efficiency due to the monolithic
integration of the DFB grating, must be reduced to ≤ 4 % and ≤ 1 %, re-
spectively. With respect to earlier results for the P-U-I characteristics of
DFB-BA lasers and reference FP-BA lasers [Sch09b], this seems to be very
challenging.

The reason for the differences in the series resistance is not clear. Nominal,
both wafers were grown identically but this was done in different MOVPE
reactors. Basically, minor differences in the laser properties might occur from
epitaxy to epitaxy even in the same reactor. Presumably, using reactor D can
cause a small penalty but this is the reactor, most suitable for the two-step
epitaxy which is required for the growth of buried DFB gratings. Certainly,
an increase of the series resistance could be also caused during the processing
of the wafer.

3.2.3 Spectral properties of FP-BA lasers

In order to analyze the spectral properties of the FP-BA lasers, spectra were
measured under CW current injection between 0 and 15 A with an experimen-
tal setup, described in section B.1.2. Afterwards, the spectra were plotted
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as a linear scaled spectrum map. In Fig. 3.7, two sample spectral maps are
depicted for lasers from wafers F1850-4 and D1423-1, respectively.

At threshold, the spectrum of laser F1850-4 071006 starts with a center
wavelength of 968.7 nm and shifts to 980.3 nm at 15 A. An approximately
linear shift of the center wavelength with the current of ≈ 0.643 nm A−1 is
observed. The wavelength shift slightly increases at about 11 A. The spectral
width with 95 % power content develops from 1.9 nm close to the threshold
to 5.5 nm at 15 A. The spectrum is typical for FP-BA lasers. Note, that the
spectrometer in use is not able to resolve the longitudinal and lateral modes.
Hence, the measured spectrum appears as a broad, approximately gaussian
shaped curve.

Figure 3.7: Linear intensity-scaled false-color maps oft the spectra from FP-BA
lasers from wafers F1850-4 and D1423-1, measured at 25.0 ◦C heat sink tempera-
ture. (a) Laser F1850-4 071006. (b) D1423-1 040203.

Deviations in the lasing wavelength occur for laser D1423-1 040203, com-
pared to F1850-4 071006. At threshold, the center wavelength is shifted to
972.0 nm (+3.3 nm) and shifts to 986.4 nm at 15 A (+5.1 nm). The spectral
width with 95 % power content is comparable for the two devices with 2.2 nm
at threshold and 5.6 nm at 15 A for D1423-1 040203.

The center wavelength at an optical output power of 10 W is of practical
importance for possible applications of such diode lasers for pumping absorp-
tion bands in gain media of solid state lasers, fiber lasers and amplifiers. As
already mentioned in the introduction (chapter ), this work targets a wave-
length of 976 nm for the diode lasers, for pumping the narrow absorption
line (≈ 976 nm± 4 nm) in Yb doped glass or crystals [Pas97]. FP-BA lasers
F1850-4 071006 and D1423-1 040203 achieve center wavelengths at 10 W of
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975.9 and 981.3 nm, respectively. The spectral width with 95 % power content
is 4.7 nm for both lasers. Thus, the wavelength requirements are complied
for F1850-4 071006 but not for D1423-1 040203. Further optimization of the
DQW active region (width and composition of the quantum wells) would be
necessary to adjust the gain spectrum to enable lasing close to 976 nm at the
current, at which 10 W output power is obtained.

3.2.4 Thermal properties of FP-BA lasers

For high power performance, the thermal resistance Rtherm of the mounted
diode laser plays an important role. It can be determined experimentally
from the shift of the wavelength as a function of the thermal dissipation
loss dλ/dPd, and the wavelength shift with the ambient temperature dλ/dT .
The knowledge of the accurate dλ/dT is important for the adjustment of the
wavelength in order to achieve the targeted value of 976 nm at 10 W optical
output power. Therefore, three experiments have been carried out: firstly,
the measurement of the CW P-U-I characteristics, secondly, the measurement
of the spectrum as a function of the CW current and finally, a measurement
of the spectrum as a function of the ambient temperature without heating
in the active region (for example under short pulsed current injection with a
pulse duration of 500 ns and a duty cycle of 5 · 10−4, which leads to a current
heating of 0.015 K with Ppeak = 10 W, ηpce = 60 % and Rth = 4.5 K W−1).
The thermal resistance can be calculated with the temperature coefficient of
the emission wavelength dλ/dT as:

Rth =
dλc

dPd

(
dλ

dT

)−1

. (3.4)

The temperature dependence of the emission wavelength dλ/dT is based
on the temperature dependence of the band-gap in the active region, which
has been calculated in section 1.1.5 as ≈ 0.34 nm K−1, as well as on the tem-
perature dependence of the threshold current. The temperature coefficient
of the emission wavelength was determined from several spectra, measured
under short pulsed current injection with a pulse duration of 500 ns and a
repetition rate of 1 kHz. The resulting duty cycle is ∼= 5 · 10−4. It has
been assumed, that these short-pulse current-injection conditions cause so
few heating in the active region, that the temperature in the active region
approximately equals the temperature on the sub-mount. This can be also
derived from [Vos96] and [Puc00]. The sub-mount was temperature-stabilized
at 15, 20, 25, . . . , 135 ◦C. Fig. 3.8 (a) shows the center wavelength of the
spectrum as a function of the sub-mount temperature under short pulse cur-
rent injection as described above. The obtained value for dλ/dT equals the
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calculated temperature dependence of the band-gap in the active region. In
Fig. 3.8 (b), the construction of the center wavelength λc as a function of
the thermal dissipation loss Ptherm = I · U − Popt(I) is depicted. A thermal
resistance of 3.35 KW−1 has been determined. The same procedure was ap-
plied to 40 comparable devices from the same waver. An average value of
3.58 K W−1 was determined for the thermal resistance.
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Figure 3.8: Determination of the thermal resistance Rth. (a) Temperature de-
pendence of the emission wavelength, measured under short pulse current injection
with a pulse duration of 500 ns and a repetition rate of 1 kHz. (b) Shift of the
center wavelength as a function of the thermal dissipation loss under CW current
injection. The values have been extracted from CW P-U-I characteristics and CW
spectrum measurements.

The influence of temperature onto the threshold current and slope effi-
ciency and hence, the high power properties of the diode laser can be ex-
pressed quantitatively by the threshold current characteristic temperature
T0 and the slope efficiency characteristic temperature T1. This analysis is
often applied for high power broad area laser and allows for a comparison
between different devices.

To determine T0 and T1, P-U-I characteristics have been measured un-
der the same short pulse current injection as used for the determination of
the temperature coefficient of the emission wavelength. The sub-mount tem-
perature was increased from 15 to 135 ◦C with a step size of 10 K. Again,
it has been assumed that nearly no extra heat was generated in the ac-
tive region, so that the device temperature could be approximated by the
sub-mount temperature. The emission wavelength of the diode laser was
measured as well. That allows to correct the wavelength-dependency of the
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responsiveness of the InGaAs photo diode, used as a power detector. Note,
that the wavelength-dependency of the responsiveness of the photo diode
can be larger than the variation of the slope efficiency in the device. The
measurement-setup used, is described in chapter B.2.1. In Fig. 3.9 (a), the
P-U-I characteristics are depicted. The optical power was determined from
the photo current of the photo diode by a calibration with a thermoelec-
tric detector. Fig. 3.9 (b)and (c) depicts the temperature dependence of
the threshold current and slope efficiency, respectively, determined from the
P-U-I characteristics shown in (a).

0 1 2 3 4 5
0 . 0

0 . 5

1 . 0

1 . 5

2 . 0

�����

����
�����

vo
lta

ge
 [V

]

�������	�


 
�

���

����

0 3 0 6 0 9 0 1 2 0 1 5 0
0

1

2

3

4
���

�

thr
es

ho
ld 

cu
rre

nt 
[A]

������������	��

0 3 0 6 0 9 0 1 2 0 1 5 0

0 . 0
0 . 2
0 . 4
0 . 6
0 . 8
1 . 0
1 . 2

��

�

slo
pe

 ef
fici

en
cy 

[W
A-1 ]

������������	��


0

1

2

3

4

5

po
we

r [W
]

Figure 3.9: Temperature dependence of the threshold current and slope efficiency
between 15 C and 135 C (10 C step size) under short pulse current injection with
a pulse duration of 500 ns and a repetition rate of 1 kHz. (a) P-U-I characteristics.
(b) Threshold current as a function of the temperature. (c) Slope efficiency as a
function of the temperature. Threshold current and slope efficiency were deter-
mined from linear fits of the P-I characteristics, errors are indicated.
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As a consequence of the exponential model for the temperature depen-
dence of the threshold current and slope efficiency, T0 and T1 can be de-
termined from a linear fit of ln (Ith/I0) and ln (S/S0) as a function of T ,
respectively. These diagrams are shown in Fig. 3.10.
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Figure 3.10: Logarithmic diagrams of (Ith/I0) and (S/S0) for the determination
of T0 and T1. (a) ln (Ith/I0) as a function of T , T0 has been determined from a
linear fit between 15 and 65◦C. (b) ln (S/S0) as a function of T , T1 has been
determined from a linear fit between 15 and 65 ◦C.

A threshold current characteristic temperature T0 = 132 K and a slope
efficiency characteristic temperature T1 = 385 K have been determined from
a linear fit between 15 ◦C and 65 ◦C, which expected to be the relevant tem-
perature range for CW applications (T0 = 145 K, T1 = 422 K between 15 ◦C
and 65 ◦C). T0 and T1 are the inverse values of the gradients, respectively.
It is suitable to determine the characteristic temperatures at temperatures,
the active region will have under CW current injection at 25 ◦C heatsink
temperature and at output powers up to 10,W. Assuming an average ther-
mal resistance Rth = 3.58 W A−1 and a power conversion efficiency at 10 W of
ηpc = 0.64, one obtains a temperature rise in the active region by ≈ 20 K from
25 to≈ 45 ◦C. The temperature range between 75 ◦C and 135 ◦C has not been
taken into account. Substantial deviations from linearity in ln (Ith/I0) and
ln (S/S0) can be attributed to a decrease in the internal quantum efficiency
at higher temperatures due to increasing current leakage. Generally, the low
aluminum content in the waveguide of only 15 % is expected to degrade T0

and T1 because the carrier confinement depends on the barrier hight of the
quantum wells, which on its part, depends on the barriers and the aluminum
content of the surrounding waveguide. A comparison with T0 = 140 K and
T1 = 620 K, reported for a waveguide design with 35 % aluminum-content
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([Sch09a]), shows, that the degradation is moderate, especially for the thresh-
old characteristic temperature.

3.2.5 Spatial emission properties of FP-BA lasers

In the following section, experimental results for the spatial emission prop-
erties of FP-BA reference lasers are presented. A verification, that the de-
veloped lasers have a vertical beam divergence angle of ≤ 45 ◦ is necessary in
order to confirm, that the experimental realization of the developed epitaxy
design was successful. The investigation of the lateral near field profile al-
lows to determine, if the electrically pumped stripe width is indeed, 90µm,
as targeted per design.

A narrow vertical and lateral divergence angle is important for many kinds
of possible applications of BA diode lasers. One typical application example
is to focus the emitted power into an optical fiber. In contrast to narrow
stripe RW lasers, BA lasers discussed in this work emit their optical power
in multiple lateral optical modes. In stead of analyzing the beam parameter
product, which is usually performed for RW lasers [Ren92], [Eic04], [Hod05],
the vertical and lateral divergence angle will be determined, in which 95 %
of the optical power is emitted, as well as the FWHM value.

The BA LOC design laser beam has characteristic differences for the ver-
tical direction (epitaxy growth direction) and the lateral direction (along the
epitaxy surface). While the far field is usually single-modal and approxi-
mately gaussian shaped in vertical direction, the lateral far field is multi-
modal and structured, often top-hat like in the lateral direction. Because
of the differences in the geometric extensions and the optical confinement
strength in vertical and lateral direction, the vertical and lateral modes can
be considered as separable by approximation. The lateral far field, as well
as the vertical near field and far field have been measured with the setup,
described in section B.1.3.

The vertical far field profiles of the FP-BA lasers show only marginal
differences between different devices, even if they are from different wafers
with the same epitaxy design. Example vertical far fields of laser 071002
from wafer F1850-4 are depicted in Fig. 3.11.

Figure 3.11 (a) shows the normalized vertical far field profiles at 2.5, 5,
7 and 10 W optical output power in a linear intensity scale. No changes of
the field-profile can be seen in dependence on the output power (or on the
related drive currents). Weak fluctuations at divergence angles of 0 ◦ ± 5 ◦

must be attributed to feedback-effects from the plane of the detector of the
measurement setup. From the logarithmic scaled far field profiles in Fig. 3.11
(b), a reduction of the background can be found between 2.5, and 5 W.
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Figure 3.11: Vertical far field profile of FP-BA laser F1850-4 071002 at 25 ◦C
heatsink temperature for optical output powers of 2.5, 5, 7 and 10 W. (a) Linear
scaled intensities. (b) Logarithmic scaled intensities, a substrate peak at ≈ 51.5 ◦

is visible.

Additionally, a peak at ≈ 51.5 ◦ is visible in all profiles. A comparison with
the simulated vertical far field profiles in Fig. 3.2 (b) makes it obvious to
suppose, that it is related to coupling into the substrate. No measurements
of the vertical near field are shown because the narrow geometric extension of
the near field profile in the scale of the width of the waveguide (2.1µm) does
not allow a sufficient resolution. The available system resolution is ∼ 1µm.

The lateral near field profiles of FP-BA lasers F1850-4 071006 and D1423-
1 040203 at 25 ◦C heatsink temperature are shown in Fig. 3.12 (a) - (d)
for optical output powers of 2.5, 5, 7 and 10 W. The near field profiles
have an overall top-hat structure with additional modulations due to the
superposition of multiple lateral modes. The width of the profiles with 95 %
power content varies in the range between 89.1 and 100.0µm. thus, it is
clearly dominated by the 90µm stripe width of the p-contact.

In Fig. 3.13 (a) - (d), the lateral far field profiles of FP-BA lasers F1850-4
071006 and D1423-1 040203 at 25 ◦C heatsink temperature are depicted for
optical output powers of 2.5, 5, 7 and 10 W. In contrast to the near field
profiles, a dependency on the drive current or output power is visible. The
width of the profiles with 95 % power content increases from 10.4 (14.0) to
13.6 ◦ (16.3 ◦) for laser F1850-4 071006 (D1423-1 040203). The key reason
for the increase of the lateral far field divergence angle of BA lasers with
increasing current or power is the thermal lensing [Koe70], [Wen08], which is
discussed in [Cru11a], [Cru12a].

An overview on the widths of the vertical far field profiles and the lateral
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Figure 3.12: Lateral near field profile of FP-BA lasers F1850-4 071006 and D1423-
1 040203 at 25 ◦C heatsink temperature for optical output powers of: (a) 2.5 W,
(b) 5 W, (c) 7 W and (d) 10 W.

near field and far field profiles is given in table 3.3. Two major differences be-
tween the two lasers, whose spatial emission characteristics are summarized
in table 3.3 are conspicuous. Firstly, the lateral near field of FP-BA laser
F1850-4 071006 is close to 90µm for both, the FWHM value and with 95 %
power content. In contrast, the lateral near field of FP-BA laser D1423-1
040203 is about 10µm broader, even though the intended design and pro-
cessing is identical and a width of ≈ 90µm should be expected for both de-
vices. Secondly, the lateral far field of FP-BA laser D1423-1 040203 is ∼ 3 ◦

wider than the lateral far field of device F1850-4 071006. This could possi-
bly be explained with the lower power conversion efficiency (see table 3.2),
which leads to stronger thermal lensing and might broaden the lateral far
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Figure 3.13: Lateral far field profile of FP-BA lasers F1850-4 071006 and D1423-1
040203 at 25 ◦C heatsink temperature for optical output powers of: (a) 2.5 W, (b)
5 W, (c) 7 W and (d) 10 W.

field divergence. Nevertheless, stronger thermal lensing is expected to cause
a narrowing of the lateral near field, which is in antagonism to the widths
of the lateral near field, measured for device D1423-1 040203, compared to
F1850-4 071006.

3.3 Development of the DFB grating

3.3.1 Properties of the DFB grating

The presence of a periodic structure that couples forward and backward
propagating waves is the distinctive feature between a conventional edge
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Table 3.3: Overview of the divergence angles of the vertical far field (VFF) as well
as the lateral near field (LNF) and far field (LFF) from FP-BA reference lasers.

Popt VFF VFF LNF LNF LFF LFF
[W] [◦] [◦] [µm] [µm] [◦] [◦]

FWHM W95% FWHM W95% FWHM W95%

F1850-4 071006
2.5 25.5 43.2 80.8 89.1 6.1 10.4
5.0 26.3 43.4 93.7 93.2 8.7 11.3
7.0 26.3 43.8 92.0 91.4 9.2 11.8
10.0 26.3 43.6 88.6 88.4 11.7 13.6

D1423-1 040203
2.5 – – 102.0 99.5 9.3 14.0
5.0 – – 101.0 100.0 10.4 14.5
7.0 – – 99.0 99.8 10.8 14.8
10.0 – – 99.0 100.0 12.5 16.3

emitting semiconductor FP laser and a DFB laser. Various different possi-
bilities for the implementation of a DFB grating have been published, such as
index-coupling, gain or loss-coupling (for example [Kog71], [Kog72], [Luo90],
[Rob97], [SZA00]), buried gratings (for example [Yor92], [Ear98], [Cha00],
[Kan06], [Kle06], [He09], [Sch09a]), surface gratings (for example [Kan09],
surface gratings are more commonly used for DBR lasers, for example [Fri05])
and side-coupled gratings (for example [Kam01]).

In this work, minimal loss and very high power and power conversion
efficiency is targeted. Therefore, several of the possibilities for the realiza-
tion of a DFB grating must be excluded. With respect to the aim of this
work and promising technical experiences at the FBH, the design options for
the DFB grating that have been considered were restricted to the following
fundamentals:

• Index coupling

• Buried gratings

• Second-order gratings
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• Aluminum-free epitaxial layers

The decision for index-coupling and against gain or loss-coupling was
made because gain or loss DFB gratings are expected to introduce cru-
cial extra loss mechanisms and to decrease the efficiency of a DFB laser.
Gain-coupling can be realized by structuring the grating into the quantum
well region, so that distributed feedback is provided by a spatial-periodic
gain-modulation. For the construction this means, that it is necessary, to
etch through the quantum wells. This has been successfully reported for
AlInGaAsP/InP lasers, [Nak89], [Luo90], [Hon99] which have been princi-
pally developed to be suitable for telecommunication applications, where it
is critical to achieve a high SMSR but power conversion efficiency is not criti-
cal. Because of etching through the active region, one can anticipate a serious
introduction of defects and the oxidation of the surrounding waveguide, es-
pecially if it contains aluminum. A common design option for loss-coupled
DFB-RW lasers is the implementation of highly absorbing metal stripes (side-
coupling), perpendicular to the etched ridge, which defines the laser stripe in
lateral direction. Nevertheless, this is not adequate for broad-area lasers, be-
cause coupling would be undefined due to the appearance of multiple lateral
modes. On the one hand, differential overlap of lateral modes with the metal
stripes would cause a graduation in coupling-strength for different lateral
modes. On the other hand, the internal loss is increased.

The DFB grating can be positioned either enclosed within the epitaxy
layers (buried gratings) or etched into the epitaxy layers after finishing the
epitaxial growth (surface gratings). The technical requirements for low loss
buried gratings are of a very high level, because the epitaxial growth must be
interrupted for lithographic structuring and continued afterwards. Surface
gratings have the advantage that they can be structured when the epitaxial
growth is finished. Their disadvantages are that a large etch depth is required
what makes it difficult to achieve a targeted duty-cycle and low coupling co-
efficient. They also make soldering p-side down more complicated, especially
for low Bragg orders where a significant fraction of the p-side is disturbed by
etched grooves. Otherwise, mounting the lasers p-down with a low thermal
and electrical resistance is required for high power, high efficiency DFB-BA
lasers. Although the technical requirements for low loss buried gratings are
very high as mentioned above, the decision was made for this type of DFB
gratings. Buried DFB gratings allow for a precise adjustment of the cou-
pling coefficient via the refractive index contrast and the position within the
waveguide. The challenge is to etch the grating into the surface after the first
epitaxy with a minimum degradation of the semiconductor material and to
overgrow the patterned surface with a very low defect density.
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First-order Bragg gratings would have the advantage that they do not
lead to extra radiation loss what can be mathematically expressed with a
real coupling coefficient. The usage of higher-order Bragg gratings allows to
enlarge the dimension of the grating structure, which is often used to make
their lithographic preparation more precise and better reproducible as for
example discussed in [Cru12b]. A precise preparation is of exceptional im-
portance for second- and higher-order gratings, where the duty cycle defines
not only the real part of the coupling coefficient, but also the imaginary part,
which causes extra radiation loss (see chapter 1.2.2). For example, consid-
ering a 975 nm laser and an effective refractive index of 3.42, one obtains a
grating period of 143.5 nm for a first-order DFB grating and 285.1 nm for a
second-order DFB grating, respectively. One has to consider that first-order
DFB gratings reach their maximum coupling coefficient at a duty cycle of
1/2, while a duty cycle of 1/4 and 3/4 corresponds to the maximum cou-
pling coefficient for a second-order DFB grating and simultaneously, to (see
chapter 1.2.2). In both cases, the resulting grating stripe width that has to
be precisely adjusted is 71.3 nm. In order to obtain ≥ 80 % of the maximum
possible real coupling coefficient |<[κ]| for a second-order grating, a deviation
of the stripe width of approximately ±29 nm (≈ 40 % of 71.3 nm) is tolerable,
due to the sinusoidal shape of <[κ](cd).

In general, two methods can be used for exposure of the photo-resist
during the lithographic structuring - laser holography and electron beam
scribing. With respect to the fact that electron beam scribing is much more
time-consuming, feasibility with laser holography has been considered in this
work. If the duty-cycle is successfully adjusted to 1/4 or 3/4 (± 1/10), the
imaginary part of the coupling coefficient is at least two orders of magnitude
lower than the real part, which can be, for example, extracted from the
diagram in Fig. 1.14. For such a DFB grating and considering that with
κ·L ≤ 1, the contribution to the loss in the laser should therefore be negligible
in good approximation.

Now the question arises, whether a duty-cycle of 1/4 or 3/4 should be
targeted. Therefore it has to be clarified, how the duty cycle cd is defined
with respect to the etching and the proportion of the lower / higher index
of refraction part within one period. From the fabrication point of view it
is intuitive to define the duty cycle as the fraction of the remaining grating
stripes, relative to the grating period, which consists of one grating stripe
and one etched groove. In the derivations in section 1.2.2 which are based
on [Kaz85], the duty cycle has been defined as cd = (Λ − b)/Λ, where b is
the width of the etched grooves and Λ is the grating period. Thus, Λ − b
is the width of the remaining grating stripes. This is in agreement with the
definition of the duty cycle which defines the x-axis in Fig. 1.14. With respect



100 Experimental and theoretical results from iteration I

to the real coupling coefficient and radiation loss, the choice of cd = 1/4 or
cd = 3/4 will lead to the same results. Minor differences occur due to the
fact, that the effective wave guide changes with cd.

There is still another aspect which has to be considered in order to find
the best choice for the duty cycle. Depending on the properties of the semi-
conductor materials in the grating region and its hetero-interfaces, the choice
of cd = 1/4 or cd = 3/4 may also have a relevant impact on the carrier (hole)
transport through the grating region. This insight has to be considered af-
ter the semiconductor layer system in which the grating will be etched and
overgrown subsequently, is chosen.

Buried DFB gratings require to use two step epitaxy process. This means
that the surface of the first epitaxy will be exposed to air, directly after
the epitaxy and also after the ex-situ lithographic structuring of the DFB
grating. Therefore, no aluminum should be contained in the epitaxy layers
of the grating which are exposed to air, because aluminum atoms would
otherwise provoke the formation of aluminum oxides. These aluminum oxides
are very stable and difficult to remove, because they cannot be desorbed in
the MOVPE reactor at temperatures of ∼ 680 ◦C like this is possible with
oxides on GaAs and InGaP.

Furthermore, a target for the coupling coefficient of the DFB grating must
be defined. Two assumptions can help to determine the adequate magnitude
of the coupling coefficient for a high power and efficiency DFB laser. On the
one hand, the resonator loss αDFB of the lowest threshold gain mode of the
DFB-BA laser should be approximately in the same range as the mirror loss
αm of an efficiency optimized high power FP-BA laser. This has been derived
in section 1.2.5 under the assumption, that both, the DFB-BA and FP-BA
laser have the same internal optical loss and internal quantum efficiency.
High power and efficiency FP-BA lasers, which were developed during this
work and are characterized in section 3.2, shall be used for reference, as
mentioned above. On the other hand, the resonator loss αDFB of the lowest
threshold gain mode must be smaller than the mirror loss αDFB

m = (1/2L) ·
ln[1/(RDFB

f · RDFB
r )] of FP modes in the DFB laser, for example αDFB ≤

0.8αDFB
m . Otherwise, FP-like modes might reach threshold in some distance

to the Bragg wavelength and disturb the spectral stabilization of the DFB-
BA laser.

If one assumes a FP-BA laser with L = 3 mm cavity length and facet
reflectivities of RFP

f = 2 % and RFP
r = 96 % and a DFB-BA laser with the

same cavity length, and facet reflectivities of RDFB
f = 0.09 % and RDFB

r =
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98 %, one obtains:

αFP
m =

1

2L
ln

(
1

RFP
f RFP

r

)
≈ 6.6 cm−1 (3.5)

αDFB
m =

1

2L
ln

(
1

RDFB
f RDFB

r

)
≈ 11.8 cm−1. (3.6)

From the estimate mentioned above, one finds an approximate magnitude for
the DFB loss of αDFB ≈ 6.6 cm−1. Additionally, one obtains an upper bound
for the DFB loss of αDFB ≤ 0.8 · 11.8 cm−1 ≈ 9.4 cm−1.

Now, one needs to determine the values of the coupling coefficient, that
correspond to αDFB = 6.6 cm−1 and αDFB = 9.4 cm−1. Using the numerical
calculations, presented in section 1.2.4, one obtains that a coupling coeffi-
cient of κ ≈ 1.4 cm−1 corresponds to αDFB = 6.6 cm−1 and κ ≈ 0.5 cm−1

corresponds to αDFB = 9.4 cm−1. A third estimate can be derived from the
requirement for a uniform field profile along the cavity axis, κ · L = 1, that
avoids multiple longitudinal mode lasing, caused by longitudinal gain spatial
hole burning. This results in κ ≈ 3.3 cm−1.

One finally obtains the following values of orientation for the magnitude
of the coupling coefficient for high power and efficiency DFB BA lasers:

κ ≥ 0.5 cm−1 (avoid lasing on FP− like modes)

κ ≈ 1.4 cm−1 (high performance FP laser)

κ ≈ 3.3 cm−1 (κL = 1).

For the first iteration, the aim is to realize 3 mm long DFB-BA lasers,
containing a second-order DFB grating with a coupling coefficient of approx-
imately 3 cm−1 (corresponding to αDFB ≈ 3.9 cm−1). Thus, the coupling
strength will be reduced to κ · L ≈ 1, compared to earlier work [Sch09a],
where κ · L ≈ 1.9 was found to be much too strong to achieve high differen-
tial quantum efficiency. Based on the calculations, presented in section 1.2.5,
the differential quantum efficiency should reduced by only ∼ 2 %, compared
to the value for a comparable high performance FP-BA laser. This would be
a clear benefit, compared to what has been found in [Sch09a] and [Sch09b].
A coupling strength of κ ·L ≈ 1 is proposed in literature to provide the best
conditions for single longitudinal mode operation (at least close to thresh-
old). Furthermore, a very good suppression of lasing on FP-like modes is
expected, because a front facet reflectivity of Rf ≈ 10 % would be required
to achieve αm = 3.9 cm−1 with the same Rr ≈ 96 %.

The question arises, which semiconductor materials are applicable for the
monolithic integration of such DFB gratings into the Al0.15Ga0.85As waveg-
uide. The following requirements have to be fulfilled: (1) The material must
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have a refractive index contrast to Al0.15Ga0.85As. (2) The lattice constant
of the semiconductor crystal must be close to the one of Al0.15Ga0.85As to
avoid strain. (3) The band-structure in the grating region should not form
quantum confined regions or barriers for the majority-carriers, so that carrier
transport is not too much degraded with adequate doping. (4) Structuring
with lithographic techniques, as selective etching, must be possible. (5) The
semiconductor material must be free of aluminum.

By avoiding aluminum in the semiconductor material of the grating re-
gion, the elements indium (In) and phosphor (P) can be combined with
gallium (Ga) and arsenic (As) to binary, ternary or even quaternary III/V
semiconductors. Possible binary materials are the arsenides GaAs and InAs
as well as the phosphites GaP and InP. These binary III/V semiconduc-
tors are the vertexes of material compositions, shown in Fig. 3.14, were the
lattice constants a, energy gaps Eg and refractive indices n (at 975 nm) of
ternary semiconductors are depicted. The band gap energy and lattice con-
stants were calculated as functions of the material compositions, following
the approximate polynomial equations from [PTI11]. The refractive indices
at 975 nm were calculated, following [Afr74], [Buu79], [Cam85] and [Pie11].
The calculation is based on the modified single oscillator for the refractive
index, described by Buus et al. [Buu79] and is valid for photon energies close
to the band gap energy. As a guide-line, the curves for Al0.15Ga0.85As are
shown as well.
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Figure 3.14: Band-gap energies (a) and refractive indices at 975 nm (b) of ternary
III/V semiconductor material compositions versus lattice constant [PTI11], [Afr74],
[Buu79], [Cam85], [Pie11]. The values for the waveguide material Al0.15Ga0.85As
are shown as a guide-line.

One can directly derive from Fig. 3.14, that InyGa1−yP, lattice-matched
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to Al0.15Ga0.85As, would be a possible choice for a grating material with a neg-
ative refractive-index contrast to the surrounding waveguide material. The
material choice of In0.49Ga0.51P as effective grating component means, that
the band-gap is increased in the grating region from Eg (Al0.15Ga0.85As) =
1.611 eV to Eg (In0.49Ga0.51P) = 1.894 eV. In dependence on the relative
band-offset in the valence- and conduction band, this leads to the formation
of a barrier for electrons and holes (see chapter 3.3.3). Carrier transport
through this barrier can be enhanced via a higher doping level, compared to
the waveguide. While a doping of 0.5 · 1016 cm−3 is sufficient for the waveg-
uide, the doping level will be increased in the grating region to 1.0·1018 cm−3,
in order to prevent an increase of the voltage drop via an increase in series
resistance or series voltage.

At a wavelength of 975 nm, the refractive index of Al0.15Ga0.85As is 3.425
and the one of In0.49Ga0.51P is 3.275, respectively. Thus, the refractive index
contrast is 0.150. Because of requirements from processing, a buried DFB-
grating will usually consist of multiple semiconductor layers. Thereby, the
refractive index contrast might be considerably reduced.

To ensure a very secure and reproducible lithographic processing, DFB
gratings often consist of a triple layer system [Sch09a], [Sch09b], [Kle06]. A
thin cap layer on top serves as a lithography-mask, structured with selective
etching. The middle layer is the effective grating component, it is as well
structured with selective etching through the lithography-mask, formed by
the cap-layer. A bottom layer is used as an etch-stop for the selective etching
of the middle layer, so that the aluminum-containing waveguide under the
grating layer is not exposed to the atmosphere. Using AlxGa1−xAs for the
surrounding waveguide with x > 0.25, lattice matched InyGa1−yP can be
used for the cap- and bottom layer, while the middle layer is from GaAs
[Sch09a].

In contrast to earlier reported triple layer systems [Sch09a], [Sch09b],
[Kle06], thin double layer gratings will be used in this work. Firstly, these
thin double layer gratings are assumed to be advantageous in terms of internal
optical loss, electrical series resistance and material quality. Secondly, they
ar assumed to be more appropriate to obtain low coupling coefficients, which
are required for efficient high power DFB-BA lasers as discussed in section
1.2.5. For example in [Sch09a], [Sch09b], the grating consists of a sequence of
20 nm InGaP, 60 nm GaAs, 10 nm InGaP and a 10 nm GaAs cap layer (in the
order of growth). After the whole structuring of the grating and before it is
overgrown, the 10 nm GaAs cap layer is removed and the corrugation is etched
selectively into the 10 nm InGaP and 60 nm GaAs. The lowest 20 nm InGaP
remains a s an etch stop for the selective etching. Thus, the corrugation
has a depth of 70 m. During the overgrowth of such gratings, various self-
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assembly effects can lead to the formation of aluminum-rich and aluminum-
poor regions[Bug11] and also crystal defects occur [Bug11]. Furthermore, the
material interfaces which are introduced into the current path, potentially
add electrical resistance [Lee97]. Earlier reported, deep etched DFB gratings
have also been reported to cause additional internal optical loss [Yor92],
[Cha00], [Sch09a], [Sch09b], [Cru11a], [Bug11]. The usage of only two layers
for the DFB grating will be enabled by a new concept for the etching process.
The lithographic structuring of the new DFB gratings is explained in detail
in the following section 3.3.2.

The increased series resistance which has been observed for DFB-BA
lasers, compared to reference FP-BA lasers in [Sch09a], [Sch09b], is assumed
to be dominated by the interfaces in the grating region. Furthermore it is
assumed, that the grating interfaces of earlier reported triple layer systems
also dominate the additional internal optical loss. Consequently, thin double
layer gratings are expected to allow for lower series resistances and lower
internal optical loss. A 20 nm thin In0.49Ga0.51P layer will be etched partly
without an edge stop layer and serve as the effective grating component. In
order to achieve well defined grating stripes, a cap-layer of 25 nm GaAs will
be used on top of the In0.49Ga0.51P and will be pre-structured selectively, in
order to serve as an etch mask.

After the material system and basic design properties for the DFB grat-
ing have been chosen, the best choice of the duty cycle can be discussed.
Figure 3.15 (a) shows a scheme of the DFB grating afterv the structuring
process with the underlying AlGaAs waveguide, the InGaP layer and the
GaAs cap layer. In this illustration, broad, shallow grooves are etched into
the InGaP layer, so that narrow grating stripes are left. The resulting shape
of the InGaP layer can be described as thin grating stripes (here, 50 % of the
thickness), lying on a thin residual InGaP layer (here, 50 % of the thickness).
GaAs cap stripes are left over on top of the InGaP grating stripes.

Figure 3.15: Scheme of a double layer InGaP/GaAs DFB grating with a thin
residual InGaP layer. (a) After the structuring process. (b) After the overgrowth
with AlGaAs.
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The duty cycle has been defined in section 1.2.2 as cd = (Λ− b)/Λ, where
Λ is the grating period and b the width of the etched grooves. In Fig. 3.15
(a), the duty cycle is cd = 1/4. Fig. 3.15 (b) shows the DFB grating after
overgrowth with AlGaAs.

It has been already mentioned, that the duty cycle of a second-order
DFB grating must be cd = 1/4 or cd = 3/4 in order to achieve the maximum
coupling coefficient from the structure. The final choice between this two
possibilities can be therefore made with respect to the specific duty cycle,
which will potentially enable a better charge carrier transport through the
grating. From Fig. 3.15 (b) one can derive, that there are two regions with
different numbers of hetero-interfaces and different layer thicknesses. Firstly,
charge carriers can flow through the regions of the grooves of the grating.
In this case, carriers have to cross only two interfaces (AlGaAs/InGaP and
InGaP/AlGaAs) and one thin layer of InGaP. Secondly, charge carriers can
also flow through the grating ridges. In contrast to the first possibility, they
would have to cross three hetero-interfaces (AlGaAs/GaAs, GaAs/InGaP
and InGaP/AlGaAs) and two layers, one from GaAs and one from InGaP.
From the number of hetero-interfaces and from the thickness of the layers
which have to be crossed by the carriers in addition to the unperturbed
AlGaAs waveguide, it is assumed, that series resistance and series voltage
might be lower, if the area of the grooves predominates the area of the grating
ridges. In terms of the duty cycle, this means that cd = 1/4 is expected to
be the best choice and this case is in fact shown in Fig. 3.15.

3.3.2 Manufacturing of the DFB grating

The DFB index grating is fabricated into the laser structure by using a two
step epitaxy process and lithographic techniques. The etching of the grating
is performed in two different steps. The first of it is a standard selective
etching of the GaAs cap layer, which is carried out outside the epitaxy reactor
(ex-situ) in order to form GaAs stripes. In contrast, the second etching
is performed inside the epitaxy reactor (in-situ) which means, that on the
one hand, the pre-structured grating corrugation can be molded into the
underlying InGaP layer with a considerable material removal and on the
other hand, this can be done in the absence of atmospheric oxygen. Etching
the last nanometers of the grating corrugation under the clean conditions
inside the epitaxy chamber is expected to significantly reduce the amount of
incorporated oxygen atoms, which are known to lead to deep level trap states
[Goo91] and act as fast carrier recombination centers [Kan97]. Previously,
it has been reported that in-situ etching with carbontetrabromide (CBr4)
can be used to transfer nanostructures into an InP semiconductor surface
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[Ebe07]. We implement this in AlGaAs-based designs [Maa08] and in the
GaAs/In0.49Ga0.51P-based grating design. The ≈ 290 nm-period photoresist
line pattern which is required for the lithographic structuring of the DFB
grating is generated by exposure with an ultraviolet line pattern from a
krypton ion gas laser. In the following, the fabrication of the DFB grating
is explained in detail and advantages and disadvantages of the used method
are discussed.

After finishing the first epitaxy with the 25 nm GaAs cap layer of the
grating, the wafers are taken out of the reactor. A positive photoresist is spin
coated on top of the wafer. In the following process step, the photoresist is
exposed with a ultraviolet light line-pattern with a period of ≈ 290 nm. The
line pattern is generated by the heterodyne of the split-of beam of a krypton
ion gas laser at 351 nm. Afterwards, the photoresist is developed, so that a
photoresist mask remains on the wafer surface as shown in Fig. 3.16 (a). Now,
the GaAs cap layer is patterned by selective etching with a solution of C4H6O6

and H2O2, that stops on the In0.49Ga0.51P layer. When the photoresist is
removed, a GaAs line pattern remains on the surface and is used as an etch
mask or protection cap layer for the In0.49Ga0.51P as depicted in Fig. 3.16
(b). The photoresist is removed with a suitable photoresist remover (solvent).
Afterwards, the wafers are rinsed with water to complete the cleaning process.

Subsequently, the wafers are inserted back into the MOVPE reactor.
Within the reactor, the last etching step is applied with an in-situ etching
technique. At first, the process temperature in the MOVPE reactor is in-
creased to 600 ◦C. During the in-situ etching, the process temperature is kept
at this value in order to prevent that the In0.49Ga0.51P grating stripes, which
are formed gradually during the etching process, can diffluence (indium atoms
have a low binding energy) before they are overgrown with Al0.15Ga0.85As and
their shape is fixed. In-situ etching is accomplished with carbontetrabromide
(CBr4), which is conventionally used for p-doping with carbon. During the
in-situ etching, the partial pressure of CBr4 is 0.5 Pa, group-V-partial pres-
sures are 5 and 25 Pa for arsine (AsH3) and phosphine (PH3), respectively
[Maa08]. The etching rates of GaAs, Al0.15Ga0.85As [Maa08] and In0.49Ga0.51P
were experimentally determined as ≈ 200, ≈ 190 and ≈ 360 nm h−1, respec-
tively. The observed selectivity in the etching rates enables GaAs to act as
an etch mask for the In0.49Ga0.51P. However, this is not a strict selectivity
like the selectivity for etching GaAs with a solution of C4H6O6 and H2O2,
which does not affect In0.49Ga0.51P at all. The shape of the DFB grating
after the in-situ etching is depicted in Fig. 3.16 (c). In the scheme it can be
seen that the corrugation is transferred or molded into the In0.49Ga0.51P layer
(≈ 360 nm h−1). Simultaneously, the thickness of the GaAs cap stripes is re-
duced as well (≈ 200 nm h−1). Three different in-situ etching times (tis = 90
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, 120 and 150 s) have been applied to different wafers in order to achieve dif-
ferent etching depths into the In0.49Ga0.51P layer. The expected changes in
the shape of the resulting DFB grating will be discussed later in this section
in more detail.

After finishing the ex-situ and in-situ structuring, a second epitaxy is
applied on top of the grating surface. This epitaxial overgrowth starts with
Al0.15Ga0.85As in order to finish the p-type waveguide. Subsequently, the
epitaxial growth is finish with the cladding and contact layer. The re-growth
on top of the patterned surface is a critical process during the manufacturing
of buried gratings. In the beginning of the re-growth, the growth temperature
must be chosen low enough to ensure that especially indium atoms are not
able to migrate too much. Otherwise, the grating ridges would diffluence
during the overgrowth. This requirement is fulfilled by starting the re-growth
at ≈ 600 ◦C, then, the process temperature is increased to the final growth
temperature during the first 50 nm above the grating interface. At this low
process temperatures, the growth rate must be very low to achieve a defect-
free semiconductor crystal. Figure 3.16 (d) shows a scheme of the overgrown
double layer GaAs / In0.49Ga0.51P DFB grating with a duty cycle of 1/4,
embedded in the Al0.15Ga0.85As waveguide.

As already mentioned above, three different in-situ etching times tis = 90,
120 an 150 s have been chosen. This variation will lead to wafers with three
different DFB gratings. The differences of these gratings are the thickness of
the GaAs cap stripes dGaAs, the etch depth into the In0.49Ga0.51P layer dInGaP

and the thickness of the residual In0.49Ga0.51P layer rInGaP. With increasing
etching-time, the etching depth into the In0.49Ga0.51P layer increases, while
the thickness of the residual In0.49Ga0.51P layer decreases. The sum of both
values remains constant: dInGaP+rInGaP = 20 nm. Also thickness of the GaAs
cap stripes decreased with increasing etching time. From the specific indices
of refraction for this materials at 975 nm it follows, that the index contrast
between the ridges of the grating and the grooves and thus, the coupling
coefficient of the DFB grating, increases with the etching time.

Schemes for DFB gratings, fabricated with the three different in-situ etch-
ing times tis = 90 , 120 an 150 s, mentioned above, are depicted in Fig. 3.17.
In Fig. 3.17 (a), (b) and (c) the upper scheme shows the pre-structured and
cleaned surface before the in-situ etching. In the lower scheme, the shape
of the grating after the in-situ etching is depicted. In the small boxes be-
low, the specific values for the thickness of the GaAs cap stripes dGaAs, the
etch depth into the In0.49Ga0.51P layer dInGaP and the thickness of the resid-
ual In0.49Ga0.51P layer rInGaP is given, simply calculated on the basis of the
experimentally determined etching rates.

Additionally, higher material removal with increasing in-situ etching time
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Figure 3.16: Schematic illustration of the processing of the DFB grating. (a) A
mask of photoresist is structured on top of the grating layers. (b) The mask is
transferred via selective etching into the GaAs cap-layer. (c) The GaAs grating
is transferred with a non-selective in-situ etching into the In0.49Ga0.51P layer. (d)
The waveguide structure is finished with a second epitaxy step.

will presumably lead to a re-growth interface with a lower impurity density.
Note that with increasing in-situ etching time, the duty-cycle of the grating
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Figure 3.17: Scheme of the DFB grating before and after the in-situ etching
for three different in-situ etching times tis. (a) tis = 90 s. (b) tis = 120 s. (c)
tis = 150 s. In the small boxes below, the thickness of the GaAs cap stripes dGaAs,
the etch depth into the In0.49Ga0.51P layer dInGaP and the thickness of the residual
In0.49Ga0.51P layer rInGaP is given.

decreases as well. This occurs, because the etching does not only occur
perpendicular to the wafer surface. With respect to the in-plane etching, the
width of the photoresist stripes must be chosen specifically for every in-situ
etching time in order to achieve a duty-cycle of 1/4 in the final re-grown DFB
grating. This is also suggested in the upper schemes of Fig. 3.17 (a), (b) and
(c), where the width of the GaAs cap stripes, which depends on the width of
the photoresist stripes, increases with increasing target value for the in-situ
etching time.

Fig. 3.18 shows a scanning tunneling electron microscope (STEM) micro-
graph of a buried DFB grating, which has been structured and overgrown as
explained above, using an in-situ etching time of tis = 120 s. Four grating
stripes are visible in the shown region, which extends over ≈ 1150 nm along
the grating interface and ≈ 100 nm below and above the grating in growth
direction, respectively. The structured In0.49Ga0.51P layer (white) has a thick-
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ness of ≈ 20 nm at the grating stripes and a etching is ≈ 13 nm deep in the
grooves. A ≈ 7 nm thin residual layer of In0.49Ga0.51P is left over between
the grating stripes. GaAs cap layer (dark gray) is found to have a thickness
of ≈ 15 nm. The layer thicknesses and the angled edge of the grating are
depicted in the inset.

Figure 3.18: SSTEM micrograph of a buried DFB grating with ≈ 15 nm GaAs
cap-layer, ≈ 20 nm In0.49Ga0.51P layer and 120 s in-situ etching time. The edge of
one grating filament and the corresponding layer thicknesses are depicted in the
inset. Variations in the aluminum concentration are visible on top of the grating
corrugations as slightly contrasts.

The duty cycle of the shown DFB grating is slightly larger than the
targeted value of cd = 0.25. With respect to the fact, that the side faces of
the DFB grating are angled and the width of the grating stripe is broader
at the basis and narrower on top, an average duty cycle of cd ≈ 0.32 can be
estimated from the STEM measurements.

In the waveguide directly above the grating, a weak contrast structure
provides an indication of variations in the aluminum concentration. Such for-
mation of aluminum-rich and aluminum-poor regions which is observed in the
regrown Al0.15Ga0.85As has been already reported in [Hof01] and [Bug11]. Self
organized changes in the semiconductor material composition during over-
growth of patterned surfaces have been also reported for regrown InGaAs(P)
[Koo00]. The self-organized variations in the aluminum concentration result
in an additional AlxGa1−xAs grating [Bug11] and therefor alter the overall
refractive index contrast of the grating region and hence, they alter the cou-
pling coefficient. Therefore, this effect will be discussed in more detail in the
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following section 3.3.3.
The reason, why in-situ etching is applied to the DFB grating is, that

this technique is expected to enable the lowest possible contamination with
oxygen and other impurities in the grating region after epitaxial overgrowth.
When the ex-situ pre-structured wafers are transferred back into the MOVPE
reactor, a thin layer of surface oxides covers the surface which have developed
under the presence of atmospheric oxygen. Depending on the used in-situ
etching time, the first ≈ 5 - 15 nm (for GaAs and In0.49Ga0.51P with tis = 90
- 150 s) of the semiconductor surface (containing the surface oxides), are
removed by in-situ etching under conditions, where nearly no new oxygen
atoms are available to be incorporated into the semiconductor crystal. This
is done before regrowth begins.

As already mentioned above, wafers with three different in-situ etching
times tis = 90, 120 and 150 s were fabricated for the fabrication of diode
lasers, which will be characterized subsequently. A further series of wafers,
fabricated with different in-situ etching times tis = 90, 120, 150 and 180 s
has been used to investigate possible differences in the material properties
in the grating region. Secondary ion mass spectroscopy (SIMS) has been
used for material-analysis, which allows to detect the material composition
of a semiconductor layer system and also the existence and percentage of
impurities like oxygen. Therefore, a hole is sputtered into the surface of the
probe with a focused primary ion beam and secondary ions are then col-
lected and analyzed with a mass spectrometer. The information about the
etch depth can be used to scale the vertical position in the epitaxy structure.
In Fig. 3.19, the oxygen concentration (calibrated) and the aluminum concen-
tration (un-calibrated, shown to visualize the vertical position in the epitaxy
structure) are depicted as functions of the etch depth. For orientation, the
p-type cladding layer ends at ≈ 0.60µm (≈ 1 · 105 counts s−1 of aluminum),
were the p-type waveguide begins. The p-type waveguide (≈ 6 ·103 counts s−1

of aluminum) extends from ≈ 0.60µm till ≈ 1.35µm, were the DQW active
region can be observed as a sharp dip in the aluminum concentration. The
DFB grating is visible in the aluminum concentration as a weak variation
at ≈ 0.80µm. Please note, that the etch depth, used as x-axis is not very
precise (∼ 100 nm resolution).

The oxygen concentration reaches its background level in the p-type
cladding layer and waveguide at. Note, that the background level of the
SIMS for oxygen is calibrated only for the waveguide region and depends
on the aluminum concentration in AlxGa1−xAs. With a background level of
≈ 5 · 1015 cm−3, the detection limit is better than one oxygen atom per four
million atoms in the Al0.15Ga0.85As crystal.

In the grating region at ≈ 0.80µm, the peak hight of the oxygen signal is
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Figure 3.19: SIMS depth profiles of oxygen volume impurity density (calibrated)
and aluminum content (un-calibrated) after different in-situ etching times tis = 90,
120, 150 and 180 s.

found to be a function of the in-situ etching time tis. At tis = 90 s, the peak
oxygen contamination is ≈ 1.17 · 1019 cm−3. For an increasing in-situ etching
time, the peak oxygen signal decreases to ≈ 4.48 · 1017 cm−3 at tis = 120 s,
≈ 9 · 1016 cm−3 at tis = 150 s and finally ≈ 8 · 1016 cm−3 at tis = 180 s.

Admittedly, the SIMS resolution is too low to determine if the oxygen is
distributed over a range along the growth direction or whether it is located
at a sharp interface. Therefore it is favorable to quote both the peak volume
impurity density ρpeak and the calculated areal impurity density ρareal, which
has been obtained by integrating over the SIMS profiles in the grating region.
Both values are summarized in table 3.4. The areal impurity density must
be understood as lower limits.

An in-situ etching time of tis = 120 s enables to reduce the peak volume
impurity density (or areal impurity density) significantly, compared to the
values at tis = 90 s. In-situ etching times tis ≥ 150 s are sufficient to reduce
the oxygen contamination to ρpeak ≤ 1 · 1017 cm−3 or ρareal ≤ 3 · 1011 cm−2.
This should be preferred for the fabrication of DFB gratings for DFB-BA
lasers in later work. If the oxygen contaminations sufficiently reduced to
achieve the same internal optical loss as it has been found for the reference
FP-BA lasers in section 3.1, must be investigated subsequently. Further
answers to the question, if the oxygen contaminations sufficiently reduced,
will be obtained by the measurement of P-I characteristics and comparison to
the P-I characteristics from reference FP-BA lasers. Certainly, using in-situ
etching techniques enabled a remarkable reduction of the oxygen impurity
contamination compared to buried DFB gratings, which were fabricated only
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Table 3.4: Peak volume impurity density ρpeak from the oxygen signal of the SIMS
and calculated areal impurity density ρareal for different in-situ etching times tis.

tis ρpeak ρareal

[s] [cm−3] [cm−2]

90 1.2 · 1019 2.4 · 1013

120 4.5 · 1017 1.6 · 1012

150 9.2 · 1016 3.0 · 1011

180 7.7 · 1016 2.6 · 1011

with ex-situ etching and have for example, peak volume impurity density of
ρpeak ≈ 4 · 1018 cm−3 [Bug11].

3.3.3 Coupling coefficient of the DFB grating

In the previous section it has been discussed, how a buried DFB grating can
be fabricated on the basis of a double layer system, a two step epitaxy and
in-situ etching techniques. Furthermore it has been shown that such gratings
have a much lower oxygen impurity density than earlier designs, fabricated
without in-situ etching [Bug11]. In this section it will be discussed how
sufficient optical feedback can be achieved with the newly developed DFB
gratings. It will be discussed, where in the waveguide design, the grating
should be located and how the targeted coupling coefficient of κ = 3 cm−1

(see section 3.3.1) can be achieved. Considering the targeted cavity length
of L = 3 mm, this would lead to a coupling strength κ ·L slightly below one.

If one has got the ability to achieve a buried DFB index grating by a pro-
cess as explained above, the question arises, at which position in the vertical
sectional plane of the waveguide structure, the grating should be positioned.
On the one hand, the position of the waveguide determines, together with
the refractive index contrast and duty cycle, the magnitude of the coupling
coefficient. On the other hand, the grating cannot be positioned at any point
in the waveguide structure, if one seeks simultaneously for minimal internal
optical loss, low series resistance, a targeted coupling coefficient and good
reproducibility in fabrication. In equation 1.60, the real part of the coupling
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coefficient for a rectangular index grating has been expressed as:

h2 =
−ω2∆ε

2K0c2

∫
dx Φ2(x)ξ2(x).

In the following, it is assumed that the grating has a duty-cycle very
close to 1/4, so that h2

∼= <[κ], <[κ] � =[κ] and =[κ] vanishes. Thus, the
magnitude of the (real) coupling coefficient depends on the contrast in the
dielectric function ∆ε, the vertical field profile in the waveguide Φ(x) and
the fourier coefficient of the grating ξ2(x) (which contains the duty cycle).
For thin, weak DFB gratings with ∆ε � ε, the field profile Φ(x) can be
approximated to be independent of the presence and position of the grating.
Because of the linear dependence on ∆ε, the coupling coefficient can be
adjusted by placing the grating at a vertical position x with an adequate
field power Φ2(x). If the value of the coupling coefficient κ differs from the
target value κtar, it can be iterative adjusted by finding a position x′ , so that
Φ2(x

′
) = Φ2(x) · (κtar/κ).

For the position of the grating, four possibilities can be considered. The
grating could either be positioned in the p-side waveguide (between the DQW
and the p-cladding layer) or in the n-side waveguide (between the n-cladding
layer and the DQW). Furthermore, although positions at the interfaces be-
tween the waveguide and the cladding layers and positions inside the cladding
layers are possible.

The possibility to place the grating inside the cladding layers has not
been considered in this work. In AlxGa1−xAs-based waveguide designs, the
cladding layers have a relatively high aluminum content (in this work: n-
cladding layer: x = 0.30, p-cladding layer: x = 0.85). Self-organized forma-
tion of an additional grating from aluminum-rich and aluminum-poor regions
could in this case lead to difficulties in adjusting the coupling coefficient. High
aluminum content is also presumed to possibly degrade the crystal quality
of the regrown AlxGa1−xAs material.

The possibility to place the grating inside the n-waveguide could be ad-
vantageous to achieve a low series resistance from the DFB-BA lasers, be-
cause the electrons, which were in this case the charge carriers that have to
flow through the grating, have a much higher mobility than holes. In the be-
ginning of this work, series of experiments was accomplished to integrate the
grating into the n-side waveguide. This method is technically complicated
because it requires to grow part of the waveguide and especially the DQW
active region on top of the grating layer with its epitaxy interruption and
surface corrugation. Because of a too high defect density in the quantum
wells and a non-ideal planarization of the growth surface, this has not been
continued.
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Now, two possibilities are left to find an ideal place for the DFB grating:
the interface between the p-type waveguide and the p-cladding layer and
a position inside the p-type waveguide. The first of this possibilities was
refused because this would require to grow the p-cladding layer with its high
85 % aluminum content on top of the grating. Nevertheless, such position
for the DFB grating has been reported for aluminum-free epitaxy designs
[Ear98], [Kan06], [He09]. Finally, the grating was positioned within the p-
side waveguide, 630 nm above the DQW and 230 nm below the p-cladding
layer. In the following, the influence of this choice for the waveguide modes
will be discussed. Afterwards it is shown, that this position will potentially
lead to the targeted coupling coefficient κ = 3 cm−1.

Figure 3.20 (a), shows the electronic band-structure of the DFB-BA laser
(un-doped case), in comparison to the band-structure of of the reference FP-
BA laser. The blue solid line is given by the minimum of the conduction band
edges at the Γ- and X-point of the Brillouin zone (FP-BA laser: magenta
line). The blue dashed line indicates the position of the first electron energy
level (FP-BA laser: magenta line). The heavy hole valence band edge is
depicted as a red solid line (BA laser: orange line) and the corresponding
first heavy hole energy level as a red dashed line (BA laser: orange line).
From the band-structures, depicted in Figure 3.20 (a), one can derive that
differences between the DFB-BA lasers and FP-BA lasers occur exclusively
in the grating region, indicated in the diagram.

Fig. 3.20 (b) shows the magnified region of the DFB grating from Fig. 3.20
(a), so that the band discontinuities are clearly visible (un-doped case). In
order to achieve an unresisted carrier (hole) transport, the layers of the DFB
grating have a p-doping level of 2 · 1018 cm−3 and the regrown 230 nm-part
of the p-waveguide on top of the grating has a p-doping level of 1 · 1018 cm−3

– in contrast the reference FP-BA lasers, whose waveguide is continuously
doped with 5 · 1016 cm−3.

In Fig. 3.20 (c), the refractive index profile is shown in the background as a
grey area. The calculated near field profiles of the four different guided modes
(v = 0, 1, 2, 3) are depicted on top as solid lines. In addition, the mode
profiles of the reference FP-BA laser are depicted as dotted lines. Compared
to the mode profiles of the reference FP-BA laser, significant changes occur
only for the second higher-order mode (v = 2, blue lines). This higher-
order mode has substantial intensity at the vertical position of the grating.
Especially for the fundamental mode, the assumption, that the near field
profile is not changed due to the presence of the DFB grating, as mentioned
above, is a good approximation.

Depending on the overlap with the highly absorbing cladding layers and
the highly doped DFB grating, the internal loss αi ranges from 0.59 cm−1 for
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Figure 3.20: Electronic band-structure of the epitaxy design for high-efficiency,
high-power DFB lasers. (a) Minimum of the conduction band edges at the Γ- and
X-point (blue solid line, BA laser: magenta line) and the heavy hole valence band
edge (red solid line, BA laser: orange line). The corresponding first electron energy
level and first heavy hole energy level are depicted as blue and red dashed lines
respectively (BA laser: magenta and orange line). (b) Magnified section of (a)
in the DFB grating region. (c) Refractive index profile and the simulated near
field amplitude profiles of the waveguide modes with the corresponding internal
losses indicated (modes of BA laser: dotted lines). (b) Simulated far field angular
distribution of the waveguide modes (modes of BA laser: dotted lines).

the fundamental mode to 26 cm−1 for the highest-order mode. The simulated
internal optical loss is increased, compared to the epitaxy design for the
reference FP-BA lasers, indicated in Fig. 3.2. For the fundamental mode
(v = 0), the internal optical loss is increased by ∆αDFB−FP

i = 0.12 cm−1. This
is roughly in the range of the precision for the determination of αi, discussed
in section 3.1. Note, that the internal optical loss for the FP-BA lasers has
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been experimentally determined as αi ≈ 1.0 cm−1 instead of the simulated
value, which was αi = 0.47 cm−1. With increasing vertical mode order v, the
increase of the internal optical loss grows monotonically, ∆αDFB−FP

i = 0.12,
0.35, 0.96 and 2 cm−1 for v = 0, 1, 2, 3. Thus, the contribution from the
internal optical loss to the discrimination of higher-order waveguide modes
should be comparable for the DFB-BA and FP-BA lasers.

In Fig. 3.20 (d), the calculated far field profiles of the waveguide modes
are depicted as a function of the vertical divergence angle. Again, the mode
profiles for the FP-BA lasers are depicted additionally as dotted lines. As
targeted, the fundamental mode contains 95 % of the emitted optical power
within an divergence angle of 44.6 ◦ ≤ 45 ◦. The deviations of far field profiles
for the DFB-BA and FP-BA reference lasers in the far field are negligible.

The characteristics of the refractive index and the valence band edge (un-
doped case) for the region of the DFB grating are shown in Fig. 3.21 (a).
For a better understanding, the grating is subdivided in to three different
regions in vertical direction, as illustrated in Fig. 3.21 (b). Region I is the
residual In0.49Ga0.51P layer, which exists at every longitudinal position z.
Region II is the part of the grating stripes that also consists of In0.49Ga0.51P.
It is responsible for the active refractive index contrast. The GaAs cap
layer is labeled as region III. The cap layer reduces the active refractive
index contrast of Region II, but it is required from technical reasons in the
fabrication of the grating as mentioned in section 3.3.2. In Fig. 3.21 (a), the
characteristics of the refractive index and valence band edge are depicted for
a transversal sections through a grating ridge (red solid curves) and through
a longitudinal position between two grating ridges (blue dashed curves). For
the refractive index, an averaged curve for a duty cycle of 1/4 is depicted as
well as a black dotted line. Note, that the refractive index is averaged over the
grating ridges (regions II and III). The curve of the valence band edge forms
(in the un-doped case) a quantum barrier in In0.49Ga0.51P and in addition,
a weak quantum well in the GaAs cap layer. An increased p-type doping
level of 2 · 1018 cm−3 is used to enhance the transport of holes through the
grating region. Nevertheless, one must expect that the carrier transport is
more hindered through the grating ridges than through the region in between
them. Thus, a low duty-cycle as 1/4 should decrease the series resistance of
the lasers compared to a duty-cycle of 3/4.

As explained above, the coupling coefficient of the DFB grating can be
regulated by the vertical position of the grating in the waveguide structure.
A translational displacement of the grating from a distance of only 130 nm
from the DQW (blue curve) to 730 nm, close to the p-cladding layer (red
curve), is depicted in Fig. 3.21 (c). The field profile of the fundamental
waveguide mode is pushed towards the n-type waveguide because of the low
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Figure 3.21: Characteristics of the refractive index and conduction band edge
(un-doped case) in the grating region and variation of the position of the DFB
grating and its influence on the coupling coefficient. (a) Characteristics of the re-
fractive index and valence band edge (un-doped case) in the grating region within
a grating ridge (blue dashed lines), between two grating ridges (red solid lines) and
the averaged characteristics for a duty-cycle of 1/4 (black dotted line). (b) Magni-
fied scheme of a grating ridge before overgrowth, showing the residual In0.49Ga0.51P
layer I, the etched In0.49Ga0.51P grating ridge II and the GaAs cap layer III. (c)
Refractive index profile and the simulated near field profiles of the fundamental
waveguide mode for (130 (blue), 230, . . . , 730 (red))nm distance between the DFB
grating and the active region. (d) Real and imaginary part of the coupling co-
efficient as a function of the distance between the DFB grating and the active
region.

average refractive index of the grating layers. This effect reduces, when the
grating is positioned stepwise closer to the p-cladding layer. The confinement
with the DQW increases coincidental. Fig. 3.21 (d) shows the dependence of
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the absolute values of the real and imaginary part of the coupling coefficient
(|<[κ]| and |=[κ]|) on the distance between the grating and the DQW. Be-
cause of the negative contrast between the refractive index of the DFB index
grating and the waveguide, both, the real and imaginary part of the coupling
coefficient have negative values. While the real part decreases from 8.26 cm−1

to 1.00 cm−1, the imaginary part decreases from 0.04 cm−1 to < 0.01 cm−1.
The absolute value of the imaginary part is more than two orders of mag-
nitude smaller than the real part. At a distance of 730 nm from the DQW
(the later position of the grating in iteration I), the coupling coefficient is
−1.76 cm−1− i 0.01 cm−1. As explained above, fluctuations in the aluminum
content in the first ∼ 20 nm above the residual In0.49Ga0.51P layer further
alter the coupling coefficient. This will be discussed in the following para-
graph.

In Fig. 3.22 (a), a STEM micrograph of the grating layer is depicted
[Mar09]. Within the AlxGa1−xAs of the second epitaxy, areas of aluminum
accumulation (light) and depletion (dark) are visible as slightly contrasts
[Mar09]. The process of an inhomogeneous aluminum distribution is based on
two effects. Firstly, aluminum atoms have a lower mobility (diffusion length)
on the growth surface than gallium atoms. Secondly, crystal growth occurs
along different crystalline growth directions. Multiple facets are provided by
the angled side surfaces of the grating ridges and in the plain grooves between
two grating ridges. Fig. 3.22 (b) illustrates an observed {113} side surface
at the interface between the In0.49Ga0.51P grating ridge and the AlxGa1−xAs,
that is filled into the groove [Mar09]. Different crystalline growth direction
may have their characteristic aluminum content for a given ratio of provided
aluminum and gallium atoms via the vapor phase. Even though areas of
multiple specific crystalline growth directions merge over short geometric
distances, the inhomogeneous aluminum distribution results basically in two
areas A1 and A2 which are characterized by an aluminum-concentrations x
of x(A1) = 0.22 ± 0.06 and x(A2) = 0.12 ± 0.04 as determined by [Mar09]
with scanning energy dispersive X-ray spectroscopy (EDXS) and indicated
in Fig. 3.22 (c). For a theoretical analysis of the influence of the inhomoge-
neous aluminum distribution on the coupling coefficient of the DFB grating,
a rectangular simplification as depicted in Fig. 3.22 (d) has been applied.

In the simulation of the coupling coefficient it has been assumed, that
area A1 has a thickness in growth direction of 24 nm, as estimated from the
experimental results. One finds that the contrast in the index of refraction
within the grating layer increases from 0.042236 to 0.061783. In combina-
tion with a change of the confinement of the mode profile with the effective
grating area from 0.36 % to 0.66 %, this results in an increase of the coupling
coefficient from κ = −1.76 cm−1−i 0.01 cm−1 to κ = −4.41 cm−1−i 0.03 cm−1
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Figure 3.22: DFB gratings with inhomogeneous aluminum distribution in the
overlying waveguide and a rectangular approximation. (a) STEMmicrograph of the
DFB grating region with inhomogeneous aluminum distribution visible as slightly
contrasts. (b) STEM micrograph with atomic resolution of the angled, dominant
{113} side surface of a grating ridge. (c) Magnified section of the DFB grating
region with areas of aluminum accumulation and depletion, that have been identi-
fied with EDXS. (c) Rectangular approximation of (c) as used for simulations with
QIP.

in the simulation. Changes in the characteristics of the refractive index in
the grating region are depicted in Fig. 3.23 (a). The averaged refractive in-
dex in the trenches of the DFB grating is enhanced (red dashed line), while
the averaged refractive index in the grating ridges (red solid line) is slightly
reduced but not visible in the figure. It becomes clear, that the thickness
of the effective grating rises because of the 24 nm of area A1 (respectively
region IV in Fig. 3.23 (a)).

By comparing the spatial distribution of the aluminum-rich and aluminum-
poor regions shown in Fig. 3.22 (d) used in the simulation, with the real
distribution, visible in Fig. 3.22 (c), it can be derived that the influence
on the coupling coefficient is overestimated in the simulation. This overes-
timation has tow basic reasons. On the one hand, the real duty cycle of
the aluminum-variation induced additional index grating is not 1/4 approxi-
mated in the simulation. In fact, the duty cycle is closer to 1/2. On the other
hand, the real shape of the aluminum-variation induced grating is not rect-
angular shaped and the real trapezoidal shape would decrease the coupling
coefficient. Thus, from the results of the theoretical analysis of the influence
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Figure 3.23: Refractive index of the ideal DFB grating and rectangular approxi-
mation for the grating with inhomogeneous aluminum distribution. (a) Character-
istics of the averaged refractive index profile of the grating as depicted in Fig. 3.22
(a) (red lines) and an rectangular approximation for the DFB grating with inho-
mogeneous aluminum distribution (blue lines) in the grating filaments (dashed)
and in the trenches (solid). (b) Scheme of the rectangular approximation with
inhomogeneous aluminum distribution as used in the simulation.

of the inhomogeneous aluminum distribution on the coupling coefficient, one
must assume that the absolute value of the coupling coefficient is between
|<[κ]| = 1.76 cm−1 and |<[κ]| ≈ 4 cm−1. In the following, it is assumed as
|<[κ]| ≈ 3 cm−1.

3.4 Characterization of DFB-BA lasers

3.4.1 Material parameters of DFB-BA wafers

As a first task in the characterization of the DFB-BA lasers, the material
quality of the grown wafers with buried DFB grating will be analyzed. The
aim of this analysis must be to compare the results to reference FP-BA laser
material. To determine the internal quantum efficiency ηi, internal loss αi,
the modal gain coefficient Γg0 and the transparency current density jtr of
the DFB-BA laser waveguide design, power-voltage-current characteristics
have been measured analogous to the analysis of FP-BA reference material,
presented in section 3.1. Running exclusively on FP modes is obligatory for
the application of the method for the determination of parameters, mentioned
above, because the calculation is based on the cavity length dependence
of the mirror loss. This has been realized by shifting the period of the
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DFB grating from 284.9 nm to 292.2 nm. Accordingly, the wavelength of
distributed feedback is shifted from ≈ 975 nm to ≈ 1000 nm (considering an
effective refractive index of 3.4225). Therefore, the lasers oscillates on FP
modes at the gain maximum between 958 and 970 nm. In Fig. 3.24 (a) and
(c), the inverse value of the differential quantum efficiency η−1

d is depicted as
a function of the cavity length for contact stripe widths of 100 and 200µm,
respectively. The natural logarithm of the threshold current density jth as
a function of the inverse cavity length is depicted in Fig. 3.24 (b) and (d).
Measurement results for a cavity length of 400µm have not been considered
for linear fits.

From the linear fit parameters for 100 and 200µm stripe width, one ob-
tains internal optical loss of αi ≈ 0.85 cm−1 and an internal quantum ef-
ficiency of ηi ≈ 0.96. The modal gain coefficient is determined as Γg0 ≈
20.6 cm−1 and for the transparency current density one finds jtr ≈ 143 A cm−2,
(The results for W = 100µm stripe width have not been considered because
of deviations at L = 800µm cavity length.). The results for the DFB-BA
laser material is compared to the results for the FP-BA lasers in tab. 3.5.

Table 3.5: Summary of the results for the internal quantum efficiency, internal
loss, confinement factor and transparency current density from cavity-length de-
pending P-U-I measurements and spectra.

ηi αi Γg0 jtr

FP (W = 100µm) 0.924 1.05 cm−1 20.2 cm−1 133.8 Acm−2

FP (W = 200µm) 0.922 1.04 cm−1 20.1 cm−1 142.2 Acm−2

DFB (W = 100µm) 0.960 0.85 cm−1 22.3 cm−1 152.8 Acm−2

DFB (W = 200µm) 0.961 0.84 cm−1 20.6 cm−1 142.8 Acm−2

First of all, there is a good agreement between the results for the DFB-BA
laser material and the reference FP-BA laser material. This is an excellent
result for the fabrication of the buried grating DFB laser material and very
important in order to achieve high power and high efficiency CW operation
comparable to the FP-BA lasers as for example mentioned in section 1.2.6.
The experimentally determined results for the internal optical loss are com-
parable the results for high performance FP-BA lasers and much better than
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Figure 3.24: Measured cavity length dependence of the inverse differential quan-
tum efficiency and logarithm of the threshold current density. The DFB grating is
detuned to 1000 nm, relative to the gain maximum (∼ 970 nm), so that the lasers
are running on FP modes. (a) Inverse value of the differential quantum efficiency
over the cavity length for W = 100µm. (b) ln (jth/j0) over the inverse cavity
length for W = 100µm. (c) Equivalent to (a) but for W = 200µm stripe width.
(d) Equivalent to (b) but for W = 200µm stripe width.

reported in all previous publications.
Because of the newly developed design, the DFB grating is only a weak

perturbation of the waveguide in the refractive index and optical loss. As a
result, the internal optical loss and internal quantum efficiency of both laser
structures is theoretically and experimentally found to be nearly identical.
In the simulation it has been found, that the internal optical loss should
be slightly increased for the DFB lasers by 0.12 cm−1, mostly due to the
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higher doping level in the grating region. Astonishingly, the experimentally
determined internal optical loss is marginal smaller and the internal quan-
tum efficiency is marginal higher for the DFB-BA lasers than for the FP-BA
lasers. It is adequate to assume, that the differences occur due to the lim-
its in the accuracy of measurements. Basically, the measurements indicate
that the internal optical loss and internal quantum efficiency are compara-
ble. Under DFB operation, the internal optical loss of the DFB-BA lasers
with a second-order DFB grating will be slightly increased relative to the
value which has been determined from the cavity length dependence of the
differential quantum efficiency due to the appearance of radiation loss. For
weak second-order DFB gratings (κ · L ≤ 1) with an optimized duty cycle
(cd ≈ 0.25), this effect will be negligible as discussed in section 1.2.2.

3.4.2 Facet coating for DFB-BA lasers

For the characterization, a facet passivation and facet coating was applied
to DFB-BA laser bars with single emitters of L = 3 mm cavity length and
W = 90µm contact stripe widths. For a maximum slope efficiency of the
optical power, emitted from the front facet, a very high rear facet reflectivity
Rr = 98 % was targeted, similar to the reference FP-BA lasers. For an opti-
mal slope efficiency and threshold current and hence, for a maximum power
conversion efficiency, a front facet reflectivity of Rf < 0.5 % was targeted in
contrast to the FP-BA lasers.

As already discussed in section 1.2.6, a low front facet reflectivity is re-
quired for DFB-BA lasers with a low DFB coupling strength (κ · L ≤ 1), in
order to suppress lasing on FP-like modes. Basically, the mirror loss of FP
modes αm must be higher than the DFB resonator loss of DFB modes αDFB.
With the applied facet coatings (5128, 4959, 5055), Rf = 0.02 % - 0.04 %
and Rr = 97.6 % was achieved. In Fig. 3.25, the reflectivity is depicted as a
function of the wavelength for both facets. The reflectivity was again mea-
sured on GaAs-dummies. Afterwards, the reflectivity on the laser facet is
calculated with respect to the effective index of the waveguide mode.

3.4.3 Overview of DFB wafers

Within iteration I, four wavers have been fabricated in two process runs,
respectively. All these wafers have the same epitaxy structure and surface
processing. Differences exist in the targeted DFB wavelength at threshold
λDFB

tar and in the in-situ etching time tis.
Two different values of λtar

DFB have been chosen to find an ideal option for
the DFB wavelength λDFB(I) and the gain peak wavelength λgain(I) to co-
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Figure 3.25: Reflectivity of the anti-reflection coated front facet (a) and the
high-reflection coated rear facet (b) of the DFB lasers.

incide at ∼ 10 W optical output power. From the theoretical point of view,
it might have been preferred to keep the DFB wavelength λtar

DFB constant
and hence, to keep λDFB(P = 10 W) ≈ 976.0 nm at the ideal wavelength for
pumping applications of ytterbium doped gain media. However, this would
require to adjust the gain peak wavelength λtar

gain for the different wafers.
From the practical point of view, it seems to be appropriate to keep λtar

gain

unchanged, because small changes in the epitaxy parameters of the DQW
might be hazardous as they provoke the risk of changes in the internal quan-
tum efficiency, for example. For a study of the DFB-BA lasers, most stable
epitaxy properties are essential and small changes in the lasing wavelength
between lasers from different wafers must be accepted.

As mentioned above, two different values of λtar
DFB(I = 0) have been cho-

sen. The gain peak wavelength was set to λgain(I = 0) = 968.0 nm. For the
determination of suitable values for λDFB

tar (I = 0 A), the following calculation
was made. Firstly, it has been assumed that the power, voltage and cur-
rent characteristics of the DFB-BA lasers will be roughly comparable to the
characteristics of the reference FP-BA lasers. This is acceptable because it
has been already shown that the internal optical loss and internal quantum
efficiency are comparable, and the resonator loss will be roughly compara-
ble as well. Uncertainties occur with the voltage characteristics. Therefore,
the power, voltage current characteristics of FP-BA reference laser D1423-1
051301 have been used, whose wafer was grown in the same epitaxy reac-
tor as the wafers for the FP-BA lasers. Secondly, the heating in the laser
chip was calculated form the dissipated power Pd(I) = U(I) · I − Popt(I)
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(where spontaneous emission has been neglected) and from the average ther-
mal resistance Rth ≈ 3.58 K W−1 (see section 3.2.4). Thirdly, the wavelength
of the DFB-BA laser and the gain peak wavelength have been calculated
as λDFB(I) = λtar

DFB(I = 0) + (dλBragg/dT ) · Rth and λgain(I) = λtar
gain(I =

0) + (dλgain/dT ) · Rth, respectively. The temperature coefficients of the
Bragg wavelength and gain peak wavelength were estimated in section 1.1.5
as dλBragg/dT = 0.077 nm K−1 and dλgain/dT = 0.34 nm K−1.

For the finally chosen values of λtar
DFB(I = 0) = 973.7 nm, λtar

DFB(I = 0) =
974.6 nm and λtar

gain(I = 0) = 968.0 nm, λBragg(I) and λgain(I) coincide at
I = 9.5 A and I = 10.6 A, respectively. Note, that the spectral detuning
between the Bragg wavelength of the DFB grating λBragg(I) and the gain
peak wavelength λgain(I) has been chosen relatively broad with respect to the
possibility that the slope efficiency or voltage of the DFB-BA lasers might
be degraded. A DFB lasing wavelength of 976 nm is obtained at 11.9 A and
8.3 A, respectively.

The in-situ etching time tis has been varied to enable different values of
the DFB coupling coefficient. Primary experiments and their control with
STEM images [Mar09] have shown, that basically the etching depth of the
grating corrugations can be increased by increasing tis. Based on simulations
with QIP, an increase of the etching depth can be shown to increase the
DFB coupling coefficient. Furthermore, an increase of tis also reduces the
duty cycle of the DFB grating, if the width of the photoresist stripes and
the width of the GaAs cap stripes is not adapted respectively. For very long
in-situ etching times tis ≥ 180 s it has been observed, that some of the grating
stripes vanish due to variations in the in-plane etching, if the width of the
GaAs cap stripes was optimized for tis ≈ 120 s [Mar09]. Approximately, for
tis = 90, 87 and 150 s, the width of the GaAs cap stripes should be ∼ 90,
∼ 105 and ∼ 110 nm or slightly broader after oxygen plasma cleaning and
oxide removal with sulfuric acid, respectively. This is significantly more than
the width of the buried grating stripes which should be about 71 nm (with
λ = 976 nm, neff = 3.421, Λ = 285 nm and cd = 0.25).

For example, if one simulates the given laser structure with QIP, as-
suming that DFB gratings have been etched with in-situ etching times of
tis = 90, 120 and 150 s and the duty cycle always optimized to cd = 0.25,
on obtains |κ90 s| ≈ 1.5 cm−1, |κ120 s| ≈ 2.6 cm−1 and |κ150 s| ≈ 3.8 cm−1. For
this simulation, it has been taken into account, that the coupling coefficient
is increased do to the formation of aluminum-poor and aluminum-rich re-
gions by ∼ 1.2 cm−1. Furthermore, the given layer thicknesses of 20 nm for
In0.49Ga0.51P and 25 nm for GaAs (−3 nm which are approximately removed
after oxygen plasma cleaning and oxide removal with sulfuric acid) were con-
sidered, as well as the experimentally determined etching rates of 360 and
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200 nm h−1, respectively.
An overview of the different DFB wafers from iteration I with the targeted

DFB wavelengths λtar
DFB, gain peak wavelength λtar

gain (both at I = 0) and in-
situ etching times tis is given in table 3.6.

Table 3.6: Overview of the different DFB wafers from iteration I with the targeted
DFB wavelengths λtar

DFB, gain peak wavelength λtar
gain (both at I = 0) and in-situ

etching times tis

process wafer λtar
DFB λtar

gain in-situ etching
[nm] [nm] [s]

4827 D1365-1 973.7 968.0 90
D1365-2 974.6 968.0 90
D1366-4 973.7 968.0 120
D1366-5 974.6 968.0 120

4955 D1425-1 973.7 968.0 120
D1425-2 974.6 968.0 120
D1425-4 973.3 968.0 150
D1425-5 974.6 968.0 150

3.4.4 Power-voltage-current characteristics of DFB-BA
lasers

The analysis of the electro-optical properties of DFB-BA lasers from iteration
I follows the steps from chapter 3.2 for the FP-BA lasers, which are here used
as reference devices. Figure 3.26 shows the power-voltage-current character-
istics of DFB-BA lasers from eight different wafers as specified in Tab. 3.6.
The wafers D1365-1, D1365-2, D1366-4 and D1366-5 from wafer process run
4827 have a facet coating from facet process run 4959. The facet coatings
of wafer D1425-1 and the wafers D1425-2, D1425-4 and D1425-5 from wafer
process run 4955 are from facet process runs 5128 and 5055, respectively.

A number of parameters has been extracted from the measured power-
voltage-current characteristics. The threshold current and slope efficiency
were determined from a linear fit of the power-current curve over 2 A, starting
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Figure 3.26: P-U-I characteristics of lasers from eight different wafers in iteration
I. If more than one laser was measured from a specific wafer, the characteristics
are differentiated as solid, dashed and dotted lines. (a) Wafers D1365-1 (red) and
D1365-2 (blue) from process 4828, tis = 90 s. (b) Wafers D1366-4 (red) and D1366-
5 (blue) from process 4828, tis = 120 s. (c) Wafers D1425-1 (red) and D1425-2
(blue) from process 4955, tis = 120 s. (d) Wafers D1425-4 (red) and D1425-5 (blue)
from process 4955, tis = 150 s.

from the first discrete measurement point above threshold. In addition, the
power conversion efficiency has been determined at its maximum and at an
optical power output of 7 W and 10 W, respectively. In table 3.7, the results
from the individual lasers are summarized.

In Fig. 3.26 (a), the current characteristics of power voltage, power and
power conversion efficiency are depicted for the wafers 1365-1 (red lines) and
D1365-2 (blue lines), where the DFB grating was processed with an in-situ
etching time of tis = 90 s. The characteristics of the two lasers agree very well
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Table 3.7: Overview of the threshold gain, slope efficiency and power conversion
efficiency from DFB lasers from iteration I.

wafer laser Ith S2 A ηmax
PCE η7 W

PCE η10 W
PCE

[mA] [W A−1]

D1365-1 020416 800 0.985 0.558 0.546 0.487
020417 821 0.997 0.559 0.549 –

D1365-2 020508 778 0.977 0.555 0.530 –
D1366-4 091002 689 0.936 0.540 0.503 –
D1366-5 020618 831 0.985 0.561 0.549 –

020619 880 0.997 0.553 0.541 0.471

D1425-1 020410 672 0.980 0.560 0.526 0.443
020411 649 0.987 0.564 0.532 0.456
020412 645 0.997 0.570 0.532 0.444

D1425-2 040101 805 1.026 0.574 0.554 0.497
040102 759 0.993 0.591 0.578 0.523
040103 674 0.967 0.567 0.549 0.483

D1425-4 051301 697 0.906 0.536 0.507 0.435
051302 682 0.920 0.541 0.524 0.460
051303 689 0.879 0.516 0.492 0.434

D1425-5 020102 684 0.932 0.565 0.547 0.496
020104 681 0.942 0.567 0.551 0.501
020105 707 0.925 0.568 0.552 0.505

below a current of 6 A. Above 6 A, the power-current curve of the laser from
D1365-2 bends down, with a resulting reduction in the power conversion
efficiency. The voltage-current characteristics are identical. Even though
both wafers are designed to have a difference in the Bragg wavelength of the
DFB grating, the threshold currents (810 mA / 778 mA) and slope efficiencies
(0.991 WA−1 / 0.977 W A−1) have only small differences.

In the case of wafers D1366-4 and D1366-5 (tis = 120 s) in Fig. 3.26 (b),
one finds another behavior. As one might have expected because of the
smaller spectral detuning between the Bragg wavelength of the DFB grating
and the gain peak wavelength, the laser from D1366-4 has a smaller threshold
current (689 mA / 855 mA) and a lower slope efficiency as well (0.936 WA−1
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/ 0.991 WA−1). As a consequence, the power conversion efficiency at 7 W is
increased for D1366-5 (0.503 / 0.545). The minor difference in the diode volt-
age can be attributed to the temperature depending decrease of the voltage
for the laser with the lower power conversion efficiency.

In Fig. 3.26 (c), the power-voltage-current characteristics for three lasers
each from wafers D1425-1 and D1425-2 (tis = 120 s) are depicted. The differ-
ences in the characteristics of the lasers from D1425-1 are smaller than for
D1425-2. One also observes some noticeable kinks in the power and power
conversion efficiency curves of D1425-2 at currents around 3.5 A. For the
threshold current, one finds an average value of (655 mA / 746 mA). The
average slope efficiency is (0.988 WA−1 / 0.995 WA−1). The diode voltage of
D1425-1 is slightly higher than for D1425-2. Again, the threshold current
and slope efficiency are reduced for the wafer with the smaller spectral de-
tuning between the Bragg wavelength of the DFB grating and the gain peak
wavelength. The most efficient and most powerful DFB-BA laser from itera-
tion I is chip 040102 from wafer D1425-2 (Ith = 759 mA, S2 A = 0.993 WA−1,
ηmax

PCE = 0.591, η7 W
PCE = 0.578, η10 W

PCE = 0.523).
The power-voltage-current characteristics for the wafers D1425-4 and

D1425-5 with tis = 150 s are shown in Fig. 3.26 (d). It is clearly visi-
ble, that the slope efficiency of the wafer with smaller spectral detuning
between the Bragg wavelength of the DFB grating and the gain peak wave-
length, D1425-4, is reduced. A threshold current average value of (689 mA /
691 mA) has been determined. The averaged slope efficiency is (0.902 WA−1

/ 0.933 WA−1). The voltage characteristics of the lasers from both wafers are
nearly identical.

To enable a deeper understanding for possible reasons of the different
properties of the DFB-BA lasers, the threshold current, slope efficiency and
power conversion efficiency, as well as the diode voltage shall be investigated
regarding their dependence on the in-situ etching time. Two general effects
that are associated with the in-situ etching time must be considered to have
an important influence on the performance of the DFB-BA lasers. On the
one hand, the coupling coefficient increases with the in-situ etching time tis
as estimated above. On the other hand, longer in-situ etching times result
in lower peak volume and areal density of oxygen impurity concentration as
shown in Fig. 3.19, as well as in a thinner residual In0.49Ga0.51P. This will
possibly cause a reduction in the internal optical loss and a reduction in the
series resistance or series voltage, respectively.

Fig. 3.27 shows the threshold current, slope efficiency and power conver-
sion efficiency at 7 and 10 W as a function of the in-situ etching time tis.
Note, that Fig. 3.27 (a) and (a’), (b) and (b’) et cetera show the results for
DFB-BA lasers with λtar

DFB = 973.7 nm and λtar
DFB = 974.6 nm, respectively.
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Even though the values of the threshold current show strong deviations at
tis = 120 s in Fig. 3.27 (a’), a decreasing with increasing etching time can
be derived from Fig. 3.27 (a) and (a’). No clear difference in the threshold
current is observed between λtar

DFB = 973.7 nm and λtar
DFB = 974.6 nm.

Also for the dependence of the slope efficiency on tis, one finds a decline
as depicted in Fig. 3.27 (b) and (b’). Both effects can be attributed to an
increase of the DFB coupling coefficient with increasing tis, as mentioned
above. By comparing the slope efficiencies for λtar

DFB = 973.7 nm and λtar
DFB =

974.6 nm, also no clear difference is observed.

The power conversion efficiency at 7 and 10 W is depicted in Fig. 3.27
(c), (c’) and (d), (d’), respectively. A very weak decrease with tis is ob-
served. In contrast to the threshold current and slope efficiency, significant
differences occur for λtar

DFB = 973.7 nm and λtar
DFB = 974.6 nm. The power

conversion efficiency has the clear tendency to be higher for the wafers with
the longer targeted Bragg wavelength. This is a consequence of the fact
that roll-over of the power-current characteristics which here typically oc-
curs at currents above I ∼ 4 − 7 A, is significantly stronger for the lasers
with λtar

DFB = 973.7 nm.

Stronger roll-over of the power-current characteristics leads to lower out-
put powers and therefore results in a lower power conversion efficiency. For
λtar

DFB = 973.7 nm, the gain peak wavelength λgain(I) is shifted towards longer
wavelengths than the Bragg wavelength of the DFB grating λDFB(I) at lower
current levels than for λtar

DFB = 974.6 nm. Thus, a sufficient spectral detuning
between the Bragg wavelength of the DFB grating λDFB(I = 0) and the gain
peak wavelength λgain(I = 0) is experimentally confirmed to be an important
design requirement for high power and efficiency DFB-BA lasers!

The dependence of voltage drop on the in-situ etching time is shown in
Fig. 3.28. In Fig. 3.28 (a), the voltage characteristics of all lasers, presented in
Fig. 3.26, are depicted. Fig. 3.28 (b) shows the voltage at 3 A for every laser.
Such a low current has been chosen for this comparison in order to keep
the heat induced voltage reduction (because of different power conversion
efficiencies) to be negligible. In the voltage characteristics and in the voltage
at 3 A, one finds a weak decrease for the voltage with increasing in-situ
etching time. However, the lasers from wafers with D1425-1 and D1425-2
(both tis = 120 s) deviate from this trend by having a higher voltage. STEM
investigations [Mar09] show that even at tis = 150 s, a residual In0.49Ga0.51P
layer is left over in the grating region. From a reduction in the voltage with
increasing etching time one might speculate that the voltage will significantly
decrease if the residual In0.49Ga0.51P layer is completely removed.
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Figure 3.27: Threshold current, slope efficiency (from a linear fit over 2 A above
threshold) and power conversion efficiency at 7 and 10 W of DFB-BA lasers from
iteration I. (a) Threshold current (λtar

DFB = 973.7 nm). (a’) (λtar
DFB = 974.6 nm).

(b) Slope efficiency (λtar
DFB = 973.7 nm). (b’) (λtar

DFB = 974.6 nm). (c) Power con-
version efficiency at 7 W (λtar

DFB = 973.7 nm). (c’) (λtar
DFB = 974.6 nm). (d) Power

conversion efficiency at 10 W (λtar
DFB = 973.7 nm). (d’) (λtar

DFB = 974.6 nm)

3.4.5 Comparison of the power-voltage-current charac-
teristics with FP-BA reference lasers

The aim of this section is to compare the power-voltage-current characteris-
tics of DFB-BA lasers with the characteristics of FP-BA reference lasers, to
clarify differences and similarities. The results will serve as reference point for
the trial of a further enhancement of power and power conversion efficiency
in iteration II.
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Figure 3.28: Voltage-current characteristics of DFB-BA lasers from iteration I.
(a) Voltage-current characteristics. (b) Voltage at 3 A as a function of the in-situ
etching time.

In Fig. 3.29, the power-voltage-current characteristics of the best DFB-
BA laser of each wafer from Fig. 3.26, is compared to sample power-voltage-
current characteristics of FP-BA reference lasers F1850-4 071006 and D1423-
1 051301 from Fig. 3.5. In detail, the DFB-BA lasers, chosen for the compari-
son are: D1365-1 020416, D1365-2 020508, D1366-4 091002, D1366-5 020618,
D1425-1 020411, D1425-2 040102, D1425-4 051302 and D1425-5 020104.

In a first overview, one can clearly see that the voltage of the DFB-BA
lasers is increased in comparison to the FP-BA lasers. The increase is not
due to a higher turn-on voltage, but due to an increased series resistance.
Both, the voltage characteristics of the DFB-BA lasers and reference FP-BA
lasers converge to the same turn-on voltage U0(I = 0) ≈ 1.32 V. In contrast,
the slope of the voltage characteristics is increased for the DFB-BA lasers.
Note, that the voltage decreases (because the series resistance decreases)
with an increasing temperature of the laser chip. Accordingly, the increase
of the voltage for the DFB-BA lasers is reduced because of their lower power
conversion efficiency. The supplementary series resistance is in the order of
5 mΩ.

The threshold current of the DFB-BA lasers is slightly increased, com-
pared to the FP-BA reference lasers. The FP-BA reference lasers, summa-
rized in Table 3.2, have an average threshold current of 624 mA. For the
DFB-BA lasers with λtar

DFB = 973.7 nm, summarized in table 3.7, the av-
erage threshold current is increased by 87 mA. A higher increase in the
average threshold current of 144 mA is observed for the DFB-BA lasers with
λtar

DFB = 974.6 nm (also summarized in table 3.7), again compared to the av-
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Figure 3.29: Comparison of the P-U-I characteristics of DFB-BA lasers with
sample P-U-I characteristics of FP-BA reference lasers F1850-4 071006 and D1423-
1 051303.

erage value for the FP-BA reference lasers. Nevertheless, compared to the
currents of ≥ 10 A which are required to drive either the DFB-BA lasers or
FP-BA lasers in the 10 W range, the increase of the threshold current is of
minor importance.

The slope efficiency of the DFB-BA lasers is significantly reduced in com-
parison to the FP-BA reference lasers. This is valid for the slope efficiency
in the ≤ 7 A region, as well as for the region above 7 A, were the roll-over
of the DFB-BA lasers is stronger than the thermal roll-over of the FP-BA
lasers. The reduction in slope efficiency is in the order of 0.14 W A−1 for
the DFB-BA lasers with λtar

DFB = 973.7 nm and 0.11 W A−1 for the DFB-BA
lasers with λtar

DFB = 974.6 nm. As visible in the power-current character-
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istics depicted in Fig. 3.29, the reduction in slope efficiency causes a re-
markable reduction in the optical output power in the ≥ 10 A current range
(0.14 W A−1 · 10 A = 1.4 W). The reduction of the optical output power in
the ≥ 10 A current range is further amplified due to the stronger roll-over
behavior which is observed for the DFB-BA lasers. This stronger roll-over
of the power-current characteristics must be attributed to the fact, that the
optical gain decreases significantly, after the gain peak wavelength λgain(I)
is shifted to the long wavelength side of the Bragg wavelength of the DFB
grating λDFB(I).

The power conversion efficiency of the DFB-BA lasers is reduced in com-
parison to the FP-BA lasers as a consequence of the increased voltage, in-
creased threshold current, decreased slope efficiency and stronger roll-over.
The reduction in power conversion efficiency is in the order of 6 - 15 %. These
are the smallest differences in power conversion efficiency, that have been
published for a DFB laser and a reference laser without a grating [Sch10a],
[Sch10b] until 2010.

In order to further increase the power conversion efficiency and optical
power of DFB-BA lasers, the following requirements can be derived from the
comparison of the power-voltage-current characteristics of DFB-BA lasers
and reference FP-BA laser from iteration I. The power-voltage-current char-
acteristics of the DFB-BA lasers could approach the characteristics of the
reference FP-BA lasers, if the increase in series resistance and decrease in
slope efficiency can be further reduced. The impact of these two degrada-
tions on the power conversion efficiency and output power is growing with the
injected current and is therefore of particular importance. In contrast, the
small increase of the threshold current might be accepted and neglected in
an optimization process. The stronger roll-over of the power-current charac-
teristics for the DFB-BA lasers cannot be completely eliminated but reduced
by an optimal spectral detuning between the gain peak wavelength and the
Bragg wavelength of the DFB grating.

A reduction of the series resistance could be achieved with further im-
provement of the grating technology, for example with a reduction of the
material hetero-interfaces in the grating region.

An enhancement of the slope efficiency is possible due to a reduction
of the coupling coefficient of the DFB grating. This can be derived from
a comparison of the DFB resonator loss with the mirror loss of the FP-
BA lasers, characterized in section 3.2. It has been theoretically derived
in section 1.2.5 and was reported in [Sch10a]. While the DFB resonator
loss with a coupling coefficient of κ ≈ 3 cm−1 (Rf = 0.09 %, Rr = 96 %)
is only αDFB = 3.91 cm−1, the FP mirror loss (Rf = 2 %, Rr = 96 %) is
αm = 6.55 cm−1. Thus, the optical feedback for the DFB-BA lasers from
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the DFB grating and the coated facets is larger than optimal. The coupling
strength can be expressed by an effective front facet reflectivity for the DFB-
BA lasers of Rf,eff ≈ 10 %. The effective front facet reflectivity is defined by
the reflectivity which leads to a mirror loss, identical to the DFB resonator
loss. A front facet reflectivity of Rf,eff ≈ 10 % is too high for a 3 mm long
high efficiency FP-BA laser (with Rr = 96 %), as can be for example derived
from the calculations, presented in Fig. 1.1 (a).

3.4.6 Spectral properties of DFB-BA lasers

In the following section, the spectral properties of the DFB BA lasers will
be analyzed and discussed. The analysis focuses on the impact of the DFB
grating on the spectrum, the spectral width and consequences for possible
applications. Firstly, representative spectral maps are presented for lasers
from each of the eight wafers. Secondly, the spectral width and modal content
are discussed.

The motivation to integrate a DFB grating into broad area lasers was
to achieve optical spectra with a narrow spectral width, containing 95 % of
the emitted optical power. For example ∆λ ≤ 1 nm would be preferred for
pumping ytterbium doped gain media such as Yb:YAG crystals at the narrow
≈ 976 nm absorption peak. For spectral beam combining (dense wavelength
division multiplexing DWDM) of high power lasers, even smaller spectral
width in the ∆λ ≤ 0.3 nm range would be advantageous. In the best case,
narrow spectral width emission should be obtained over the whole current
range between threshold and the current which is required to achieve the
desired optical output power, for example Popt = 10 W.

Here, the heatsink of the DFB-BA lasers was temperature -stabilized at
T = 25 ◦C and spectra were measured in broad spectral range between 950
and 1000 nm between 0 and 15 A injection current. The spectra have been
measured with a low resolution spectrometer (≥ 0.15 nm) with a dynamic
range of ∼ 103, relative to the background signal. The measurement setup is
explained in section B.1.2. The measured single spectra are then combined to
a matrix and plotted as a false color map. The intensity is logarithmic scaled
as illustrated in the intensity scale for each spectral map. This spectral maps
will be used to analyze the spectral properties of the DFB-BA lasers over the
relevant range in current and wavelength.

Spectrum maps over a wide spectral range from 950 - 1000 nm are pre-
sented in Fig. 3.30 and 3.31. Fig. 3.30 (a) shows the spectrum map of laser
020416 from wafer D1365-1 (tis = 90 s, λtar

DFB = 973.7 nm). With respect to
the logarithmic scaled intensity, the spectrum is dominated by the DFB spec-
trum (intense red line). The DFB wavelength close to threshold is 972.6 nm
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and shifts to 977.3 nm at 15 A. The wavelength shift of the DFB spectrum
is mostly caused by the temperature dependence of the effective refractive
index with an additional contribution from the thermal expansion coeffi-
cient of the semiconductor crystal as derived in 1.1.5. One additionally finds
a spectrally broad lasing background with an evolution from ≈ 968 nm at
threshold to ≈ 985 nm at 15 A. The appearance of this lasing background
can be predominantly attributed to lasing on FP-like modes, which are ac-
cordingly, not sufficiently suppressed. In an ideal case, FP-like modes should
not exceed threshold and would then not be detected by the used setup.
Note that in the range between I = 1.0 − 5.5 A and λ = 967.5 − 972.0 nm,
the lasing background is considerably structured in contrast to the lasing
background at high currents above I = 9 A. The spectral shift of the FP las-
ing background approximately follows the shift of the gain spectrum. This
allows to roughly estimate the crossing of the DFB wavelength and the gain
maximum at ≈ 9 A. In section 3.4.3, the target for the crossing has been
defined as ≈ 9.5 A for the DFB-BA lasers with λtar

DFB(I = 0) = 973.7 nm and
≈ 10.6 A for λtar

DFB(I = 0) = 974.6 nm, considering λtar
gain(I = 0) = 968.0 nm.

Thus, in the experiment, the crossing appears at lower currents than esti-
mated, mostly due to the fact that the wavelength at threshold (972.6 nm)
is lower than targeted (> 973.7 nm). Thus, the spectral detuning is too low
for efficient 10 W operation.

The spectrum map of laser 020508 from wafer D1365-2 (tis = 90 s, λtar
DFB =

974.6 nm) is depicted in Fig. 3.30 (b). In contrast to laser 020416 from wafer
D1365-1, only the DFB spectrum is visible in the spectrum map. This is a
typical spectrum for a DFB-BA laser with a sufficient suppression of FP-like
modes. The width of the optical spectrum, containing 95 % of the optical
power is in the ∼ 1 nm range. A more detailed analyzes of the spectral with,
measured with a high resolution spectrometer, is presented in the second part
of this section. At threshold, the DFB wavelength is 974.1 nm (this is lower
than targeted > 974.6 nm) and shifts to 976.2 nm at 10 A. The difference
in the wavelength at threshold between laser 020416 from D1365-1 and laser
020508 from D1365-2 is 1.4 nm, a difference of 0.9 nm has been targeted.

In Fig. 3.30 (c), the spectral map of laser 091002 from wafer D1366-4
(tis = 120 s, λtar

DFB = 973.7 nm) is depicted. Lasing on FP-like modes is
sufficiently suppressed. The wavelength at threshold is 973.5 nm and shifts
to 975.9 nm at 10 A. At ≈ 14.6 A, a weak increase of the intensity at ≈
983.8 nm indicates, that FP-like modes begin to exceed threshold (< 5 %
power content).

An additional effect is visible in Fig. 3.30 (d), where the spectral map
of laser 020619 from wafer D1366-5 (tis = 120 s, λtar

DFB = 974.6 nm) is de-
picted. In addition to the clearly dominating DFB spectrum above 973.9 nm,
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Figure 3.30: Spectrum maps over a wide spectral range for lasers from the fol-
lowing wafers: (a) D1365-1 (tis = 90 s, λtar

DFB = 973.7 nm), (b) D1365-2 (tis = 90 s,
λtar

DFB = 974.6 nm), (c) D1366-4 (tis = 120 s, λtar
DFB = 973.7 nm), (d) D1366-5

(tis = 120 s, λtar
DFB = 974.6 nm).

three further spectrally stabilized lines are visible at shorter wavelength at
≈ 972.3 nm, ≈ 967.2 nm and≈ 963.1 nm. Regarding the spectral distance be-
tween this further spectrally stabilized lines relative to the dominating DFB
spectrum above 973.9 nm, the a priori assumption is made that these lines
correspond to DFB lasing on higher-order vertical modes of the waveguide.
The hypothesis, that these spectrally stabilized lines at shorter wavelengths
correspond to DFB lasing on higher-order vertical modes of the waveguide,
will be confirmed in section 3.4.9.

Figure 3.31 (a) shows the spectral map of laser 020412 from wafer D1425-
1 (tis = 120 s, λtar

DFB = 973.7 nm). The spectrum of the DFB-BA laser is well
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stabilized with a sufficient suppression of FP-like modes. No intensity from
higher-order vertical modes can be found. At threshold, the DFB wavelength
is 974.1 nm and shifts to 979.0 nm at 15 A.

Figure 3.31: Spectrum maps over a wide spectral range for lasers from the follow-
ing wafers: (a) D1425-1 (tis = 120 s, λtar

DFB = 973.7 nm), (b) D1425-2 (tis = 120 s,
λtar

DFB = 974.6 nm), (c) D1425-4 (tis = 150 s, λtar
DFB = 973.7 nm), (d) D1425-5

(tis = 150 s, λtar
DFB = 974.6 nm).

In Fig. 3.31 (b), the spectral map of laser 040102 from wafer D1425-2
(tis = 120 s, λtar

DFB = 974.6 nm) is depicted. The spectrum has some simi-
larities with the spectrum of laser 020619 from wafer D1366-5. In addition
to the dominating DFB spectrum above 975.5 nm, two side peaks (higher-
order vertical modes) are visible at shorter wavelength at ≈ 973.5 nm, and
≈ 969.5 nm. In fact, the threshold current is exceed at first for the second
higher-order vertical mode at ≈ 750 mA. The threshold current for the first
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higher-order vertical mode is ≈ 850 mA. The fundamental vertical mode ex-
ceeds its threshold at ≈ 1150 mA. At its threshold, the fundamental DFB
wavelength is 975.9 nm and shifts to 980.6 nm at 15 A. The lasers from wafer
D1425-2 have the longest wavelength for the fundamental DFB mode, com-
pared with the lasers from the other wafers in iteration I. Simultaneously,
they have the highest slope efficiency and power conversion efficiency. If one
considers, that the gain spectrum is equal for all lasers from iteration I (at
least this was targeted), it can be assumed, that the highest efficiency is a
consequence of the largest spectral detuning between the gain maximum and
the DFB Bragg wavelength of the fundamental mode (see table 3.8). The
difference in the wavelength at threshold between laser 020412 from D1425-1
and laser 040102 from D1425-2 is ≈ 1.8 nm, a difference of 0.9 nm had been
targeted.

The spectrum map of laser 051302 from wafer D1425-4 (tis = 150 s,
λtar

DFB = 973.7 nm) is shown in Fig. 3.31 (c). Again, two side modes are
visible at shorter wavelength at ≈ 971.5 nm, and ≈ 968.3 nm. The wave-
length of the fundamental DFB mode shifts from 973.9 nm at threshold to
978.0 nm at 15 A. Lasing on FP-like modes is sufficiently suppressed.

Finally, in Fig. 3.31 (d), the spectrum map of laser 020105 from wafer
D1425-5 (tis = 150 s, λtar

DFB = 974.6 nm) is depicted. The fundamental DFB
wavelength shifts from 974.75 nm at threshold to 978.73 nm at 15 A. Two
side modes appear at shorter wavelength at ≈ 972.3 nm, and ≈ 968.5 nm.
The wavelengths at threshold differ between laser 051302 from D1425-4 and
laser 020105 from D1425-5 by ≈ 0.9 nm, as it had been targeted.

An overview on the DFB wavelength at threshold λm0
th , at the maximum

applied drive current λm0
max, as well as the wavelengths of the characteristic

spectral side modes (higher-order vertical modes) at its individual threshold
λm1 ...m3

th is given in table 3.8.
In summary, the DFB-BA lasers, fabricated in iteration I, achieve for the

first time an optical output power in the 10 W range with a power conversion
efficiency in the range of 43− 58 % and have a narrow, wavelength stabilized
optical spectrum. The spectra maps of the DFB-BA lasers show a sufficient
suppression of FP-like modes (< 5 % power content, except lasers from wafer
D1365-1). Significant lasing on FP-like modes with > 5 % power content is
only observed for a wafer D1365-1 with the lowest used in-situ etching time
of tis = 90 s which corresponds to the lowest DFB coupling coefficient. A
high coupling coefficient and a low front facet reflectivity are suitable design
options to suppress lasing on FP-like modes.

At low currents < 7 A, lasing on side modes (higher order vertical modes)
affects the spectrum on the short wavelength side of the fundamental DFB
spectrum for some lasers, but with a low power content (< 20 % power con-



3.4 Characterization of DFB-BA lasers 141

Table 3.8: Overview of the wavelength of the fundamental DFB mode λm0
th/max

at its threshold and at the highest applied current and the wavelength of side
modes (higher-order vertical modes) λm1 ...m3

th for DFB-BA lasers from iteration I.
Values are shown in brackets, if the suppression of FP-like modes was not sufficient.
This means, that they exceed threshold (above the background signal of the used
spectrometer) and contain≥ 5 % of the optical power. If the highest applied current
was 10 A instead of 15 A, the values are marked with ∗.

wafer laser λm0
th λm0

max λm1
th λm2

th λm3
th

[nm] [nm] [nm] [nm] [nm]

D1365-1 020416 (972.6) (977.3) – – –
D1365-2 020508 974.1 976.2∗ – – –
D1366-4 091002 973.5 975.9∗ – – –
D1366-5 020619 974.0 978.6 972.3 967.2 963.1

D1425-1 020412 974.1 979.0 – – –
D1425-2 040102 975.9 980.6 973.5 969.5 –
D1425-4 051302 973.9 978.0 971.5 968.3 –
D1425-5 020105 974.8 978.7 972.3 968.5 –

tent) in the additional modes. These side modes are observed for lasers
from the wafers with λtar

DFB = 974.3 nm but not for lasers from wafers with
λtar

DFB = 973.7 nm (one exception: D1425-4 051302). Thus, there is a tradeoff
between the requirement to achieve a maximum power conversion efficiency
at high power levels (needs high spectral detuning) and the requirement to
achieve a spectrum without any side modes (needs low spectral detuning).

A selection of high resolution single spectra at 2.5, 5, 7 and 10 W is
depicted in Fig. 3.32 for DFB-BA lasers D1366-5 020619 and D1425-2 040102.
For both lasers, the spectral width with 95 % power content increases with
the output power from < 0.3 nm to ≈ 1 nm at 10 W.

The spectral width ∆λW95 of the DFB-BA lasers is significantly lower
than the spectral width of typical FP-BA lasers. For example, the spectral
width of two reference FP-BA lasers whose spectral maps are depicted in
Fig. 3.7, is compared to the spectral width of two DFB-BA lasers in table 3.9.
The values for ∆λW95 have been obtained by integrating over the measured
spectrum with respect to the background signal from the spectrometer. Nev-
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Figure 3.32: Single spectra of DFB-BA lasers at 2.5, 5, 7 and 10 W, measured
with ≈ 10 pm spectral resolution and a dynamic range of 104. (a) DFB-BA laser
D1366-5 020619. (b) DFB-BA laser D1425-2 040102.

ertheless, above ∼ 7 W, the spectral width of the DFB-BA lasers with 95 %
power content is broader than the targeted value of ∆λW95 ≤ 0.3 nm. There-
fore, an analysis of the reasons for the spectral broadening is required, which
will potentially point out solutions, how the spectral width of high power
DFB-BA lasers can be further reduced.

Table 3.9: Comparison of the spectral width with 95 % power content ∆λW95 for
two FP-BA lasers and two DFB-BA lasers from iteration I.

laser ∆λ2.5 W
W95 ∆λ5 W

W95 ∆λ7 W
W95 ∆λ10 W

W95

[nm] [nm] [nm] [nm]

F1850-4 071006 2.9 3.4 4.1 4.6
D1423-1 040302 2.9 3.7 4.2 4.7

D1366-5 020619 0.17 0.17 0.32 1.01
D1425-2 040102 0.12 0.23 0.40 1.01

The shape of the spectra is characterized by a number of sharp spectral
lines, visible at 10 W with best clarity. This indicates, that a large num-
ber of different optical modes is involved. Knowledge of the nature of the
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observed modes could be helpful for a reduction of the spectral width in
further design optimizations. Lasing on a large number of different lateral
modes must be assumed for a typical BA laser. It is presumed that lasing
on lateral modes broadens the spectral width of the DFB spectrum because
of the reasonable presumption that every lateral mode has its specific effec-
tive index of refraction (increases with increasing lateral mode order) and
therefore, its specific DFB stopband and lasing wavelength. Consequently,
the spectral width would depend on the number of different lateral modes
(within one longitudinal mode) and the lateral spectral mode spacings. The
important question, if more than one longitudinal mode is involved, cannot
be answered from this type of measurements but will be later discussed, as
well as the problem of the lateral modes in section 3.4.12 on the basis of
adequate measurements.

In Fig. 3.33, the spectral width of seven different DFB-BA lasers is plotted
as a function of the injection current, optical output power and dissipated
power (heat, if the spontaneous emission es neglected), in order to study the
dependence of the spectral width on these parameters. For these diagrams,
the width with 95 % power content was determined from spectra, measured
with a spectrometer with 15 pm resolution. The lasers used for this study
are D1365-1 020417, D1365-2 020508, D1366-4 091002 and D1366-5 020619
in Fig. 3.33 (a, c, e) (left column) and D1425-2 040102, D1425-4 051302 and
D1425-5 020104 in Fig. 3.33 (b, d, f) (right column). Note that in case of
laser D1365-1 020417, the spectral width is affected by simultaneous lasing
on FP-like modes as for example, shown for D1365-1 050416 in the spectral
map in Fig. 3.30 (a). For all other devices, the spectrum is well stabilized and
increases from ≈ 0.1 nm at threshold up to ≈ 1.4 nm at 15 A. The increase of
the spectral width is moderate below ≈ 10 A and ≈ 8 W but more drastically
above these values. The typical spectral width with 95 % power content at 7
and 10 W is ≈ 0.3− 0.5 and ≈ 0.8− 1.0 nm, respectively.

Now the question arises, if the spectral width is a function of the coupling
coefficient, spectral detuning or heat. If such a dependence were found,
this could be recognized for optimizing the design of the DFB-BA lasers.
Firstly, a dependence of the coupling coefficient could be derived from the
different in-situ etching times tis which were used for the different wafers
and are indicated in table 3.6. The dependence of the coupling coefficient
on tis has been estimated in section 3.3.3, the coupling coefficient increases
with increasing in-situ etching time. However, no clear difference between
the spectral width of lasers from wafers with tis = 90 s (D1365-1, D1365-2),
tis = 120 s (D1366-4, D1366-5, D1412-2) and tis = 150 s (D1425-4, D1425-
5) can be observed in Fig. 3.33. At least, there is one conspicuous feature:
The spectral width of the lasers from wafers D1425-4 and D1425-5 (both
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Figure 3.33: Spectral width with 95 % power content of DFB-BA lasers from
iteration I. (a, b) As a function of current. (c, d) As a function of optical power.
(e, f) As a function of dissipated power.

tis = 150 s) decreases more linearly with current and optical power than the
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spectral width of the other lasers (tis = 90 and 120 s), which starts at lower
values and increases hyper-linearly. Secondly, also no clear dependence of the
spectral width on the spectral detuning between the gain peak wavelength
and the Bragg wavelength of the DFB grating (also indicated in table 3.6) is
observed.

Finally, the dependence of the spectral width ∆λW95 on the dissipated
power Pd is depicted in Fig. 3.33 (e, f). Compared to the spectral width as
a function of the current and optical power, the spectral width as a func-
tion of the dissipated power is more linear and the values for the individual
lasers coincide even better. Even though this is not a proof, it might be an
indication that ∆λW95(Pd) is a universal function for DFB-BA lasers with
the same stripe widths and cavity lengths. This would mean, that the heat
which is generated in the lasers is basically responsible for the increase of
the spectral width. A reduction of the spectral width at high power levels
should be therefore achieved with better cooling (lower thermal resistance)
or higher power conversion efficiency.

To conclude, the spectra of DFB-BA lasers, developed in iteration I of
this work are predominantly wavelength stabilized at the Bragg wavelength
of the DFB grating. Thus, the shift of the center wavelength relative to
the wavelength at threshold depends on the heat which is generated in the
devices at a specific injection current. The spectral width is in part, affected
by lasing on FP-like modes with a broad spectrum and lasing on additional
wavelength stabilized lines on the short wavelength side of the fundamental
DFB spectrum, which were supposed to be higher-order vertical modes of
the waveguide. For lasers from Wafer D1365-1 (tis = 90 s), lasing on FP-like
modes around the gain peak is observed. This is an evidence, that either,
the coupling coefficient is too low (tis is too low) or the front facet reflectivity
is too high (cannot be confirmed from the reflectivity spectrum , shown in
Fig. 3.25 (a)).

The spectral width was also identified to possibly have a universal linear
dependence on the heat which is generated in the laser chip. To reduce the
spectral width of the DFB-BA lasers, developed in iteration I of this work,
lasing on FP-like modes and additional side modes must be suppressed. A
further reduction of the intrinsic spectral width can be possibly achieved with
a higher power conversion efficiency or a lower thermal resistance.

3.4.7 Thermal properties of DFB-BA lasers

In the following section, the thermal properties of the DFB-BA lasers from it-
eration I will be determined in the same way, as it has been carried out for the
FP-BA lasers in chapter 3.2.4. These experiments were performed on DFB-
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BA laser D1425-2 040102. At first, the thermal resistance Rth was determined
from the measurement data of the CW power-voltage-current characteristics,
the spectrum as a function of the CW current and from a measurement of
the spectrum as a function of the ambient temperature without heating in
the active region. The temperature coefficient of the emission wavelength
was determined from spectra, measured under short pulsed current injection
with a pulse duration of 500 ns and a repetition rate of 1 kHz (∼= 5 · 10−4

duty cycle). The sub-mount was temperature-stabilized at 15, 20, 25, . . . ,
135 ◦C. In Fig. 3.34 (a), the center wavelength of the spectrum is depicted as
a function of the sub-mount temperature under short pulse current injection.
Between 35 and 135 ◦C, the wavelength shift is linear with 0.0776 nm K−1.
This value is in good agreement with the temperature-induced wavelength
shift of DFB modes, reported in [Kle06], [Wen04], [Sch09a] (AlGaAs-based
designs), [Ear98], [Cha00], [Kan06], [He09] (aluminum-free designs) and in
good agreement with the estimation in section 1.1.5. At 15 and 25 ◦C, the
laser runs dominantly on spectral side modes at shorter wavelengths as visi-
ble in the spectral map, shown in Fig. 3.31 (b) for T = 25 ◦C. Fig. 3.34 (b)
shows the construction of the CW center wavelength λc as a function of the
CW thermal dissipation loss. A thermal resistance of Rth = 4.45 K W−1 has
been determined.
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Figure 3.34: Experimental determination of the thermal resistance Rth. (a)
Temperature dependence of the emission wavelength, measured under short pulse
current injection with a pulse duration of 500 ns and a repetition rate of 1 kHz. (b)
Shift of the center wavelength as a function of the thermal dissipation loss. The
values have been extracted from CW power-voltage-current characteristics and CW
spectrum measurements.

The result for the thermal resistance is not the same as the one, ob-
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tained for the reference FP-BA lasers in chapter 3.2.4. From 20 DFB-BA
lasers from iteration I with the same epitaxy design and mounting, an aver-
age value of RDFB

th = 4.79 K W−1 was determined. From a technical point of
view it is implausible, that the FP-BA and DFB-BA lasers, reported here,
have different thermal resistances, because they have the same epitaxy de-
sign and mounting scheme. Therefore it must be assumed, that the differ-
ences RDFB

th − RFP
th = 4.79 K W−1 − 3.58 K W−1 = 1.21 K W−1 in the average

thermal resistances are a consequence of the methods which were used for
their determination. In the case of the reference FP-BA lasers, dλgain/dT
is sensitive to the temperature in the active region. The accuracy of Rth

depends on the determination of the center wavelength of the FP spectrum.
In contrast, dλDFB/dT is sensitive to the effective refractive index neff and
hence, sensitive to the vertical temperature profile in the whole waveguide.
Furthermore, the thermal dissipation loss has been simply calculated from
Pd = U(I) · I − Popt(I), where Popt(I) is the optical power, measured at the
front facet. This means, that the optical output power from the rear facet
has not been considered (it is expected to be higher for the DFB-BA lasers
as derived in section 1.2.5) and the spontaneous emission is neglected. An
analysis how the thermal resistance of high power DFB-BA lasers and ref-
erence FP-BA lasers can be experimentally determined with high precision
and which effects have to be therefore considered could be the purpose of a
future investigation.

To compare the thermal behavior of the threshold current and slope effi-
ciency with the reference FP-BA laser, power-voltage-current characteristics
have been measured under the same short pulse current injection as used for
the determination of the temperature coefficient of the emission wavelength.
The characteristics of the DFB-BA laser are depicted in Fig. 3.35 (b) and
compared to the characteristics of the FP-BA laser, shown in Fig. 3.35 (a).
While one finds a strictly monotonic increase of the threshold current and a
strictly monotonic decrease of the slope efficiency for the FP-BA laser, the
behavior is more complicated for the DFB-BA laser.

Fig. 3.35 (c) and (d) shows temperature dependence of the threshold
current and slope efficiency of both, the DFB-BA laser (red triangles) and
the FP-BA laser (blue circles), respectively. Here, the more complicated
behavior for the DFB-BA laser is confirmed. The threshold current of the
DFB-BA laser increases faster with the temperature. Above 55 ◦C, the gra-
dient increases abruptly. In the range between 15 and 45 ◦C, the gradient is
only slightly higher than for the FP-BA laser. The slope efficiency rapidly
increases with the temperature between 15 and 35 ◦C, then it tangents the
curve for the FP-BA laser and shows a faster reduction with the temperature
from 75 to 135 ◦C.
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Figure 3.35: Temperature dependence of the threshold current and slope effi-
ciency between 15 ◦C and 135 ◦C (10 K step size) under short pulse current injection
with a pulse duration of 500 ns and a repetition rate of 1 kHz. (a) Power-voltage-
current characteristics of the FP-BA laser. (b) Power-voltage-current characteris-
tics of the DFB-BA laser D1425-2 040102. (c) Threshold current of the DFB-BA
laser (red triangles) and the FP-BA laser (blue circles) as a function of the tem-
perature. (d) Slope efficiency of the DFB-BA laser (red triangles) and the FP-BA
laser (blue circles) as a function of the temperature.

This, behavior of the DFB-BA laser D1425-2 040102 can be understood
by considering the appearance of low wavelength side modes in the optical
spectrum which is shown in the spectral map in Fig. 3.31 (b) for T = 25 ◦C.
At low temperatures (15 - 25 ◦C), the maximum of the gain profile is in the
spectral region of the wavelength stabilized side modes and several nanome-
ters apart from the fundamental DFB mode. Lasing on the short wavelength
side modes is the reason, why at 15 - 25 ◦C, the wavelength does not follow
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the wavelength trend above 25 ◦C in Fig. 3.34 (a) and why the slope effi-
ciency increases with increasing temperature in Fig. 3.35 (d) (here, the short
wavelength side modes are indicated as higher-order vertical modes of the
waveguide). For illustration, such spectral relation between the gain spec-
trum, fundamental DFB mode and two side modes is shown as a scheme
in Fig. 3.36 (a). This results in a low slope efficiency and in a moderate
threshold current, which is slightly increased in comparison with the FP-BA
laser. Between 35 and 65 ◦C, the DFB-BA laser runs dominantly on the fun-
damental DFB mode, because its Bragg-wavelength of the DFB grating is
close to the maximum of the gain profile. Such spectral relation between the
gain spectrum, the fundamental DFB mode and two side modes is depicted
schematically in Fig. 3.36 (b). Hence, the slope efficiency is close to the val-
ues for the FP-BA laser. Even the threshold current is only ∼ 20 % higher.
Above 65 ◦C, the DFB-BA laser still runs on the fundamental DFB mode,
but a strong spectral detuning between the Bragg-wavelength and the max-
imum of the gain profile degrades the threshold current and slope efficiency,
compared to the FP-BA laser. Finally, a spectral relation were the peak of
the gain spectrum is on the long wavelength side of the fundamental DFB
mode is depicted schematically in Fig. 3.36 (c). On the one hand, the two
short side modes at the short wavelength side of the fundamental DFB mode
are now strongly suppressed. On the other hand, the gain at the fundamen-
tal DFB wavelength is now lower than the peak gain and further increasing
the temperature leads to a strong increase of the threshold current and to a
strong decrease in slope efficiency.

The diagrams of ln (Ith/I0) and ln (S/S0) as a function of T , are depicted
in Fig. 3.37 (a) and (b), respectively. The results for the DFB-BA laser
(red triangles) are shown in comparison with the results for the FP-BA laser
(blue circles). The DFB-BA laser has a different dependence of the threshold
current and slope efficiency on the temperature, than the FP-BA laser. The
threshold current increases faster with the temperature. Especially between
45 and 55 ◦C, the gradient increases abruptly. In the range between 15 and
45 ◦C, the gradient is only slightly higher than for the FP-BA laser.

A threshold current characteristic temperature T0 = 98 K can be in prin-
ciple determined from a linear fit between 15 ◦C and 65 ◦C for the DFB-BA
laser. Nevertheless, the specification of threshold current and slope efficiency
characteristic temperatures T0 and T1 is not recommendable for DFB lasers
because of the spectral detuning between the gain peak wavelength and the
Bragg wavelength of the DFB grating. It has been shown in this section that
the spectral detuning can lead to fundamental differences in the temperature
dependence of the slope efficiency, compared to a free running FP reference
device. A good agreement between the temperature dependence of the slope
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Figure 3.36: Scheme of the optical gain spectrum, the fundamental DFB mode
and two also wavelength stabilized side modes at different ambient temperatures.
(a) At T = 15 ◦C. (b) At T = 35 ◦C. (c) At T = 55 ◦C.
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Figure 3.37: Diagrams of ln (Ith/I0) and ln (S/S0) for the DFB-BA laser D1425-2
040102 in comparison with a FP-BA laser. (a) ln (Ith/I0) as a function of T , T0

has been determined from a linear fit between 15 ◦C and 45 ◦C. (b) ln (S/S0) as a
function of T .

efficiency for the DFB-BA laser and the FP-BA reference laser can be found
over a limited temperature range between > 35 and < 75 ◦C. This is ap-



3.4 Characterization of DFB-BA lasers 151

proximately the temperature range (under short pulsed current injection) in
which the Bragg wavelength of the DFB grating is in the flat peak region of
the gain spectrum. However, the temperature dependence of the threshold
current is already significantly increased in this temperature range.

3.4.8 Spatial emission properties of DFB-BA lasers

This chapter focuses on the spatial emission properties of the DFB-BA lasers
from iteration I. Firstly, it is necessary to show, that the monolithic integra-
tion of the DFB grating does not significantly degrades the vertical and lateral
far field properties. Secondly, experimental results for the vertical and lat-
eral far field profiles can be useful to analyze the vertical and lateral modes,
respectively. In section 3.4.6 it has been discussed that the side modes in the
optical spectrum at the short wavelength side of the fundamental DFB mode
are supposed to be higher-order vertical modes of the waveguide. Therefore,
indications should be found in measured vertical far field profiles. Further-
more, the spectral width of the spectrally stabilized fundamental DFB mode
is expected to be limited by the appearance of many different lateral modes
like for a typical BA laser. This is based on the reasonable presumption that
every lateral mode has its specific effective index of refraction and there-
fore, its specific DFB stopband and lasing wavelength. This has also been
discussed in section 3.4.6.

The vertical far field profiles have been measured with the setup, de-
scribed in section B.1.3. Note, that the vertical far field profiles were not
measured under cw conditions. To keep the exposure of the detector be-
low its damage threshold, quasi-continuous wave (QCW) conditions (500µs
pulse duration, 20 kHz repetition rate) have been applied. The heat sink
temperature was stabilized at 25 ◦C.

Fig. 3.38 shows the vertical far field profiles of DFB-BA lasers D1365-2
020508 and D1425-2 040102. In Fig. 3.38 (a), the linear scaled far field profiles
of DFB-BA lasers D1365-1 020508 are depicted for output powers of 2.5, 5
and 7 W. The profiles are Gaussian shaped and very similar for the different
output powers. The FWHM value is in the range of 28 ◦ and the divergence
angle with 95 % power content is about 46 ◦. Thus, the vertical far field
profile with 95 % power content is approximately 1 ◦ broader than it has been
targeted. Even in the logarithmic scaled diagram in Fig. 3.38 (b), one finds
no significant differences in the measured profiles. Note, that in the spectral
map of the identical device, shown in Fig. 3.30 (b), no side modes occur in
addition to the fundamental DFB mode. Thus, it has been expected that no
indications for the occurrence of higher-order vertical waveguide modes will
be observed.
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Figure 3.38: Vertical far field profiles of the DFB-BA lasers D1365-2 020508 and
D1425-2 040102. (a) Linear scaled vertical far field profiles of the DFB-BA laser
D1365-2 020508 for 2.5, 5 and 7 W. (b) Logarithmic scaled vertical far field profiles
from (a). (c) Linear scaled vertical far field profiles of the DFB-BA laser D1425-2
040102 for 2.5, 5, 7 and 10 W. (d) Logarithmic scaled vertical far field profiles from
(c).

The linear scaled vertical far field profiles of DFB-BA laser D1425-2
040102 are depicted in Fig. 3.38 (c), for output powers of 2.5, 5, 7 and 10 W.
For this device, one finds a weak decreasing of the vertical divergence with
increasing output power. Especially at 2.5 W, the profile is broadened at
negative angles, corresponding to the p-side of the waveguide. The FWHM
value is in the range of 26 ◦ and the divergence angle with 95 % power content
is about 45 ◦. In the logarithmic scaled diagram in Fig. 3.38 (d), one finds sig-
nificant differences in the profiles. Firstly, the broadening at negative angles
is visible again. Secondly, a kind of shoulders appears two-sided for angles
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with an absolute value above 30 ◦. These shoulders vanish at 10 W. For
DFB-BA laser D1365-2 020508, the width of the measured vertical far field
profiles is comparable the results for the reference FP-BA laser, presented
in section 3.2.5 and summarized in table 3.3. In contrast, the vertical far
field width of DFB-BA laser D1425-2 040102 is in good agreement with the
FP-BA laser results only at an output power of 10,W, where the shoulders
in the profile have vanished.

It seems to be plausible to attribute these shoulders in the vertical far
field profiles of laser D1425-2 040102 to the onset of additional higher-order
waveguide modes, which have been found in the corresponding spectral map
(Fig. 3.38 (b) and were denoted as spectrally stabilized short wavelength side
modes. Thus, the occurrence of higher-order waveguide modes is observed
to broaden the vertical far field of DFB-BA lasers, a characteristic behavior
which is not observed for the reference FP-BA lasers. The question, why
higher-order waveguide modes are sufficiently suppressed for the reference
FP-BA lasers but not for the DFB-BA lasers will be discussed in the following
section 3.4.9. A better suppression of such higher-order waveguide modes
turns out to be important factor for the further optimization of the spectral
properties, as well as the spatial emission properties of DFB-BA lasers.

Indeed, one has to take into account, that the profiles have been measured
under QCW conditions. Thus, the modal content at 25 ◦C heat sink temper-
ature is not necessarily identical to the operation under CW conditions. The
exact values for the FWHM and the divergence with 95 % power content are
given in tables 3.10 and 3.11.

For the measurement of the lateral near field and far field profiles, the
setup described in section B.1.3 has been used. The measurements were
proceeded under CW conditions, the heat sink temperature was stabilized at
25 ◦C. For possible applications where the output beam of DFB-BA lasers
must be collimated with lenses, it is important to achieve a narrow lateral
divergence angle, for example ≤ 7◦ with 95 % power content, in order to
minimize the system loss. Furthermore, the shape of lateral near field and
far field profiles contains information about the lateral modes in the DfB-BA
lasers. Finally, the width of lateral near field profiles allows to investigate, if
the targeted contact stripe width of W = 90µm really leads to the targeted
near field width of also 90µm (with 95 % power content).

Figure 3.39 shows the linear scaled lateral near field profiles of DFB-
BA lasers D1365-1 020417, D1365-2 020508, D1366-4 091002 and D1366-5
020618 at output powers of (a) 2.5 W, (b) 5 W, and (c) 7 W. The near field
profiles are extended over approximately 100µm, which is at a first glance
in good agreement with the contact stripe width of 90µm. Collectively, the
profiles are periodically structured. This periodic intensity modulation is an
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indication, that the near field profiles constitute as a sum of multiple higher-
order lateral modes. Neglecting the roughly periodic intensity modulation,
the near field profiles have a top hat shape. The values for the width with
95 % power content are given in table 3.10.
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Figure 3.39: Lateral near field profiles of DFB-BA lasers from wafers D1365-1,
D1365-2, D1366-4 and D1366-5 for (a) 2.5 W. (b) 5 W and (c) 7 W.

In Fig. 3.40, the linear scaled lateral near field profiles of DFB-BA lasers
D1425-1 020410, D1425-2 040102, D1425-4 051301 and D1425-5 020104 are
depicted at output powers of (a) 2.5 W, (b) 5 W, (c) 7 W and (d) 10 W.
Again, the near field profiles are extended over approximately 100µm, in
good agreement with the contact stripe width. The profiles are roughly peri-
odically structured. The envelope of the near field profiles for output powers
≤ 7 W has a top hat shape. In contrast, at 10 W, the profiles tend to a con-
centration of the intensity in the center part of the electrically pumped area.
This intensity concentration is a consequence of the so called thermal lens-
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ing [Koe70], [Wen08] in the lateral direction. The phenomenological impact
of thermal lensing is consistent with experimental and theoretical results,
recently published in [Cru12a]. The values for the width with 95 % power
content are given in table 3.11.
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Figure 3.40: Lateral near field profiles of DFB-BA lasers from wafers D1425-1,
D1425-2, D1425-4 and D1425-5 for (a) 2.5 W. (b) 5 W, (c) 7 W and (d) 10 W.

The values for the width of the lateral near field with 95 % power content,
summarized in table 3.10 and 3.11 show, that the lateral near field extends
over a width of ≈ 90µm as targeted from the design. With increasing output
power, the lateral near field width with 95 % power content and especially, the
FWHM value, decreases due to thermal lensing. Both, the near field width
and the measured profiles are in good agreement with what has been observed
for the reference FP-BA lasers, discussed in section 3.2.5 and summarized in
table 3.3. The experimental investigation of comparable lateral near field
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profiles for DFB-BA lasers and reference FP-BA lasers is exactly what has
been expected because no changes in the lateral design of this lasers have
been made and distributed feedback is used as a longitudinal effect which
should not alter the lateral near field profile.

Fig. 3.41 shows the linear scaled lateral far field profiles of DFB-BA lasers
D1365-1 020417, D1365-2 020508, D1366-4 091002 and D1366-5 020618 at
output powers of (a) 2.5 W, (b) 5 W, and (c) 7 W. The far field profiles are
also considerably structured, but they have a more gaussian shaped envelope.
The divergence angle with 95 % power content is in the range of about 10 ◦

at 2.5 W and broadens to about 15 ◦ at 7 W. The values for the divergence
angle with 95 % power content and the FWHM are given in table 3.10.
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Figure 3.41: Lateral far field profiles of DFB-BA lasers from wafers D1365-1,
D1365-2, D1366-4 and D1366-5 for (a) 2.5 W. (b) 5 W and (c) 7 W.

The linear scaled lateral far field profiles of DFB-BA lasers D1425-1
020410, D1425-2 040102, D1425-4 051301 and D1425-5 020104 at output
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powers of (a) 2.5 W, (b) 5 W, (c) 7 W and (d) 10 W, are finally shown in
Fig. 3.42. The far field profiles broadens strongly with the increasing output
power. Especially at 10 W, the far field divergence is very broad with up to
17.8 ◦ with 95 % power content.
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Figure 3.42: Lateral far field profiles of DFB-BA lasers from wafers D1425-1,
D1425-2, D1425-4 and D1425-5 for (a) 2.5 W. (b) 5 W, (c) 7 W and (d) 10 W.

Interestingly, the far field profiles have the biggest differences in the di-
vergence angle (with 95 % power content) at 10 W as can bee seen from the
values which are summarized in tables 3.10 and 3.11. If one compares the
divergence angle with 95 % power content at 10 W with the power conver-
sion efficiency, given in table 3.7, one finds that the lasers with the highest
power conversion efficiency (D1425-2 040102: η10W

PCE = 0.523, D1425-5 020104:
η10W
PCE = 0.501) have the smallest far field divergence, and the lasers with the
lower power conversion efficiency (D1425-1 020410: η10W

PCE = 0.443, D1425-4
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051301: η10W
PCE = 0.435) have the highest far field divergence. This correla-

tion is a consequence of thermal lensing, because the impact of the thermal
induced change in the lateral refractive index profile on the near field and far
field profiles increases with an increasing thermal dissipation loss.

Table 3.10: Overview of the divergence angles of the vertical far field as well as
the lateral near field and far field from DFB-BA lasers of the first four wafers.

Popt VFF VFF LNF LNF LFF LFF
[W] [◦] [◦] [µm] [µm] [◦] [◦]

FWHM W95% FWHM W95% FWHM W95%

D1365-1 020417
2.5 – – 79.5 90.0 4.8 8.6
5.0 – – 74.8 88.8 6.4 10.2
7.0 – – 72.4 88.2 5.4 11.5

D1365-2 020508
2.5 28.3 43.2 74.6 86.8 5.3 8.2
5.0 28.8 43.4 66.8 84.6 7.2 9.8
7.0 28.3 43.8 65.3 80.3 8.2 12.2

D1366-4 091002
2.5 – – 76.1 94.6 6.0 10.4
5.0 – – 81.3 92.3 7.7 11.2
7.0 – – 77.7 81.6 7.6 12.5

D1366-5 020618
2.5 – – 100.1 97.6 6.5 9.4
5.0 – – 71.2 94.8 6.8 10.2
7.0 – – 88.6 90.0 7.2 10.8

The width of the lateral near field and far field profiles with 95 % power
content is depicted in Fig. 3.43 as function of the optical output power Popt

and dissipation loss Pd = U(I) · I − Popt. A weak decrease of the near
field width is observed with increasing output power in Fig. 3.43(a) as a
consequence of thermal lensing. The width of the lateral far field shown in
Fig. 3.43(b) increases with the output power from ≈ 9 ◦ at 2.5 W towards
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Table 3.11: Overview of the divergence angles of the vertical far field as well as
the lateral near field and far field from DFB-BA lasers of the second four wafers.

Popt VFF VFF LNF LNF LFF LFF
[W] [◦] [◦] [µm] [µm] [◦] [◦]

FWHM W95% FWHM W95% FWHM W95%

D1425-1 020410
2.5 – – 70.2 80.0 5.8 8.5
5.0 – – 78.9 89.3 8.3 10.6
7.0 – – 60.9 87.4 11.8 12.7
10.0 – – 63.8 76.2 15.6 17.0

D1425-2 040102
2.5 27.0 48.2 91.4 97.8 6.6 9.0
5.0 25.6 47.7 91.0 93.2 7.7 10.0
7.0 25.6 45.3 75.9 92.7 9.8 11.2
10.0 26.1 43.8 53.4 90.9 11.5 13.9

D1425-4 051301
2.5 – – 86.8 89.2 7.3 8.8
5.0 – – 73.7 92.3 9.1 10.5
7.0 – – 69.7 91.1 10.1 12.1
10.0 – – 60.4 79.3 14.1 17.8

D1425-5 020104
2.5 – – 81.6 84.3 6.7 8.5
5.0 – – 77.5 81.2 8.9 9.9
7.0 – – 66.9 86.2 10.0 11.8
10.0 – – 51.6 88.3 11.8 15.1

≈ 15 ◦ at 10 W. Especially the nonlinear increase of the far field width above
7 W, is assumed to be a consequence of thermal lensing. As already men-
tioned, the power conversion efficiency at the specific optical output power
seems to play an important role for the width of the far field, which is impor-
tant for many possible applications of BA diode lasers. Thus, the width of
the lateral near field and far field profiles has been plotted as function of the
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dissipation loss in Fig. 3.43(c) and (d) in order to analyze the impact of the
generated heat. In contrast to the diagrams as functions of the optical output
power (Fig. 3.43(a) and (b)), the measurement results form quasi universal
lines. This is especially the case for the divergence angle of the lateral far
field.
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Figure 3.43: Width of the lateral near field and far field profiles of DFB-BA lasers
from wafers D1365-1, D1365-2, D1366-4, D1366-5, D1425-1, D1425-2, D1425-4 and
D1425-5 with 95 % power content as functions of the optical output power and
dissipated power. (a) Lateral near field width as a function of the optical output
power. (b) Lateral far field width as a function of the optical output power. (c)
Lateral near field width as a function of the dissipated power. (d) Lateral far field
width as a function of the dissipated power.

From the quasi universal linear behavior of the lateral divergence angle
as a function of the dissipated power (∼ 0.9 ◦W−1) it can be derived, that
reductions in the lateral far field width can be particularly achieved by in-
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creasing the power conversion efficiency of the BA lasers. Possibly, the value
of the gradient and the crossing with the y-axis can be improved by using
optimized lateral design in the wafer processing.

3.4.9 Properties of higher-order vertical waveguide
modes

In the CW spectral maps for DFB-BA lasers shown in Fig. 3.30 and 3.31,
up to three wavelength stabilized side modes have been observed in the op-
tical spectrum at the short wavelength side of the fundamental DFB mode.
These modes were supposed to be higher-order vertical modes of the waveg-
uide. Furthermore, a broadening of the vertical far field profiles was observed
at low currents (QCW) and low powers which vanishes at high injection cur-
rents I ≥ 10 A. Also the broadening of the vertical far field profiles was
attributed to lasing on higher-order vertical modes of the waveguide with
low power content. Already the simulations of the waveguide design with
QIP have shown that higher-order modes can be found but the strong in-
crease of the internal optical loss with increasing vertical mode order has
been expected to result in a sufficient suppression of the higher-order modes.
Note that for the reference FP-BA lasers, no indication for lasing on higher-
order waveguide modes was found in the optical spectra and vertical far field
profiles. The suppression of higher-order modes can be sufficient related to
the goals defined for this work, if higher-order modes do not affect the spec-
tral width and vertical far field width by containing more than 5 % of the
power content.

In this section, the origin of the side modes in the optical spectrum will
be identified. Several measurements were performed in order to confirm that
these side modes are higher-order vertical modes of the waveguide. In addi-
tion, the theoretical threshold current of the different vertical mode orders
is calculated and a comparison of the results for DFB-BA lasers and refer-
ence FP-BA lasers shows that indeed, the suppression of higher-order modes
is much lower for the DFB-BA lasers than for the FP-BA lasers. Finally,
conclusions are derived how sufficient suppression of higher-order waveguide
modes can be achieved with optimized DFB-BA laser designs.

The onset of higher-order vertical waveguide modes in the DFB-BA lasers
affects the spectrum as well as the vertical near field and far field profiles,
threshold current and slope efficiency. Indications for lasing on higher-order
vertical waveguide modes can be therefore observed in the measured spectral
maps (Fig. 3.30 and 3.31), in the vertical far field profiles (Fig.3.38), and
marginally in the threshold current and slope efficiency (table 3.7). However,
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to provide clear experimental evidence by measurements of vertical far field
profiles turned out to be difficult with the 3 mm long DFB-BA lasers.

Fig. 3.38 (c), (d) shows measured vertical far field profiles of DFB-BA
laser D1425-2 040102 with significant intensities in higher-order waveguide
modes, as can be seen from the spectrum map in Fig. 3.31 (b). Note, that the
vertical far field measurements have been carried out under QCW conditions
(500µs current pulse width and 20 kHz repetition rate) in contrast to the
spectral maps which were measured at CW current injection, thus the heating
is not exactly the same. At output powers below 10 W, the vertical far field
profiles are broadened and show background intensities that vanish at 10 W.
Typical multiple peak far fields with hermite-gaussian shaped mode profiles
as shown in Fig. 3.20 (d), could not be measured for the 3 mm long DFB-BA
lasers because the measured far fields are the sum of multiple vertical modes
with high intensity of the fundamental mode (typically ≥ 80 % power content
with CW current injection) only low intensities in the higher-order modes.
Therefore, the far field profiles are dominated by the gaussian shaped profile
of the fundamental mode.

Evidence of the nature of the higher-order vertical waveguide modes has
been successfully provided with DFB-BA lasers with a short cavity length
of L = 1 mm (Rf = 10 %, Rr = 96 %). These lasers run predominantly on
the second and third higher-order vertical waveguide mode (two and three
vertical intensity maxima, respectively) due to a short wavelength of the
gain maximum under the used measurement conditions. The emitted ver-
tical far field has a very wide, multiple peak profile. Fig. 3.44 shows some
measurement results at this type of short cavity DFB-BA lasers, concerning
the vertical modes and their far field profiles.

In Fig. 3.44 (a), a linear scaled spectral map of laser D1366-4 000602 is
depicted. The laser runs on two vertical modes, visible as two sharp spectral
lines. Fig. 3.44 (b) shows two far field profiles of the same laser, measured at
0.9 A and 2.0 A. From the corresponding linear scaled spectral map shown in
Fig. 3.44 (a) one can derive that at I = 0.9 A, the longer wavelength mode
(∼ 962 nm) clearly dominates while at I = 2.0 A the shorter wavelength
mode (∼ 952 nm) has the higher intensity. From the shape of the intensity
profiles, especially from the number of local maxima, it has been reasoned
that Fig. 3.44 (b) shows the experimental verification of a dominating second
higher-order mode (bottom, I = 0.9 A) and a third higher-order mode (top,
I = 2.0 A) (fundamental mode: zeroth-order).

A mapping of the vertical far field distribution of laser D1366-4 000609
(from the same laser bar as chip 000602, same layout) as a function of the
injection current is depicted in Fig. 3.44 (c). By analyzing the number of the
vertical intensity maxima between 1.0 and 2.4 A, one finds a transition from
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Figure 3.44: Evidence of higher-order waveguide modes in 1 mm long DFB-BA
lasers with W = 50µm contact stripe width. (a) Linear scaled spectrum map
of laser D1366-4 000602 with two vertical modes, visible as sharp spectral lines.
(b) Far field profiles of laser D1366-4 000602, at 0.9 A (bottom) and 2.0 A (top),
the positions are indicated (a). (c) Mapping of the far field distribution of laser
D1366-4 000609 as a function of the drive current. (d) Spectrally resolved vertical
near field scan of the front facet of a laser from wafer D1366-5.

the second-order mode (three maxima, dominating) to the third-order mode
(four maxima, dominating).

Finally, Fig. 3.44 (d) shows a false color map of a spectrally resolved ver-
tical near field scan of the front facet of a laser from D1366-5 which has been
measured with the same setup as used for the measurement of the lateral near
field, but with an optical fiber which was connected to a spectrometer replac-
ing the photodetector. The laser runs on three different modes at 973.54 nm,
971.02 nm and 967.20 nm. These modes have different vertical intensity pro-
files, additionally drawn on top of the false color map as dashed lines. The
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fundamental mode at 973.54 nm is roughly gaussian shaped with some minor
substructures. In contrast, the mode at 971.02 nm has a profile with two sep-
arated maxima, that reminds on a first higher-order hermite-gaussian mode.
The mode at 967.20 nm is more similar to the fundamental mode, with a
weak sub-structure visible. Presumably, it is a second-order mode with three
intensity maxima which cannot be resolved with the setup. The theoretical
resolution limit dlim of the used setup can be estimated with the Rayleigh
criterion dlim = 1.22λ/2NA. Considering a wavelength λ = 975 nm and a
numerical aperture NA ≈ 0.55, one obtains dlim ≈ 1081 nm. Compared to
the width of the waveguide (2.1µm) which approximately defines the width
of the vertical modes, the resolution is quite low. Thus, it is critical to resolve
the near field profile of a mode with two maxima and almost improbable to
resolve the near field profile of modes with more than two vertical maxima.

The question arises how the experimental results for the higher-order
vertical modes of the waveguide can be confirmed from a theoretical point
of view. Firstly, the measured vertical far field profiles, shown in Fig. 3.44
(b) and (c), will be compared to the simulated far field profiles which have
been already depicted in Fig. 3.20 (b). Secondly, the threshold currents for
the higher-order vertical modes will be calculated (without consideration of
the spectral properties of gain and Bragg wavelengths) and compared to
threshold currents which can be derived from the spectral maps, shown in
Fig. 3.30 and 3.31.

Fig. 3.45 shows the comparison of the simulated vertical far field profiles
(black dotted lines) and measured vertical far field profiles (colored solid
lines) from DFB-BA lasers with a cavity length of 1 mm. The measured
vertical far field profiles have been chosen from measurement conditions,
where one vertical mode dominates the spectrum as can be confirmed with
spectral maps.

The agreement of the simulated and measured vertical far field profile
for the fundamental mode is nearly perfect. For the first higher-order ver-
tical mode, no experimental evidence was obtained. For the second higher-
order vertical mode, considerable differences occur between the simulated
and measured vertical far field profiles in terms of the intensity distribution
and position of the local intensity maxima (both, in Fig. 3.45 (a) and (b)).
Nevertheless, the pronounced central lobe of the second higher-order vertical
mode seems to be a real deviation from the simulation result. Finally, for
the third higher-order vertical mode, the measured and simulated vertical
far field profiles coincide quite well, especially for the angular position of the
intensity maxima, (both, for Fig. 3.45 (a) and (b)).

As a second ansatz, the threshold current of the individual vertical waveg-



3.4 Characterization of DFB-BA lasers 165

- 9 0 - 6 0 - 3 0 0 3 0 6 0 9 0
0

1

2

3

4

����	�

�������no
rm

aliz
ed

 in
ten

sity
 [a

.u.
]

�����������������������������
 

�
���

�����
�

- 9 0 - 6 0 - 3 0 0 3 0 6 0 9 0
0

1

2

3

4

����	�

no
rm

aliz
ed

 in
ten

sity
 [a

.u.
]

�����������������������������

���

�������
�������

Figure 3.45: Comparison of calculated and measured vertical far field profiles
for different mode orders. (a) Predominantly second (blue solid line) and third
(magenta solid line) higher-order vertical waveguide mode of laser D1366-4 000602,
measured at 0.9 A and 2.0 A, respectively. (b) Predominantly second (blue solid
line) and third (magenta solid line) higher-order vertical waveguide mode of laser
D1366-4 000609, measured at 1.2 A and 2.4 A, respectively. The vertical far field
profile of laser D1365-2 020508 at 7 W is estimated to be single fundamental moded
and is shown additionally in (a) and (b) (red solid line).

uide modes has been calculated based on the equation

Ith = jtre
[(αm

i +αm
m/DFB

)/Γmg0]L ·W, (3.7)

where the index m for the vertical mode order m = 0, 1, 2, . . . indicates that
the internal loss αm

i , resonator loss αm
m/DFB and the confinement factor Γm

wer determined individually for each vertical mode with QIP simulations.
The cavity length was set to L = 3 mm, the stripe widths to W = 90µm,

the transparency current density to jtr = 151 A cm−2 and the modal gain of
the fundamental mode to Γg

(0)
0 = 21.4 cm−1. The modal gain of the higher-

order modes has been calculated with their individual confinement factors
with the active region Γm as Γmg0 = Γg

(0)
0 ·
(
Γ(m)/Γ(0)

)
. The calculation does

not consider the increase of the facet reflectivity with increasing vertical
mode order. Thus, the resonator loss of the higher-order modes is slightly
overestimated. Also the fact, that the maximum of the gain spectrum and the
Bragg wavelength of a certain vertical mode can be separated by a spectral
distance of several nanometers, is not considered.

Fig. 3.46 shows the threshold currents for a DFB-BA laser and a FP-BA
reference laser, calculated with parameters typical for the lasers in iteration
I of this work. The DFB coupling coefficient of the fundamental mode was
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assumed to be 3 cm−1 and the front facet reflectivity of the FP-BA laser was
set to 2 %.
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Figure 3.46: Calculated threshold current for the vertical waveguide modes in a
FP-BA reference laser and in a DFB-BA laser.

A considerable difference in the increase of the threshold current for
higher-order vertical modes is observed in Fig. 3.46. The threshold current
for higher-order vertical modes increases much slower for the DFB-BA laser
than for the FP-BA reference laser with increasing vertical mode order m.
This behavior is mostly caused by the fact that the coupling coefficient κ
increases significantly for the higher-order modes (because the confinement
factor of the grating with the vertical mode profile increases) and causes a
reduction of the DFB resonator loss α(m)

DFB. In comparison, the FP mirror
loss α(m)

m is approximately constant (The increasing of front facet reflectivity
with m has been neglected.).

The parameters, used for the calculation and the resulting threshold cur-
rents are detailed in table 3.12. The calculated threshold currents of the
higher-order modes of the DFB-BA laser are only slightly higher than the
threshold current of the fundamental mode. For example, the threshold
current of the first higher-order mode is 138 % of the threshold for the fun-
damental mode and 115 % for the second higher-order mode. This is a good
explanation why higher-order modes start lasing at threshold currents in the
∼ 1 A range as can be derived from the spectral maps, depicted in Fig. 3.30
and 3.31. From the simulated DFB coupling coefficients it becomes clear,
why the higher-order vertical waveguide modes of the DFB-BA lasers are
wavelength stabilized. This occurs because of the high coupling strength
κ · L > 1.
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Table 3.12: Parameters, used for the calculation of the threshold current for the
vertical waveguide modes in a FP-BA reference laser and in a DFB-BA laser.

mode Rf κ Γ αi αm/DFB Ith λ0 − λm

[%] [cm−1] [%] [cm−1] [cm−1] [A] [nm]
FP
0 2 – 1.40 0.80 6.55 0.52 –
1 2 – 0.26 1.38 6.55 4.15 5.7
2 2 – 0.57 2.38 6.55 3.28 13.7
3 2 – 0.76 24.35 6.55 4.0 · 105 24.3

DFB
0 0.09 3.00 1.40 0.80 3.91 0.47 –
1 0.09 8.05 0.32 1.61 1.37 0.65 5.8 / 2.6∗

2 0.09 17.81 0.49 3.58 0.58 0.54 14.0 / 6.5∗

3 0.09 12.19 0.77 26.71 0.87 2.92 24.4 / 11.6∗

Furthermore, the measured difference in wavelength of the higher-order
modes, relative to the fundamental mode λ0 − λm can be compared to the
simulated wavelengths. Therefore, the wavelengths of the waveguide modes
has been calculated from the effective index of refraction (λm ∝ neff,m) which
was obtained in the QIP simulations. In the last column of table 3.12, the
calculated differences in wavelength are compared to the experimentally de-
termined differences, marked with ∗. The experimentally determined wave-
length differences, indicated in table 3.12, are average values from the spec-
tral maps, shown in Fig. 3.30 and 3.31. The measured wavelength differences
λ0 − λm are slightly less than 50 % of the results which have been obtained
from the QIP simulations. Thus, although a good overall agreement has
been found for the measured and simulated profiles of the vertical far fields
as shown in Fig. 3.45, serious deviations in the wavelengths or effective re-
fractive indices show that the actual properties of the measured modes are
not thoroughly consistent with the properties of higher-order vertical modes
of the waveguide in QIP simulations.

In order to improve the spectral width of DFB-BA lasers over a wide
current range from threshold to a designated working point, lasing on higher-
order modes of the waveguide should be avoided. To avoid lasing on higher-
order vertical waveguide modes in a high power DFB-BA laser with a typical
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spectral distance between the gain maximum and the Bragg wavelength of the
fundamental mode of several nanometers at threshold, two principal options
are available. On the one hand, the waveguide can be designed in a way that
only one fundamental mode can be found as a solution. This is challenging
for laser designs with a very broad vertical waveguide thickness ≥ 1.6µm, as
necessary for a narrow vertical divergence angle of ≤ 45 ◦ with 95 % power
content. On the other hand, one could accept higher-order vertical waveguide
modes as a solution of the mathematical waveguide problem, if they have a
low sufficiently low DFB coupling coefficient (high resonator loss) or a very
low confinement factor with the active region, (low gain), which results in
much higher threshold current than for the fundamental mode (∼ factor 5).
However, the DFB coupling coefficient typically increases with the vertical
mode order because of increasing confinement of the optical field with the
grating layer, if they are positioned in the outer part of the waveguide, close to
a cladding layer. A design optimization for pure fundamental vertical mode
lasing from high power, high efficiency DFB-BA lasers, will primarily require
considerable changes in the epitaxy structure. An additional improvement
(minor) could be achieved with a facet coating which provides lower optical
feedback for higher-order vertical modes [Cru09].

3.4.10 Experimental determination of the coupling co-
efficient

For an evaluation of the optical feedback from the DFB grating, knowledge of
the value of the coupling coefficient is essential. In section 3.3.3, the coupling
coefficient has been estimated with QIP simulations. When the inhomoge-
neous distribution of aluminum in the regrown AlxGa1−xAs in the grating
region is neglected, a coupling coefficient of |κ| = 1.76 cm−1 was obtained
(κ underestimated). Consideration of the inhomogeneous aluminum distri-
bution in a rectangular model lead to |κ| = 4.41 cm−1 (κ overestimated). A
further possibility to determine the coupling coefficient bases on the mea-
surement of sub-threshold spectra of the DFB stopband. From this spectra,
the coupling coefficient can be evaluated with methods, described in [Wen03].
For the evaluation, parameters such as the cavity length, facet reflectivities,
center wavelength of the stopband and group index must be provided. The
program FIT whose basic principles are described in [Wen03], varies a given
number of parameters in a defined parameter range in order to minimize
the differences between the calculated and measured spectrum for parameter
extraction.

For the experimental determination of the DFB coupling coefficient, spec-
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tra of ridge waveguide DFB lasers were measured below threshold with fiber
coupling and using a high spectral resolution (10 pm), high dynamic range
spectrometer. The used setup is described in section B.1.4. This method
enables to obtain DFB stopband spectra in single transversal mode opera-
tion. Single transversal mode operation is important for the analysis of the
coupling coefficient, because every higher-order mode (for example a higher
lateral mode) would lead to a superposition of the stopband spectra of both
modes and complicate the determination of the coupling coefficient.

The DFB-RW lasers were fabricated from an additional wafer D1399-2.
The DFB grating in this wafer is structured with an in-situ etching time of
120 s. The W = 10µm wide DFB-RW lasers have a lateral index guiding via
etched trenches, causing a step in the effective refractive index of ∼ 1 · 10−3.
Two different cavity lengths of 2.0 and 3.0 mm have been used. From the
wafer, laser bars were cleaved and an anti reflection coating was applied on
one facet in order to suppress lasing on FP-like modes. The resulting laser
bars have facet reflectivities of Rf ≤ 2 % (AR coated) and Rr ' 32 % (un-
coated).

Laser bars were fixed on a copper heat sink by vacuum with the n-side
down and single emitters were connected with contact needles from the p-side.
A CW current was applied with a low noise current source. The intensity
was collected by coupling the emission of a single DFB-RW emitter into a
tapered single mode fibre. An optical spectrum analyzer was used for the
measurement of overview spectra (500 pm resolution over ≤ 50 nm spectral
range) and stopband spectra (10 pm resolution over ≤ 10 nm spectral range).
The heat sink has been stabilized to a temperature, which allows to shift the
maximum of the gain spectrum to the Bragg wavelength of the DFB grating.

In Fig. 3.47, four overview spectra above threshold are depicted. Fig. 3.47
(a), (b) and (c) show spectra over 50 nm from three diffebent devices with 2
and 3 mm cavity length. In Fig. 3.47 (a) and (b), the DFB spectrum is visible
as a single sharp peak in the spectrum. Within the broad spectrum of the
amplified spontaneous emission (ASE), a further sub-structure is found. At
dedicated spectral positions in (a) and (c), one finds additional small dips.
In (c), sharp peaks indicate even lasing modes at the same positions. These
dips and peaks correspond to the DFB stopbands of higher-order vertical
modes of the waveguide which have been already discussed in section 3.4.9.
Their spectral distance is determined by the effective index of refraction,
which decreases with an increasing mode order. In the spectrum maps in
Fig. 3.30 and 3.31, these modes can be found as raised intensities at compa-
rable spectral positions as in Fig. 3.47. A slightly ripple structure, visible in
Fig. 3.47 (a), (b) and (c), is caused by feedback from the tip of the tapered
fiber into the DFB-RW laser. The waviness or corrugation depth changes,
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depending on the adjustment of the tapered fiber. Unfortunately, the optical
feedback from the tapered fiber turned out to problematic especially for the
measurement of the detailed stopband spectra in combination with the low
coupling coefficient of the DFB grating in iteration I of this work.
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Figure 3.47: Overview spectra of three lasers from wafer D1399-2 above thresh-
old with a broad ASE background. The temperature, cavity length and current
are each identified. (a) Spectrum with the fundamental vertical DFB mode at
≈ 972 nm and three further stopband dips at shorter wavelengths. (b) Spectrum
with the fundamental vertical DFB mode at ≈ 972 nm and three higher-order ver-
tical modes at shorter wavelengths. (c) Spectrum with the fundamental vertical
DFB mode at ≈ 972 nm and two further stopband dips at shorter wavelengths. (d)
High resolution spectrum with lasing DFB mode at ≈ 971.6 nm and longitudinal
mode comb below threshold.

A spectrum over 4 nm is depicted in Fig. 3.47 (d) from the same device
as shown in Fig. 3.47 (c). Besides the lasing DFB mode, one finds competing
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modes on the long wavelength side at ≈ −45 dB (≈ 40 dB SMSR) and an
intensity modulation by Fabry-Pérot like modes at ≈ −55 dB.

Figure 3.48 illustrates, how an adequate current for the measurement of
the stopband spectrum has been found, provided, that the gain maximum was
successfully shifted to the required spectral range by tuning the temperature
at the copper heatsink. Firstly, the Bragg wavelength of the DFB grating
was identified by searching for the sharp spectral line at ≈ 972 nm above
threshold. Secondly, the injection current was decreased below threshold,
which requires spatial readjustment of the fiber coupling. In Fig. 3.48 (a), a
logarithmic scaled spectral map is depicted. By increasing the current with
small steps, the intensity of the modes around the stopband is observed until
one mode is close to threshold. Thereby, an adequate current value is selected
to record a high resolution spectrum. Fig. 3.48 (a) also illustrates a typical
problem which occurred with these lasers. Even though the stopband seems
to be located between the two heightened modes (≈ 972.0 nm at 105 mA), the
lowest intensity is found at at the short wavelength side of these two modes
(≈ 971.5 nm at 105 mA) and not in the central region where the stopband is
expected. These facts result in a stopband spectrum as shown in Fig. 3.48
(b). One plausible explanation for this finding is, that the resolution of the
spectrometer is not high enough, to trace the deep intensity modulation in the
actual stopband between the modes. Another possible explanation is, that
a second stopband is superimposed, which consists to another lateral mode
order, slightly shifted in wavelength. Especially at high currents, a sequence
of multiple stopband-like modulations of the spectrum over ≈ 0.5 nm was
measured for many lasers.

The magnitude of the coupling coefficients mostly depends on the width
of the stopband, the modulation depth in the stopband and on the intensity
relation between the modes directly next to the stopband and the more FP-
like modes adjacent to the stopband. A shape of a stopband as shown in
Fig. 3.48 (b) must lead to errors, when the coupling coefficient is determined
from parameter extraction by fitting a simulated stopband to the measured
one. Typical stopband spectra are for example shown in [Wen03] for κ ≈
75 cm−1, facets with Rf = 1 %, Rr = 30 % and a cavity length of L = 365µm
(high coupling coefficient) as well as for κ ≈ 1.4 cm−1, Rf = 0.01 %, Rr =
95 % and L = 1500µm (low coupling coefficient). A measured stopband
spectrum for a DFB laser with κ ≈ 7 cm−1, Rf = 5 %, Rr = 95 % and L =
1000µm, is shown in [Ear98] and compared to a calculated ASE spectrum
which is fitted to a model, described in [Sch94].

Tens of DFB-RW lasers were investigated with the aim, to measure sub-
threshold ASE spectra which can be fitted with the program FIT, based on
[Wen03]. Unfortunately, typical stopband spectra were only found for a few
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Figure 3.48: A typical but not ideal measured stopband of a 10µm × 3000µm
DFB-RW laser. (a) Logarithmic scaled spectral map below threshold. (b) Linear
intensity scaled stopband spectrum at 105 mA.

of these devices. During the measurement it turned out that optical feedback
from the tip of the tapered fibre significantly influenced the measured spectra
and was an important reason why the reproducibility of the shape of the
spectra for an individual DFB-RW laser was quite low. Additionally, it was
challenging to couple enough optical power into the optical fiber and the
spectrometer, sufficient to obtain a not too noisy ASE spectrum. This has
been the case especially for DFB-RW lasers with AR coating on both facets
which were also investigated in order to clarify if a better suppression of the
FP mode modulation helps to measure well defined stopband spectra, but
are not analyzed here. On the one hand, the measurements of the 3 mm long
DFB-RW lasers tends in the result, that the resolution of the spectrometer
was too low in order to completely resolve the intensity modulation between
neighboring longitudinal modes. On the other hand, the stopband structure
was very weak for the DFB-RW lasers with L = 2 mm.

Figure 3.49 shows the measured stopband spectra, the simulated stopband
spectra and the results for the coupling coefficient for the best four measure-
ment results. In the simulation, the coupling coefficient was assumed to have
only a negligible imaginary part. Besides the coupling coefficient, the facet
reflectivities, its phase relations with the grating ridges, the intensity of the
spontaneous emission and the gain spectrum have been varied in the simula-
tion with FIT. Values of κ = 1.1, 0.8, 1.4 and 1.3 cm−1 have been obtained.

The results for the coupling coefficients (average κ = 1.15 cm−1) are lower
than expected (1.76 cm−1 without aluminum accumulation and depletion,
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Figure 3.49: Stopband spectra of four DFB lasers from wafer D1399-2 (black
dots). The temperature, cavity length and current are each identified. The cen-
trum of the stopband is indicated with a blue dashed dotted line. The simulated
stopband spectra are shown as red solid lines, the derived results for the coupling
coefficients are given beneath.

4.41 cm−1 with aluminum accumulation and depletion). The determination
of the coupling coefficient by fitting simulated ASE spectra to the measured
spectra with the program FIT has several uncertainties if the measured spec-
tra are significantly affected by the measurement process. Because of the
problems with optical feedback and the limited spectral resolution it is pre-
sumed, that the coupling coefficient is systematically undervalued in the
process. Of course, an unexpected deviation of the coupling coefficient of
the DFB grating in the wafer which has been used for the analysis is also
possible.

To conclude, because of measurement problems discussed above, the real
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value of the coupling coefficient of the DFB-BA lasers from iteration I is
presumed to be in the∼ 3 cm−1 range for an in-situ etching time of tis = 120 s.
However, the error must be assumed to be as high as ±1 cm−1. For tis = 90 s
and tis = 150 s, a moderate decrease or increase of the coupling coefficient in
the ∼ 1 cm−1 range must be considered, respectively.

For the further optimization of DFB-BA lasers for high power conversion
efficiency, better knowledge of the coupling coefficient is required. Therefore,
an improvement of the measurement technique which is used to measure ASE
spectra is mandatory. A wafer processing, optimized for index guided RW
lasers with a smaller stripe width W ≤ 7µm and an optimized index guiding
of ∆neff ≥ 3·10−3 should be used to ensure single transversal mode operation.
Feedback from the tip of the tapered fibre must be reduced drastically, for
example by using a setup with anti reflection coated optics. Furthermore,
a better AR coating of the front facet can be used to reduce the modula-
tion depth of the FP-like modes and make the stopband better visible (also
requires a reduction of the optical feedback).

Nevertheless, the determination of the coupling coefficient of efficiency
optimized DFB-BA lasers is experimentally challenging because the require-
ment of κ · L ≤ 1 and the usage of long cavities L ≥ 3 mm results in low
coupling coefficients in the range of κ ≤ 3.3 cm−1. This is significantly
lower than the coupling coefficients of other DFB-BA lasers, for example
[Ear98] (κ ≈ 7 cm−1), [Kan06] (κ ≈ 10 cm−1), [Sch09a] (κ ≈ 9 cm−1), [He09]
(κ ≈ 5 cm−1). The coupling coefficient of κ ≈ 9 cm−1 reported in [Sch09a]
has been measured with the same setup on 21 AR/HR coated DFB lasers
with deviations in the range of ±1 cm−1. This measurements lead to typi-
cal ASE spectra with a well defined and deep modulated stopband and only
minor intensity modulations due to optical feedback from the tapered fiber.
Chang et al. have presented results from 2 mm long DFB-BA lasers with
κ ≈ 1.5 cm−1 in [Cha00]. Nevertheless, they do not show ASE spectra of
the DFB stopband and lasing on FP modes is visible in the spectra above
threshold – presumably due to too low DFB coupling strength (κ ·L ≈ 0.3),
compared to the feedback from the facet mirrors (Rf = 5 %, Rr = 95 %).

Another possibility for the experimental determination of low coupling
coefficients could be to place the DFB grating at another vertical position
in the waveguide in an additional test wafer. Thereby, the overlap of the
DFB grating with the optical field and thus, the coupling coefficient could be
considerably enhanced. From the gained value for κ, the coupling coefficient
of the DFB lasers with the grating at the primary position can be calculated
with respect to the confinement factor, following equation 1.60. This method
requires that the influence of the position of the DFB grating on the shape of
the vertical optical field profile can be neglected (for example if the grating
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is very thin and the index contrast is not too high).

3.4.11 Determination of the DFB locking range

For several possible applications of high power DFB-BA lasers, such as pump-
ing fiber and solid state lasers, a spectrum with a stable wavelength (for ex-
ample 976 nm± 2 nm) and a narrow spectral width (for example ∆λ ≤ 1 nm
with 95 % power content) is necessary. The requirement for the stable emis-
sion wavelength typically arises from the spectral properties of the absorption
cross-section of the gain medium to be pumped optically, while the require-
ment for a narrow spectral width may arise from the absorption spectrum
as well as from needs for dense spectral beam combining. If scalability of
the optical output power from the DFB-BA lasers and insensibility against
changes in temperature is required as well, it is of importance to analyze
the range in CW current I and heatsink temperature T , within the laser is
spectrally locked on the fundamental DFB mode. This is what is sometimes
called the locking range of a DFB laser.

From a practical point of view, the locking range defines an area in the
current-temperature matrix (Ii, Tj) for which the DFB-BA laser is neither
running on FP-like modes nor on higher-order vertical modes – so that the
spectrum is dominated (95 % power content) by the fundamental DFB mode
with a narrow spectral width ∆λ and the center wavelength of the spectrum
λc which is given by the Bragg wavelength of the DFB grating. Note, that
the locking range does not have to be a simply connected area.

If a very broad locking range in current and temperature could be achieved,
this would allow to scale the optical output power via the injection current
and would also make changes in heatsink temperature acceptable – without
unwanted changes in the spectral properties. To achieve a broad locking
range is expected to be challenging especially for efficiency optimized high
power DFB-BA lasers because of the following reasons. Firstly, a high cou-
pling strength κ · L > 1 is advantageous for a wide locking range because
it helps to reduce lasing on FP-like modes. This was confirmed in [Sch09a],
[Sch09b]. However it has been shown in this work theoretically and exper-
imentally, that a low coupling strength κ · L ≤ 1 is preferred for a high
differential quantum efficiency and therefore for a high power conversion ef-
ficiency. Secondly, to obtain high power conversion efficiency hat high power
levels requires the peak of the gain spectrum at threshold to be shifted sev-
eral nanometers to the short wavelength side of the Bragg wavelength of the
fundamental DFB mode. On the one hand, this enables the gain peak and
the Bragg wavelength of the fundamental modes to coincide at the desired
working point. On the other hand, the spectral detuning shifts the gain peak
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wavelength to the Bragg wavelength of higher-order vertical modes of the
waveguide in the current range between threshold and the desired working
point. Lasing on these higher-order modes may then degrade the spectral
width with 95 % power content.

For the experimental determination of the DFB locking range, power-
voltage-current characteristics and spectral maps of laser D1425-2 040102
with a current step size of 0.5 A have been measured under CW conditions
at heatsink temperatures of T = (15, 25, . . . , 50)◦C. The characteristics of
the output power and power conversion efficiency are depicted in Fig. 3.50
(a). Sample spectra from the spectral maps, each at an output power of
7 W, are shown in Fig. 3.50 (b). At 7 W, the laser is spectrally locked on the
fundamental DFB mode over the whole investigated temperature range with
a spectral width ∆λ ≤ 1.5 nm with 95 % power content.

The measurement data allow to determine the spectral width (here al-
ways with 95 % power content) and the optical output power at every position
(Ii, Tj) in the current-temperature matrix. The criterion ∆λ ≤ 1.5 nm with
95 % power content has been chosen because this is the highest spectral width
which has been observed for the fundamental DFB mode without broaden-
ing due to lasing on FP-like modes or higher-order waveguide modes (see
Fig. 3.33). Presumably, the width of the fundamental DFB mode is induced
by lasing on many different lateral modes and may be even multiple longitu-
dinal modes close to the stopband. Figure 3.50 (c) shows a construction of
the DFB locking range. In the diagram, unlocked current-temperature areas,
defined by the criteria that either ∆λ > 1.5 nm and or by the fact that the
laser has not exceeded threshold, are left in white. Unlocked regions appear
at the left margin of the diagram (region 1), where the laser is below thresh-
old, in the lower left region (region 2), where lasing on additional higher-order
waveguide modes increases the spectral above 1.5 nm (> 5 % power content)
and in the upper right region, where lasing on FP-like modes (> 5 % power
content) broadens the spectral width. Locked current-temperature areas, de-
fined by ∆λ ≤ 1.5 nm, are filled with a linear false color scale, which indicates
the optical output power P (I, T ). Additionally, the center wavelength of the
DFB spectrum has been analyzed and its evolution is plotted as black dashed
lines for 976, 977, 978 and 979 nm.

The obtained mapping of the DFB locking range has noticeable similar-
ities with the locking range published in [He09], which is apparently as well
limited due to lasing on FP-like modes at high currents and heatsink tem-
peratures. One might speculate that the limitation at low currents and low
temperatures in [He09] is also caused by higher-order waveguide modes.

From the resulting locking range, one can derive that the spectrum is
predominantly well stabilized over a ∼ 30 K broad band in heatsink temper-
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Figure 3.50: Locking range of DFB-BA laser D1425-2 040102 between be-
tween 0 and 15 A and 15 and 50 ◦C. (a) (Power and efficiency characteristics
at 15, 20, . . . , 50 ◦C). (b) Single spectra at 7 W output power at 15, 20, . . . , 50 ◦C.
(c) Diagram of the locking range. Spectrally locked areas with a spectral width
(95 % power content) of ≤ 1.2 nm are colored in a false-color scale which indicates
the optical output power. The center wavelength is shown with black dash-dotted
lines.

ature. This temperature band shifts to lower temperatures with increasing
injection current (approximately −2.7 K A−1) and this is an expression of the
fact, that the peak wavelength of the gain spectrum must be approximately
aligned to the Bragg wavelength of the DFB grating. the appearance of an
analogous band in injection current of with a width of ∼ 10 A can be also
estimated from Fig. 3.50 (c).

Unfortunately, the DFB-BA laser for which the analysis has been carried
out, does not provide locking at a fixed heatsink temperature from threshold
current to 15 A. In such a power characteristics at a fixed heatsink tem-
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perature, either lasing on higher-order waveguide modes (region 2) or lasing
on FP-like modes (region 3) will occur with > 5 % power content. For an
improvement of the spectral locking behavior, unlocked regions 2 and 3 must
be eliminated, preferentially without degradation in the output power and
efficiency. Region 3 (lasing on FP-like modes) can be reduced by using a
front facet coating which provides a lower reflectivity, especially in the spec-
tral region above 979 nm. The reduction of region 2 (lasing on higher-order
vertical waveguide modes) can be achieved with a waveguide design, which ei-
ther completely frustrates higher-order modes or enables lower DFB coupling
coefficients for the higher-order modes, in order to increase their threshold
currents significantly.

3.4.12 Spectrally resolved lateral near fields and far fields

Although spatial integrated spectra and spectral integrated near field and
far field profiles of DFB-BA lasers have been measured and analyzed, sev-
eral questions, concerning the properties of optical modes in DFB-BA laser,
are still unanswered. Firstly, the question arises, if the optical modes which
constitute the spectrum are spectrally and spatially stable. Secondly, the
number and spectral distance of different lateral modes is unknown. Thirdly,
the question if one ore more longitudinal modes are involved with increasing
current and output power, needs to be answered. Knowledge of these optical
properties will potentially help to understand the width of the optical spec-
trum and disclose how the spectral width can be further reduced. Finally,
the exact shape of individual lateral modes is of a broad interest for finding
possibilities to improve the lateral beam quality of BA lasers. Answers to
all these questions can possibly be found by applying an additional spectral
resolution to measurements of lateral near fields and far fields.

The requirements to the spectral resolution of a spectrometer which will
be used in this investigation can be derived from the spectral distance of
the concerning optical modes which must be resolved. The spectral dis-
tance of longitudinal modes ∆λlong

DFB can be estimated by calculating the spec-
tral distance of neighboring longitudinal modes in an equivalent FP cavity
∆λlong

FP , because the low coupling coefficient does not influence the spectral
distance significantly. With other words, the width of the DFB stopband
approaches the distance of neighboring FP modes. With a Bragg wavelength
λ0 = 976 nm, a cavity length of L = 3000µm and a group index chosen as
ng = 3.6, one obtains ∆λlong

FP = λ2
0/2Lng

∼= 0.044 nm ≈ ∆λlong
DFB (the formula

for ∆λlong
FP is for example derived in [Kre77]).
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Waveguiding in lateral direction arises from several different mechanisms.
Firstly, the lasers reported in this work have a weak lateral index guiding
due to the presence of trenches, which are etched into the wafer surface
from the p-side, 5µm separated from the 90µm wide contact stripe. These
trenches are designed to cause a decrease in the effective index of refraction
of ∆neff = 1 · 10−1 (for the fundamental mode, simulated with QIP) and
provide therefore waveguiding between the trenches, separated by 100µm
in lateral direction. Secondly, current injection trough the contact stripe
geometry causes lateral gain guiding. The contact stripes have a width of
90µm and are defined by He-implantation of the surrounding wafer surface
in order to make the highly doped GaAs contact layer isolating outside the
contact windows. Furthermore, under CW current injection, heat generation
in the active region and waveguide under the contact stripe leads to a local
increase of the refractive index and causes thermal lensing. A discussion of
the individual lateral waveguiding mechanisms, based on measurements of
FP-BA lasers from the same epitaxy structure as used in this work, can be
found in [Cru12a]

For the lateral modes, the absolute mode order typically starts with the
fundamental mode l = 1 and is much smaller than for the longitudinal modes.
While the spectral distance of neighboring longitudinal modes can be as-
sumed to be approximately equidistant over a small range in wavelength
of some nanometers, the spectral distance of neighboring lateral modes will
strongly depend on the lateral confinement due to their low mode orders l.
In a very simple approximation as a box with a widthW with perfect electric
walls, the spectral distance of neighboring lateral modes behaves like bound
states in a quantum mechanical rectangular quantum well with infinite bar-
rier hight – the spectral distance ∆λlat

l/l+1 between neighboring modes l and
l+ 1 increases linearly with l and the distance between a certain mode l and
the fundamental mode l = 1 increases parabolically. On can derive that

∆λlat
l/l+1 ≈

λ3
0

8neffngW 2
(2l + 1) , (3.8)

which coincides with the formula given in [Som73]. For m = 1, 2, ∆λlat
1/2 ≈

0.003 nm and for m = 5, 6, ∆λlat
19/20 ≈ 0.045 nm, approximately equal to the

spectral distance of neighboring longitudinal modes.
Accordingly, for the spectral separation of lateral and longitudinal modes,

a spectrometer with a spectral resolution limit ∆λspec < 3 pm is required. At
a wavelength of 976 nm, the spectrometer in use has in double pass config-
uration a resolution limit better than 0.5 pm and a detection bandwidth of
≈ 174 pm (2046 pixels with a pixel dispersion of ≈ 85 fm). The spatial axes
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(lateral near field position or lateral far field divergence angle) was scanned
with 500 steps (500 single spectra) using the same setup which has been al-
ready used for the measurement of lateral near fields and far fields (without
spectral resolution), discussed in section 3.4.8. Therefore, the detector has
been replaced by an optical fiber adjusted behind an entrance slit. The spa-
tial resolution of the near field is dlim ≈ 1000 nm as estimated in section 3.4.9.
More details to the measurement setup ar given in section B.3. The mea-
surements of spectrally resolved near fields and far fields were carried out in
collaboration with the master student Hossein Ekhteraei, to whom thanks is
given for his extensive assistance. Selected experimental results from these
measurements have been reported in [Wen11] and [Cru11a].

In the following, measurements of the spectrally resolved lateral near
field and far field will be presented as linearly scaled false color plots. Note,
that after measuring the spectrally resolved lateral near field, a further lens
was introduced into the setup and a new fine adjustment was necessary.
Depending on the absolute width of the spectrum, each plot is composed
from a certain number of measurements (matrix with 500 × 2046 pixels).
The first DFB-BA laser which has been analyzed was device 040201 from
wafer D1425-2. This laser has a weak lateral index guiding due to etched
index trenches with ∆neff ≈ 1 · 10−3). Figure 3.51 (a) and (b), shows the
spectrally resolved lateral near field and far field at T = 25 ◦C heatsink
temperature, I = 3.4 A, P = 2.7 W. Both, in the lateral near field and far
field distribution, one observes a system of optical modes with a very narrow
spectral width (FWHM < 10 pm). These modes are spectrally stable over a
long time, because the time demand for the measurement of one ≈ 174 pm
wide matrix from 500 single spectra is ≈ 900 s. Furthermore, the spectrally
resolved near fields and far fields were observed to be well reproducible even
after months in terms of their spectral and spatial properties. Note that
Figure 3.51 is composed from two of these matrices with a spectral bandwidth
of ≈ 174 pm.

The spatial intensity distribution of the modes approximately reminds on
hermite-gaussian modes, which are the eigenfunctions for the eigenmodes of
an optical cavity with a negative parabolic shaped profile of the refractive
index. Eight different lateral modes with lateral mode indices l = 1, 2, 3, . . . 8
are indicated in Fig. 3.51 (a) and (b). These modes have an increasing
number of 1, 2, 3, . . . 8 dominant local maxima. Intensity reductions towards
the left hand side in the near field (a) are presumably a consequence of non
ideal adjustment for the intensity detection in vertical direction. Even though
the vertical field is focused in the imaging plane, the scanning fiber selects
only a part of the vertical intensity profile. For mode l = 1, one minor local
maximum is observed on the left and right hand side of the central major local
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Figure 3.51: Spectrally resolved near field (a) and far field (b) of laser D1425-2
040102 at I = 3.4 A, P = 2.7 W.

maximum. This is a clear deviation from hermite-gaussian shaped modes.
In the lateral near field (Fig. 3.51 (a)), The modal intensity extends over
≈ 60µm, which is 2/3 of the contact stripe width of W = 90µm. Mode
l = 1 has the most narrow spatial distribution of ≈ 45µm and mode l = 8
is the broadest one with ≈ 60µm. In the lateral far field, mode l = 1
is extended over a divergence angle of ≈ 3 ◦ and mode l = 8 over ≈ 8 ◦. In
Fig. 3.52, integrated profiles of single lateral modes from Fig. 3.51 with mode
orders m = 1, 2, 3, . . . , 8 are depicted. The integration along the spectral
direction was performed over 75 pixels (≈ 6.4 pm) on the charge-coupled
device (CCD) sensor of the spectrometer. In Fig. 3.52 (a) and (b), the profiles
are shown normalized on a linear intensity scale. In the near field (Fig. 3.52
(a)), the mode profiles show significant deviations from hermite-gaussian like
modes. Besides the intensity decrease towards the left hand side, especially
higher-order modes (l ≥ 6) have their highest intensity in the center part,
while hermite-gaussian modes have the highest intensity in the outer, local
maxima. Nevertheless, in the far field (Fig. 3.52 (b)), mode profiles are very
good comparable to hermite-gaussian like mode profiles.

Three further optical modes with a different spatial distribution are ob-
served, indicated with ‘a’, ‘b’ and ‘c’ in Fig. 3.51. In the near field, these
modes are predominantly located asymmetrically between 10 and 50µm.
Modes ‘a’ and ‘c’ consist of two and three clearly visible local intensity max-
ima in the near field, respectively. For mode ‘b’, the number of local intensity
maxima cannot be determined precisely. In the far field, all these three modes
are widely extended over up to ≈ 12 ◦ (mode ‘a’), because of their narrow
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Figure 3.52: Integrated intensity profiles (normalized, linear scaled) of single
lateral modes with mode orders l = 1, 2, 3, . . . , 8 from laser D1425-2 040102 at
I = 3.4 A, P = 2.7 W. (a) Near field profiles. (b) Far field profiles.

lateral near field distribution. Optical modes l = 1, 2, 3, . . . 8 are assumed
to be confined in lateral direction due to index guiding from thermal lensing
and etched index trenches, as well as due to gain guiding because of the lat-
eral gain-loss profile. Experimental and simulation results on the dominant
lateral waveguiding mechanism in 975 nm high power BA diode lasers from
the same epitaxy design as used for the reference FP-BA lasers in this work,
have been reported in [Cru12a]. In contrast to modes l = 1, 2, 3, . . . 8, modes
‘a’, ‘b’ and ‘c’ are presumably confined into a limited lateral region due to ar-
bitrary changes in the refractive index or photon-carrier interactions. Thus,
the appearance of modes ‘a’, ‘b’ and ‘c’ could be called filamentation.

In contrast to the box-model-based estimation of spectral distance be-
tween neighboring lateral modes in equation 3.8, the measured mode spacing
is approximately equidistant and reaches from ∆λlat

1/2 ≈ 0.023 nm for l = 1

and 2 to ∆λlat
1/2 ≈ 0.025 nm for l = 7 and 8. This is presumably a con-

sequence of the fact, that thermal lensing influences the actual lateral re-
fractive index profile dominantly. The shape of the thermal lens refractive
index profile in a BA laser is roughly gaussian shaped as can be derived from
[Baw09]. Therefore, the refractive index profile could be approximated with a
parabolic function and the resulting lateral modes have a wavelength separa-
tion, approximately comparable to the equidistant spectral mode separation
of hermite-gaussian modes, for example derived in [Kre77].

The fact, that every mode order l is found only once in Fig. 3.51 and in an
increasing order with decreasing wavelength clearly indicates, that only one
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longitudinal mode has exceeded threshold at I = 3.4 A, P = 2.7 W. Single
longitudinal mode lasing is expected for a DFB laser with κ · L ≈ 1 [Ear98],
because the resulting homogenous longitudinal intensity profile ([Ear98] and
Fig.1.24) should sustain the longitudinal mode suppression which can be
obtained from calculations of the threshold conditions, as presented in sec-
tion 1.2.3, to injection currents considerably above threshold. Nevertheless,
significantly above threshold, additional effects such as non perfect gain sat-
uration, longitudinal spatial and spectral hole burning may cause lasing on
multiple longitudinal modes.

Figure 3.53 shows the spectrally resolved near field and far field distri-
bution at T = 25 ◦C, I = 5.8 A, P = 5.2 W. Compared to the near field
and far field distribution at I = 3.4 A, P = 2.7 W, additional modes are
observed, although the spectral width is not significantly increased. By an-
alyzing the number of local maxima and the relative spectral position for
each mode in detail, on finds, that a second longitudinal mode has exceeded
threshold. In Fig. 3.53 (a) and (b), the lateral mode numbers, correspond-
ing to the first longitudinal mode are indicated at the left hand side, while
the lateral mode numbers, corresponding to the second longitudinal mode
(shorter wavelength) are indicated at the right hand side of the false color
plot. For each longitudinal mode, eight lateral modes, beginning with the
fundamental mode l = 1 are observed.

Figure 3.53: Spectrally resolved near field(a) and far field (b) of laser D1425-2
040102 at I = 5.8 A, P = 5.2 W.

The fundamental modes of the two different longitudinal modes have a
spectral separation of 0.055 nm, slightly more than the estimated spectral
distance of neighboring FP modes, calculated as ∆λlong

FP
∼= 0.044 nm. The
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magnitude of the measured spectral separation does not allow to decide, if
the second longitudinal mode is the mode at the other side of the stopband
or another neighboring mode at the same side of the stopband, because the
width of the stopband approaches the spectral separation of neighboring lon-
gitudinal modes for the DFB-BA lasers in this work (low coupling coefficient).
In addition to the hermite-gaussian like modes, two further modes, indicated
with ‘a’ and ‘b’ in Fig. 3.53 (a) and (b), have been found. These modes
are predominantly located on the right hand side of the near filed and have
presumably the same origin as modes ‘a’, ‘b’ and ‘c’ in Fig. 3.51.

In Fig. 3.54, the spectrally resolved near field and far field distribution
at T = 25 ◦C, I = 7.9 A, P = 7.0 W, are depicted. In comparison to the
spectrally resolved near fields and far fields at 2.7 and 5.2 W, the spectral
width is significantly broadened and has a characteristic region between ≈
975.35 and ≈ 975.45 nm with vanishing modal intensity. The classification of
lateral mode orders with the help of the number of local maxima is now much
more difficult, because of the increasing number, mode order and density of
modes, as well as because of the altered shape of the profiles. Lateral modes
l = 1, 2, 3, . . . , 6, belonging to one specific longitudinal mode are indicated at
the left hand side of Fig. 3.54 (a) and (b).

The question, if one or more longitudinal modes are involved, cannot be
answered securely. On the one hand, from the measurement at 5.2 W one
must assume, that at least two longitudinal modes are lasing. On the other
hand, only one fundamental lateral mode can be clearly observed. Indeed, a
further longitudinal mode could appear only with higher lateral mode orders
l > 1. The lateral near field is extended over ≈ 100µm, in good agreement
with the contact stripe width of W = 90µm. The lateral far field distribu-
tion of many modes at wavelength ≤ 975.55 nm, with presumably different
lateral mode orders l, is extended over the same lateral divergence angle of
10 ◦. Especially on mode at ≈ 975.54 nm combines much intensity and a
broad divergence angle in the far field distribution. Lateral modes of this
kind must be expected to cause an unwanted broadening of the lateral far
field. In the near field, this mode shows on the one hand, a constriction of
its major intensity to the central part (±15µm) but on the other hand, a
widely extended minor intensity to the outer part of the near field (±50µm).
A systematically suppression of these modes due to increased optical loss
induced at ±50µm could be a design option for a reduction of the lateral far
field divergence.

Finally, in Fig. 3.55, the spectrally resolved near field and far field dis-
tribution is shown for T = 25 ◦C, I = 12.0 A, P = 10.0 W. At such high
powers, the total number of optical modes is increased drastically and spec-
tral overlap of many modes is observed. At I = 12.0 A, P = 10.0 W, the
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Figure 3.54: Spectrally resolved near field (a) and far field (b) of laser D1425-2
040102 at I = 7.9 A, P = 7.0 W.

power conversion efficiency has already exceeded its peak value. The total
width of the spectrum is increased drastically to ≈ 1.4 nm, compared to the
spectral width at I = 7.9 A, P = 7.0 W which is ≈ 0.6 nm. Like at I = 7.9 A,
P = 7.0 W, regions with vanishing intensity can be observed in the spectrum.
Unfortunately, the spectrally resolved mode pattern in the near field and far
field do not match very well in terms of their spectral intensity distribution.
In contrast to the measurements at lower output powers (which are well
reproducible), the measurements took a measurement time of several hours,
required adjustment of the setup in the meantime and were performed at dif-
ferent days. The measurement of the spectrally resolved near field alone took
two days because 14 mappings with a spectral width of ≈ 174 pm and a spec-
tral overlap of ≈ 50 pm were measured. This required new fine-adjustment
and hence, a careful superposition of the mappings along the spatial and
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spectral axes. By slightly varying the injection current at the current source,
also a weak hysteresis was observed for the appearance and disappearance
of single optical modes. The measurement of the spectrally resolved far field
has been performed within one day and with one fine-adjustment. There-
fore, the spectral and spatial superposition of the 14 single mappings is more
reliable than for the near field.

In the spectrally resolved near field, a system of lateral modes which
belongs to a specific longitudinal mode is found between ≈ 977.30 and ≈
977.47 nm. Even though the intensity in the measured far field is relatively
low for these modes, they can be found at analogue spectral positions. Many
lateral modes of high mode orders l ≥ 10 seems to dominate the near field
and far field, although it is difficult to determine the exact lateral mode order
from the number of local maxima. The near field is extended over ≈ 100µm
and the far field is extended over ≈ 14 ◦, in good agreement with the widths of
the near field and far field (95 % power content), measured without spectral
resolution (see table 3.11).

Until now, DFB-BA laser D1425-2 040102 has been used for the anal-
ysis of the spectrally resolved near fields and far fields. This laser has a
lateral mode confinement which is defined by the contact stripe width of
90µm and by etched index trenches which cause a decrease of the effective
refractive index of 1 · 10−3, 5µm separated from the contact stripe. Thus,
it must be considered that the spectral and spatial properties of the optical
modes discussed above, are valid for DFB-BA lasers with these lateral design
properties.

In section 3.4.8, Fig. 3.43 it has been shown, that for the used lateral
design, the lateral divergence angle behaves like a uniform function of the
generated heat. Thus, increasing the power conversion efficiency will basi-
cally help to reduce the far field width. Further improvement of the lateral far
field divergence angle (95 % power content) could be achieved with adequate
changes in the lateral design of the DFB-BA lasers. One simple possibility
to change the lateral design is to omit etching index trenches. This would
eliminate the contribution of designed index guiding to the overall lateral
mode guiding mechanisms, with the thermal lens remaining as a probably
dominating guiding mechanism. Spectrally resolved lateral near field and far
fields of a DFB-BA with 90µm contact stripe but without index trenches
have been investigated on device D1425-2 030919. Selected results are pre-
sented in this section and compared to the lateral near fields and far fields
of laser D1425-2 040102 (with index trenches).

A spectrally resolved near field and far field of DFB-BA laser D1425-2
030919 is depicted in Fig. 3.56 as an example for lasers without designed index
guiding. The measurement was performed at an injection current of I =
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Figure 3.55: Spectrally resolved near field (a) and far field (b) of laser D1425-2
040102 at I = 12.0 A, P = 10.0 W.
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6.2 A. The corresponding output power is P = 5.0 W, the power conversion
efficiency is 52.1 %. Note that DFB-BA laser D1425-2 030919 less efficient
due to a higher voltage and lower slope efficiency, presumably because of
local deviations of the DFB grating (etching) in this area of the wafer. The
measurement result has been selected in order to illustrate, that the lateral
spectral and spatial properties of optical modes in a DFB-BA laser can be
changed significantly by modifications in the lateral waveguiding. Several
significant differences between the mode pattern in the near field and far
field can be observed by comparing Fig. 3.56 to Fig. 3.54, 3.53 and 3.51.

Figure 3.56: Spectrally resolved near field (a) and far field (b) of laser D1425-2
030919 at I = 6.2 A, P = 5.0 W.

While the spectral distance between neighboring lateral modes is roughly
equidistant for DFB-BA laser D1425-2 040102, two spectral ranges with dif-
ferent mode spacings are observed for laser D1425-2 030919. The first of these
spectral ranges begins at ≈ 975.15 nm and ends at ≈ 975.40 nm. The spectral
mode spacing in this range is ≈ 41 pm. It contains lateral modes with mode
orders l = 1, 2 . . . , 5, as indicated in Fig. 3.56. In the lateral near field, these
modes are considerably constricted, they extend over a lateral range < 40µm.
Therefore even these lower-order lateral modes are extended in the far field
over a wide divergence angle of ≈ 10 ◦. The second spectral range with a
more narrow spectral mode spacing (≈ 24 pm) begins at ≈ 974.90 nm and
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ends at ≈ 975.15 nm. In the second range, lateral mode orders l = 6, 7 . . . , 1
were determined from the number of local intensity maxima.

For explanation, Fig. 3.57 (a) shows the power-voltage-curent charac-
teristics of the DFB-BA laser without index trenches D1425-2 030919 (B),
compared to the DFB-BA laser with index trenches D1425-2 040102 (A). The
wavelength of identified lateral modes from both lasers have been plotted in
Figure 3.57 (b). Firstly, the wavelengths of lateral modes l = 1cdot8 from
laser A are depicted at P = 2.7 W (blue dots) and at P = 5.2 W (blue cir-
cles for the first longitudinal mode m1, half filled blue dots for longitudinal
mode m2). These lateral modes show an approximately linear spectral sepa-
ration, which does not changes significantly between the two output powers
and different longitudinal modes. Secondly, the wavelengths of lateral modes
l = 1cdot5 (red squares) and l = 6cdot11 (red diamonds) from laser B are
depicted for P = 5.0 W. For the laser without index trenches (B), the lateral
modes l = 1cdot5 have a much higher spectral mode spacing than the lateral
modes of the laser with index trenches (A). In contrast, the second identi-
fied group of lateral modes (l = 6cdot11) has approximately the same mode
spacing than the lateral modes of the laser with index trenches (A). The
second group of lateral modes might belong to a second longitudinal mode,
but this is not clear. Even the reason for the differences in the spectral mode
separation of lateral modes is not understood. Further experimental and
theoretical investigation is required in future work in order to improve the
understanding of the impact of the lateral design on the spectral and spatial
properties of lateral modes in high power BA lasers.

The spectral width (95 % power content) is depicted in Fig. 3.57 (c) as
a function of the dissipated power Pd = U(I) · I − Popt which results in
heating the device (intensity from higher-order waveguide modes for D1425-
2040102 neglected). Even though the lateral design is changed for DFB-BA
laser D1425-2 040102 (with index trenches “A”) and D1425-2 030919 (without
index trenches “B”), the spectral width at the same heat is identical. In
contrast, the lateral far field width (also 95 % power content) shows a very
different behavior for both lasers. By omitting the index trenches, the far
field width starts at a lower value but increases much more drastically with
increased dissipated power. Note that for identical lateral design with index
trenches, the lateral far field width has been shown (Fig. 3.43 (d)) to behave
like a universal function of the dissipated power.

Lateral modes l = 6 and 7 in Fig. 3.56 have characteristic extra intensity
at the left hand side of the near field. Taking into account the extra inten-
sity at the left hand side, the near field extends over ≈ 100µm. However, the
intensity distribution of lateral mode l = 8 for example, is also constricted to
≈ 57µm. With all its intensity distribution, the lateral near field is slightly
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Figure 3.57: Comparison of DFB-BA lasers with (D1425-2 040102 “A”) and with-
out index trenches (D1425-2 030919 “B”). (a) Power-voltage-current characteristics.
(b) Wavelengths of lateral modes. (c) Spectral width (95 % power content) as a
function of the dissipated power (heat). (d) Width of the lateral far field (95 %
power content) as a function of the dissipated power (heat).

asymmetric. The angular intensity distribution from the second spectral
range is the same as for the lower-order lateral modes in the first range. As
a consequence, the lateral far field is not broadening with increasing lateral
mode orders (decreasing wavelength), as observed for the DFB-BA laser with
index trenches, visible in Fig. 3.51 and 3.53. One possible explanation for
the observed near field constriction for laser D1425-2 030919 is, that with-
out index trenches, the lateral mode guiding is even stronger influenced by
thermal lensing.

In conclusion, it has been observed that the optical modes in DFB-BA
lasers are spectrally and spatially stable, when integration over time scales
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> 100 ms is applied. Furthermore, it has been verified, that at lower currents
and powers (I = 3.4 A, P = 2.7 W, Pd = 2.3 W) only one longitudinal mode
is involved but at higher currents and powers (I = 5.8 A, P = 5.2 W, Pd =
3.7 W), at least two longitudinal modes are lasing. Thus, the overall width
of the spectrum is affected by the number of lateral modes, which occurs
within one longitudinal mode and affected by the number of longitudinal
modes. At high power levels (P ≥ 7 W), very high lateral mode orders
(cannot be clearly identified) are lasing and this presumably determines the
overall spectral width. The spectral mode separation of the lateral modes
(with index trenches) is approximately equidistant and the spectral width
grows linear with the dissipated power (with and without index trenches).
Increasing the power conversion efficiency is therefore on possibility to reduce
the spectral width.

In addition, the lateral intensity distribution of optical modes is shown
and discussed. The majority of all measured modes has roughly hermite-
gaussian like intensity profiles. Deviations from hermite-gaussian mode pro-
files occur in form of extra intensity at the outside of the near fields and as
broad asymmetric modes in the far fields. Also indications for the forma-
tion of filaments were observed. Finally, by measuring a second DFB-BA
laser without index-trenches, it has been shown that the spatial and spectral
properties of longitudinal modes depend on the exact lateral waveguiding.

3.5 Comparison of experimental and theoreti-
cal results for threshold current and slope
efficiency

In the following section, the measured threshold currents, slope efficiencies
and power-voltage-current characteristics will be compared to values, deter-
mined from the numerical calculation of the threshold gain and differential
quantum efficiency as described in chapter 1.2.4. This comparison will indi-
cate, if the experimental findings can be well described by the results from
the coupled-mode-theory-based numerical calculations where the effect of the
phase relations between the facet and the last grating stripe is approximated
for DFB-BA lasers by averaging over the phases. Furthermore, a guideline
for the optimization of the coupling coefficient in order to achieve a higher
power conversion efficiency might be derived from the results. Certainly, this
requires a reliable knowledge of the actual coupling coefficient of the fabri-
cated DFB-BA lasers. Unfortunately, the determination of the DFB coupling
coefficient – both by simulations and experimentally – turned out to have re-
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markable uncertainties. For the numerical calculation, parameters listed in
table 3.13 have been used.

Table 3.13: The fixed physical variables, their notations and values, used in the
numerical simulation.

Variable Notation Value

Cavity length L 3000µm
Contact stripe width W 90µm
Reflectivity, rear facet Rr 96.00 %
Reflectivity, front facet Rf 0.09 %
Effective index neff 3.434308
Grating period Λ 283.9 nm
Coupling coefficient κ (0.0,−0.1, ...,−10.0) cm−1

Rear facet phase sections da (0.00, 0.02, ..., 0.48)Λ
Internal loss αi 0.80 cm−1

Internal quantum efficiency ηi 0.90
Transparency current density jth 151 Acm−2

Five longitudinal modes around the stopband with longitudinal indices
m = −2,−1, 0, 1, 2 have been considered. For κ = 0 cm−1, and da = 0, m = 0
corresponds to a wavelength of λ = 975 nm. As described in chapter 1.2.4 in
detail, the values of the threshold gain gth and differential quantum efficiency
η̃d for the DFB-BA laser were obtained by averaging over all possible phase
relationships between the last grating filament and the high reflection coated
rear facet. The longitudinal mode m = 0 is the relevant lasing mode with
the lowest threshold gain. The threshold current and slope efficiency have
been calculated with equations 3.9 and 3.10 for coupling coefficients κ =
(0.0,−0.1, ...,−10.0) cm−1.

Ith
∼= jtre

(αi+αm)/Γg0L ·W (3.9)

S = η̃dηi
hc

qλ
(I − Ith) (3.10)

Now the question arises, which values shall be supposed for the DFB cou-
pling coefficient of DFB-BA lasers from iteration I with in-situ etching times
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of tis = 90, 120 and 150 s. In section 3.3.3, the coupling coefficient of the DFB
grating has been estimated from design properties and findings from STEM
investigations. There it has been shown that under the approximation, that
the DFB grating is perfectly rectangular and has the optimal duty cycle of
cd = 1/4 at tis = 120 s, |κ| ≈ 1.78 cm−1 is obtained with QIP simulations.
STEM investigations further indicate that the regrown AlxGa1−xAs is subdi-
vided into aluminum rich regions (x = 0.22) on top of the grating stripes and
aluminum poor regions (x = 0.11) between the grating stripes over < 100 nm
on top of the grating, instead of being uniform with x = 0.15. By imple-
menting this inhomogeneous aluminum distribution into the QIP simulation
in form of a simplified rectangular model (which overestimates the effect),
one obtains |κ| ≈ 4.41 cm−1. Therefore it has been reasoned that the actual
coupling coefficient is approximately the average of this two values, which is
|κ| ∼ 3 cm−1.

In section 3.4.10, it has been tried to determine the coupling coefficient
based on measured sub-threshold spectra of the DFB stopband. Therefore,
ASE spectra have been measured and parameter extraction was done by
fitting calculated ASE spectra to the measured ones. Unfortunately, the
measured ASE spectra were significantly affected by optical feedback from the
tapered optical fiber and the modulation of the stopband was also limited due
to the spectral resolution of the spectrometer. The resulting experimentally
determined coupling coefficients were presumably underestimated with an
average value of |κ| ≈ 1.15 cm−1.

In this section, the different coupling coefficients for tis = 90, 120 and
150 s have been estimated in the following way, based on the experiences,
mentioned above. Firstly, the increase of the coupling coefficient due to the
inhomogeneous distribution of aluminum in the regrown part of the p-side
waveguide has been estimated. In section 3.3.3, κ ≈ −1.78 cm−1 was obtained
without the inhomogeneous aluminum distribution and κ ≈ −4.41 cm−1 with
considering the inhomogeneous aluminum distribution at tis = 120 s. The
difference between the average value κ = −3.01 cm−1 (probably a good ap-
proximation) and κ ≈ −1.78 cm−1 (underestimated) is ∆κAl = −1.24 cm−1 ∼
−1 cm−1. The increase of the coupling coefficient |∆κAl| is expected to be
roughly the same for the different etching times tis = 90, 120 and 150 s, be-
cause the additional index grating which is induced by the inhomogeneous
aluminum distribution is expected to depend on the depth of the corruga-
tion before overgrowth. The depth of the corrugation of the DFB grating
before overgrowth can be simply approximated by adding the hight of the
remaining GaAs cap (“cap GaAs [nm]”) to the etch depth into the InGaP
(“etched InGaP [nm]”), calculated on the basis of the experimentally deter-
mined etching rates of ≈ 360nm h−1 for InGaP and ≈ 200nm h−1 for GaAs.
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The resulting values, rounded to integer nanometers, are given in table 3.14.
For tis = 90, 120 and 150 s, the corrugation depth is 26, 27 and 29 nm, re-
spectively. Because of the slow increase with tis, ∆κAl ∼ −1 cm−1 will be
used for all of the three in-situ etching times.

Table 3.14: Layer thickness in the grating region, calculated based on experi-
mentally determined etching rates for different in-situ etching times and resulting
coupling coefficients from QIP simulations.

tis residual etched cap κ <[κ]
InGaP InGaP GaAs +∆κAl

[s] [nm] [nm] [nm] [cm−1] [cm−1]

90 11 9 17 −0.325− i0.004 −1.3
120 8 12 15 −1.439− i0.007 −2.4
150 5 15 14 −2.560− i0.014 −3.6

Secondly, the coupling coefficients have been calculated for rectangular
DFB gratings with cd = 1/4 and the layer thicknesses given in table 3.14,
without considering the inhomogeneous aluminum distribution. The results
are shown in the second to last column of table 3.14. Afterwards, ∆κAl ∼
−1 cm−1 can be added to this values as a correction for the inhomogeneous
aluminum distribution which forms an additional index grating and increases
the coupling coefficient (last column of table 3.14). The coupling coefficients
estimated as mentioned above, corresponding to in-situ etching times tis =
90, 120 and 150 s, can be now allocated to the average threshold currents
and slope efficiencies for the individual wafers which have been determined
based on the experimentally determined values, given in table 3.7.

The calculated threshold currents and slope efficiencies are shown in
Fig. 3.58 for coupling coefficients in the range of interest between 0 and
6 cm−1 as black solid lines. In addition, the values for the devices from ta-
ble 3.7 are depicted at the estimated coupling coefficients as colored symbols,
respectively. In detail, Fig. 3.58 (a) shows the experimentally determined
threshold currents at the simulated coupling coefficients without considera-
tion of the inhomogeneous aluminum distribution, while in Fig. 3.58 (b), the
corresponding coupling coefficients for the threshold currents are increased
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by |∆κAl| = 1 cm−1. The same comparison is depicted for the experimentally
determined slope efficiencies in Fig. 3.58 (c) (inhomogeneous aluminum dis-
tribution neglected) and Fig. 3.58 (d) (inhomogeneous aluminum distribution
approximated by increasing the coupling coefficient by |∆κAl| = 1 cm−1).
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Figure 3.58: Calculated and measured threshold current and slope efficiency.
(a) Calculated threshold current (black solid line) and measured values (symbols)
from table 3.7. Coupling coefficients correspond to the second to last column in
table 3.14. (c) Calculated slope efficiency (black solid line) and measured values
(symbols) from table 3.7. Coupling coefficients correspond to the second to last
column in table 3.14. (b) Like (a), coupling coefficients correspond to the last
column in table 3.14. (d) Like (c), coupling coefficients correspond to the last
column in table 3.14.
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A comparison of the calculated and measured threshold currents shows
that especially in Fig. 3.58 (b) (better estimation of |κ| than in (a)), the
measured threshold currents are remarkable increased by a value of δIth ∼
250 mA. This is supposed to be a result of the spectral detuning between
the gain peak wavelength and the Bragg wavelength of the DFB grating
in the fundamental vertical mode close to threshold. One might presume
that the spectral detuning decreases the gain at the Bragg wavelength of the
fundamental mode and increases the threshold current.

Two approaches have been chosen in order to analyze the origin of the
additional threshold current which is observed, compared to the calculated
threshold current.It should be noted that the threshold current (black solid
line) has been calculated on the basis of the transparency current density
jtr ≈ 151 A cm−2 and modal gain Γg0 ≈ 21.4 cm−1 which has been deter-
mined from the length dependency of the threshold current, presented in
section 3.4.1. Both, jtr and Γg0 have been found to be approximately the
same for the DFB-BA lasers and reference FP-BA lasers. Firstly, the thresh-
old current has been fitted to the measurement data by varying jtr and Γg0.
This lead to the black dashed curve shown in Fig. 3.58 (b), which matches
well to the measured values. However, the fit leads to jtr ≈ 211 A cm−2 and
Γg0 ≈ 22.1 cm−1. This means, that Γg0 is nearly unchanged but the trans-
parency current density is significantly increased by ≈ 60 A cm−2. In contrast
to this finding, it has been expected that Γg0 would be decreased and jtr ap-
proximately unaffected. As a second approach, the modal gain coefficient
has been reduced to Γg0 = 10 cm−1 and the threshold current density is left
as jtr ≈ 151 A cm−2. The resulting threshold current is shown as a black
dotted line, which does not coincide with the measurement results. From the
findings mentioned above one could reason that the detuning between the
Bragg wavelength of the DFB grating and the gain peak wavelength leads to
an increase of the threshold current because of both, an increase in jtr and a
decrease in Γg0. Nevertheless, the position of the measurement data on the
x-axis is uncertain because of the difficulties with the determination of the
coupling coefficient. This should be considered when conclusions are drawn.

A better agreement between the calculated curve and the measured val-
ues than for the threshold current is found for the slope efficiency. The good
agreement is especially the case for the slope efficiencies with corrections of
the corresponding coupling coefficients due to the inhomogeneous distribu-
tion of aluminum in the regrown part of the p-waveguide, shown in Fig. 3.58
(d). Here, the measured values vary around the calculated curve.

In Fig. 3.59, power-current characteristics which have been calculated
from the threshold gain and differential quantum efficiency obtained by nu-
merical calculations (for |κ| = 2.0, 3.0 and 4.0 cm−1, compare to estimated
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coupling coefficients given in table 3.14) and the characteristics of the power
conversion efficiency (calculated with the measured voltage) are compared
to the characteristics of the most efficient DFB-BA laser from iteration I
(D1425-2 040102, tis = 120 s). The values for the threshold current and slope
efficiency are indicated alongside.
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Figure 3.59: Comparison of the power-voltage-current characteristics for the nu-
merical calculation and the measured characteristics for the laser D1425-2 040102
(tis = 120 s). For the calculated characteristics, the threshold current and slope
efficiency, gained for |κ| = 2.0, 3.0 and 4.0 cm−1, have been used.

Compared to the calculated power-current characteristics, the measured
characteristics have the highest threshold current and also the highest slope
efficiency, determined from a linear fit over 2A close above threshold. The
reason for the experimentally observed increase in threshold current is as
mentioned above, presumably the spectral detuning between the gain peak
wavelength and the Bragg wavelength of the DFB grating. The fact that the
measured slope efficiency is even higher than the calculated slope efficiency
for |κ| = 2.0 cm−1 can be explained as follows. Firstly, the accuracy of the
experimental determination of the slope efficiency is limited by the accu-
racy of the measured optical power and current. Secondly, DFB-BA laser
D1425-2 040102 is lasing for I ≤ 7.5 A on two higher-order vertical modes
in addition to the fundamental mode (see Fig. 3.31 (b)). The variation of
the power content in these higher-order modes may alter the power-current
characteristics.

A comparison of the calculated and measured power-current character-
istics, as well as the power conversion efficiency in Fig. 3.59 leads to the
conclusion, that the actual coupling coefficient is in the range between for
|κ| = 2.0 and 3.0 cm−1. This is in good agreement with the estimated cou-
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pling coefficients for tis = 120 s (|κ| = 3 cm−1 from STEM investigation
and average between neglecting aluminum distribution and overestimating
model of the aluminum distribution, |κ| = 2.4 cm−1 based on etching rates
and ∼ 1 cm−1 correction for aluminum distribution).

The numerical calculation has the ability to make an approximate fore-
cast for the power-current characteristics of a DFB-BA laser with a given set
of known parameters as mentioned above. This fact supports the a priori as-
sumption, that the problem of the non-constant facet phase relationship for
a typical DFB-BA laser can be overcome by using the phase averaged values
of the lowest threshold mode to calculate the threshold current and differ-
ential quantum efficiency. A precise knowledge of the coupling coefficient is
critical because of its strong influence on the slope efficiency and threshold
current, but experimentally difficult to achieve. Nevertheless, experimentally
determined slope efficiencies S < 1.0 W A−1 which can be confirmed by nu-
merical calculations indicate that the coupling coefficient κ should be further
reduced (to κ < 3 cm−1, κ · L < 1) in order to increase the slope efficiency
to values above 1.0 W A−1, like obtained for the reference FP-BA lasers. Of
course, this will lead to even higher threshold currents but the power increase
due to the increased slope efficiency is expected to more than compensate
the drawback in threshold current. Furthermore, the suppression of FP-like
modes will become more critical and require to achieve a very low reflectivity
from the front facet in the desired wavelength region.

Of course, the slope efficiency, obtained from this numerical calculation is
only valid at threshold (no roll-over) and can be used as a good approximation
in a limited current interval above threshold. At higher currents, roll-over
processes limit the maximum output power of a DFB-BA laser. In Fig. 3.59,
considerable differences emerge for output powers above 10 W between the
measured power-current characteristics and for κ = 3.0 cm−1. Roll-over of
the power-current characteristics can be divided into thermal induced roll-
over (like for a FP-BA laser) and spectral detuning induced roll over (depends
on gain spectrum and Bragg wavelength).

Under CW current injection at 25 ◦C heatsink temperature, no significant
decrease in the slope efficiency was measured at low powers, were the wave-
length of the gain maximum is several nanometers shorter than the Bragg
wavelength of the DFB grating, so that the effectively available gain should
be lower than at the operation point where they coincide. This determi-
nation applies to DFB-BA lasers running only on the fundamental vertical
mode as well as for such devices that start lasing on higher-order vertical
modes. Only the measurements under short pulsed current injection, shown
in section 3.4.7, provides indications that the slope efficiency may decrease
if the gain peak is detuned to much shorter wavelengths than the Bragg
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wavelength of the grating in the fundamental vertical mode.

3.6 Conclusions from iteration I

In this final section of chapter 3, conclusions will be derived from the results
and findings that have been achieved during this part of the work, which
will be of importance fur the further improvement of DFB-BA lasers in the
second part of this work, presented in chapter 4. For selected topics it will
be therefore summarized, what has been already done, what can be learned
from this and how this findings can be implemented in iteration II.

Epitaxy design and FB-BA reference lasers

First of all, an epitaxy design has been developed which is potentially suit-
able for the integration of a DFB index grating via epitaxial overgrowth of
a structured wafer surface, obtained after the first epitaxy step and litho-
graphic structuring. In addition, the epitaxy design is optimized to achieve
high power and high power conversion efficiency from BA lasers due to low
internal optical loss, high internal quantum efficiency and a low voltage. The
most important characteristics of this epitaxy design is the usage of a low
aluminum content x = 0.15 in the 2.1µm thick AlxGa1−xAs waveguide and
the relatively thick p-type waveguide of 0.89µm which allows for a tuning of
the coupling coefficient by adjusting the position of the grating in the p-type
waveguide.

Wafers without any grating layers in the p-type waveguide were grown in
a single stage epitaxy to obtain reference material for the characterization
of BA lasers. From the cavity length dependence of the threshold current
and slope efficiency of un-coated BA test devices, in internal optical loss
of αi ≈ 1.0 cm−1 and an internal quantum efficiency ηi ≈ 0.92 has been
determined.

Reference FP-BA lasers with a cavity length of L = 3000µm and a contact
stripe widthW = 90µm were fabricated from this material, facets passivated
and coated to Rf ≈ 2 %, Rf ≈ 98 % and mounted on CuW heatsinks, having
a thermal resistance of Rth ≈ 3.6 K W−1. Investigations under CW current
injection at 25 ◦C heatsink temperature have shown that the FP-BA lasers
have typical threshold currents of Ith = 620 mA, a slope efficiency (over 2 A
above threshold) of S = 1.09 W A−1, achieve a power conversion efficiency of
ηPCE ≈ 66 % (peak), ≈ 65 % at Popt = 7 W and even > 60 % at Popt = 10 W
as targeted. The emission wavelength is in the 975 nm range as desired. Also
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the vertical far field fulfills the requirements, is has a divergence angle of 45 ◦

with 95 % power content.

Broad area reference lasers from the developed epitaxy design fulfill the re-
quirements to optical power, power conversion efficiency, wavelength and ver-
tical far field. Thus, they are promising reference devices as a basis for the
development of DFB-BA lasers with the same epitaxy design (except for thin
grating layers). Certainly, it would have been preferred that the efficiency
at 10 W is several percent higher than 60 % (maximum measured efficiency
at 10 W was 64.7 %) in order to leave some more space for the degradation
in DFB-BA lasers. Even the vertical far field with ≈ 43.5 ◦ is very close to
the targeted maximum value of 45 ◦. Because of their high power conversion
efficiency at optical output powers in the 10 W-class, their robustness and
reliability (> 7000 h at 7 and 10 W output power) which has been reported
in [Cru11c], FP-BA lasers from the mentioned design serve as “workhorse”
for the further development of high power, high efficiency BA lasers in other
projects.

Development of a DFB grating design and technology

A new design for second-order DFB gratings has been developed which bases
on just two aluminum-free grating layers (20 nm In0.49Ga0.51P grating layer,
25 nm GaAs cap layer), in contrast to earlier designs which often used four
layers with one of them being a sacrificial layer [Kle06], [Kle07], [Sch09a].
Additionally, an improved fabrication technology was developed which uses
in-situ etching with CBr4 inside the epitaxy reactor after the grating is ex-
situ pre-structure with lithographic techniques. The resulting gratings are
thin (< 40 nm), have a shallow corrugation depth (∼ 30 nm), compared
to other reported DFB grating designs [Ear98], [Kan06], [Kle06], [Kle07],
[Sch09a] and provide a weak modulation of the effective index of refraction
(∆neff ∼ 1.5 · 10−4) along the cavity axis, optimized for low coupling coeffi-
cients as required for efficient high power DFB-BA lasers. Material analysis
with SIMS shows that the contamination of the grating region with oxygen
can be reduced to ρpeak < 1 · 1017 cm−3 / ρareal ≤ 3 · 1011 cm−2.

The coupling coefficient of the DFB grating has been calculated as |κ| =
1.78 cm−1 considering that the grating is positioned 230 nm below the p-
cladding layer and assuming a rectangular grating shape and an optimal
duty cycle of cd = 1/4. Investigations with STEM show that in the first
< 100 nm of the regrown AlxGa1−xAs (x = 0.15 nominal), aluminum rich
regions (x = 0.22 on top of the grating ridges) and aluminum poor regions
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(x = 0.11 in the grooves) are formed which will increase the coupling co-
efficient of the DFB grating. Considering the effect of this inhomogeneous
aluminum distribution in a rectangular model (which potentially overesti-
mates the effect) results in |κ| = 4.41 cm−1. Therefore it has been estimated
that the actual coupling coefficient will be approximately the average value
of 1.78 cm−1 and 4.41 cm−1, thus |κ| ∼ 3 cm−1.

Using the new grating design and fabrication technology, in-situ etching times
tis = 150 s are preferred because this enables a reduction of the oxygen im-
purity density to ρpeak < 1 · 1017 cm−3, ρareal ≤ 3 · 1011 cm−2, starting from
ρpeak > 1 · 1019 cm−3 without in-situ etching. The observed formation of alu-
minum rich and aluminum poor regions in the first < 100 nm of the regrown
AlGaAs increases the coupling coefficient. Nevertheless, this makes it more
difficult to calculate and forecast the coupling coefficient and it would be
therefore preferred if the influence of the inhomogeneous aluminum concen-
tration on the coupling coefficient could be reduces.

Characterization of DFB-BA lasers

Wafers containing the newly developed grating structure in the p-waveguide,
230 nm below the p-cladding layer, were grown in a two step epitaxy process.
An analysis of the cavity length dependence of the threshold current and
slope efficiency has been used to determine the internal optical loss, internal
quantum efficiency, transparency current density and modal gain coefficient
from a wafer were the Bragg wavelength of the DFB grating was detuned
to 1000 nm in order to run on FP modes at the gain peak at ∼ 975 nm.
The measured internal optical loss, internal quantum efficiency transparency
current density and modal gain coefficient have the same values as deter-
mined for the FP-BA laser reference material. This has been for the first
time reported in a comparison of DFB-BA lasers (grating structured, two
step epitaxy) with reference FP-BA (no grating layers, single stage epitaxy)
from the same epitaxy design.

For the characterization, DFB-BA lasers (L = 3000µm, W = 90µm)
with passivated and coated facets (Rf < 0.1 %, Rf ≈ 98 %) were mounted on
CuW heatsinks. Wafers were fabricated with three different in-situ etching
times of tis = 90, 120 and 150 s. For each value of tis, wafers with two
different values for the spectral detuning between the gain peak wavelength
(λgain = 968 nm targeted) and the Bragg wavelength of the DFB grating
(λDFB = 973.7 and 974.6 nm targeted) were realized.

Investigated under CW current injection at 25 ◦C heatsink temperature,
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DFB-BA lasers have threshold currents of Ith = 645 − 821 mA, a slope ef-
ficiency of S = 0.906 − 1.026 W A−1, achieve a power conversion efficiency
of ηPCE ≈ 54 − 59 % (peak), ≈ 49 − 58 % at Popt = 7 W and > 43 − 52 %
at Popt = 10 W. A comparison of DFB-BA lasers with the different values
of the spectral detuning indicates that larger detuning improves the optical
output power and efficiency (approximately +3 %) due to an increased slope
efficiency, even though the threshold current is increased simultaneously.

Thus, the threshold current of the DFB-BA lasers is increased by ∼
150 mA while the slope efficiency is decreased by ∼ 0.1 W A−1 in compar-
ison to the reference devices. Additionally, the voltage of the DFB-BA lasers
from all wafers is increased due to an additional series resistance of ≈ 5 mΩ
compared to the reference FP-BA lasers. Together with a stronger roll over
of the optical output power, this results in a reduction in power conversion
efficiency characteristics of ∼ 10 %. On the one hand, this is of course an un-
desirable effect but on the other hand, this is the smallest difference in electro
optical properties which has been reported for DFB-BA lasers an reference
devices.

Except devices from one wafer with tis = 90 s (lowest coupling coefficient),
the spectra of all DFB-BA lasers are wavelength stabilized from threshold
to 15 A. The wavelength of the fundamental mode is DFB stabilized at
976 nm± 3 nm as targeted. Unfortunately, wavelength stabilized side modes
appear on the short wavelength side of the fundamental DFB mode which
to some extent increase the spectral width with 95 % power content. These
modes have been identified as higher-order vertical modes of the waveguide
which can exceed threshold in contrast to the reference FP-BA lasers be-
cause the coupling coefficient of the DFB grating increases significantly for
the higher mode orders which reduces their threshold current. Lasing on addi-
tional higher-order modes occurs predominantly for DFB-BA lasers with the
larger spectral detuning. The DFB-BA lasers have, at currents where these
side modes disappear, typical spectral width of ∆λ ≈ 0.4 nm at Popt = 7 W
and ∆λ ≈ 1.0 nm at Popt = 10 W. The vertical far field of the DFB-BA
lasers fulfills the requirements, with typical divergence angles of 44 ◦ with
95 % power content. Nevertheless, at low currents where higher-order verti-
cal modes appear, the vertical far field broadens up to 48 ◦.

Based on the developed epitaxy design and grating technology, DFB-BA
lasers can be fabricated which, for the first time, achieve the same internal
optical loss and internal quantum efficiency as efficient high power FP-BA
reference lasers. The DFB-BA lasers achieve optical output power in the
10 W-class and their power conversion efficiency (up to 59 %) is only reduced
by ∼ 10 % compared to the reference devices. Such performance level – com-
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parable to state of the art FP-BA lasers – is reported for the first time for
monolithic wavelength stabilized BA diode lasers.

The power conversion efficiency of the DFB-BA lasers is, compared to the
reference devices, degraded due to a lower slope efficiency, higher threshold
current and a higher voltage (series resistance). The slope efficiency can be
further increased to S ≈ 1.03 W A−1 by reducing the coupling coefficient to
approximately |κ| ≤ 1 cm−1 (from the numerical calculation) and this will
more than compensate the simultaneous increase of the threshold current.

The used grating design and fabrication technology does not enable to
achieve identical voltage as for the FP-BA reference lasers because of an
additional series resistance of ≈ 5 mΩ. One possibility to improve the current
flow through the grating layer is to completely etch through the In0.49Ga0.51P
grating layer (no residual In0.49Ga0.51P layer left). This would enable to grow
Al0.15Ga0.85As on Al0.15Ga0.85As and open a current path which is free of
hetero-interfaces between the grating stripes (75 % of the area for cd = 1/4).
Such gratings may be called floating DFB gratings [Lee97].

Furthermore, the spectral properties of the DFB-BA lasers must be im-
proved in order to achieve the desired targets. Firstly, lasing on side modes
in the optical spectrum must be eliminated. While lasing on FP-like modes
can be suppressed with a better AR coating (lower reflectivity) of the front
facet, suppression of higher-order waveguide modes would require to modify
the waveguide design (at least the position of the DFB grating). Secondly,
the spectral width ∆λ (95 % power content) in the fundamental DFB mode
must be reduced to achieve the 0.3 nm target also at optical powers between
7 and 10 W. The spectral width has bee shown to depend approximately
linear on the generated heat. Thus, improvement is expected for DFB-BA
lasers with a higher power conversion efficiency.

Further investigations on DFB-BA lasers

An experimental determination of the DFB coupling coefficient based on
parameter extraction by fitting ASE spectra ([Wen03]) lead to an average
value of |κ| = 1.15 cm−1 which is presumably underestimated. Sub-threshold
ASE spectra of the DFB stopband have been measured, using DFB-RW lasers
with a ridge width ofW ≈ 10µm and lateral index guiding by ∆neff ≈ 1·10−3

(simplified test layout). The experimental determination of the coupling co-
efficient turned out too be challenging due to the low value of κ, because of
optical feedback from the tapered fiber which has been used to couple the
emitted light into a spectrometer, and because of the resolution limit of the
spectrometer which was presumably too low to resolve the intensity modu-
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lation in the stopband.

Knowledge of the actual coupling coefficient is essential for an optimization
of the resonator loss in order to achieve a high slope efficiency. Several im-
provements are required to enhance the precision of the experimental deter-
mination of the coupling coefficient. Firstly, a measurement setup is required
which significantly reduces the optical feedback into the diode lasers. Sec-
ondly, DFB-RW lasers with narrower ridge width W ≈ 5µm, slightly higher
lateral index guiding of ∆neff ≥ 3 · 10−3 and a better AR coating of the front
facet are preferred.

The applicability of the DFB-BA lasers for possible applications where the
injection current and heatsink temperature may be varied, has been investi-
gated by determination of the DFB locking range in current and temperature
for a typical DFB-BA laser. The experimental results show that a narrow
spectrum with ∆λ ≤ 1.5 nm (95 % power content) can be achieved between
I = 0 and 15 A and T = 15 and 50 ◦C within a band of ∼ 30 K that shifts
with approximately −2.7 K A−1 to lower temperatures with increasing tem-
perature. The locking range (spectral width) is limited by lasing on higher-
order waveguide modes (at low currents≤ 8 A and low temperatures≤ 35 ◦C)
and FP-like modes (at high currents ≥ 10 A and high temperatures ≥ 35 ◦C).

The usable DFB locking range can be broadened to higher currents and
heatsink temperatures by using a lower reflectivity front facet. This should
be especially considered in the second part of this work, where the coupling
coefficient (and κ · L) of the DFB-BA lasers will be presumably further re-
duced. Of course, increasing the coupling coefficient would help to avoid las-
ing on FP-like modes but this option is not compatible with high efficiency
lasers. Broadening the locking range to low powers and temperatures re-
quires a better suppression of higher-order waveguide modes and will require
changes in the waveguide design as mentioned above, for example changes
regarding the thickness of the waveguide, the cladding layers, doping profile
or the position of the grating. This might be in conflict with other develop-
ment targets of this work.

Spectrally resolved lateral near fields and far fields have been measured in
order to analyze the lateral and longitudinal modes in DFB-BA lasers. These
lasers show roughly hermite-gaussian like lateral modes which are spectrally
and spatially stable over hours. Lateral modes with mode orders l = 1, . . . 8
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were identified. A second longitudinal mode was observed at Popt = 5.2W.
The overall spectral width seems to be determined by the number of lateral
modes which exceeds threshold. Furthermore, the dependence of the spatial
and spectral properties of lateral modes on the lateral design of the BA lasers
has been demonstrated by measurements of a second device without index
guiding by etched trenches.

Because of being mostly determined by the high lateral mode orders which
have a significant lower wavelength (lower effective index) than the funda-
mental mode, suppression of high-order lateral modes may be one option
to reduce the spectral width of DFB-BA lasers. This could be probably
achieved by influencing the lateral profile of the refractive index. Neverthe-
less, the most easiest way to do this is a reduction of thermal lensing via a
higher power conversion efficiency or better cooling. Furthermore, lasing on
multiple longitudinal modes should be avoided. Adjusting the DFB coupling
strength to κ ·L ≈ 1 is predicted to suppress lasing on multiple longitudinal
modes because of reducing longitudinal spatial hole burning [Ear98] but this
is in conflict with the goal to increase the slope efficiency to > 1.0 W A−1

with the utilized epitaxy design (requires κ · L < 1 because of the internal
optical loss). In addition to a better understanding of the optical modes in
DFB-BA lasers from a spectral point of view, the findings from the spectrally
resolved lateral near fields and far fields also opens opportunities to improve
the lateral far field width.

Finally, the measured and calculated threshold currents and slope efficiencies
have been compared as functions of the DFB coupling coefficient. Therefore,
the coupling coefficient of wafers with in-situ etching times of tis = 90, 120
and 150 s has been estimated as |κ| = 1.3, 2.4 and 3.6 cm−1, respectively.
The measured threshold currents are ≈ 250 mA higher than the calculated
threshold current, where no spectral detuning has been considered. The dif-
ference is assumed to be a consequence of both, an increased transparency
current density jtr and a reduced modal gain coefficient Γg0. In contrast to
the measured threshold currents, the experimentally determined slope effi-
ciencies coincide with the calculated curve.

An optimization of the DFB resonator loss for a maximum slope efficiency
requires a detailed comparison of the gained results for the threshold current
and especially for the slope efficiency with the theoretical curve progressions.
Therefore, the coupling coefficient should be determined more precisely than
it has been possible in iteration I of this work. Nevertheless, a comparison
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of the measurement results with the results from numerical calculations in-
dicate that the coupling coefficient should be reduced in order to obtain a
higher slope efficiency and thus, a higher power conversion efficiency.



Chapter 4

Experimental and theoretical
results from iteration II

The aim of this chapter is to demonstrate how DFB-BA lasers can be further
improved for high power conversion efficiency, based on the experimental results
and findings from chapter 3 and theoretical fundamentals derived in chapter 1.

Firstly, the slope efficiency is expected to increase to S > 1.0 W A−1 if the
DFB coupling strength is further reduced to κ · L < 0.5 and this will more than
compensate for the simultaneous increase of the threshold current – leading to a
higher power conversion efficiency. Secondly, the power conversion efficiency can
be increased if the additional series resistance of ≈ 5 mΩ which was observed
compared FP-BA reference devices is eliminated. Both targets mentioned above
can be achieved by exclusively optimizing the DFB grating, without changing
the basic epitaxy design of the active region, waveguide and cladding layers.
Thus, only the DFB grating will be modified in this second iteration, even though
optimization of the basic epitaxy structure would also increasing the overall power
conversion efficiency and potentially eliminate higher-order vertical modes in the
optical spectrum. Nevertheless, this approach has important advantages. On the
one hand, the goal for the DFB coupling strength κ ·L is likely to be achievable
with good precision. On the other hand, it allows the use of FP-BA lasers from
the wafers, grown in a single stage epitaxy without the aluminum-free grating
layers, to be used as reference devices for both, the DFB-BA lasers from iteration
I and II and enables the fundamental physical impact of the DFB grating on the
efficiency of DFB-BA lasers independent from the basic epitaxy design to be
assessed.

A concept for the further enhancement of the electro-optical properties of
DFB-BA lasers is presented and promising changes are introduced in the design
and fabrication technology of the DFB grating. Subsequently, improved DFB-BA
lasers are fabricated, experimentally characterized and compared to the DFB-
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BA lasers and reference FP-BA lasers from iteration I with higher performance
confirmed empirically. A preliminary reliability test at 10 W optical output power
is performed in order to demonstrate the material quality of the developed devices
and their relevance for possible applications.

4.1 A concept for the further enhancement of
the electro-optical properties of DFB-BA
lasers

As described in chapter 3, the development of DFB-BA lasers on the basis
of a waveguide structure, suitable for high power and high efficiency FP-
BA lasers, was quite successful in comparison with earlier published electro-
optical, spectral and spatial emission properties of DFB-BA lasers. Never-
theless, a residual reduction in the power and efficiency characteristics is ob-
served between the FP-BA lasers and DFB-BA lasers with the DFB grating
technology from iteration I. Generally, the integration of an epitaxial over-
grown DFB grating into a laser waveguide may lead to minor degradations
of the electro-optical properties, due to at least marginal contamination with
oxygen, impurities and other epitaxial imperfections. The DFB-BA lasers
developed during iteration I of this work have been shown to be basically
degraded because of slightly too high coupling coefficients which lead to a re-
duced slope efficiency as well as due to an additional series resistance which
increases the voltage drop. Also the principle of DFB itself is understood
to limit the CW electro-optical properties due to differences in the temper-
ature dependence of gain peak and Bragg wavelength (increases roll over
of the power characteristics), as well as due to radiation loss from second-
order DFB gratings (estimated to be approximately negligible), discussed in
chapter 3.

From chapter 3, one can derive three concepts, how the electro-optical
properties of DFB-BA lasers could be further improved. Firstly, the influence
of the DFB grating onto the voltage characteristics could in principle be
reduced. Secondly, the resonator loss αDFB could be reduced to the value of
the FP-BA reference devices αm = 1/2L · ln(1/(Rf ·Rf)) ≈ 6.6 cm−1 or even
lower, to enhance the output power from the front facet. This correlates to a
coupling coefficient |κ| ≈ 1.4 cm−1. Thirdly, using a waveguide structure and
active region with lower internal loss and higher internal quantum efficiency
could improve the electro-optical properties. In chapter 4, concepts one and
two will be studied in parallel. This allows for an experimental analysis of
the physical and technological limits in comparison to the FP-BA reference
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lasers from iteration I. This means, that an enhancement of the charge carrier
transport through the grating region for a reduced series resistance will be one
focus in the present chapter. The second focus, the reduction of the DFB
coupling coefficient, must be executed with respect to a further modified
grating layer design. The third concept, optimizing the waveguide structure
and active region is not specifically a question of the limitations of high power
and efficiency DFB and will be left for later work.

4.2 Development of a further optimized DFB
grating

4.2.1 Changes of the properties of the DFB grating

The idea behind optimizing the DFB grating layers itself is to eliminate the
voltage penalty from the grating. This means to avoid any supplementary
series resistance in the voltage characteristics of the DFB-BA lasers, which
occurs due to hindering the charge carriers, passing through the grating re-
gion. Furthermore it has to be considered that the coupling coefficient of the
DFB grating has to be reduced. This can be done by tuning the vertical posi-
tion of the grating in the p-waveguide to a position with a lower confinement
factor with the optical field or by a reduction of the contrast of the effective
index of refraction. Thus, the thickness of the In0.49Ga0.51P layer which is
basically responsible for the index contrast can be decreased but should not
be increased.

The important question for the elimination of the voltage penalty is how
the grating causes the voltage to increase. From the characteristics of the
valence band along the epitaxial growth direction directly through a grating
ridge and in between the grating ridges, shown in Fig. 3.21 (a) (undoped
case), one can see that the In0.49Ga0.51P layer forms a barrier for the holes,
while the GaAs cap forms a shallow well. Nevertheless, this volume band
discontinuities must be considered to be leveled out because of the p-doping
level which is 2·1018 cm−3 in the grating layers and 1·1018 cm−3in the regrown
Al0.15Ga0.85As on top of the grating.

Charge carrier transport may be therefore assumed to be hindered due
to potential barriers that are formed at the hetero-interfaces between the
Al0.15Ga0.85As / In0.49Ga0.51P from the first epitaxy and the interfaces be-
tween the In0.49Ga0.51P and GaAs with the regrown Al0.15Ga0.85As.

Semiconductor hetero-interfaces are known to induce additional voltage
due to an increased series resistance, especially in the presence of defects.
This has been studied especially for vertical cavity surface emitting lasers
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(VCSEL’s) and concepts have been developed to reduce the series resistance
by using graded interfaces [Cha93], [Pet93], [Kha95], [Zho95], [Die08]. These
VCSEL’s have n-type and p-type Bragg mirrors, both bordering the cavity
and active region. The Bragg mirrors consist of a sequence of semiconduc-
tor layers with refractive index contrast such as GaAs and AlxGa1−xAs and
therefore build an ideal system to analyze the influence of hetero-interfaces
on the voltage drop. In the case of the VCSEL’s, the series resistance was
reduced by replacing the digital material transitions with graded profiles,
because the number of the quarter wavelength layers has to be maintained
in order to maintain the desired reflectivity.

For the DFB gratings, a reduction of the series resistance is possible on
the basis of the following two concepts. Firstly, the number of the layers and
hetero-interfaces can be reduced. This has been already considered during
the development of the two-layer grating design, reported in iteration I of
this work. Nevertheless, two hetero-interfaces remain between the grating
stripes because of the residual In0.49Ga0.51P layer in the grating design of
iteration I. Secondly, the presence of hetero-interfaces can be limited to ≈ 1/4
of the area by the utilization of floating gratings whose grating ridges are
completely embedded in the AlxGa1−xAs waveguide material. This means
to eliminate the residual In0.49Ga0.51P layer with the corresponding hetero-
interfaces and is supposed to enhance the carrier (hole) transport through
the grating, without changing the DFB coupling coefficient.

The idea behind this sensible approach is to transfer the vertical hight
modulation of the ex-situ pre-structure GaAs cap stripes, lying on top of
a thin continuous In0.49Ga0.51P layer, into a hight modulation between the
In0.49Ga0.51P grating ridges (possibly with thin remaining GaAs caps) and
the Al0.15Ga0.85As waveguide via in-situ etching. Therefore, the In0.49Ga0.51P
layer has to be very thin. Otherwise, a loss in the surface corrugation during
the in-situ etching and small differences in the vertical and in-plane etching
rates could cause a annihilation of the grating corrugation and refractive
index contrast.

From an investigation of the etching rates of GaAs (≈ 200 nm h−1),
Al0.15Ga0.85As (≈ 190 nm h−1) and In0.49Ga0.51P (≈ 360 nm h−1), assuming
an in-situ etching time of 150 s being necessary to remove oxygen impuri-
ties, suitable layer thicknesses of 25 nm for the GaAs cap and 10 nm for
the In0.51Ga0.49P grating layer have been derived. Therefore it has been
considered that the original 25 nm thick GaAs cap layer will be reduced to
approximately 15 − 20 nm during the ex-situ structuring and cleaning with
oxygen plasma and oxide removal with sulfuric acid. The utilization of a
10 nm thin In0.51Ga0.49P layer enables that the grating is etched through this
layer after tis = 100 s and allows for a moderate over-etching of 50 s to ensure
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reproducibility. Figure 4.1 shows the chronological sequence of the thickness
of the calculated residual In0.49Ga0.51P layer, the GaAs cap and the overall
corrugation depth (between the grating ridges and grooves) over an in-situ
etching time off tis = 200 s. At tis = 100 s, the residual In0.49Ga0.51P layer is
removed and the grooves are further etched into the underlying Al0.15Ga0.85As
with a drastically decreased etching rate. This causes the overall corrugation
depth to decrease slowly for tis > 100 s because of the small differences in the
etching rates of GaAs (cap) and Al0.15Ga0.85As (in the grooves). A 6.7 nm
thin GaAs cap is left after tis = 150 s left in the calculation example which
starts with 15 nm at tis = 0 s.
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Figure 4.1: Sequence of the thickness of the calculated residual In0.49Ga0.51P
layer “A”, the GaAs cap “B” and the overall corrugation depth “C” (between the
grating ridges and grooves) over an in-situ etching time of tis = 200 s. Schemes of
the corresponding grating shape are depicted on top of the diagram.

Investigations with SEM and STEM have shown that it is essential to
ensure that a thin GaAs cap remains on top of the In0.49Ga0.51P grating
ridges during the in-situ etching and epitaxial regrowth with Al0.15Ga0.85As,
because this prevents that the In0.49Ga0.51P grating ridges diffluence because
of the low binding energy of indium atoms.

In Fig. 4.2, a scheme of the grating after the in-situ etching and the
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resulting overgrown grating is depicted for the DFB grating from iteration
I ((a) and (b)) and the further optimized grating from iteration II ((c) and
(d)).

Figure 4.2: Manufacturing principle of the further optimized DFB grating in
comparison to the DFB grating from iteration I. (a) DFB grating from iteration
I after in-situ etching, before epitaxial overgrowth with a residual In0.49Ga0.51P
layer. (b) After epitaxial overgrowth of (a). (c) Further optimized DFB grating
after in-situ etching, before epitaxial overgrowth without a residual In0.49Ga0.51P
layer. (d) After epitaxial overgrowth of (c), the grating ridges are completely buried
in Al0.15Ga0.85As.

Firstly, the most important difference between the two types of DFB
gratings is, that the residual In0.51Ga0.49P layer, visible in Fig. 4.2 (a), is now
completely removed in (c), when the in-situ etching is finished. Secondly,
the In0.51Ga0.49P layer is only 10 nm thick ((c) and (d)), instead of 20 nm
in the grating from iteration I ((a) and (b)). Thirdly, the in-situ etching
time of tis = 150 s and small changes in the cleaning treatment after ex-situ
pre-structuring will lead to a reduction of the thickness of the GaAs cap
compared to the gratings in iteration I, where also shorter in-situ etching
times of tis = 90 and 120 s have been used. The thickness of the GaAs
cap is estimated in table 3.14 for the different in-situ etching times used in
iteration I. From the etching rates and Fig. 4.1 one can derive that ≈ 8.3 nm
of the GaAs cap will be removed during the 150 s of in-situ etching. Based
on experimental experiences, presented in sections 3.3.2 and 3.4.1, this is
sufficient to eliminate oxygen impurity density to ρpeak < 1 · 1017 cm−3 or
ρareal = 3 · 1011 cm−2 (at tis = 150 s) and enable low internal optical loss of
αi ≈ 0.85 cm−1 (determined at tis = 120 s).
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Finally, Fig. 4.3 (a) and (b) shows the electronic band-structure (undoped
case) and refractive index profile of the further optimized floating DFB grat-
ing design from iteration II in analogy to Fig. 3.21 (a) for iteration I. In
Fig. 4.3, the thickness of the GaAs cap (region III) is chosen as 15 nm after
overgrowth. In the undoped case depicted in Fig. 4.3 (a), the In0.49Ga0.51P
(region II) forms a barrier to the transport of holes and the GaAs cap forms
a quantum well like structure inside the grating ridges (red dashed line).
Nevertheless, the volume band discontinuities are leveled out due to the high
doping level of 2 · 1018 cm−3 which will be applied in the grating layers like
in iteration I but hetero-interface band discontinuities will be left over inside
the grating ridges. For the reduction of the series resistance of the DFB-BA
lasers it is therefore essential that in the region between the grating ridges
(blue solid line) which covers 3/4 of the area, the hetero-interfaces are re-
moved and cannot form barriers to the transport of holes.

The averaged grating stripes, formed by 10 nm In0.49Ga0.51P grating ridges
and 15 nm GaAs caps (in this example), result in a negative contrast in the
index of refraction ∆n ≈ −0.022, compared to the surrounding Al0.15Ga0.85As
p-waveguide. This is shown in Fig. 4.3 (b). The negative index contrast arises
from the fact that (at 975 nm) the refractive index of In0.49Ga0.51P (≈ 3.211)
dominates the index of the averaged grating ridges (≈ 3.400), which is lower
than the index of Al0.15Ga0.85As (≈ 3.426) and GaAs (≈ 3.526). Therefore,
the thickness of the GaAs cap must be below 21.3 nm in order to maintain the
desired index contrast and achieve distributed feedback. In Fig. 4.3 (c), the
refractive index of the averaged grating ridges is depicted as a function of the
thickness of the GaAs cap dGaAs, together with the index of Al0.15Ga0.85As.
For dGaAs = 21.3 nm, the refractive index contrast between the averaged
grating ridges and the surrounding waveguide cancels. On the one hand,
dGaAs should be ≤ 15 nm in order to ensure a sufficient index contrast for the
coupling coefficient. On the other hand, dGaAs should be > 5 nm to ensure
that a GaAs cap remains on the In0.49Ga0.51P grating ridges and protects
them during in-situ etching and overgrowth.

4.2.2 Manufacturing of the DFB grating

The manufacturing of the further optimized DFB grating is based on the same
technology, as described in iteration I in section 3.3.2. The most important
fact is the usage of an in-situ etching technique, executed within the MOVPE
reactor. For some of the processed wafers in iteration II, the photoresist which
is used to form an etch mask for the ex-situ pre-structuring of the GaAs cap
layer has been changed.

In iteration I of this work, a positive photoresist has been used. After
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Figure 4.3: Electronic band-structure and refractive index profile of the further
optimized DFB grating. (a) Minimum of the conduction band edges at the Γ- and
X-point (in the grating ridge: upper red dashed line, between the grating ridges:
blue solid line) and the heavy hole valence band edge (in the grating ridge: lower
red dashed line, between the grating ridges: blue solid line). The corresponding
first electron and first heavy hole energy levels are depicted as magenta dotted
lines respectively. (b) Characteristics of the refractive index in the grating region
within an grating ridge (GaAs and InGaP averaged, red dashed line), between two
grating ridges (blue solid line) and the averaged characteristics for a duty-cycle
of 1/4 (black dotted line). (c) Refractive index of the averaged DFB grating and
waveguide as a function of the GaAs cap thickness.

developing of the photoresist and etching the ≈ 290 nm-period line pattern
into the GaAs cap, the undeveloped photoresist mask was removed with a
suitable photoresist remover (solvent). Followed by rinsing with water, this
led to a clean grating surface, sufficient to transfer the wafer back into the
epitaxy reactor for in-situ etching.

Some of the wafers in iteration II were spin coated with a negative pho-
toresist, because this allows a better adjustment of the high duty cycle pho-
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toresist stripes (cd > 1/2) which are required to achieve the targeted low
duty cycle (cd < 1/4) regrown DFB gratings because of in plane etching
of the line patterns. In addition, the line pattern from negative photoresist
was found to have smoother edges and lower variations of the duty cycle,
compared with ridges from positive photoresist. Certainly, the developed
negative photoresist which is left on top of the GaAs cap stripes after in-situ
pre-structuring cannot be completely removed with a photoresist remover.
Therefore, a low DC-voltage oxygen plasma has been used to remove the
deposits from the grating surface. Afterwards, the surface oxides which have
been build on the semiconductor grating surface are selectively removed with
H2SO4. Note, that by removing the photoresist and surface oxides, an ap-
proximately 10−15 nm thin layer of the GaAs cap is removed as well, because
the plasma treatment and H2SO4 etching are abrasive techniques. This effect
increases the refractive index contrast of the double layer grating.

Figure 4.4 shows a scheme of the manufacturing of the DFB grating.
In Fig. 4.4 (a), the photoresist stripes are depicted schematically. The
GaAs cap layer is patterned by a selective wet etching process that stops
on the In0.49Ga0.51P layer. The remaining GaAs line pattern on top of the
In0.49Ga0.51P surface is shown in Fig. 4.4 (b).

After cleaning as mentioned above, the wafer is inserted back into the
MOVPE reactor where the final in-situ etching step is applied. The in-situ
etching over 150 s transfers the surface corrugation of the GaAs line pattern
into the In0.49Ga0.51P layer as depicted in Fig. 4.4 (c). The aim is to etch com-
pletely through the In0.49Ga0.51P layer at positions between the GaAs stripes.
Only at the positions of the GaAs stripes, a line pattern, consisting of a thin
GaAs cap and In0.49Ga0.51P grating stripes, remains. The fact, that a thin
GaAs cap is left over on top of each In0.49Ga0.51P stripe is slightly disadvan-
tageous for the refractive index contrast of the overgrown DFB grating, but
it helps to stabilize the In0.49Ga0.51P stripes during the epitaxial overgrowth.
The In0.49Ga0.51P stripes were found to diffluence during the regrowth, if the
GaAs cap is removed [Bug11], [Cru12b]. When starting the second epitaxy,
Al0.15Ga0.85As is grown on Al0.15Ga0.85As from the first epitaxy at ≈ 3/4
of the whole area, while only ≈ 1/4 of the surface is covered with GaAs
/ In0.49Ga0.51P grating stripes. The width of the photoresist stripes at the
beginning of the lithographic etching process must be chosen carefully to
achieve a duty cycle of 1/4 in the final grating.

In Fig. 4.5, three STEM overview images of the DFB grating are de-
picted. The material was taken from a test wafer D1878-4 which has not
been processed after its growth. The preparation of samples and the STEM
and energy dispersive X-ray spectroscopy (EDXS) investigations were done
by A. Mogilantenko at the Humboldt-University, Berlin. The contrast in



216 Experimental and theoretical results from iteration II

Figure 4.4: Schematic illustration of the processing of the DFB grating. (a) A
mask of photoresist is structured on top of the grating layers. (b) The mask is
transferred via selective etching into the GaAs cap layer. (c) The GaAs grating
is transferred with a non selective in-situ etching through the In0.49Ga0.51P layer.
(d) The waveguide structure is finished with a second epitaxy step.

the STEM images in Fig. 4.5 (a) - (c) corresponds to the atomic num-
ber Z (dark: low atomic number, bright: high atomic number). With
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Z(Ga) = 31, Z(As) = 33, Z(Al) = 13, Z(In) = 49 and Z(P) = 15, the
effective atomic numbers are Z(Al0.15Ga0.85As) = 30.65, Z(GaAs) = 32,
Z(In0.49Ga0.51P) = 27.59 and Z(AlAs) = 23. Theoretically, the cross sec-
tions of four grating ridges should be visible in each Figure (a) - (c). In fact,
Figures (b) and (c) show only three grating ridges with number three and
four missing, respectively. Weak contrasts at the positions were the missing
grating ridges would be expected indicate, that absence might be limited to
short distances along the ridges. The local missing of single grating ridges
may occur due to local deviations in the thickness of the GaAs cap layer
before the beginning of the in-situ etching.

Figure 4.5: STEM investigation of the optimized DFB grating (z-contrast) with
theoretically four grating ridges visible. (a) Four grating ridges visible. (b), (c)
Only three of four grating ridges visible.

The contrast between Al0.15Ga0.85As, GaAs and In0.51Ga0.49P is weak. In
detail, the GaAs cap occurs slightly brighter than the Al0.15Ga0.85As and the
In0.49Ga0.49P is slightly darker than Al0.15Ga0.85As, what can be understood
by comparing the effective atomic numbers, given above. A thin dark layer
which is extended over the grating surface of this wafer, visible in Fig. 4.5,
is not typical and was not observed in other wafers. This dark layer can
be interpreted as AlxGa1−xAs with an aluminum content considerably above
x = 0.15.

Figure 4.6 shows a detailed STEM and EDXS analysis of typical grating
ridges from wafer D1560-2, which has been processed in a simplified process
without thick plated gold layers. The analysis of this material is of high
importance, because DFB lasers from this wafer were used to determine
the DFB coupling coefficient, and record high efficiency was obtained with
mounted DFB-BA lasers from this wafer.

In Fig. 4.6 (a), an overview STEM micrograph is depicted showing two
grating stripes. The grating period, the dimensions of the grating stripes



218 Experimental and theoretical results from iteration II

and hence, the duty cycle, is in good agreement with findings from wafer
D1878-4, as can be seen by comparing Fig. 4.6 (a) to Fig. 4.5 (a), (b) and
(c).

A Z-contrast image of a single grating stripe is depicted in Fig. 4.6 (b).
The In0.49Ga0.51P grating stripe is clearly visible and no residual In0.49Ga0.51P
layer is observed next to the grating stripe. On top of the dark In0.49Ga0.51P
ridge, the GaAs cap appears as a bright region with comparable intensity as
the surrounding AlxGa1−xAs.

On top of the GaAs cap, one can see a dark area, whose thickness de-
creases with increasing distance from the grating stripe. This is the aluminum
rich region of the overgrown AlxGa1−xAs. A bright region on both sides next
to the grating stripe indicates the aluminum poor region of the overgrown
AlxGa1−xAs. Note that the aluminum rich region is extended only ∼ 10 nm
above the GaAs cap. Thus, the inhomogeneous distribution of aluminum in
the regrown AlxGa1−xAs is limited to a hight of ∼ 30 nm above the grooves of
the etched grating. For the DFB gratings in iteration I, the inhomogeneous
aluminum distribution has been extended over ∼ 50 nm as can be estimated
from Fig. 3.18.

Figure 4.6 (c) shows a single grating stripe, measured with atomic resolu-
tion. No crystal defects are found, demonstrating the technological improve-
ment in buried index grating fabrication in comparison with standard buried
DFB gratings as discussed in [Bug11]. The thickness of the In0.51Ga0.49P
grating stripe is measured as 10 - 12 nm and the thickness of the GaAs cap-
layer has been determined as 6 - 9 nm, from counting the atomic layers.

Finally, Fig. 4.6 (d) -(i) show the results from an EDXS scan. In Fig. 4.6
(d), a Z-contrast STEM micrograph of the region, used for the EDXS anal-
ysis is depicted. Figures 4.6 (e) -(i) show the aluminum, gallium, arsenic,
indium and phosphite specific signals from the EDXS. The aluminum spe-
cific signal (Fig. 4.6 (e)) is less significant, because the aluminum content
is relatively low even in the waveguide, and close to the noise level. Nev-
ertheless, a minimum in the aluminum content is located at the position of
the grating stripe and a local maximum is observed on top of it, which is
associated with the inhomogeneous aluminum distribution in the overgrown
AlxGa1−xAs. The gallium specific signal (Fig. 4.6 (f)) is dominated by a
missing of gallium in the In0.49Ga0.51P grating stripe. Comparable to the
gallium specific signal but much more pronounced, arsenic (Fig. 4.6 (g)) is
missing in the In0.49Ga0.51P grating stripe. In contrast, the concentration
of indium (Fig. 4.6 (h)) and phosphite (Fig. 4.6 (i)) is clearly limited to
the In0.49Ga0.51P grating stripe and no residual layer from In0.49Ga0.51P is
observed next to the grating stripe. This is a clear evidence, that the fabri-
cation of a floating DFB grating was successful and advantages are expected



4.2 Development of a further optimized DFB grating 219

for the series resistance, compared to the DFB gratings from iteration I of
this work which had a residual In0.49Ga0.51P layer and the corresponding
additional hetero-interfaces.

Figure 4.6: STEM images of the optimized DFB grating and EDXS mapping.
(a) Overview of the grating region with two grating stripes. (b) Z-contrast image
of a single grating stripe with inhomogeneous aluminum distribution, visible. (c)
Image of a single grating stripe with atomic resolution. (d) STEM image of a single
grating stripe with atomic resolution. (e) Surrounding of a single grating stripe for
EDXS analysis. (f) - (i) Spatial distribution of elements Al, Ga, As, In and P from
EDXS mapping.
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4.2.3 Coupling coefficient of the DFB grating

In iteration I of this work, a DFB coupling coefficient of ≈ 3 cm−1 has been
targeted. This was supposed to lead to a sufficient spectral stabilization in
a DFB-BA laser with a 3000µm long cavity and a low reflection front facet
coating. Furthermore, the longitudinal optical field intensity of a DFB-BA
laser was expected to be homogeneous, because κ ·L ≈ 1 (see figure 1.24 for
κ = 3.3 cm−1).

As mentioned in section 4.1, one aim of iteration II is to increase the
slope efficiency of the DFB-BA lasers by increasing the ratio of the optical
power, coupled out of the cavity through the front facet. With fixed facet
reflectivities, this is analogous to increasing the resonator loss of the laser
cavity and analogous to decreasing the coupling coefficient. The new target
value for the coupling coefficient is ≈ 0.5 cm−1. Based on the calculated
and experimentally determined dependence of the slope efficiency on the
coupling coefficient, κ ≈ 0.5 cm−1 is expected to be suitable to obtain a slope
efficiency of > 1.0 W A−1 from the DFB-BA lasers as targeted. This choice
for the coupling coefficient would lead to κ · L = 0.15.

In Fig. 1.24, the dependence of the longitudinal optical field profile on the
facet phase section at the rear facet is depicted for different values of the cou-
pling coefficient. The longitudinal optical field profiles were calculated with
coupled mode theory as explained in section 1.2.4. Figure 1.24 (a) shows the
longitudinal optical field profiles with κ = 3.3 cm−1. In Fig. 1.24 (b) and
(c), the longitudinal optical field profiles are depicted for κ = 1.0 cm−1 and
κ = 0.5 cm−1, respectively. Two major changes are observed. Firstly, the de-
pendence of the intensity at the rear facet (position 0 cm) on the facet phase
section is drastically decreased. Secondly, the phase averaged field profiles
(red solid lines) are no more constant, but increase from the rear facet to the
front facet (position 0.3 cm) like for a asymmetrically facet coated FP-BA
laser. Thus, for DFB-BA lasers with κ · L ≈ 0.15 as targeted, non uniform
longitudinal intensity profiles of the optical field might lead to longitudi-
nal spatial hole burning, increase the width of the optical spectrum due to
multiple longitudinal mode lasing and degrade the power characteristics.

Again, the coupling coefficient is adjusted by gradually shifting the ver-
tical position of the grating in the p-side waveguide relative to the optical
field profile in simulations with QIP, following equation 1.60. The critical
question is therefore, if it is possible to achieve the targeted value of κ in
this way. This depends on the contrast of the effective index of refraction
and on the shape of the vertical optical field. In order to avoid additional
optical loss of relevant magnitude due to the thin but highly doped grating
layers (2 · 1018 cm−3), the grating should not be placed too close (< 200 nm)
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to the active region. The simulation starts with a grating position, 200 nm
above the DQW and 670 nm below the p-side cladding layer. In the following,
the DFB grating is stepwise moved away from the DQW up to a distances of
770 nm from the DQWS. In Fig. 4.7 (a) the profiles of the refractive index and
the intensity profiles for the fundamental vertical mode are depicted. The
inset shows a magnified section of the refractive index, showing the small
dips due to the DFB grating. For this simulation it has been assumed, that
the grating consists of 10 nm thick In0.49Ga0.51P ridges, each with a 15 nm
GaAs cap and a duty cycle of cd = 1/4. The further optimized DFB grating
acts only as a very weak perturbation, so that the shifting of the position
causes no significant changes in the vertical mode profile.
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Figure 4.7: Characteristics of the refractive index with various positions of the
DFB grating and its influence on the coupling coefficient. (a) Refractive index
profile and the simulated near field intensity profiles of the fundamental waveguide
mode for (200 (blue), 270, 370, . . . , 770 nm (red)) distance between the DFB grat-
ing and the active region. (b) Real and imaginary part of the coupling coefficient
as a function of the distance between the DFB grating and the active region.

The real and imaginary part of the coupling coefficient was determined for
each vertical position of the grating and is depicted in Fig. 4.7 (b). The real
part of the coupling coefficient decreases from 4.14 to 0.49 cm−1, while the
imaginary part of the coupling coefficient decreases from 0.024 to 0.002 cm−1.
Accordingly, the DFB grating must be positioned 770 nm above the DQW
and only 100 nm below the p-side cladding layer to achieve κ ≈ 0.5 cm−1. A
waveguide thickness of 100 nm is also assumed to be the lower limit which
is necessary for the planarization of the surface corrugation from the grating
ridges during regrowth, before the p-side cladding layer is grown. Otherwise,
a hight modulated interface between the waveguide and the high aluminum
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content cladding layer might act as an additional index grating. Because
of the Al0.85Ga0.15As material which is used for the p-cladding layer, the
formation of additional aluminum rich and aluminum poor regions may fur-
ther influence the coupling coefficient and make its value less controllable.
Nevertheless, placing the DFB grating at the hetero-interface between the
waveguide and p-cladding layer has been successfully realized as for example
reported in [Ear98], [Cha00], [Kan06], [He09].

Diagrams of the conduction and valence band profiles, the refractive index
profile and the vertical optical field intensity in the near field and far field
are given in Fig. 4.8, equivalent to Fig. 3.20 in iteration I.

Figure 4.8 (a) shows the profiles of the minimum of the conduction band
edge at the Γ- and X-point (blue solid line) and the corresponding first elec-
tron energy level (blue dashed line), the heavy hole valence band edge (red
solid line) with the corresponding first heavy hole energy level (red dashed
line). The vertical position of the DFB grating is indicated. In Fig. 4.8 (b),
a section of (a) is reproduced in the grating region. The steps indicate the
10 nm thin In0.49Ga0.51P grating ridge and the 15 nm GaAs cap. Because of
identical scaling with Fig. 3.20 (b), the position of the grating is shifted to
the right hand side at ≈ 3.22µm.

Figure 4.8 (c) shows the profile of the refractive index and the normal-
ized profiles of the four guided vertical waveguide modes (solid lines), as well
as the near field mode profiles for the FP epitaxy structure (dashed lines).
Significant differences between the mode profiles of the DFB and FP epi-
taxy structure occur only for the highest-order mode. Note that the first
and second higher-order waveguide mode have significant intensity (close the
their individual maximum) at the position of the DFB grating. Therefore,
lasing on these higher-order modes must be expected at CW currents close
to threshold where the gain peak wavelength must be detuned to shorter
wavelengths than the Bragg wavelength of the fundamental DFB mode in
order to achieve high slope efficiency and high power conversion efficiency in
the desired 10 W range. As already mentioned, a better suppression of las-
ing on higher-order modes would have required to modify the basic epitaxy
structure. This has not been targeted in the second iteration of this work in
order to ensure comparability with the FP-BA reference lasers and DFB-BA
lasers from iteration I.

In Fig. 4.8 (d), the normalized vertical far field profiles, corresponding to
the near field profiles from (c), are depicted. As indicated, the fundamental
mode is predominately emitting its power in a 45 ◦ vertical divergence angle.

Two problems concerning the coupling coefficient need to be discussed.
Firstly, it will be discussed how much the coupling coefficient might deviate
from the targeted value of |κ| ≈ 0.5 cm−1 in the experimental realization.
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Figure 4.8: Electronic band structure, refractive index profile and vertical mode
profiles of the further optimized DFB lasers. (a) Minimum of the conduction
band edges at the Γ- and X-point (blue solid line) and the heavy hole valence
band edge (red solid line). The corresponding first electron energy level and first
heavy hole energy level are depicted as blue and red dashed lines respectively. (b)
Magnified section of (a) in the DFB grating region. (c) Refractive index profile and
the simulated near field profiles of the waveguide modes with the corresponding
internal losses indicated (modes of FP-BA laser: dashed lines). (b) Simulated far
field angular distribution of the waveguide modes (modes of FP-BA laser: dashed
lines).

Secondly, the coupling coefficients of the higher-order waveguide modes and
the corresponding threshold currents will be estimated in analogy to sec-
tion 3.4.9 in order to assess if these modes can exceed threshold.

The coupling coefficient of the DFB grating in the fundamental vertical
mode has been determined with QIP simulations for different thicknesses
of the GaAs cap. Therefore, a rectangular DFB grating with an optimized
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duty cycle of cd = 1/4 has been considered. The thickness of the GaAs cap is
expected to be subject to experimental variations and is therefore assumed
to be an important factor for possible deviations of the coupling coefficient.
Figure 4.9 (a) shows the simulation results of the real part <|κ| and imaginary
part =|κ| of the coupling coefficient. Note, that in Fig. 4.9 (a), the imaginary
part =|κ| is multiplied with a factor of 100 for better visibility.
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Figure 4.9: (a) Coupling coefficient of the DFB grating for variations of the
GaAs cap thickness. (b) Calculated threshold currents for the fundamental and
higher-order waveguide modes.

Between GaAs cap thicknesses of 5 and 15 nm, a decrease of <|κ| from
≈ 1.0 to ≈ 0.5 cm−1 is observed. Even though the coupling coefficient at 5 nm
is twice as high as the targeted value of |κ| ≈ 0.5 cm−1, this is is expected to
be low enough to obtain a slope efficiency of > 1.0 W A−1 as can be derived
from Fig. 3.58 (b).

Three further effects must be expected to influence the coupling coeffi-
cient. Firstly, the formation of aluminum rich and aluminum poor regions
might increase the coupling coefficient. Unfortunately, no values for the alu-
minum content x in the AlxGa1−xAs of the aluminum rich and aluminum poor
regions which also occur in iteration II, visible in the STEM micrographs in
Fig. 4.6, were available. Because of the lower corrugation of the DFB grating
and the lower thickness of the region with an inhomogeneous aluminum dis-
tribution (∼ 30 nm instead of ∼ 50 nm in iteration I), the effect is presumed
to be less important than in iteration I. Thus, the corresponding increase of
|κ| is expected to be significantly lower than +1 cm−1. Secondly, the devi-
ation of the real grating shape, which is more trapezoidal shaped, from the
rectangular model used in the simulation will lead to a slightly lower coupling
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coefficient. Thirdly, deviations from the optimal duty cycle can also decrease
the coupling coefficient. Nevertheless, the adjustment of the duty cycle can
be done precisely based on experiences with the required duty cycles of the
photoresist line pattern and GaAs cap stripes before in-situ etching. Because
of the sinusoidal characteristics as a function of the duty cycle, the coupling
coefficient is not very sensitive to changes in the duty cycle of 0.1 around the
optimal value cd = 0.25 (|κ(cd = 0.25 ± 0.10)| > 0.81|κ(cd = 0.25)|) as can
be estimated from Fig. 1.14.

Finally, the coupling coefficients of the fundamental and higher-order
waveguide modes were calculated with QIP (15 nm GaAs cap) and the cor-
responding threshold currents were calculated as explained in section 3.4.9.
The resulting threshold currents are depicted in Fig. 4.9 (b) and compared
to the threshold currents of the DFB-BA lasers from iteration I and the
reference FP-BA lasers. The parameters which have been used for the calcu-
lation are summarized in table 4.1, ins the same way as this has been already
done for the values for the DFB-BA lasers and reference FP-BA lasers from
iteration I, given in table 3.12.

Table 4.1: Parameters, used for the calculation of the threshold current for the
vertical waveguide modes in DFB-BA lasers.

mode Rf κ Γ αi αDFB Ith

[%] [cm−1] [%] [cm−1] [cm−1] [A]

0 0.09 0.5 1.40 0.80 9.60 0.58
1 0.09 1.5 0.25 1.30 6.32 3.47
2 0.09 3.8 0.58 2.46 3.16 0.99
3 0.09 3.0 8 · 10−5 587 3.91 –

While the fundamental mode an the second higher-order mode of the
DFB-BA lasers from iteration I and II have approximately comparable thresh-
old currents, the threshold current of the first higher-order mode of the
DFB-BA lasers from iteration II is increased nearly to the value for the
reference devices. Therefore, the second higher-order mode is expected to
exceed threshold (if the gain peak wavelength is close to its Bragg wave-
length) in addition to the fundamental mode but the first higher-order mode
is presumably sufficiently suppressed.
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The high threshold current of I = 3.47 A for the first higher-order mode
can be explained with their low coupling coefficient κ = 1.5cm−1 and con-
finement factor Γ = 0.25 %. In contrast, the threshold current of the first
higher-order mode is only I = 0.99 A because of the higher κ = 3.8cm−1

and confinement factor Γ = 0.58 % in combination with moderate internal
optical loss αi = 2.46 cm−1. Because of the extremely low confinement factor
and very high internal optical loss, no threshold current was calculated for
the simulated third higher-order mode which couples to the substrate as can
be seen in Fig. 4.8 (c).

4.3 Characterization of DFB-BA lasers

4.3.1 Overview of DFB wafers

For the second iteration, four wafers have been fabricated with small changes
in the Bragg wavelength λtar

DFB of the DFB grating and different types of
photoresist were used for the lithographic structuring of the DFB grating.
The epitaxy design, gain peak wavelength at threshold λtar

gain, in-situ etching
time tis and processing are identical for all these wafers.

As already done in iteration I, two different values for λtar
DFB were cho-

sen to find an ideal option for the DFB wavelength λDFB(I) and gain peak
wavelength λgain(I) to coincide at a current I, that corresponds to an optical
output power of ≈ 10 W. For the specification of the suitable Bragg wave-
lengths λtar

DFB, it has been assumed that the power-voltage-current charac-
teristics of the further optimized DFB-BA lasers will be improved compared
to the power-voltage-current characteristics of DFB-BA lasers from iteration
I and may therefore be comparable with the characteristics from reference
FP-BA laser from wafer D1423-1. Typical power-voltage-current character-
istics for a FP-BA reference device from wafer D1423-1 were used for the
estimation of optimal λtar

DFB and are depicted in Fig. 4.10 (a).
Based on a thermal resistance of Rth = 4 K W−1, the heat from dissipated

power Pd = U(I)·I−Popt, shown in Fig. 4.10 (a) and temperature coefficients
of dλgain/dT = 0.34 nm K−1 and dλDFB/dT = 0.077 nm K−1, the temperature
shift of the gain peak and Bragg wavelengths was calculated. With λtar

gain =
968 nm (at I ≈ 0 A), target wavelength for the Bragg wavelength of the
DFB grating (also at I ≈ 0 A) of λtar1

DFB = 971.74 nm and λtar2
DFB = 973.55 nm

were defined. This is shown in Fig. 4.10 (b). Note that λtar2
DFB was chosen

for the Bragg wavelength of the DFB grating and the gain peak wavelength
to coincide at I ≈ 10.6 A, Popt ≈ 10 W, while λtar1

DFB is more conservative –
suitable for I ≈ 8.4 A and Popt ≈ 8 W. The experimentally realized periods
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Figure 4.10: Power-voltage-current characteristics and calculated wavelengths
of the gain peak an Bragg wavelength of the DFB grating. (a) Typical power-
voltage-current characteristics of a FP-BA reference lasers from wafer D1423-1
and calculated dissipated power (heat). (b) Calculated wavelengths of the gain
peak with λtar

gain = 968 nm and Bragg wavelengths of the DFB grating with λtar1
DFB =

971.7 nm / λtar2
DFB = 973.6 nm.

of the DFB gratings are Λtar1 = 283.389 nm and Λtar2 = 283.917 nm.
To achieve a minimal oxygen content in the overgrown grating region

[Sch12], the in-situ etching time tis was set to 150 s. This enables etching
completely through the In0.49Ga0.51P layer between the grating ridges. Thus,
when starting the second epitaxy, Al0.15Ga0.85As is grown on Al0.15Ga0.85As
at approximately 75 % of the surface without developing a hetero-interface.
An overview of the different DFB wafers from iteration II is given in Tab. 4.2.

4.3.2 Facet coating for DFB-BA lasers

In iteration II of this work, DFB-BA lasers from completely processed wafers
D1567-1, D1567-3, D1567-4 and D1567-5 were facet passivated, facet coated
and mounted (mounting process described in section A.4).

In addition an identical test wafer D1560-2 (negative photoresist) was
grown earlier and processed with a process layout for narrow stripe DFB-
RW lasers which also contained a small amount of DFB-BA lasers. This
wafer is of particular importance because of two reasons. Firstly, DFB-RW
lasers from this wafer have been used for the experimental determination of
the DFB coupling coefficient, presented in section 4.3.8. Secondly, a DFB-BA
laser from this wafer achieved the highest reported power conversion efficiency
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Table 4.2: Overview of wafers from DFB iteration II.

process wafer λDFB
tar λgain

tar in-situ etching photo resist
[nm] [nm] [s]

test D1560-2 ≈ 970 968.0 150 negative

5213 D1567-1 971.74 968.0 150 positive
D1567-3 973.55 968.0 150 negative
D1567-4 971.74 968.0 150 negative
D1567-5 973.55 968.0 150 positive

and optical output power which has been to date reported for a DFB-BA laser
[Cru11c], [Sch11], [Sch12]. In contrast to the completely processed wafers,
the lasers on the test wafer have a stronger index guiding with ∆neff ≈ 3·10−3

instead of ≈ 1 · 10−3, optimized for DFB-RW lasers. The n-side and p-side
contact metallization is thinner and has no thick galvanically deposited gold
layer. Thus, soldering of lasers from the test wafer will have a lower yield and
the devices are supposed do be more sensitive to strain from the soldering
process. From the test wafer, four DFB-BA lasers with a contact stripe width
of 100µm and a cavity length of 3000µm were mounted on the same type of
heatsinks as the DFB-BA lasers from the completely processed wafers.

A difference between the test wafer and the completely processed wafers
also occurs in the facet coating. Reflectivity spectra of the front and rear
facet are depicted in Fig. 4.11 (a) and (b), respectively. The reflectivity
was measured on GaAs-dummies. Afterwards, the reflectivity on the laser
facet has been calculated with respect to the effective index of the waveguide
mode. The test wafer has a facet coating (5229) which is optimized for a
very low reflectivity of the front facet (Rf = 0.020 % at 976 nm), with a small
penalty in high power reliability expected from the used material system.
In contrast, the facet coating of the completely processed wafers (5315) is
optimized for high power reliability with a small penalty in the front facet
reflectivity (Rf = 0.065 % at 976 nm). Both facet coatings fulfill the targeted
reflectivity Rf < 0.1 % at 976 nm.

From the reflectivity spectra of the front facet coatings, a better sup-
pression of FP-like modes is expected for the lasers from the test wafer.
In contrast to the targeted reflectivity spectra, the front facet reflectivity
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Figure 4.11: Reflectivity spectra of DFB-BA laser facets in iteration II. (a) Anti
reflection coated front facet. (b) High reflection coated rear facet.

increases in the range between 976 and 985 nm, where lasing on FP-like
modes has been observed for lasers from wafer D1366-4 in iteration I of this
work, up to values of Rf = 0.048 % (5229) and Rf = 0.109 % (5315). For
a strong suppression of FP-like modes, reflectivity spectra were preferred,
having their minimum at the targeted DFB wavelength of 976 nm or even at
longer wavelength between 976 and 985 nm instead of ≤ 960 nm as achieved.
For λ ≥ 984 nm, the reflectivity of the front facet for coating 5315 exceeds
the targeted limit of Rf = 0.1 %.

A very high rear facet reflectivity Rr = 98 % was achieved with coating
5315, while the reflectivity for coating 5229 is lower (Rr = 96 % at 976 nm)
because of a lower number of used λ/4 layers.

4.3.3 Material parameters of DFB-BA wafers

In iteration II of this work, parameters such as the internal optical loss αi,
internal quantum efficiency ηi, transparency current density jtr and modal
gain coefficient Γg0 have not been determined again from the cavity length
dependence of the slope efficiency and threshold current using un-coated
lasers with a de-tuned Bragg wavelength as shown in section 3.4.1.

The reduction of the thickness of the In0.49Ga0.51P grating layer from 20
to 10 nm and the shift of the grating position from 230 to 100 nm below the
p-cladding layer is expected to cause no significant changes in the parameters
mentioned above. Shifting the highly doped grating layers (2 · 1018 cm−3) by
130 nm away from the active region (to lower confinement region), etching
through the In0.49Ga0.51P layer (this reduces the fraction of the area which is
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covered with highly doped grating material) and reducing the highly doped
fraction of the p-waveguide (1 · 1018 cm−3) from 230 to 100 nm may result in
a reduction of the internal optical loss.

Simulations with QIP show that the internal optical loss of the funda-
mental waveguide mode reduces from αi = 0.59 cm−1 for the design from
iteration I to αi = 0.44 cm−1 for the design from iteration II. Note that both
values are lower than the experimentally determined αi ≈ 0.85 cm−1 from
iteration I. The obtained difference of ∆αi = −0.15 cm−1 is roughly in the
range of the resolution limit for the experimental determination of αi. Thus,
the internal loss, internal quantum efficiency, transparency current density
and modal gain coefficient are supposed to be approximately the same as in
iteration I, given in section 3.4.1.

4.3.4 Power-voltage-current characteristics of DFB-BA
lasers

In the following section, power-voltage-current characteristics of DFB-BA
lasers from iteration II will be presented and discussed. In contrast to it-
eration I, section 3.4.4, some devices were also measured at 15 ◦C that can
lead to substantial enhancement in the power characteristics above 10 A. A
reduction of the submount temperature was used to achieve an ideal tradeoff
between the gain-peak and Bragg wavelength of the fundamental mode and
the spectral dependence of the front facet reflectivity.

Two different periods of Λtar1 = 283.389 nm and Λtar2 = 283.917 nm
were used for the DFB gratings, as discussed in section 4.3.1. This leads
to different wavelengths of the both types of DFB lasers. For lasers with
Λtar1 = 283.389 nm / Λtar2 = 283.917 nm, an optical output power of 8 W is
estimated to be achieved with wavelengths of 973.2 nm / 975.0 nm and 10 W
at 973.7 nm / 975.6 nm.

In Fig. 4.12, the power-voltage-current characteristics of a sample device
DFB-BA laser D1560-2 040925 (test wafer) at 25 and 15 ◦C heatsink temper-
ature are depicted. The yield of these lasers from soldering on the CuW sub-
mounts was low because of the missing thick gold plating. These devices have
a broader contact stripe width of 100µm, compared to DFB-BA lasers from
the completely processed wafers (90µm). As a result of the larger pumped
area, the current density at a certain injection current is slightly lower and
the series resistance is slightly reduced as well. The threshold current and
slope efficiency have been determined from a linear fit of the power-current
characteristics to 2 A above threshold, identical to section 3.4.4.

The characteristics have been measured at 15 ◦C additionally to 25 ◦C
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because of the smaller spectral detuning between the gain peak wavelength
and the Bragg wavelength of the DFB grating (see table 4.2). The smaller
spectral detuning (∼ 2 nm) has been chosen to make DFB-RW lasers from
this wafer suitable to measure sub-threshold ASE spectra of the stopband for
the experimental determination of the coupling coefficient. Nevertheless, by
reducing the heatsink temperature from 25 ◦C to 15 ◦C, the spectral detuning
can be increased to ∼ 4.6 nm, making the DFB-BA lasers even more suitable
to operate in the 10 W-range.

0 5 1 0 1 5
0 . 0

0 . 5

1 . 0

1 . 5

2 . 0

��	
���������	
��	�
��	�

vo
lta

ge
 [V

]

�����������

 
�

���

0

5

1 0

1 5

po
we

r [W
]

0 . 0

0 . 2

0 . 4

0 . 6

0 . 8

1 . 0

po
we

r c
on

ve
rsi

on
 ef

fici
en

cy

Figure 4.12: Power-voltage-current characteristics of laser 040925 from test wafer
D1560-2 at 25 and 15 ◦C, process 5149, tis = 150 s.

The laser has a threshold current of 765 mA at 25 ◦C and 724 mA at 15 ◦C,
respectively. The slope efficiency is 1.073 WA−1 at 25 ◦C and 1.066 WA−1 at
15 ◦C. Thus, the slope efficiency is considerably enhanced, compared to DFB-
BA lasers from iteration I, as can be extracted from table 3.7. The slight
reduction of the slope efficiency at 15 ◦C in the region 2 A above threshold can
be presumably explained with onset of lasing on a higher-order waveguide
mode as will be seen later in section 4.3.6. A slope efficiency above 1.05 WA−1

is typical for efficient high power FP-BA laser but this was the first time to
achieve this with a DFB-BA laser of the > 10 W-class. The highest published
slope efficiencies are (in chronologically order) 0.9 W A−1 for 100µm stripe
1000µm long 975 nm DFB-BA lasers [Kan06], ≈ 1.1 W A−1 for 100µm stripe
2000µm long 808 nm DFB-BA lasers [He09] and 1.0 W A−1 for 90µm stripe
3000µm long 976 nm DFB-BA lasers [Sch10a].

Compared to the power-voltage-current characteristics of the DFB-BA
lasers from iteration I (Fig. 3.26), the voltage characteristic is improved,
due to a successful reduction in series resistance. Such a reduction has been
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targeted with the floating grating design which is used for the DFB-BA lasers
in iteration II as discussed above. This is an important achievement and the
results will be discussed in section 4.3.5 in more detail. There it is also shown,
that the reduction in series resistance is not only a consequence of the larger
pumped area (100 instead of 90µm).

A record high power conversion efficiency is achieved because of signif-
icant improvement in slope efficiency and series resistance. A peak power
conversion efficiency of 0.633 (0.622) is achieved at 15 ◦C (25 ◦C). The power
conversion efficiency drops to 0.627 (0.612) at 7 W, 0.592 (0.576) at 10 W
and 0.552 (0.531) at 12 W for 15 ◦C (25 ◦C), respectively. This means, that
for the first time, a DFB laser achieves a power conversion efficiency above
60 %. In detail, the power conversion efficiency is ≥ 60 % between 2.99 and
9.50 W (3.15 and 8.32 W) for 15 ◦C (25 ◦C), respectively. Combined with a
good spectral stabilization (see section 4.3.6), such DFB-BA devices would
be advantageous for various possible applications. In table 4.3, the results
for the threshold current, slope efficiency and power conversion efficiency are
denoted.

After the initial design test, the fabrication of DFB-BA lasers has been
repeated as volume manufacture. Figure 4.13 shows the 25 ◦C power-voltage-
current characteristics of DFB-BA lasers from completely processed wafers
D1567-1, D1567-3, D1567-4 and D1567-5. These devices have the standard
stripe width of 90µm as for example needed to couple to 100µm-core optical
fibers.

The results for the threshold current, slope efficiency and power conver-
sion efficiency of these lasers are given in table 4.3. Overall, an improvement
of the electro-optical properties of the 90µm stripe, 3000µm long DFB-BA
lasers is observed in comparison with the DFB-BA lasers from iteration I
(Fig. 3.26). The diode voltage is reduced due to a decreased series resis-
tance. An elimination of any excess series resistance of DFB-BA lasers, in
comparison to FP-BA reference lasers, was a major target in iteration II.
Details of the voltage characteristics are discussed later in section 4.3.5. The
second major target of was to increase the slope efficiency of DFB-BA lasers,
compared to the results from iteration I. It has been predicted, that the
slope efficiency can be increased by use of a lower coupling coefficient. The
results for the slope efficiency, noted in table 4.3 show, that this target is also
achieved. The average slope efficiency at 25 ◦C is 1.02 W A−1.
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Figure 4.13: Power-voltage-current characteristics of lasers from four different
wafers in iteration II at 25 ◦C, process 5213, tis = 150 s. The characteristics of
lasers from a specific wafer are differentiated by different colored lines. (a) Wafer
D1567-1. (b) Wafer D1567-3. (c) Wafer D1567-4. (d) Wafer D1567-5.

4.3.5 Comparison of the power-voltage-current charac-
teristics with FP-BA reference lasers and DFB-
BA lasers from iteration I

In this section, power-voltage-current characteristics of DFB-BA lasers are
compared to characteristics of FP-BA reference lasers and DFB-BA lasers
from iteration I, in order to clarify the remaining differences after the op-
timizations in iteration II. FP-BA lasers from iteration I are also adequate
reference devices for DFB-BA lasers from iteration II because the epitaxy
design has been unchanged besides the position and design of the thin DFB
grating. The first part of the section concerns the comparison of the power-
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Table 4.3: Overview of the threshold gain, slope efficiency and power conversion
efficiency from DFB lasers from DFB iteration II.

wafer laser Ith S2 A ηmax
PCE η7 W

PCE η10 W
PCE η12 W

PCE

[mA] [WA−1]

D1560-2 040925 765 1.073 0.622 0.612 0.576 0.531
(15 ◦C) 724 1.066 0.633 0.627 0.592 0.552

D1567-1 040517 756 1.038 0.600 0.591 0.546
040518 736 1.023 0.597 0.586 0.535
040519 759 1.044 0.608 0.601 0.562

D1567-3 020317 936 1.009 0.562 0.552 0.500
020318 976 0.986 0.554 0.545 0.496
020319 960 0.996 0.559 0.552 0.492

D1567-4 020101 896 1.030 0.586 0.581 0.549
020102 865 1.040 0.591 0.589 0.549
020103 843 1.029 0.599 0.595 0.562

D1567-5 020118 902 1.032 0.587 0.584 0.538
020119 890 0.982 0.567 0.565 0.531

voltage-current characteristics of DFB-BA lasers from iteration II to FP-BA
reference lasers. In the second part of the section, power-voltage-current
characteristics of DFB-BA lasers from iteration II are compared to DFB-BA
lasers from iteration I.

Firstly, the power-voltage-current characteristics of the 100µm stripe
DFB-BA laser D1560-2 040925 from the test wafer are compared to FP-
BA reference lasers (90µm contact stripe width). Of course, this is not a
comparison between devices with identical contact stripe width. Thus, the
larger electrically pumped area will for example lead to a reduction of the
series resistance and an increase of the threshold current. Nevertheless, the
electro-optical properties of this laser are compared to the FP-BA reference
devices because it is the most powerful and efficient DFB-BA lasers which
has been realized during iteration II of this work. Note that the width of the
optical near field of nominal 90µm stripe DFB-BA (FP-BA) lasers has been
measured to be as broad as 98µm (102µm) for some devices as can be seen
from tables 3.10, 3.11 and 3.3, respectively.
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In Fig. 4.14 (a), the power-voltage-current characteristics of the DFB-BA
laser, mentioned above, are compared to characteristics of 90µm stripe FP-
BA reference lasers F1850-4 071006 and D1423-1 040203 at 25 ◦C heatsink
temperature. By comparing the power-voltage-current characteristics, the
differences in the overall pumped area must be considered. The threshold
current of the DFB-BA laser is 150 mA (141 mA) higher, compared to F1850-
4 071006 (D1423-1 040203). The threshold current densities of lasers F1850-4
071006, D1423-1 040203 and D1560-2 040925 are 222 A cm−2, 243 A cm−2 and
255 A cm−2, respectively. The slope efficiency is reduced by only 0.017 W A−1

(0.019 W A−1).
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Figure 4.14: Comparison of the 25 ◦C power-voltage-current characteristics of
DFB-BA D1560-2 040925 with sample characteristics of FP-BA reference lasers
F1850-4 071006 and D1423-1 051303.

Scaling the voltage as a function of the current density allows to compare
the voltage characteristics of the lasers with different stripe width. This is
shown in Fig. 4.14 (b). Nearly identical voltage as a function of the current
density with the FP-BA reference devices is observed for the DFB-BA laser
for the first time. Thus, the additional series resistance lasers which has
been found for DFB-BA lasers in iteration I of this work has been success-
fully eliminated with the floating grating design as targeted, which is a very
important result. This was the first published buried overgrown DFB-BA
laser with a voltage characteristic, identical to a BA laser without the grat-
ing layer, grown in a single epitaxy [Cru11b], [Sch11], [Cru11c], [Sch12]. The
resulting reductions in power conversion efficiency for the DFB-BA laser are
0.047 (0.028) at the peak and 0.059 (0.033) at at 10 W.

Secondly, the voltage-current characteristics from the DFB-BA with 90µm
contact stripe width are compared to the sample voltage-current character-
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istics from FP-BA reference lasers F1850-4 071006 and D1423-1 040203 at
25 ◦C heatsink temperature. The 14 different DFB-BA devices which have
been used are specified in table 4.3. This comparison is shown in Fig. 4.15
(a) and (b). Even though small wafer-specific differences can be observed
between the voltage-current characteristics of DFB-BA lasers from the four
different wafers, the deviations are within the deviations between the voltage-
current characteristics of the two reference FP-BA lasers. The small differ-
ences in the voltage-current characteristics mainly arise from different thresh-
old currents as can be seen from Fig. 4.15 (b) and with the help of table 4.3.
Thus, the observation of quasi identical voltage drop for the DFB-BA lasers
and reference FP-BA lasers which was firstly observed for the laser from the
test wafer (D1560-2 040925, shown in Fig. 4.14 (b)) is true for all DFB-BA
lasers in the second iteration.
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Figure 4.15: Comparison of the 25 ◦C voltage-current characteristics of DFB-
BA lasers from iteration II with sample characteristics of FP-BA reference lasers
F1850-4 071006 and D1423-1 051303 (all devices have 90µm contact stripe width).

Figure 4.16 shows the power-voltage-current characteristics of standard
90µm stripe DFB-BA laser from Fig. 4.13, also compared to sample charac-
teristics of FP-BA reference lasers F1850-4 071006 and D1423-1 040203 from
Fig. 3.5. In Fig. 4.16 (a), the characteristics of DFB-BA lasers from wafer
D1567-1 are compared to reference FP-BA lasers. In average, the threshold
current of the DFB-BA lasers is about 125 mA higher for the DFB-BA lasers.
The slope efficiency is reduced by ≈ 0.06 W A−1. An average reduction be-
tween 0.06 (at the peak) and 0.07 (at 10 W) is found for the power conversion
efficiency. The roll-over of the power characteristics is higher for the DFB-
BA lasers than for the FP-BA lasers, as already discussed in section 3.4.5.
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This fact can be attributed to a strong decrease of the available gain at the
Bragg wavelength, when the gain peak is shifted onto the long-wavelength
side of the Bragg wavelength of the DFB grating. The stronger roll-over
can be presumably compensated (at least in part) by using an even stronger
spectral detuning which is optimized for a coincidence of the gain peak and
Bragg wavelength at > 12 A.
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Figure 4.16: Comparison of the 25 ◦C power-voltage-current characteristics of
DFB-BA lasers from Fig. 4.13 with sample characteristics of FP-BA reference lasers
F1850-4 071006 and D1423-1 051303. (a) DFB-BA lasers from wafer D1567-1. (b)
DFB-BA lasers from wafer D1567-3. (c) DFB-BA lasers from wafer D1567-4. (d)
DFB-BA lasers from wafer D1567-5.

Fig. 4.16 (b) compares the power-voltage-current characteristics of DFB-
BA lasers from wafer D1567-3 to the reference FP-BA lasers. In contrast
to DFB-BA lasers from wafer D1567-1, the differences in threshold current,
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slope efficiency and power conversion efficiency between the DFB-BA and
FP-BA reference lasers are higher. The average threshold current is about
350 mA higher for the DFB-BA lasers. The slope efficiency is reduced by ≈
0.09 WA−1. The simultaneous increase of the threshold current and decrease
of the slope efficiency compared to lasers from wafer D1567-1 cannot be
explained with changes in the coupling coefficient but may be caused by a
higher internal optical loss. An average reduction between 0.10 (at the peak)
and 0.13 (at 10 W) is found for the power conversion efficiency. Compared
to the lasers from wafer D1567-1, no changes in the power-voltage-current
characteristics are observed which can be clearly explained with the larger
spectral detuning (5.6 nm instead of 3.7 nm, see table 4.3). In iteration I
of this work, an increase of the slope efficiency and threshold current, as
well as a reduction of the roll-over was observed for DFB-BA lasers with
larger spectral detuning as can be seen from Fig. 3.26 and table 3.7, mostly
resulting in a higher power conversion efficiency.

A comparsion between the power-voltage-current characteristics charac-
teristics of DFB-BA lasers from wafer D1567-4 to the reference FP-BA lasers,
is presented in Fig. 4.16 (c). The average threshold current of the DFB-BA
lasers is about 240 mA higher. A reduction in slope efficiency of≈ 0.06 W A−1

is found. The average power conversion efficiency is reduced by 0.08 (at peak)
and 0.07 (at 10 W). Again, the roll-over of the DFB-BA lasers above 10 A is
more distinct, but differs between the individual devices.

Finally, the power-voltage-current characteristics of DFB-BA lasers from
wafer D1567-5 are compared to the reference FP-BA lasers in Fig. 4.16
(d). The DFB-BA lasers have an average excess threshold current of about
270 mA. The average slope efficiency is reduced by ≈ 0.08 W A−1 and a re-
duction of the average power conversion efficiency of 0.08 (at peak) and 0.09
(at 10 W) is observed.

To summarize, degradations in the electro-optical properties of the DFB-
BA lasers relative to the FP-BA refernce devices were reduced from iteration
I to iteration II for the 90µm stripe devices. The slope efficiency (linear range
2 A above threshold) is now reduced by 0.06− 0.09 W A−1 instead of 0.11−
0.14 W A−1 in iteration I. Unfortunately, the slope efficiency (1.02 W A−1 in
average at 25 ◦C heatsink temperature) is still lower than expected from the
numerical calculations, shown in Fig. 3.58 together with measurement results
which indicates that the slope efficiency might increase from ≈ 0.96 (iteration
I) to ≈ 1.05 W A−1 because of the targeted reduction of the DFB coupling
coefficient.

The elimination of any excess series resistance compared to reference FP-
BA devices which do not contain the grating layers and were grown in a
single stage epitaxy is a break through in the field of buried overgrown DFB
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gratings. Overall, DFB-BA lasers from iteration II show the smallest re-
ported differences in power conversion efficiency (typically < 10 %) between
DFB-BA and reference FP-BA lasers. No significant impact of the spectral
detuning onto the threshold current, slope efficiency and roll-over is observed
like in section 3.4.4.

The second part of the section concerns the comparison of the power-
voltage-current characteristics of DFB-BA lasers from iteration II to sample
characteristics of especially efficient DFB-BA lasers (90µm stripe) D1425-2
040102 and D1425-5 020104 from iteration I. These two DFB-BA lasers have
been chosen as sample devices for the comparison, representing the two most
powerful and efficient DFB-BA lasers from iteration I.

In Fig. 4.17, the 25 ◦C power-voltage-current characteristics of DFB-BA
laser D1560-2 040925 (100µm stripe, from test wafer) are compared to sam-
ple characteristics of especially efficient DFB-BA lasers (90µm stripe) from
iteration I as mentioned above. The characteristics of DFB-BA laser D1560-2
040925 are considerably improved due to an increased slope efficiency and a
reduction in series resistance. Compared to laser D1425-2 040102 (D1425-5
020104), the threshold current is about 6 (84 mA) higher. The slope effi-
ciency is enhanced by 0.08 (0.13 W A−1). The power conversion efficiency
increases by 0.03 (0.05) (at peak) and 0.05 (0.08) (at 10 W). The rollover
of the optical power above 10 A is considerably reduced for D1560-2 040925,
which is in part, attributed to the larger pumped area.
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Figure 4.17: Comparison of the 25 ◦C P-U-I characteristics of DFB-BA laser
D1560-2 040925 with sample P-U-I characteristics of DFB-BA lasers D1425-2
040102 and D1425-5 020104 from iteration I.

Figure. 4.18 shows the 25 ◦C power-voltage-current characteristics of DFB-
BA lasers from Fig. 4.13, compared to sample characteristics of DFB-BA
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lasers D1425-2 040102 and D1425-5 020104 from iteration I (90µm stripe
each). In a general overview one finds, that the power-voltage-current char-
acteristics are improved for the further optimized DFB-BA lasers from iter-
ation II, in terms of the optical output power, voltage and power conversion
efficiency. Only DFB-BA lasers from wafer D1567-3 show characteristics,
which have only a lower voltage in comparison to DFB-BA lasers D1425-
2 040102 and D1425-5 020104 from iteration I. Note that the two DFB-BA
lasers, chosen for this comparison, are the most efficient and powerful devices
from iteration I.
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Figure 4.18: Comparison of the 25 ◦C power-voltage-current characteristics of
DFB-BA lasers from Fig. 4.13 with sample characteristics of DFB-BA lasers D1425-
2 040102 and D1425-5 020104 from iteration I.

In detail, the threshold current of the DFB-BA lasers from iteration II
is enhanced by only ≈ 30 mA for wafer D1567-1 and remarkable ≈ 255 mA
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for wafer D1567-3. The slope efficiency is increased by 0.04− 0.07 W A−1 for
most DFB-BA lasers from iteration II besides lasers from wafer D1567-3. All
DFB-BA lasers from iteration II have in common that the voltage is increased
due to a reduction in series resistance by ≈ 5mΩ compared to the DFB-BA
lasers from iteration I and therefore the voltage characteristics coincide with
the voltage from the FP-BA reference devices. The differences in the voltage
between different wafers from iteration II is small and approximately in the
same range as the voltage reproducibility for FP-BA lasers grown in a single
stage epitaxy. As result of this improvements, the power conversion efficiency
(besides wafer D1567-3) is increased by 2− 4 %.

4.3.6 Spectral properties of DFB-BA lasers

The following section concerns the spectral properties of DFB-BA lasers from
iteration II. Spectral maps are presented for representative lasers from each
of the five wafers. Afterwards, the spectral width is analyzed.

In Fig. 4.19 and 4.20, spectral maps over a wide spectral range from
950 − 1000 nm are depicted to give an overview of the spectral properties.
The spectra were measured with a low resolution spectrometer with a wide
spectral inspection range as described in chapter B.1.2, in order to capture
the whole spectrum which may contain optical side modes at shorter or longer
wavelength than the targeted DFB Bragg wavelength, in one measurement.
An analysis of high resolution spectra will be presented subsequently. The
spectral density is logarithmic scaled as illustrated in the intensity scale. In
this scale, 100 % corresponds to the highest peak in each individual spectral
map.

Figure 4.19 shows logarithmic scaled spectral maps of the DFB-BA laser
D1560-2 040925 (from the test wafer) at 25 ◦C (a) and 15 ◦C (b). The spec-
tral map measured at 15 ◦C is shown additionally because this laser has a
lower spectral detuning between the gain peak wavelength and the Bragg
wavelength of the DFB grating of only ≈ 2 nm. Using a lower tempera-
ture than the targeted operating temperature of 25 ◦C allows to enlarge the
spectral detuning (≈ 4.6 nm at 15 ◦C). At 25 ◦C, the optical power is emit-
ted only in the sharp DFB spectrum of the fundamental vertical waveguide
mode. At threshold, the DFB wavelength is 969.6 nm and shifts to 972.7 nm
at 15 A. Higher-order vertical waveguide modes at lower wavelengths and
FP-like modes at longer wavelengths do not occur. In contrast to the spec-
trum at 25 ◦C, one higher-order vertical waveguide mode is observed in the
spectral map at 15 ◦C at 962.3 nm but with low power content (∼ 10 % for
I ≤ 5.5 A, ∼ 5 % for 5.5 A < I ≤ 7.5 A). The DFB wavelength of the funda-
mental mode shifts from 968.8 nm at threshold to 972.4 nm at 15 A. Again,
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no FP-like modes can be found on the long wavelength side of the optical
spectrum.

Figure 4.19: Logarithmic scaled spectral map over a wide spectral range for laser
040925 from test wafer D1560-2 (λtar

DFB = 970 nm): (a) At 25 ◦C. (b) At 15 ◦C.

The absence of FP-like modes at the long wavelength side of the DFB
Bragg wavelength is a consequence of the low reflectivity front facet coating
5229, shown in Fig. 4.11 (a). For a high power DFB laser it would be preferred
that the reflectivity drops down to even lower values on both, the short and
long wavelength side of the Bragg wavelength on the fundamental waveguide
mode. This would help to suppress FP-like modes on the long wavelength
side of the Bragg wavelength at high powers, but also increase the threshold
current for higher-order vertical waveguide modes at the short wavelength
side. Unfortunately, the currently achievable reflectivity spectra for reliable
facet coatings typically have one distinct local minimum that can either be
positioned directly at the Bragg wavelength of the fundamental mode or
optionally on the short or long wavelength side.

In practice, the spectral position of the local reflectivity minimum of such
facet coatings cannot be designed with a precision better than ≈ ±10 nm. In
the case of facet coating 5229, the local minimum of the front facet reflectivity
is located at 960 nm. In principle, locating the local minimum of the front
facet reflectivity between 975 and 980 nm would be the best design to suppress
FP-like modes in laser D1560-2 040925 because FP-like modes tend to onset
at roughly +5 nm on the long wavelength side of the Bragg wavelength, as can
be determined from measurement results obtained in iteration I, presented
in Fig. 3.30 (a) and (d). Nevertheless, the front facet reflectivity of D1560-
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2 040925 is low enough to avoid lasing on FP-like modes. This allows to
determine that Rf = 0.048% (measured at 985 nm) is an acceptable front
facet reflectivity in the spectral region, ≈ 5 nm above the Bragg wavelength
(≈ 973 nm) at I = 15 A.

Fig. 4.19 also shows, that the reduction in spectral distance between the
Bragg wavelength and the gain peak wavelength at threshold (2.0 nm for
D1560-2, see table 4.2), compared to iteration I (5.7− 6.6 nm, see table 3.6),
leads to a sufficient suppression of higher-order vertical waveguide modes at
25 ◦C. At 15 ◦C, were the spectral distance is increased to approximately
4.6 nm, the suppression of higher-order waveguide modes is slightly too low
as visible in Fig. 4.19 (b). For DFB-BA lasers in iteration I with a higher
coupling coefficient κ ≈ 3 cm−1 it was shown, that a spectral detuning of
5.7 nm enables sufficient suppression of higher-order waveguide modes (in
three of four cases: Fig. 3.30 (c), Fig. 3.31 (a), Fig. 3.31 (c) / Fig. 3.30 (c)),
while 6.6 nm is too much (in three of four cases: Fig. 3.30 (d), Fig. 3.31
(b), Fig. 3.31 (d) / Fig. 3.30 (b)). Thus, for κ ≈ 0.5 cm−1, a spectral de-
tuning between the Bragg wavelength and the gain peak below threshold of
2.0 nm enables suppression of higher-order waveguide modes, while 4.6 nm
is slightly too much. For κ ≈ 3 cm−1, 5.7 nm enables suppression of higher-
order waveguide modes, but 6.6 nm is too much. Differences occur not only
because of the dependence on the coupling coefficient of the fundamental
mode, but also because the threshold current (internal optical, confinement
factor, coupling coefficient) of higher-order waveguide modes changes from
iteration I to iteration II. Nevertheless, the calculated threshold currents for
the second higher-order vertical waveguide modes are approximately compa-
rable in iteration I and iteration II as can bee seen from tables 3.4.9 and 4.1
and Fig. 4.9 (b).

Spectral maps at 25 ◦C of representative DFB-BA lasers from completely
processed wafers D1567-1, D1567-3, D1567-4 and D1567-5 are depicted in
Fig. 4.20. In contrast to DFB-BA laser D1560-2 040925 whose spectral prop-
erties were presented in Fig. 4.19, these lasers have another facet coating,
5315 (see Fig. 4.11). The most important difference between the facet coat-
ings 5315 and 5229 is, that the front facet reflectivity of 5315 is higher, namely
0.065 % at 976 nm for 5315 compared to 0.008 % at 970 nm for 5229. The
differences in the rear facet reflectivity (5315: 98.4 % at 976 nm, 5229: 95.8 %
at 970 nm) play a minor role for the spectral and power characteristics.

Figure 4.20 (a) shows the logarithmic scaled spectral map of DFB-BA
laser D1567-1 040519. The spectrum is dominated by the sharp DFB spec-
trum of the fundamental vertical waveguide mode. Lasing on higher-order
vertical waveguide modes is suppressed. Unfortunately, lasing on FP-like
modes is observed above 11.1 A in the wavelength range between 980.2 and
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Figure 4.20: Logarithmic scaled spectral maps over a wide spectral range for
the following lasers: (a) D1567-1 040519 (λDFB

tar = 971.74 nm), (b) D1567-3 020317
(λDFB

tar = 974.55 nm), (c) D1567-4 020103 (λDFB
tar = 971.74 nm), (d) D1567-5 020118

(λDFB
tar = 974.55 nm).

990.4 nm, where the intensity at the fundamental DFB wavelength decreases
simultaneously. The DFB wavelength shifts from 972.6 nm at threshold to
975.6 nm at 15 A. The fact, that FP-like modes have a lasing threshold at
11.1 A, can be attributed to the increased front facet reflectivity (compared
to laser D1560-2 040925) as well as to the decreased coupling coefficient of
the fundamental mode, compared to DFB-BA lasers from iteration I.

Note that for DFB-Lasers from iteration I with facet coating 5128 (see
Fig. 3.25 (a)), lasing on FP-like modes is suppressed (see Fig. 3.31 (a)) but for
comparable facet coating 5315 in iteration II (see Fig. 4.11 (a)) FP-like modes
can exceed threshold (see Fig. 4.20). In Detail, the front facet reflectivity of
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coating 5128 (iteration I) at 980 nm is Rf = 0.065 % and the reflectivity of
coating 5315 (iteration II) at 980 nm is Rf = 0.083 %. Simultaneously, the
coupling coefficients of the fundamental mode is reduced from κ ≈ 3 cm−1

in iteration I to κ ≈ 0.5 cm−1 in iteration II. Both, the decreased coupling
coefficient and the slightly increased front facet reflectivity seems to reduce
the FP mode suppression and this effect is not compensated by the small
reduction of the spectra detuning (targeted values are 5.7−6.6 nm in iteration
I and 3.7− 5.6 nm in iteration II).

In Fig. 4.20 (b), the spectral map of DFB-BA laser D1567-3 020317 is
depicted. Again, the spectrum is dominated by the sharp DFB spectrum of
the fundamental vertical waveguide mode. Lasing on FP-like modes starts
already above ≈ 9.0 A and occurs in the wavelength range between 977.5 and
989.9 nm. Additionally, also very weak intensity of one higher-order vertical
waveguide mode is observed at 967.1 nm between 7.0 and 7.7 A. The spectral
distance between the fundamental DFB mode and the higher-order vertical
waveguide DFB mode is ≈ 6.5 nm. At threshold, the fundamental DFB
wavelength is 972.6 nm and shifts to 975.6 nm at 14.0 A, were lasing at the
fundamental DFB wavelength vanishes for the benefit of lasing on FP-like
modes at longer wavelengths, close to the wavelength were the gain peak is
expected.

Figure 4.20 (c) shows the spectral map of DFB-BA laser D1567-4 020303.
The spectrum consists of the fundamental vertical waveguide DFB mode, one
comparatively strong higher-order vertical waveguide DFB mode at shorter
wavelengths and FP-like modes at longer wavelengths and high currents.
The fundamental DFB wavelength shifts from 974.3 nm at 2.1 A to 977.6 nm
at 15 A. At the overall lasing threshold of 843 mA, only the higher-order
DFB mode is involved with a center wavelength of 967.7 nm. The higher-
order DFB mode vanishes at 10.4 A with a wavelength of 969.3 nm. The
spectral distance between the fundamental DFB mode and the higher-order
vertical waveguide DFB mode is ≈ 6.4 − 6.6 nm. Additional lasing on FP-
like modes occurs above 12.1 A in the wavelength range between ≈ 978.9
and 986.5 nm, where the intensity at the fundamental DFB wavelength de-
creases rapidly. Shifting the target wavelength of the fundamental DFB mode
from λDFB

tar = 971.74 nm (wafers D1567-1 and D1567-3) to λDFB
tar = 974.55 nm

(wafers D1567-4 and D1567-5) has considerably reduced the suppression of
the higher-order vertical waveguide DFB mode.

Finally, in Fig. 4.20 (d), the spectral map of DFB-BA laser D1567-5
020118 is depicted. The spectrum consists of the fundamental and one
higher-order vertical waveguide DFB mode at shorter wavelengths, but in
contrast to D1567-4 020103, no FP-like modes at longer wavelengths have
been measured. The fundamental DFB wavelength starts lasing at 974.1 nm
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at 1.2 A and shifts to 977.2 nm at 15 A. At threshold (902 mA), the higher-
order DFB mode has a center wavelength of 967.7 nm. The higher-order DFB
mode vanishes at 11.0 A with a wavelength of 969.4 nm and recurs around
12.7 A over ≈ 0.3 A. A spectral distance of ≈ 6.2− 6.5 nm between the fun-
damental DFB mode and the higher-order vertical waveguide DFB mode is
observed. The relatively high intensity in the higher-order vertical waveguide
DFB mode is typical for a target wavelength of the fundamental DFB mode
of λDFB

tar = 973.55 nm and has been also observed for the lasers from wafer
D1567-4.

The results for the wavelength of the fundamental and higher-order verti-
cal waveguide DFB mode at its particular threshold λ0

th and λ1
th, the partic-

ular threshold currents itself I0
th and I1

th, the threshold of FP-like modes IFP
th

as well as the spectral distances between the higher-order waveguide mode
and the FP-like modes relative to the fundamental mode ∆λ1−0 and ∆λFP−0

are summarized in table 4.4.

Table 4.4: Overview of spectral properties from DFB BA lasers from iteration II.

laser λ0
th λ1

th I0
th I1

th IFP
th ∆λ1−0 ∆λFP−0

[nm] [nm] [A] [A] [A] [nm] [nm]

D1560-2
040925, 25 ◦C 969.6 −− 0.77 – – –
040925, 15 ◦C 968.8 962.3 0.72 1.2 – 6.5 –

D1567-1
040519, 25 ◦C 972.6 −− 2.1 0.80 12.1 6.5 ≈ 6

D1567-3
020317, 25 ◦C 972.6 967.7 0.94 6.9 8.9 6.5 ≈ 3.5

D1567-4
020103, 25 ◦C 974.3 967.7 2.1 0.84 12.1 6.5 ≈ 2

D1567-5
020118, 25 ◦C 974.1 967.7 1.20 0.90 – 6.2 –

The onset of FP-like modes and higher-order vertical waveguide DFB
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modes limits the technically usable narrow wavelength current range for
which the DFB-BA lasers from iteration II are running on the fundamen-
tal DFB mode. Only DFB-BA laser 040925 from test wafer D1560-2 is an
exception, because of the lower front facet reflectivity and smaller spectral
detuning. Lasing on FP-like modes below 15 A is a consequence of the too
high front facet reflectivity and the low coupling coefficient which is required
for a very high differential quantum efficiency. The onset of higher-order
vertical waveguide DFB modes is attributed to the design of the waveguide
structure and the position of the DFB grating. If one defines a usable narrow
wavelength current range as the range between the threshold current of the
fundamental mode or the current, where the higher-order mode vanishes and
15 A or the current, where FP-like modes start lasing, one obtains values
between 2 and 10 nm for the DFB-BA lasers from iteration II.

The current range in which the spectrum is locked exclusively to the
Bragg wavelength of the fundamental waveguide mode (or at least containing
≥ 95 % of the power content in this mode) is reduced for most of the DFB-
BA lasers in iteration II, compared to iteration I. As mentioned above, this
occurs on the one hand because the slightly higher front facet reflectivity
and lower coupling coefficient decrease the suppression of FP-like modes and
on the other hand, because the higher-order waveguide mode is extended to
higher currents up to 11 A for the lasers with the larger spectral detuning.

Thus, the question arises how the spectral properties of the DFB-BA
lasers can be improved towards a narrow spectral width emission at the
Bragg wavelength of the DFB grating in the fundamental waveguide mode
from threshold to currents of ∼ 15 A which will ensure that optical output
powers of minimum 10 W can be obtained. For this optimization it has to be
considered that the power conversion efficiency of the DFB-BA lasers should
not be reduced.

The measured power-voltage-current characteristics and spectral maps
from DFB-BA laser 040925 from the test wafer D1560-2 indicate how such
spectral improvement can be achieved based on the used epitaxy design with
3 mm long DFDB-BA lasers and a coupling coefficient of κ ≈ 0.5 cm−1.
Firstly, the front facet reflectivity must be reduced to Rf ≤ 0.025 % (coating
5229) in the region ∼ 5 nm above the Bragg wavelength of the DFB grating
in the fundamental waveguide mode for I = 15 A, instead of Rf ≈ 0.1 % as
realized with coating 5315. Secondly, the spectral detuning must be adjusted
to ∼ 2 nm (D1560-2) or ∼ 3.7 nm (D1567-1, D1567-3) and less than 4.6 nm
(D1560-2 at 15 ◦C) instead of up to 5.6 nm as realized for wafers D1567-4
and D1567-5. Nevertheless, both the low reflectivity front facet and the rel-
atively low spectral detuning have disadvantages. The highly AR coating of
the front facet makes the lasers more susceptible for external optical feedback
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which is disadvantageous for applications of mirrors, filters, lenses or optical
fibers in front of the diode lasers. The limitation of the spectral detuning
to values of approximately ≤ 4 nm limits the achievable optical power and
the power conversion efficiency at currents above the coincidence of the gain
peak and Bragg wavelength.

In future work, the development of an improved epitaxy design is pre-
ferred to suppress lasing on higher-order waveguide modes. Therefore, a
waveguide is required which guides only a fundamental mode. Such sin-
gle vertical mode waveguides can be developed using a narrow waveguide
width and a low step in refractive index between the n-waveguide and the
n-cladding layer which suppresses higher-order modes by coupling to highly
doped parts of the n-cladding layer and substrate. Nevertheless, due to the
required thin waveguide, it is critical to achieve a narrow vertical divergence
angle of ≤ 45 ◦ (95 % power content) as targeted in this work.

For optimization work of the spectral properties it is essential that the
targeted Bragg wavelength of the DFB grating (in the fundamental wave-
guide mode) and the gain peak wavelength can be experimentally realized
with an accuracy better than ∼ 1 nm. Furthermore, the evolution of the
wavelength with increasing current must be predictable with appropriate
assumptions for the power-voltage-current characteristics and thermal re-
sistance of the DFB-BA lasers. This has been tested with selected DFB-
BA lasers from iteration II. Therefore, the wavelength of the gain peak and
the Bragg wavelength of the DFB gratin were calculated based on the tar-
geted wavelengths, given in table 4.2. Furthermore, the temperature coef-
ficients of the DFB grating dλDFB/dT ≈ 0.077 nm K−1 and the gain peak
dλgain/dT ≈ 0.34 nm K−1 have been considered. The wavelength was then
calculated from the dissipated power (generated heat) which was obtained
from the power-voltage-current characteristics and from the thermal resis-
tance which has been experimentally determined for each of the devices.
The thermal resistances are 3.87 K W−1 for D1560-2 040925, 4.52 K W−1 for
D1567-1 040519, 4.03 K W−1 for D1567-3 020317, 4.65 K W−1 for D1567-4
020103 and 3.59 K W−1 for D1567-5 020118. In Fig. 4.21, the calculated gain
peak wavelength (red dashed line), the calculated DFB Bragg wavelength
(red solid line) and the logarithmic scaled spectral maps are depicted.

A comparison of the calculated and measured wavelengths shows a good
coincidence for the DFB Bragg wavelength of the fundamental waveguide
mode, better than 1 nm. Furthermore, the evolution of the calculated gain
peak wavelength relative to the DFB fundamental and second higher-order
waveguide mode allow to understand the onset of lasing on the higher-order
mode (if the gain peak is close enough) as well as on FP-like modes (which
occur around the gain peak wavelength). Thus, the experimental realization
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Figure 4.21: Calculated gain peak wavelength (red dashed line), the calculated
DFB Bragg wavelength (red solid line) and logarithmic scaled spectral maps for
selected DFB-BA lasers from iteration II. (a) Laser D1560-2 040925 at 25 ◦C. (b)
Laser D1560-2 040925 at 15 ◦C. (c) Laser D1567-1 040519. (d) Laser D1567-3
020317. (e) Laser D1567-4 020103. (f) Laser D1567-5 020118.
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of the targeted wavelength and their predictability is sufficiently precise to
enable optimizations in the spectral detuning.

After discussion of the spectral properties in terms of suppression of las-
ing on FP-like modes and higher-order waveguide modes, the width of the
optical spectrum when lasing exclusively on the Bragg wavelength of the
DFB grating in the fundamental waveguide mode will be investigated. In
section 3.4.6 it has been shown that the spectra width with 95 % power con-
tent was typically 1 nm in iteration I and thus, broader than the targeted
spectral width of 0.3 nm. On the one hand, reducing κ ·L ≈ 1 in iteration II
to κ · L ≈ 0.2 in iteration II might broaden the spectral width via lasing on
multiple longitudinal modes, caused by longitudinal spectral hole burning.
On the other hand, the increase in power conversion efficiency might reduce
the spectral width because the spectral width was found in section 3.4.6,
Fig. 3.33 (e) and (f) to behave like a universal function of the dissipated
power (generated heat).

In Fig. 4.22, high-resolution (0.15 pm) single spectra at optical output
powers of 2.5, 5, 7 and 10 W are depicted for DFB-BA lasers D1560-2 040925
(a) and D1567-1 040519 (b). For laser D1560-2 040925, no FP-like modes or
higher-order vertical waveguide modes appear at 25 ◦C heatsink temperature
between threshold and 15 A as can be seen from Fig. 4.19 (a), so that the full
lasing spectrum is visible in the shown wavelength range. Even the spectrum
of laser D1567-1040519 is free of lasing on side modes in the optical spectrum
at optical output powers of 2.5, 5 and 7 W but FP-like modes exceed threshold
at I ≈ 11.2 A and cover > 5 % power content while Popt = 10 W is achieved
not until I = 11.7 A (see Fig. 4.20 (a)). Thus, ∼ 5 % of the optical power
is not shown in the Popt = 10 W spectrum in Fig. 4.22 (b) because it is
contained in FP-like modes at ≈ 982 nm. The spectra are characterized by
several sharp spectral lines, indicating, that a number of different modes
are involved. It is assumed that lasing on a large number of different lateral
modes occurs because this is typical for BA lasers and also for DFB-BA lasers
as previously shown in section 3.4.12. As already mentioned, the question, if
the measured sharp spectral lines consist to lateral modes ore even multiple
longitudinal modes cannot be answered from the measured spectra for this
lasers. For both lasers, the spectral width increases with the output power
to ≤ 0.75 nm at 10 W, which is an improvement compared to DFB-BA lasers
from iteration I.

Detailed analysis of the spectral width of the DFB stabilized fundamental
waveguide mode was performed on the basis of measured high resolution
(0.15 pm) spectral maps. Figure 4.23 (a) shows a high resolution spectral
map with linearly scaled spectral density of DFB-BA laser D1560-2 040925
(from test wafer) at 25 ◦C. As shown in Fig. 4.19 (a) over a wide spectral
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Figure 4.22: High-resolution single spectra at 2.5, 5, 7 and 10 W. (a) DFB-BA
laser D1560-2 040925 (from the test wafer) (b) DFB-BA laser D1567-1 040519.

range, laser D1560-2 040925 has a spectrum that is free of FP-like modes and
higher-order vertical waveguide DFB modes at 25 ◦C. In Fig. 4.23 (b), a high
resolution spectrum map with linearly scaled spectral density of DFB-BA
laser D1567-1 040519 is depicted. From Fig. 4.20 (a) and table 4.4 it can be
deriveed that this DFB-BA laser starts lasing on FP-like modes at > 980 nm
above ≈ 11.2 A at 25 ◦C. Thus, the spectrum map shown in Fig. 4.23 (b) is
not spectrally completed for current values ≥ 11.2 A.

Figure 4.23: Linearly scaled high resolution spectral maps at 25 ◦C. (a) DFB-BA
laser 040925 from test wafer D1560-2. (b) DFB-BA laser D1567-1 040519.
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The spectral width with 95 % power content was calculated from the
spectral maps shown in Fig. 4.23. The results are shown in Fig. 4.24 as (a) a
function of the current, (b) a function of the output power and (c) a function
of the dissipated power (generated heat). Note, that for laser D1567-1 040519
only values that correspond to currents of ≤ 11.2 A have been considered as
mentioned above.

The spectral width of laser D1560-2 040925 is 0.26 nm at 7 W and remains
below 0.68 nm at 10 W. For laser D1567-1 040519, the spectral width is also
around 0.26 nm at 7 W and remains below 0.55 nm till 11.2 A, where FP-like
modes exceed threshold and significantly broaden the spectral width with
95 % power content. These results are a significant reduction in the spectral
width compared to the results from iteration I, were the spectral width at
7 W was ≈ 0.3− 0.4 nm and ≈ 1 nm at 10 W (see Fig. 3.33).

Thus, the reduction of the DFB coupling strength from κ·L ≈ 3 (iteration
I) to κ · L ≈ 0.2 (iteration II) lead to a moderate reduction of the spectral
width of the DFB spectrum when the laser is exclusively running at the
Bragg wavelength of the fundamental waveguide mode. Unfortunately, this
could only be achieved with laser D1560-2 040925 (from threshold to 15 A)
and with laser D1567-1 040519 (from threshold to 11.2 A). The spectra of
lasers from wafer D1567-3 were affected by lasing on FP-like modes already
at I ≈ 9 A and the spectra of lasers from D1567-4 and D1567-5 were affected
by higher-order waveguide modes.

For future reduction of the spectral width the question arises, what de-
termines the spectral width of DFB-BA lasers, running exclusively on the
wavelength stabilized fundamental waveguide mode. As noted in [Ear98],
devices with 0.5 ≤ κ · L ≤ 1.0 are expected to have the best discrimination
against additional longitudinal modes because their optical field profile is
appropriate to suppress longitudinal gain spectral hole burning. This is in
good agreement with numerical results, depicted in Fig. 1.24. If longitudinal
modes dominate the spectral width, devices with κ · L ∼ 1 should therefore
have narrower spectra. Comparing the measured spectral width of DFB-BA
lasers with κ·L ∼ 1, depicted in Fig. 3.33 and κ·L ≈ 0.2, depicted in Fig. 4.24
shows that the devices with κ · L ≈ 0.2 have narrower spectra. This indi-
cates that lateral modes dominate the overall spectral width. The number of
lateral modes in a BA lasers strongly depends on the current-induced heat-
ing, which leads to increased lateral waveguiding [Wen11], [Cru12a]. Thus,
if lateral modes dominate the spectral width, it should scale with the dissi-
pated power Pdiss(I) ≈ I · U(I) − Popt(I) as observed in this work because
the data points in Fig. 3.33 (e), (f) and Fig 4.24 (c) approximately converge
to a single line. This finding can be interpreted as an indirect evidence that
lateral modes are dominating the spectral width in DFB-BA lasers, with κ ·L
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Figure 4.24: Spectral width with 95 % power content at 25 ◦C. (a) As a function
of the current. (b) As a function of the output power. (c) As a function of the
power conversion efficiency.

having mainly an indirect influence via power conversion efficiency and heat.
Furthermore, the spectrally resolved lateral near fields and far fields shown
in Figure 3.53 support this conclusion because two longitudinal modes, each
with eight lateral modes, occur but the overall spectral width is mostly de-
termined by lateral modes of one of these longitudinal modes because of
the longitudinal spectral mode separation (≈ 0.055 nm) being much smaller
than the spectral width of the lateral modes from one longitudinal mode
(≈ 0.189 nm).

Finally, the precise overall width of the integrated optical spectrum with
95 % power content has been determined by combining the spectral width,
determined from overview spectral maps (Fig. 4.19 and 4.20) and high res-
olution spectral maps (examples shown in Fig. 4.23) for the selected repre-
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sentative DFB-Ba lasers. Therefore, the spectral width was determined from
the high resolution (15 pm) spectral maps with 8 nm simultaneous inspection
range, if the spectral width was narrow and determined only by one wave-
length stabilized line (single fundamental or higher-order waveguide mode).
For currents at which the spectrum was broad because of simultaneous lasing
on multiple waveguide modes or on FP-like modes, the spectral width has
been calculated from the low resolution (∼ 1 nm) overview spectral maps
with minimal 50 nm simultaneous inspection range. The resulting composed
spectral width is shown in Fig. 4.25 as a function of the injection current.
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Figure 4.25: Spectral width of the integrated optical spectrum. (a) Laser D1560-
2 040925, spectral detuning 2 nm, RFP

f ≈ 0.025 %. (b) Laser D1567-1 040519,
spectral detuning 3.7 nm, RFP

f ≈ 0.11 %. (c) Laser D1567-3 020317, spectral de-
tuning 3.7 nm, RFP

f ≈ 0.11 %. (d) Laser D1567-4 020103, spectral detuning 5.6 nm,
RFP

f ≈ 0.11 %. (e) Laser D1567-5 020118, spectral detuning 5.6 nm, RFP
f ≈ 0.11 %.
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With respect to the individual spectral detuning and the front facet re-
flectivity at the wavelength where FP-like modes exceed threshold (or might
exceed threshold) RFP

f , the characteristics of the spectral width for the five
lasers shown in Fig. 4.25 can be understood qualitatively. Firstly, the spec-
trum of DFB-BA laser D1560-2 040925 is exclusively determined by lasing
close to the Bragg wavelength of the DFB grating in the fundamental waveg-
uide mode due to the low reflectivity front facet (suppresses FP modes) and
the low spectral detuning (suppresses higher-order modes). Secondly, the
spectra of DFB-BA lasers D1567-1 040915 and D1567-3 020317 are degraded
by additionally lasing on FP-like modes because of the higher front facet
reflectivity (reduces threshold of FP modes) but higher-order modes are pre-
dominantly suppressed due to the moderate spectral detuning. Thirdly, the
spectra of DFB-BA lasers D1567-4 020103 and D1567-5 020118 are degraded
by lasing on FP-like modes (D1567-47) and higher-order modes because of
the higher front facet reflectivity and large spectral detuning, respectively.

In summary, the spectral properties of DFB-BA lasers were changed by
the reduction of the DFB coupling coefficient from ≈ 3 to ≈ 0.5 cm−1 in three
ways. Firstly, the spectral width of the fundamental DFB mode is reduced
to ≈ 0.7 nm at 10 W, compared to ≈ 1 nm at 10 W in iteration I. Secondly,
the suppression of FP-like modes is reduced. This must be attributed to the
lower coupling coefficient as well as to the front facet reflectivity, which is
too high for such a low coupling coefficient. Thirdly, even the suppression
of higher-order vertical waveguide DFB modes is reduced. The threshold
currents of the vertical waveguide modes were estimated at the end of sec-
tion 4.2.3. Compared to the epitaxy design from iteration I, the threshold
current of the first higher-order mode was found to be significantly increased
to ≈ 3.5 A. In fact, this mode did not exceed threshold as can be estimated
from the spectral distance of the measured higher-order mode to the funda-
mental mode which was about 6.5 nm in iteration II, 6.2 nm in iteration I
for the second higher-order mode and 2.2 nm for the first higher-order mode.
Nevertheless, the threshold current of the second higher-order mode was cal-
culated as ≈ 1 A for iteration II and this mode was found to exceed threshold
at a wavelength ≈ 6.5 nm below the fundamental mode. As a consequence
of lasing on these side modes in the optical spectrum, the current and power
range in which narrow wavelength emission can be obtained at 25 ◦C heatsink
temperature is reduced to a small window for some of the lasers. The spectral
properties of DFB-BA laser 040925 from the test wafer D1560-2 show, that
a sufficient suppression of FP-like modes and higher-order waveguide modes
is possible for these DFB-BA lasers with κ ≈ 0.5 cm−1 by using a low front
facet reflectivity Rf ≤ 0.048 % and a low spectral detuning of 2− 3.7 nm.
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4.3.7 Determination of the DFB locking range

The DFB locking range has been determined comparable to the locking range
analysis in section 3.4.11 for iteration I. In iteration II, DFB-BA laser 040925
from the test wafer D1560-2 has been used for the measurements of power-
voltage-current characteristics and spectral maps. This laser has a more
preferable front facet coating (5229) compared to DFB-BA lasers from other
wafers from iteration II (5315) as already discussed. A front facet reflectivity
at the Bragg wavelength of Rf < 0.014 % was determined for coating 5229,
but Rf < 0.070 % for coating 5315 which is applied to the completely pro-
cessed wafers from iteration II. Therefore, the selected laser can be used to
demonstrate that a broad locking range in current and heatsink temperature
can be achieved with weakly coupled DFB-BA lasers (κ · L ≈ 0.2), using a
low reflectivity front facet coating.

Locking is again defined with the criterium, that the measured spectral
width with 95 % power content is limited to ∆λ ≤ 1.5 nm. This requires that
the laser is neither running on higher-order vertical waveguide modes (the
spectral distance for these modes is ≈ 6.5 nm) nor running on FP-like modes.

The measurements were performed between CW currents of 0 and 15 A
and between heatsink temperatures 15 and 50 ◦C. An increased measurement
speed allowed to reduce the temperature step size from 5.0 to 2.5 K and
the current step size was also reduced from 500 to 200 mA. Figure 4.26
(a) shows the measured power-voltage-current characteristics. The evolution
with the heatsink temperature is indicated with an arrow, pointing towards
higher temperatures. One observes a minor reduction of the diode voltage.
The slope efficiency is reduced systematically and roll-over increases with
temperature. The power conversion efficiency consequently decreases with
temperature, the peak efficiency drops from > 60 % to ≈ 45 %.

In Fig. 4.26 (b), (c) and (d), the locked area (colored) is differentiated
from unlocked regions (white). The locking range of this DFB-BA laser
is only limited by the threshold current (white column on the left hand
side) and a small structured area at low currents and temperatures, were the
DFB BA laser is running on an additional higher-order waveguide modes.
Lasing on FP-like modes is not observed in the investigated range of injection
current and heatsink temperature. Figure 4.26 (b) shows the evolution of
the center wavelength in the current-temperature matrix. For example, this
knowledge allows one to increase the output power of the DFB-BA laser at
an extremely precise emission wavelength by simultaneously changing current
and temperature. In Fig. 4.26 (c), the locked output power is depicted at a
linear intensity scale. Finally, the corresponding power conversion efficiency
at every current-temperature pair is shown in a linear intensity scale.
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Figure 4.26: Locking range of DFB-BA laser D1560-2 040925 in the parameter
range between 15.0 and 50.0 ◦C and between 0 and 15 A. (a) Power-voltage-current
characteristics at 15.0, 17.5, . . . , 50.0 ◦C). (b) Locking range with center wave-
length, shown as a false color scale. (c) Locking range with output power, shown
as a false color scale. (d) Locking range with power conversion efficiency, shown as
a false color scale. False color scales to (b), (c) and (d) are indicated each at the
right hand side.

The obtained DFB locking range is a remarkable result for a high power,
high efficiency DFB-BA laser and a cear improvement compared to the lock-
ing range, obtained with the DFB-BA laser which has been tested in iteration
I. This was enabled by the applied low reflectivity front facet coating against
FP mode lasing which can easily occur in high efficiency DFB-BA lasers
with κL < 1 close to the gain peak at high currents and temperatures. For
comparison, Kanskar et al. [Kan06] have shown a locking range of a 975 nm
high efficiency DFB-BA laser. At 50 ◦C, locking is shown to vanish already
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for an injection current of ≈ 2.5 A. Also the suppression of higher-order
waveguide modes is better than in iteration I (see Fig. 3.50 (c)). This must
be attributed to the chosen low spectral detuning between the Bragg wave-
length of the DFB grating in the fundamental waveguide mode and the gain
peak wavelength (2 nm). Note that this value has been originally selected to
improve DFB operation of DFB-RW lasers close to threshold for the mea-
surement of sub-threshold ASE spectra. For a maximum power conversion
efficiency at output powers in the 10 W-class, higher spectral detuning is
preferred which enables coincidence of the gain peak and fundamental DFB
wavelength at the current value which belongs to 10 W output power.

In summary, a broad DFB locking range in current and heatsink temper-
ature nearly in the whole investigated range (I = 0− 15 A, T = 15− 50 ◦C)
can be obtained with a weakly coupled high efficiency, high power DFB-BA
laser by using a low reflectivity front facet coating (Rf < 0.1 % even for the
highest obtained gain peak wavelength which is estimated as ≈ 995 nm) and
an adequate spectral detuning (here 2 nm at 25 ◦C). Generally, the locking
range must be expected to decrease with the coupling strength κ · L for a
fixed front facet coating and a spectral detuning. Further improvement of
the DFB locking range can be obtained with an optimized epitaxy design
that enables an even better suppression of higher-order modes.

4.3.8 Experimental determination of the coupling coef-
ficient

The coupling coefficient of the DFB lasers from iteration II is expected to be
≈ 0.5 cm−1 based on simulations, presented in section 4.2.3. This reduction
in the coupling coefficient was necessary to increase the slope efficiency and
thus, the power conversion efficiency. However, the reduction of the cou-
pling coefficient is also expected to make the experimental determination of
the coupling coefficient using parameter extraction even more complicated
than in iteration I, because this will damp the modulation of the stopband
structure in the sub-threshold ASE spectra.

For DFB-BA lasers from iteration I, the experimental determination of
the coupling coefficient was challenging because of its low absolute value
which lead to a very weak stopband structure at the Bragg wavelength. Fur-
thermore, the measurement was also sensitive to optical feedback from the
tip of the tapered fiber which was used to couple the emitted ASE to the
spectrometer.

Therefore, several modifications were applied to advance the experimental
determination of the coupling coefficient. Firstly, an AR coating withRfacet =
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0.01 % was applied to both facets to suppress FP-like modes. Secondly,
single DFB-RW lasers with a stripe width W between 2.2 and 7µm were
mounted p-down on C-mount heatsinks. For an optimal lateral waveguiding
(fundamental transversal mode) at the used stripe widths, index trenches
that induce a step in the effective index of refraction of ∆neff

∼= 3 · 103 were
etched into the epitaxy layers. Thirdly, the measurement setup was modified.
Instead of collecting the emitted ASE directly with a tapered optical fiber, a
focussing optics was realized with two AR coated lenses of 3 mm focal length.
An angled cleaved (FC/APC) optical fiber was used to collect the ASE at the
imaging plane of the focussing optics. This setup was found to significantly
reduce the optical feedback and allowed to measure ASE spectra with very
good reproducibility of the stopband structure.

The coupling coefficient was determined by fitting calculated ASE spectra
to the measured spectrum for parameter extraction with methods, described
in [Wen03], [Wen04]. For the calculation of the DFB ASE spectra, the pro-
gram FIT [Wen03] was used as already mentioned in section 3.4.10.

In Fig. 4.27 (a) - (f), six DFB ASE spectra from DFB-RW lasers from the
test wafer D1560-2 are depicted as black dots, together with the calculated
spectra, shown as red solid lines. For the measurement of the ASE spectra,
the heatsink temperature and injection current were varied to shift the gain
peak to the wavelength of the DFB stopband for sufficient intensity. The
DFB-BA lasers in use did not exceed threshold in the applied current range
I ≤ 500 mA because of the low coupling strength (κ · L ≈ 0.15 for L =
3.0 mm cavity length and κ · L ≈ 0.08 for L = 1.5 mm) and the AR coating
(Rfacet = 0.01 %) on both facets.

In each sub-figure of Fig. 4.27, the particular heatsink temperature, cavity
length, stripe width and injection current is indicated. The calculated value
for the coupling coefficient κ is given as a real number, even though the
calculation also included the imaginary part, but the imaginary part was
found to be typically two orders of magnitude lower than the real part.

The shape of the stopbands in the ASE spectra, shown in Fig. 4.27, de-
viates from typical stopbands in ASE spectra of DFB-RW lasers with a high
coupling coefficient as for example shown in [Wen03], [Wen04]. Firstly, the
width of the stopband approaches to the width of the neighboring longitu-
dinal modes because of the low coupling coefficient. Secondly, the intensity
decrease inside the stopband is much lower, also due to the low coupling
coefficient. Because of the small spectral separation of longitudinal modes
(∆λlon ≈ 0.08 nm for L = 1.5 mm and ∆λlon ≈ 0.04 nm for L = 3.0 mm), the
intensity modulation of the longitudinal modes and the modulation depth
inside the stopband is expected to be limited by the resolution of the spec-
trometer (10 pm). Figures 4.27 (a) - (c) show ASE spectra of DFB-RW lasers
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Figure 4.27: Measured (black dots) and simulated stopband spectra (red solid
lines) for six DFB-RW lasers from wafer D1560-2. The center of the stopband is
indicated with a blue dash-dotted line.
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with a cavity length of L = 1.5 mm. In Fig. 4.27 (d) - (f), ASE spectra of
L = 3.0 mm long DFB-RW lasers are depicted.

The average value of the experimentally determined coupling coefficients
of the fundamental waveguide mode is κ = 0.55 cm−1. This is in good agree-
ment with the coupling coefficients calculated with the simulation programm
QIP [Wen90] from the vertical epitaxy design properties (see section 4.2.3.
There, the coupling coefficient has been calculated for a rectangular DFB
grating with a duty cycle of cd = 1/4, neglecting the effect of the inhomoge-
neous aluminum distribution in the regrown AlxGa1−xAs which was shown to
increase κ in iteration I. Depending on the thickness of the remaining GaAs
caps on top of the In0.49Ga0.51P grating stripes, κ increases from ≈ 0.5 cm−1

(15 nm GaAs) to ≈ 1.0 cm−1 (5 nm GaAs). Note that the thickness of the
GaAs cap depends on the fabrication of the DFB gratings and might vary
by up to 10 nm between different wafers. With the 6 nm thin GaAs cap
which was found in the STEM micrograph from wafer D1560-2 (see Fig. 4.6),
κ = 0.96 cm−1 was calculated [Sch12].

One possible explanation for the good agreement is, that the effect of the
spatially inhomogeneous aluminum distribution above the DFB grating layer
(increases κ) plays a minor role for the DFB gratings in iteration II with their
low corrugation depth (15− 25 nm). Furthermore, additional effects such as
deviations of the duty cycle and the non-rectangular grating shape which
decrease κ may cancel out with the inhomogeneous aluminum distribution.

As already shown in section 3.4.10, Fig. 3.47, also the stopbands of higher-
order vertical waveguide modes can be observed in overview spectra. Also in
the spectra of DFB-RW lasers from iteration II, a stopband structure was vis-
ible at the wavelength of the higher-order waveguide mode (≈ 6.5 nm shorter
than the wavelength of the fundamental mode). As shown in section 4.2.3
(Fig. 4.9 (b) and table 4.1), QIP simulations lead to a coupling coefficient of
3.8 cm−1 for this second higher-order mode. Thus, the coupling coefficient of
the second higher-order mode is much higher than the coupling coefficient of
the fundamental waveguide mode. Therefore, it should be in principle eas-
ier to determine its coupling coefficient from fitting simulated ASE spectra
to the measured ASE spectrum for parameter extraction. This lead to the
idea, to determine the small coupling coefficient of the fundamental mode
in an indirect way, based on the experimental determination of the coupling
coefficient of the higher-order mode.

Firstly, ASE spectra of the higher-order mode at the stopband must be
measured. Secondly, the coupling coefficient of the higher-order mode can be
obtained with parameter extraction as described above for the fundamental
mode. Thirdly, the confinement factors of the grating layers in the vertical
intensity profile and the effective indices of refraction of the fundamental
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and the higher-order mode must be determined from QIP simulations. Then
it would be possible to determine the coupling coefficient of the fundamen-
tal mode from the coupling coefficient of the higher-order mode and the
differences in the confinement factors and effective indices, regarding equa-
tion 1.60:

h2 =
−ω2∆ε

2K0c2

∫
dx φ2(x)ξ2(x) (4.1)

In Fig. 4.28, ASE spectra of the second higher-order mode are depicted for
two 1.5 mm long DFB-RW lasers. The ASE spectra of the higher-order mode
show a considerable increase of the intensity inside the stopband as expected
for a higher coupling coefficient. Unfortunately, the calculated ASE spectra
do not match on the short-wavelength side in Fig. 4.28 (a) and on the long-
wavelength side in Fig. 4.28 (b) because of significant changes of the spectral
separation between longitudinal modes on the short- and long-wavelength
side of the stopband which cannot be reproduced with the simulation pro-
gram FIT. Coupling coefficients of 3.35 and 1.97 cm−1 have been obtained
from parameter extraction (average value 2.66 cm−1). With the simulation
programm QIP, a coupling coefficient of 3.8 cm−1 has been determined for the
second higher-order mode. Thus, the agreement between the experimental
determined and simulated coupling coefficient is relatively good, especially
for the value obtained from the stopband in Fig. 4.28 (a).
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Figure 4.28: Stopband spectra of the higher-order vertical waveguide mode for
two DFB-RW lasers from wafer D1560-2 (black dots). The temperature, stripe
width, cavity length and current are each identified. The center of the stopband
is indicated with a blue dashed dotted line. The simulated stopband spectra are
shown as red solid lines and the result for the coupling coefficient is indicated.

The following confinement factors ΓMx
grating were obtained for the DFB grat-
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ing (In0.49Ga0.51P grating ridges plus GaAs cap) for the four guided modes
M0, M1, M2 and M3 in the waveguide structure with the DFB grating from
iteration II:

ΓM0
grating = 0.158 %

ΓM1
grating = 0.486 %

ΓM2
grating = 1.283 %

ΓM3
grating = 0.001 %.

In the simulation programm QIP, the dielectric function ε is averaged
over the two grating layers, so that the confinement factor of the grating
can be simply calculated by adding the confinement factors of both layers.
Otherwise, one would have to consider the individual ∆ε for both layers
in equation 1.60. From equation 4.1 (respectively equation 1.60), one can
derive, that the coupling coefficient is proportional to Γ/neff as shown in
equation 4.2 and 4.3. The coupling coefficient of the fundamental mode can
be calculated from the coupling coefficient of the higher-order mode, the
individual confinement factors and effective indices of refraction as denoted
in equation 4.4.

<[κ] =
−ω2

2K0c2︸ ︷︷ ︸
= π
λneff

∆ε

∫
dx φ2(x)ξ2(x)︸ ︷︷ ︸

∝Γ

(4.2)

<[κMx] ∝ ΓMx

nMx
eff

(4.3)

κM0 ∼= κM2 · ΓM0

ΓM2
· n

M2
eff

nM0
eff

(4.4)

With nM0
eff = 3.4227, nM2

eff = 3.3747 and the averaged experimentally
determined coupling coefficients of the second higher-order mode one ob-
tains κM0 ∼= 0.32 cm−1 (κM0 ≈ 0.41 cm−1 with κM2 = 3.35 cm−1 and κM0 ≈
0.24 cm−1 with κM2 = 1.97 cm−1). These results are relatively close to the
directly experimental result of κM0 ≈ 0.55 cm−1 and the result, determined
with QIP simulations for the fundamental mode of κM0 ≈ 0.49 cm−1. Thus,
it has been successfully demonstrated that the coupling coefficient of a fun-
damental mode of a DFB laser can be estimated by an experimental determi-
nation the coupling coefficient of a higher-order mode under consideration of
the confinement factors and effective refractive indices. This indirect method
can help to determine very low coupling coefficients, if a higher-order mode
with a higher coupling coefficient exists in the waveguide.
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To conclude, the experimental determination of the low DFB coupling
coefficient has been successfully enabled by using DFB-RW lasers with an
optimized lateral waveguiding and AR coating on both facets, as well as
with a setup which reduces the problems with optical feedback which oc-
curred for this type of measurements in iteration I. These improvements
allowed to measure sub-threshold ASE spectra of the DFB stopband with
good reproducibility. The coupling coefficients which have been obtained by
fitting simulated ASE spectra to the measured spectra have minor variations
around an average value of κ = 0.55 cm−1 which is in good agreement with
calculated values for the coupling coefficient (0.5− 1.0 cm−1). An additional
method for the experimental estimation of the coupling coefficient of the fun-
damental mode (low κ ≈ 0.5 cm−1) which bases on the determination of the
coupling coefficient for a higher-order waveguide mode (higher κ ≈ 3.8 cm−1)
has been demonstrated successfully and reasonable agreement was obtained
with the directly determined and simulated coupling coefficient.

4.3.9 Analysis of the reliability of DFB-BA lasers

The reliability of five DFB-BA lasers from iteration II was tested in a pre-
liminary lifetime test, stabilized at an optical output power of 10 W. This
power level has been chosen because the development of DFB-BA lasers for
reliable wavelength stabilized, high efficiency operation at 10 W is a target
of this work and 10 W output power is a typical operating point which can
be achieved with ∼ 100µm stripe, 3 mm long FP-BA lasers which serve as
a benchmark for the newly developed DFB-BA lasers. Reliable operation
of the reference FP-BA lasers at 7 and 10 W was reported in [Cru11c]. Six
DFB-BA lasers from iteration I were tested in a 7 W reliability test over
4500 h without failure, the results have been reported in [Cru11c] for the
first time.

Reliable operation of five DFB-BA lasers at 10 W optical output power
over 5000 h was published for the first time in [Sch12]. Note that the DFB-
BA lasers from iteration II have a more robust facet passivation and coating
(5315) than the DFB-BA lasers from iteration I (coatings 5128, 4959 and
5055). The facet passivation and coating used for the DFB-BA lasers in
iteration II is expected to be as robust as the facet passivation and coating
for the reference FP-BA lasers. Thus, even though the front facet reflectivity
of the DFB-BA lasers is much lower than for the FP-BA lasers (RDFB

f < 0.2 %
instead of RFP

f ≤ 3 %), the power level for catastrophic optical mirror damage
(COMD) should be the same (> 10 W) and do not limit the reliability in this
test.

In the setup used for the lifetime test, the output power is measured and



4.3 Characterization of DFB-BA lasers 265

stabilized at 10 W ± 0.1 W via corrections of the drive current, if necessary.
Unfortunately, the stabilization of the heatsink temperature is not identical
to that, used for measurements of the power-voltage-current characteristics
and spectrum maps shown in this work. Because of technical reasons, the
heatsink temperature could not be measured directly at the submount and
stabilized to 25 ◦C. Instead, the temperature at the submount was ≈ 30 ◦C,
lower temperatures were not achievable. As a consequence of the higher
submount temperature, the threshold current of the lasers is higher, the
slope efficiency lower and roll-over occurs at lower currents compared to
25 ◦C. Thus, the current which is necessary for 10 W optical output power is
increased by ≈ 1−2 A. Furthermore, the ≈ 5 K higher heatsink temperature
reduces the spectral detuning between the gain peak and Bragg wavelength
at I ≈ 0 A (2.4/4.2 nm instead of 3.7/5.6 nm). This will cause the gain peak
wavelength to coincide with the Brag wavelength of the DFB grating at lower
currents than at 25 ◦C and FP-like modes are supposed to exceed threshold
at lower currents.

In Fig. 4.29 (a), the injection current, normalized to its individual start
value for 10 W optical output power is depicted as a function of time for each
of the devices. Figure 4.29 (b) shows the corresponding stabilized optical
output power. The first part of the reliability test was performed over ≈
5150 h (215 days). During the first 5000 h, the devices behave differently.
For example, the current for laser D1567-1 040517 is extremely stable over
5000 h and drops only to 0.99. The highest drive current increase is observed
for laser D1567-3 020319. Its current increase is roughly linear and occurs in
many current steps, beginning at 866 h. In contrast, the current for DFB-BA
laser D1567-4 020103, decreases to the range of 0.95−0.97 but sudden failure
occurs at 4170 h, where the current increases drastically and the output power
cannot be further stabilized to 10 W.

In table 4.5, the start value of the drive current I10 W
start which is necessary

to achieve 10 W output power, the resulting current value after 5000 h of
the lifetime testing I10 W

5000 h and the current change ∆I10 W
5000 h. The estimated

lifetime can be simply determined based on the a priori statement, that the
devices may fail if the current which is necessary to achieve 10 W is increased
by 20 %. For laser D1567-3 020319, which is the one with the highest current
increase after 8424 h, one obtains an estimated lifetime of 14200 h. Thus,
a usable lifetime of > 10 · 103 h seems to be realistic, making these high
efficiency, high power, spectrally stabilized diode lasers interesting candidates
for possible applications.

From the application point of view it is critical to know exactly, if changes
occur in the power-voltage-current characteristics and in the spectrum of
the DFB-BA lasers after 5000 h reliability test. Therefore, power-voltage-
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Figure 4.29: Preliminary reliability test of five DFB-BA lasers from three different
wafers at 10 W CW optical output power, ≈ 30 ◦C heatsink temperature over
5000 h. (a) Normalized injection current. (b) Optical output power.

Table 4.5: Overview of the changes in drive current during 5000 h lifetime testing.

wafer laser I10 W
start I10 W

5000 h ∆I10 W
5000 h

[A] [A] [%]

D1567-1 040517 12.83 12.68 −1.2

D1567-3 020317 13.51 14.00 +3.6
020319 14.32 15.24 +6.4

D1567-4 020101 12.50 12.66 +1.3
020103 13.09 – –

current characteristics and spectral maps have been measured after the first
≈ 5150 h. Note, that the measurements were performed exactly under the
same conditions as used for the initial measurement of power-voltage-current
characteristics and spectral maps, discussed in sections 4.3.4 and 4.3.6, re-
spectively. Note also, that the temperature stabilization for all these mea-
surements differs from the temperature stabilization during the reliability
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test. In Fig. 4.30, power-voltage-current characteristics of the five DFB-
BA lasers after 5000 h reliability test are compared to the characteristics,
measured before. One further DFB-BA laser (D1567-3 020318) which has
not been reliability tested was also measured again after the reliability test
was finished. This measurement was performed for reference, to determine
changes in the power calibration, for example.

Only minor changes are observed between the power-voltage-current char-
acteristics, measured before and after the reliability test. The most obvious
changes appear in the roll-over behavior of the output power at currents
above 10 A, which is more pronounced after the reliability test for three of
the devices (D1567-1040517, D1567-3 020317 and D1567-3 020319). Changes
in the roll-over behavior can occur due to different reasons. Firstly, internal
degradations could be the reason for the stronger roll-over after the reliability
test. Secondly, a slightly worse thermal contact between the submount and
the fitting-mount, in which the submount is clamped, could be an explana-
tion for this effect.

The power-voltage-current characteristics of DFB-BA laser D1567-3 0203-
18, which has not been in the reliability test, have not changed significantly
during the ≈ 5150 h, while the device was stored in a chamber under nitrogen
atmosphere. Threshold currents and slope efficiencies of all the lasers before
and after the reliability test were determined from linear fits over 3 A above
threshold and are summarized in table 4.6. Both, the changes in threshold
current and slope efficiency are moderate. Even reductions in the threshold
current (D1567-1 040517 and D1567-3 020317) and an increases in the slope
efficiency are observed (D1567-1 040517 and D1567-4 020101), but very close
to the measurement accuracy. The most distinct changes occur with the
increase of the threshold current for the devices D1567-3 020319, D1567-4
020101 and even for D1567-3 020318, which has not been in the reliability
test.

In addition to the power-voltage-current characteristics, spectral maps
have been measured in order to analyze possible changes in the spectral
properties of the DFB-BA lasers, which could appear for the following rea-
sons: Firstly, the coated facets could degrade due to the long time of facet
load (≈ 5.3 ·106,W cm−2) and change the front facet reflectivity. Secondly, if
the power-voltage-current characteristics of the DFB-BA lasers are consider-
ably degraded after the reliability test (higher threshold current, lower slope
efficiency), the wavelength of both, the gain peak and the Bragg wavelength
of the DFB grating would be shifted to longer wavelengths at a certain in-
jection current because of higher heat generation. Thirdly, the DFB grating
structure itself may degrade due to defects in the semiconductor crystal. Fig-
ures 4.31, 4.32 and 4.33 show linear intensity scaled spectral maps for the
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Figure 4.30: Power-voltage-current characteristics of DFB-BA lasers before and
after the first ≈ 5150 h of the reliability test, measured at 25 ◦C heatsink temper-
ature.
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Table 4.6: Changes in threshold current and slope efficiency before and after
≈ 5150 h lifetime testing. The device, marked with ∗, has not been in the reliability
test and was measured together with the other lasers for reference.

wafer laser Istart
th I5000 h

th Sstart S5000 h

[mA] [mA] [WA−1] [WA−1]

D1567-1 040517 749 715 1.030 1.035

D1567-3 020317 926 909 0.998 0.987
020319 959 1022 0.996 0.986

D1567-4 020101 890 942 1.024 1.047
020103 841 – 1.027 –

D1567-3 020318∗ 971 1033 0.981 0.981

DFB-BA lasers which have been in the reliability test and additionally, for
laser D1567-3 020318, each before and after the ≈ 5150, h lasting experiment.
To enable a better comparability of the spectral position of the Bragg wave-
length, a gray dash-dotted line is depicted in the figures at 975.0 nm. The
spectral density is linearly scaled between zero counts (0 %) and the highest
number of counts which has been detected on the CCD-chip in the spectrom-
eter during the measurement of a certain spectral map (100 %). The spectral
maps shown, are dominated by the fundamental DFB mode at ∼ 975 nm.
Furthermore, the spectra of the DFB-BA lasers are characterized by the on-
set of lasing on FP-like modes at high currents (I > 9 A) and at longer
wavelengths (λ > 978 nm). Some of the devices are also lasing on the higher-
order waveguide mode at < 970 nm (D1567-4 020101 and D1567-4 020103).
The spectral properties of the DFB-BA lasers are not significantly changed
after the reliability test, compared to the measurements before the reliability
test. In detail, the spectral position of the fundamental Bragg wavelength
and its wavelength shift with the injection current is nearly unchanged for
all devices. Even lasing on FP-like modes is nearly unchanged with respect
to the current values, at which FP-like modes occur, with respect to the
wavelength range and the spectral density distribution, relative to the DFB
stabilized part of the spectrum. The current range, wavelength and spectral
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density distribution of the higher-order modes which appear in the spectrum
of laser D1567-4 020101 is also not changed after the reliability test. As one
might have expected in particular, the spectral properties of the refernce de-
vice D1567-3 020318 which was not included in the reliability test, have not
changed significantly as well.

Figure 4.31: Spectral maps of DFB-BA lasers before and after the 5000 h reli-
ability test, measured at 25 ◦C. (a) Laser D1567-1 040517 before the reliability
test. (b) Laser D1567-1 040517 after the reliability test. (c) Laser D1567-3 020317
before the reliability test. (d) Laser D1567-3 020317 after the reliability test.

Finally, the reason for the failure of DFB-BA laser D1567-4 020103 after
≈ 4200 h has been studied. No damage was observed at the facets using
a light microscope and even no evidence for COMD could be found in the
electroluminescence from both facets. Therefore, the device has been pre-
pared for investigation of internal defects with cathodoluminescence (CL).
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Figure 4.32: Spectral maps of DFB-BA lasers before and after the 5000 h reli-
ability test, measured at 25 ◦C. (a) Laser D1567-3 020319 before the reliability
test. (b) Laser D1567-3 020319 after the reliability test. (c) Laser D1567-4 020101
before the reliability test. (d) Laser D1567-4 020101 after the reliability test.

The ∼ 150µm thick GaAs substrate was removed from the n-side with selec-
tive etching in a stripe around the electrically pumped area of the DFB-BA
laser. Then, CL at 30 kV accelerating voltage and a temperature of 80 K
was used to analyze internal defects. The spectrally integrated signal was
detected, showing a typical internal defect which is clearly separated from
both facets. This is depicted in Fig. 4.34.

In summary, reliable operation of DFB-BA lasers at a CW optical output
power of 10 W over > 8000 h has been demonstrated for the first time in a
preliminary reliability test. Lifetimes of more than 10000 h can be derived,
assuming that ≤ 20 % current increase are acceptable for reliable operation.
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Figure 4.33: Spectral maps of DFB-BA lasers before and after the 5000 h reli-
ability test, measured at 25 ◦C. (a) Laser D1567-4 020103 before the reliability
test. (b) Laser D1567-4 020103 failed during the reliability test after ≈ 4200 h.
(c) Laser D1567-3 020318 (not included in the reliability test) at the start of the
reliability test. (d) Laser D1567-3 020318 (not included in the reliability test) after
the reliability test.

A comparison of the power-voltage-current characteristics and spectral maps
before and after the first 5150 h shows only minor degradations. The most
significant change is an increase in the roll-over of the power characteristics
at currents above 10 A. The reliability test is continued for four of the five
devices which have already achieved up to 8515 h without failure. One device
failed after ≈ 4200 h because of an internal defect.
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Figure 4.34: Spectrally integrated cathodoluminescence investigation of the in-
ternal defect in DFB-BA laser D1465-4 020103 which occurred after ≈ 4200 h.

4.4 Comparison of experimental and theoreti-
cal results for threshold current and slope
efficiency

In the following section, measured threshold currents and slope efficiencies are
compared to values, determined from the numerical calculation of the thresh-
old gain and differential quantum efficiency as described in chapter 1.2.4. In
table 4.7, the parameters used for the numerical calculation are summarized.
Note that in contrast to section 3.5 in iteration I, threshold currents were
calculated for a stripe width of 90 and 100µm and slope efficiencies for lasing
wavelength of 975 and 970 nm, so that the results can be compared to both,
measurement results from wafers D1567-1, D1567-3, D1567-4, D1567-5 and
to the most efficient DFB-BA laser in iteration II, D1560-2 040925 from the
test wafer.

In principle, threshold currents and slope efficiencies were calculated in
the same way as presented in section 3.5. From the threshold gain and dif-
ferential quantum efficiency, the threshold current and slope efficiency were
calculated with equations 3.9 and 3.10 and are here shown in Fig. 4.35. Addi-
tionally, the measured values for the lasers, given in table 4.3, are depicted.
Furthermore, the results from iteration I (table 3.7) are shown to demon-
strate the agreements and disagreements of the experimental results with
the calculations.

The measured values for the threshold current and slope efficiency are
plotted at κ = 0.55 cm−1, because this coupling coefficient was determined
from parameter extraction of the stopband in ASE spectra below threshold
as discussed in section 4.3.8. A very good agreement, both in threshold cur-
rent and slope efficiency, is found between the calculated curve (red dashed
line: W = 100µm, λ = 970 nm) and the measured values from laser D1560-
2 040925. A good overall agreement between the calculated and measured
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Table 4.7: The fixed physical variables, their notations and values, used in the
numerical simulation.

Variable Notation Value

Cavity length L 3000µm
Contact stripe width W 90 and 100µm
Reflectivity, rear facet Rr 96.00 %
Reflectivity, front facet Rf 0.09 %
Effective index neff 3.434308
Grating period Λ 283.9 and 282.4 nm
Coupling coefficient κ (0.0, 0.1, ..., 10.0) cm−1

Rear facet phase sections da (0.00, 0.02, ..., 0.48)Λ
Internal loss αi 0.80 cm−1

Internal quantum efficiency ηi 0.90
Transparency current density jth 151 Acm−2

slope efficiencies was already found for the DFB-BA lasers from iteration I.
Nevertheless, the values of the coupling coefficients were uncertain in itera-
tion I. Thus, the very good agreement between the measured slope efficiency
from DFB-BA laser D1560-2 040925 and the corresponding calculated slope
efficiency (Fig. 4.35 (b)) is an important verification that the numerical cal-
culation describes the slope efficiency quite well, because DFB-RW lasers
from wafer D1560-2 were used for the experimental determination of the
DFB coupling coefficient. This experimental parameter extraction of the
coupling coefficient (see section 4.3.8) was more reliable than in iteration I
(see section 3.4.10).

Also the good agreement between the measured and calculated slope ef-
ficiency for this special DFB-BA laser is of particular importance (Fig. 4.35
(a)). For the DFB-BA lasers from iteration I, the measured threshold cur-
rents were ∼ 250 mA higher than the calculated values. This has been at-
tributed to the spectral detuning between the gain peak and Bragg wave-
length of the fundamental mode which is not included in the calculation, as
well as to lasing on higher-order waveguide modes (also not considered in the
calculation). For laser D1560-2 040925, the spectral detuning is significantly
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Figure 4.35: Calculated and measured threshold current and slope efficiency. (a)
Calculated threshold current (black solid line (W = 90µm) and red dashed line
(W = 100µm)) and measured values (symbols) from table 4.3. (b) Calculated
slope efficiency (black solid line (λ = 975 nm) and red dashed line (λ = 970 nm))
and measured values (symbols) from table 4.3.

lower (≈ 2 nm) than for the lasers from iteration I (5.7 − 6.6 nm) and the
other DFB-BA lasers from iteration II (3.74 − 5.55 nm). Furthermore, the
spectrum of this laser is free of any higher-order modes at a heatsink temper-
ature of 25◦C (see Fig. 4.19 (a)). Thus, the measured threshold current must
be close to the calculated value (and this is the case indeed) if the arguments
mentioned above are valid.

Even though the spectral detuning for the lasers from wafer D1567-1
is higher (3.74 nm) than for laser D1560-2 (2 nm) a very good agreement
is observed between the measured and calculated threshold current (black
line: W = 90µm, λ = 975 nm). This good agreement can be presumably
attributed to the fact that close to threshold, lasers from this wafer are
exclusively lasing on the fundamental waveguide mode (see example spectral
map in Fig. 4.20 (a)). Also the slope efficiency coincides with the calculation.

For the lasers from wafers D1567-3, D1567-4 and D1567-5, systematic
deviations between the calculated and measured threshold currents and slope
efficiencies are observed. On the one hand, the measured threshold currents
are 190 − 320 mA higher than calculated (without consideration of spectra
detuning and higher-order modes). On the other hand, the slope efficiencies
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are up to 0.07 W A−1 lower than calculated. The deviations, depicted in
Fig. 4.35 are expected to be a reason of the spectral offset between the gain
peak wavelength and Bragg wavelength of the DFB grating at threshold,
lasing on higher-order vertical waveguide DFB modes and possible small
differences in the coupling coefficient.

Calculated power-voltage characteristics for coupling coefficients of 0.0
(FP laser), 0.5 and 2.0 cm−1 are compared to the measured power-voltage-
current characteristics of DFB-BA laser D1560-2 040925 in Fig. 4.36. The
calculated and measured threshold currents and slope efficiencies are noted
aside. The calculated threshold current decreases from 815 mA at κ =
0.0 cm−1 to 603 mA at κ = 2.0 cm−1. Simultaneously, the calculated slope
efficiency decreases from 1.073 to 0.986 W A−1.
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Figure 4.36: Comparison of the P-U-I characteristics for the numerical calculation
and the measured characteristics for the laser D1560-2 040925. For the calculated
characteristics, the threshold current and slope efficiency, gained for κ = 0.0, 0.5
and 1.5 cm−1, have been used.

The best overall agreement is observed between the measured power char-
acteristics and the calculated characteristics for κ = 0.5 cm−1. This agree-
ment is a further verification that the experimentally determined coupling co-
efficient of this lasers (average value κ = 0.55 cm−1) is determined precisely.
Differences between the measured and calculated power characteristics for
κ = 0.5 cm−1 occur at currents above ≈ 5 A where a very weak roll-over of
the measured power begins. This is even better visible in the resulting ef-
ficiency characteristics which decreases above 5.74 A (measured). A further
increase of the power characteristics could have been presumably achieve by
using a larger spectral detuning but this requires a better suppression of the
higher-order modes to sustain a narrow spectrum.
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To conclude, a very good agreement between the measured and calculated
threshold currents and slope efficiencies is found for a DFB-BA laser with a
small spectral detuning between the gain peak and Bragg wavelength which
is exclusively lasing on the fundamental waveguide mode. This shows that
the calculation of the threshold current and slope efficiency, based on the
approach described in section 1.2.4, is applicable to predetermine the power
characteristics of DFB-BA lasers (spectral detuning and higher-order modes
are not considered in the calculation). For DFB-BA lasers from wafers with
a larger spectral detuning, the measured threshold currents are 190−320 mA
higher than calculated. Compared to DFB-BA lasers from iteration I, the
average slope efficiency of DFB-BA lasers from iteration II is increased as
predetermined from the calculations. Nevertheless, only two devices achieve
slope efficiencies of ≥ 1.05 W A−1 as targeted.
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Chapter 5

Evaluation of the electro-optical
properties: Comparison to other
publications

In this chapter, selected publications on wavelength stabilized BA lasers
lasers are compared to experimental and theoretical results which have been
obtained for DFB-BA lasers during this work (here always emphasized for
clarity). Thereby the selected III/V semiconductor compounds and design
properties of the DFB grating are discussed, as well as the technical progress
in fabrication of the gratings which has enabled to improve the optical out-
put power, voltage and power conversion efficiency close to the values for
reference BA devices. For this comparison, published experimental results
from DFB-BA lasers were taken into account and in addition one publication
about high power DBR-BA lasers as an alternative way to realize spectrally
stabilized high power BA lasers, having their own specific difficulties in design
optimization and fabrication.

By comparing other published results to the results from this work, the
importance of a low DFB coupling strength (κ · L), optimized spectral de-
tuning (between the Bragg wavelength of the DFB grating and gain peak
wavelength) and AR front facet coating which are essential to achieve high
power conversion efficiency and high output power from a DFB-BA lasers
with sufficient wavelength stabilization, becomes even more clear.

Publication 1 T. Earles et al.: “1.1 W continuous-wave, narrow spectral
width (< 1 ) emission from broad-stripe, distributed-feedback diode lasers
(λ = 0.893µm)”, Applied Physics Letters, Vol. 73, 2072–2074 (1998)

In 1998, Earles et al. [Ear98] report on the development of DFB-BA lasers
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based on a two step epitaxy process using MOCVD. A second-order, 50 nm
deep DFB grating is wet etched into the surface of the completed In0.47Ga0.53P
waveguide after the first epitaxy step (holographically patterned). The 650 nm
thick symmetric waveguide is embedded between In0.5(Ga0.5Al0.5)0.5P cladding
layers. The active region consists of an In0.03Ga0.97As DQW with 20 nm thick
InGaAsP barriers. Thus, the fundamental fabrication methods are compa-
rable to this work. The authors report they target good regrowth quality
and low interface loss by etching the grating into the aluminum-free waveg-
uide which is less susceptible for oxidization than aluminum-containing mate-
rial. Nevertheless, they overgrow the grating corrugation with the aluminum-
containing cladding material (In0.5(Ga0.5Al0.5)0.5P). The usage of aluminum
in the cladding layers instead of aluminum-free materials is motivated by a
better carrier confinement due to the higher band-gap which increases the
internal quantum efficiency and decreases the temperature sensitivity. A
scheme of the laser structure is shown in Fig. 5.1, reproduced from [Ear98].

Figure 5.1: Reprinted with permission from Earles et al. [Ear98]. Copyright 1998,
American Institute of Physics.
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The authors say, they have designed the waveguide structure (thickness)
to prevent lasing on the second higher-order transverse mode, while lasing
on the first higher-order mode is argued to be suppressed by its poor opti-
cal confinement factor. Indeed, in this work, lasing on higher-order vertical
modes was observed for DFB BA lasers from iteration I and II and iden-
tified to limit the applicable (narrow single spectral peak) range in drive
current and temperature. In addition it is shown in this work, that lasing on
higher-order vertical modes in DFB-BA lasers can be much less suppressed
compared to FP-BA lasers, if the DFB coupling coefficient increases with
the vertical mode order. Thus, the suppression of higher-order modes cannot
be estimated only from the optical confinement factor with the active region
(low values increase the threshold current) and internal optical loss (high val-
ues increase the threshold current) but must be evaluated with respect to the
individual coupling coefficient (high values decrease the threshold current).

A coupling coefficient of κ = 7 cm−1 has been determined for the DFB
grating from sub-threshold ASE spectra as shown in Fig. 5.2, reproduced
from [Ear98]. The shape of the grating is reported to be nearly sinusoidal
shaped. The authors have calculated the coupling coefficient of the DFB
grating as κ = 9.5 cm−1.

Figure 5.2: Reprinted with permission from Earles et al. [Ear98]. Copyright 1998,
American Institute of Physics.

DFB-BA laser bars are facet coated to obtain front and rear facet reflec-
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tivity of Rf = 5 % and Rr = 95 %, respectively. Single emitters with a stripe
width of 100µm and a cavity length of 1000µm have been used measure
power-voltage-current characteristics and spectra at 10◦C. The character-
istics obtained are reproduced here in Fig. 5.3 from [Ear98]. A threshold
current of 240 m A (jth = 240 A cm2) and a slope efficiency of ∼= 0.708 W A−1

(ηd = 51 %) can be determined from the power-voltage-current characteris-
tics. A peak power conversion efficiency of 32 % is reached at 1.1 W output
power and is approximately constant till the measured maximum power,
slightly above 1.2 W. Since 1998, the maximum optical output power ob-
tained with a DFB-BA laser has been increased by a factor of ≈ 10 in this
work and simultaneously, the peak power conversion efficiency is nearly dou-
bled.

Figure 5.3: Reprinted with permission from Earles et al. [Ear98]. Copyright 1998,
American Institute of Physics.

Earles et al. also compare their results for DFB-BA lasers to FP-BA
refernce lasers (at 20◦C) from the same vertical design but without a grat-
ing, where they measure a threshold current density of jth = 225 A cm2 and
a differential quantum efficiency of ηd = 62 %. Unfortunately, the compara-
bility is hindered because of the different temperatures which have been used
for the characterization of the devices. Possibly, the lower temperature was
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used for the DFB-BA lasers to align the gain spectrum with the Bragg wave-
length of the DFB grating. The differential quantum efficiency is reduced
from 62 % (FP-BA reference lasers) to 51 % (DFB-BA lasers), which is 82 %
of the value for the reference devices. In this work, the decrease in the differ-
ential quantum efficiency has been successfully reduced from ≈ 86 % (FP-BA
reference lasers) up to ≈ 84 % (best DFB-BA laser D1560-2 040925), 98 % of
the value for the reference devices. Earles et al. also provide the characteris-
tic temperatures for threshold current and slope efficiency of T0 = 200 K and
T1 = 480 K, respectively. FP-BA reference lasers in this work have charac-
teristic temperatures for threshold current and slope efficiency of T0 = 145 K
and T1 = 422 K.

Earles et al. distinguish, that the relatively small coupling strength of
κ · L = 0.7 provides for efficient operation of the DFB-BA lasers. This fact
is in good agreement with what has been discovered in this work experimen-
tally and theoretically. Nevertheless, a slope efficiency of only ∼= 0.708 W A−1

(ηd = 51 %) is determined for the DFB-BA lasers, but ηd = 62 % for FP ref-
erence lasers. The authors analyze what causes the reduction in differential
quantum efficiency by ≈ 18 % when the DFB grating is introduced into the
laser structure. The authors determine the internal loss αi of FP reference
lasers to be 6.6 cm−1 and ≈ 7 cm−1 for DFB lasers (detuned from Bragg wave-
length). Thus, the grating does not significantly increase the internal loss.
This confirms that the grating fabrication on the aluminum-free waveguide
material and regrowth with the aluminum-containing cladding layer causes
no strong contamination with oxygen and other impurities. Therefore, the
reason for the degradation in differential quantum efficiency can be identified
as the difference in resonator loss which is αDFB ∼ 6 cm−1 and αm ≈ 15 cm−1.

A Figure with CW spectra at 0.5 and 1.1 W is shown in Fig. 5.4, re-
produced from [Ear98]. At 0.5 W, the spectrum is dominated by a single
peak (0.05 nm FWHM and ≈ 0.2 nm with 95 % power content) but at 1.1 W,
three peaks can be observed (0.09 nm FWHM and ≈ 0.3 nm with 95 % power
content). In this work spectral width of 0.2 to ≈ 0.3 nm with 95 % power
content has been obtained for higher output powers of 1 to 9 W as depicted
in Fig. 3.32, 3.33 , 4.22, 4.23 and 4.24.

A further figure with calculated longitudinal field profiles of DFB lasers
for κ ·L = 0.5, 1.0 and 2.0 is presented in the publication but not reproduced
here. Earles et al. say that 0.5 ≤ κ · L ≤ 1.0 provides relatively uniform lon-
gitudinal field profiles and good suppression of multiple longitudinal mode
operation due to longitudinal gain spatial hole burning. Unfortunately, the
phase relations at the facets have not been considered in a clearly compre-
hensible way (“assume no phase shifts at the facets” [Ear98]). In Fig. 1.24 in
this work it is shown, that at κ · L ≈ 1, field profiles can be uniform or not,
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Figure 5.4: Reprinted with permission from Earles et al. [Ear98]. Copyright 1998,
American Institute of Physics.

depending on the exact phase relation, but the averaged longitudinal field
profile is indeed relatively uniform. Such averaging can be motivated with
the fact that the phase relations will change along the facts of a BA laser (in
lateral direction) due to limited accuracy in the alignment between the DFB
grating ridges (holography) and the crystal (important for cleaved facets).

Publication 2 C.H. Chang et al.: “High CW power narrow-spectral width
(< 1.5 ) 980 nm broad-stripe distributed feedback diode lasers”, Electronics
Letters, Vol. 36, 954–955 (2000)

In 2000, Chang et al. [Cha00] have published experimental results obtained
with 980 nm DFB-BA lasers. Obviously, the authors have adapted the fabri-
cation methods and epitaxy design from [Ear98] to the new wavelength. As a
motivation, they say that “High-power spatially incoherent diode lasers with
narrow spectral width in the 940 - 980 nm wavelength range are desirable for
pumping solid state lasers and instrumentation applications” [Cha00].

The epitaxy structure consists of a 1µm thick InGaAsP waveguide, em-
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bedded between 1µm thick InGaP cladding layers. An In0.2Ga0.8As DQW
is located symmetrically in the waveguide and separated by 20 nm thick
InGaAsP barriers. Details are shown in Fig 5.5, reproduced from Chang
et al. [Cha00]. In contrast to [Ear98], the DFB grating is now placed in an
completely aluminum-free epitaxy design, regrown with the aluminum-free
cladding layer compound. This may help to avoid the formation of aluminum
oxide during the grating fabrication.

Figure 5.5: Reprinted with permission from Chang et al. [Cha00]. Copyright
2000, The Institution of Engineering and Technology.

Chang et al. report, they have calculated the DFB coupling coefficient to
be κcalc = 1.5 cm−1 and κmeas < 2 cm−1 has been determined by fitting ASE
spectra to theory. Thus, κ · L ≈ 0.3 with L = 2000µm cavity length. The
DFB-BA lasers are weakly coupled, approximately to the coupling strength
of the DFB grating used in iteration II of this work.

Single emitter devices with a stripe width if W = 100µm and a cavity
length of L = 2000µm and facet reflectivity of Rf = 5 % and Rr = 95 % were
investigated at 23 ◦C under CW conditions. Figure 5.6, reproduced from
Chang et al. [Cha00], shows the power-voltage-current characteristics, from
which a threshold current density of jth = 250 A cm2 (Ith ≈ 500 mA threshold
current) and a differential quantum efficiency of ηd = 52 % (S ≈ 0.658 W A−1

slope efficiency) can be determined. At the highest current of I = 2 A, the
power conversion efficiency reaches 33 % at P = 1 W output power.

Experimental results for reference 970 nm FP-BA lasers with the same
epitaxy design, stripe width, cavity length and facet coating have been pre-
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Figure 5.6: Reprinted with permission from Chang et al. [Cha00]. Copyright
2000, The Institution of Engineering and Technology.

sented by part of the authors from [Cha00] in [AM98], but characterized at
10 ◦C. This reference lasers have approximately the same threshold current
(Ith ≈ 500 mA) but a significantly higher differential quantum efficiency of
ηd = 85 % (S ≈ 1.09 W A−1 slope efficiency).

The differences can be understood with respect to the following physi-
cal properties. Firstly, the DFB-BA lasers have an internal optical loss of
αDFB

i ∼ 6 cm−1 at 23 ◦C [Cha00]. In contrast, the internal optical loss of the
reference devices is only αFP

i = 1 cm−1 at 10 ◦C [AM98]. Thus, the integra-
tion of the DFB grating has caused the internal optical loss to increase by
∼ 5 cm−1. The authors speculate that the increase in internal optical loss
occurs because of high radiation loss from the second-order DFB grating.
This seems comprehensible because the gratings are reported to be sinu-
soidal shaped which implicates that they have a duty cycle close to 1/2. The
results are in contrast to what has been reported for 893 nm DFB-BA lasers
in [Ear98] where the increase in the internal optical loss was only ∼ 0.4 cm−1.
DFB-BA lasers and FP-BA reference devices in this work have comparable
internal optical loss of αi ≈ 0.9 cm−1 and radiation loss is assumed to be
negligible do to an optimized duty cycle of ≈ 1/4.

Secondly, the DFB-BA lasers have the same facet coating as the FP-BA
reference lasers. For a weakly coupled DFB-BA lasers with κ ·L ≈ 0.3, Rf =
5 % is a very high front facet reflectivity which on the one hand decreases
the threshold current and slope efficiency and on the other hand, reduces the
suppression of lasing on FP like modes at the maximum of the gain spectrum.
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In this work, lasing on FP-like modes has been observed for DFB-BA lasers
with a not sufficient AR coating of the front facet and the importance of the
front facet coating for a broad DFB locking range in current and heatsink
temperature is studied.

Reference 970 nm FP-BA lasers [AM98] were driven at T = 10 ◦C up to
CW injection currents of 13 A where they achieve an optical output power of
Popt = 10.6 W with≈ 41 % power conversion efficiency and have a peak power
conversion efficiency of≈ 58 %. Thus, the question arises why DFB-BA lasers
have not been also investigated at comparable high currents as done in this
work. Chang et al. also do not show current characteristics and compare
them to the current characteristics from the reference devices. Nevertheless,
from the power and efficiency characteristics depicted in [Cha00] and [AM98]
one can derive that at I = 2 A, the voltage of the DFB-BA lasers is UDFB ≈
1.52 V (23 ◦C) and the voltage of the reference FP-BA devices is UFP ≈
1.48 V (10 ◦C), respectively. Considering that the voltage drop increases with
decreasing temperature, this indicates that the voltage of the DFB-BA lasers
is increased. The elimination of any excess voltage for DFB-BA lasers (in
iteration II) compared to reference BA lasers by using an optimized floating
grating design is one important achievement in this work towards highly
efficient DFB-BA lasers.

Possibly, the question why the power-voltage-current characteristics have
not been measured up to higher currents than 2 A can be answered with re-
spect to the CW optical spectrum at P = 0.5 and 1.0 W, shown in Fig. 5.7,
reproduced from Chang et al. [Cha00]. Chang et al. denote that the CW spec-
tral width of 2000µm long devices is 0.05 nm FWHM at 0.5 W and 0.13 nm
FWHM at 1.0 W. However, relatively broad spectral side peaks around
≈ 975.0 nm and ≈ 977.5 nm (the Bragg wavelength is close to ≈ 976 nm)
seems to broaden the spectral width with 95 % power content significantly.
In the publication, the origin for this spectral broadening is not explained.
One could assume that lasing on FP-modes is the reason for the occurrence
of the spectral side peaks. This assumption can be confirmed with respect
to the DFB resonator loss of αDFB = 6.2 cm−1 [Cha00] and the mirror loss
αm = 7.6 cm−1, which is only slightly smaller.

The authors furthermore say that “Beyond ∼ 0.5 W CW, oscillation at
a second longitudinal resonance occurs” [Cha00]. Even though multiple lon-
gitudinal mode lasing is probable for the devices and has been observed in
this work (from spectrally resolved near field and far field measurements),
no evidence is given for this predication.

The importance of the publication from Chang et al. [Cha00] is that they
have adapted the DFB-BA laser technology and fabrication from 893 nm
[Ear98] to 980 nm and achieved comparable output powers and power con-
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Figure 5.7: Reprinted with permission from Chang et al. [Cha00]. Copyright
2000, The Institution of Engineering and Technology.

version efficiency with some disadvantages in the spectral stabilization. Nev-
ertheless, the power, voltage and efficiency (−25 %) degradation compared to
reference FP-BA devices is large. Therefore one can reason that optimizing
the duty cycle of the DFB grating and using a better AR coated front facet
could have significantly improved the performance of the DFB-BA lasers
from Chang et al.

Publication 3 M. Kanskar et al.: “53% wallplug efficiency 975 nm dis-
tributed feedback broad area laser”, Electronics Letters, Vol. 42, 1455–1457
(2006)

Kanskar et al. report on very efficient high power DFB-BA lasers at 975 nm
[Kan06]. The authors have used a 1.1µm thick waveguide and an InGaAs
single quantum well (SQW). A second-order DFB grating is positioned at
the p-side cladding layer as shown in Fig. 5.8 (reproduced from [Kan06]).
The DFB grating is introduced into the layer structure with a two step
epitaxy process, using holographically exposed photoresist patterning and
etched 100 nm deep with reactive ion etching. Thus, the basic fabrication
principles of the manufacturing process are the same as used in this work.

While the DFB grating in [Kan06] is etched 100 nm deep into a 200 nm
thick single material grating layer from In≈0.75Ga≈0.25P (the material com-
position was derived from the given refractive index of 3.21), DFB gratings
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Figure 5.8: Reprinted with permission from Kanskar et al. [Kan06]. Copyright
2006, The Institution of Engineering and Technology.

in this work have a shallow etch depth of only ≈ 35 nm (iteration I) and
≈ 20 nm (iteration II). Shallow gratings have been used in this work because
they are expected to lead to a higher quality of the semiconductor crystal
in the compound grown on top of the DFB grating surface and a faster pla-
narization of the corrugation during regrowth. In addition, the DFB gratings
in this work consist of an aluminum-free two layer system which allows to use
selective etching of the GaAs cap to precisely adjust the duty cycle of the fi-
nal regrown grating. This is advantageous to achieve the maximum coupling
coefficient from the thin second arder grating and to minimize radiation loss.

Kanskar et al. say, they have designed the grating and its position to keep
κL ≈ 1. Thus, with L = 1 mm, κ must be ≈ 10 cm−1. The authors use a
kind of an thin competing waveguide for the DFB grating as can be seen in
Fig. 5.8. The DFB lasers in this work also have κL ≈ 1 in iteration I but
κL ≈ 0.15 in iteration II because κL ≈ 1 was identified to limit the slope
efficiency of high power DFB-BA lasers in comparison to BA lasers without
a DFB grating and efficiency optimized facet coatings.

In contrast to epitaxy design in this work, the waveguide used by Kanskar
et al. is 1µm thinner. The thinner waveguide epitaxy design results in a
broader vertical divergence angle of 38 ◦ FWHM. Narrow vertical divergence
angles of 26 ◦ FWHM and 45 ◦ with 95 % power content as reported in this
work are more advantageous for a efficient coupling of the emitted power into



290
Evaluation of the electro-optical properties:

Comparison to other publications

optical fibers and collimation with lenses. Nevertheless, thinner waveguides
makes it easier to achieve a low threshold current and a low series resistance.

Broad are devices with 100µm stripe width and with two different cav-
ity lengths of 1 and 2 mm were investigated by Kanskar et al. under CW
conditions at 25 ◦C heatsink temperature. With the shorter cavity length of
L = 1 mm, Kanskar et al. obtain a maximum power conversion efficiency of
53 % at 2.0 W. At the time of publication (2006), this was the highest power
conversion efficiency reported for edge emitting DFB diode lasers. The max-
imum power shown for these devices is 4.0 W, which was also a record high
value at the time of publication. The corresponding power conversion ef-
ficiency is 43 %. A threshold current of 230 mA and a slope efficiency of
0.9 W A−1 is denoted. Power, voltage and power conversion efficiency are
depicted in Fig. 5.9, reproduced from [Kan06].

Figure 5.9: Reprinted with permission from Kanskar et al. [Kan06]. Copyright
2006, The Institution of Engineering and Technology.

Devices with 2 mm cavity length reach a maximum power conversion ef-
ficiency of 49 % at 2.4 W and the highest output power published before
[Sch10a] is 5.5 W with 41 % power conversion efficiency. In contrast to the
device with 1 mm cavity length, no strong roll-over is observed at 8.0 A,
5.5 W. Therefore, it seems possible to further increase the output power if
the facets are able to withstand power densities above 5 MW cm−2, as ap-
proximately reached at 8.0 A, 5.5 W. Power, voltage and power conversion
efficiency are depicted in Fig. 5.10, reproduced from [Kan06].
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Figure 5.10: Reprinted with permission from Kanskar et al. [Kan06]. Copyright
2006, The Institution of Engineering and Technology.

The spectral width of the device with 2 mm cavity length is denoted
with 0.18 nm FWHM at the peak efficiency and 0.23 nm FWHM at 5 W.
The spectrum at 5 W is shown in the inset to Fig. 5.10, a spectral width of
≈ 0.5 nm with 95 % power content can be read of the inset figure. Thus, the
spectral width is slightly broader than the spectral width of DFB-BA lasers
from iteration I of this work, as depicted in Fig. 3.32 and 3.33 as well as of
iteration II of this work as shown in Fig. 4.22, 4.23 and 4.24.

The devices have a facet coating with front and rear facet reflectivity of
Rf = 4 % and Rr = 95 %, respectively. Thus, the feedback from the facets
is relatively high, especially for the 2 mm long DFB-BA lasers. Using a
SQW active region as gain medium is known to require a higher front facet
reflectivity than a DQW to keep the threshold current density per quantum
well low. The mirror loss caused by the facet coating is αm = 16.35 cm−1

for 1 mm cavity length and αm = 8.18 cm−1 for 2 mm cavity length. Spectral
stabilization is enabled due to DFB coupling strength of κ · L ∼ 1 for but
the authors do not quote if this is obtained for a cavity length of L = 1 mm
or L = 2 mm.

In this work, DFB BA lasers (DQW) with a cavity length of 3 mm have
a mirror loss caused by the facet coatings between αm = 12.1 cm−1 and
αm = 13.6 cm−1 and a DFB coupling strength of κL ≈ 1 (iteration I) and
κL ≈ 0.15 (iteration II).

Kanskar et al. have investigated the DFB locking range by measuring the
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spectra of a DFB BA laser at 2 A CW drive current and temperatures of
10, 20, . . . , 50 ◦C as shown in Fig. 5.11. Unfortunately, the cavity length
of the laser used for this investigation is not indicated. The shown spectra
have a spectral width between approximately 0.2 and 0.3 nm with 95 % power
content. Presumably, a locking to higher temperatures and at higher currents
could be achieved with the lasers from Kanskar et al. by using a lower front
facet reflectivity.

Figure 5.11: Reprinted with permission from Kanskar et al. [Kan06]. Copyright
2006, The Institution of Engineering and Technology.

The devices are interpreted from the spectrum measurements to operate
in multiple lateral modes but single longitudinal mode at low powers, but
at several longitudinal modes at high powers. From the spectra shown in
Fig. 5.11, this predication cannot be derived securely. Obviously, the spectra
have several sub-peaks with a spectral distance in the range of ≤ 0.05 nm.
Indeed, the lateral and longitudinal mode spacing cannot be separated se-
curely. Nevertheless, it is obvious to assume lasing on multiple lateral modes
even slightly above threshold. Spectrally resolved near field and far field mea-
surements on DFB-BA lasers from iteration I of this work (see section 3.4.12)
show, that lasing on more than one longitudinal mode can occur at output
powers of > 5 W.

Publication 4 Y. He et al.: “808 nm broad area DFB laser for solid-state
laser pumping application”, Electronics Letters, Vol. 45, 163–164 (2009)
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In 2009, He et al. [He09] published results, obtained with 808 nm DFB BA
lasers. These 808 nm DFB BA lasers were obviously developed on the basis
of the knowledge and manufacturing skills, the group has gained with the
975 nm DFB-BA lasers reported in [Kan06]. Therefore and because of a very
high power conversion efficiency, these lasers are interesting for a comparison
with the 975 nm DFB BA lasers from this work. The design of the waveguide
and SQW active region from [Kan06] has been adapted to a semiconductor
material system that allows efficient waveguiding at 808 nm but no mate-
rial details are given. The refractive index profile is depicted in Fig. 5.12,
reproduced from [Kan06].

Figure 5.12: Reprinted with permission from He et al. [He09]. Copyright 2009,
The Institution of Engineering and Technology.

A second-order DFB grating is fabricated with lithographic techniques
and reactive ion etching, then overgrown in a second epitaxy process. The
fabrication is very similar to [Kan06]. DFB-BA diode lasers with 2 mm cavity
length and a stripe width of 100µm are fabricated and facet coating is applied
to obtain Rf = 4 % and Rr = 95 %. A DFB coupling strength of κL ∼ 1
and a vertical divergence angle of 38.6 ◦ FWHM is denoted by the authors.
Thus, the coupling coefficient of the DFB grating must be ≈ 5 cm−1 which
is presumably only 50 % of the coupling coefficient of the DFB grating in
[Kan06] while the coupling coefficient in iteration I of this work is ≈ 3 cm−1

and ≈ 0.5 cm−1 in iteration II.
Figure 5.13, reproduced from [He09], shows the voltage, power and effi-

ciency characteristics at 25 ◦C heat sink temperature. A threshold current of
450 mA and a slope efficiency of > 1 W A−1 is denoted. From the graphic,
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one can measure the slope efficiency as S ∼= 1.15 W A−1. At the time of
publication, this is the highest slope efficiency for a DFB-BA laser. With
ηd = (−qλ/hc) · S (with the Planck constant h, the vacuum speed of light
c, the electron charge q and the vacuum wavelength λ), the corresponding
slope efficiency can be calculated as ηd ≈ 0.749. DFB-BA lasers from this
work have slope efficiencies between 0.879 and 1.073 W A−1 (see tables 3.7
and 4.3). Thus, differential quantum efficiencies between ηd = 0.691 and
ηd = 0.839 have been achieved, considering wavelengths of λ = 975 nm and
λ = 970 nm, respectively. The 808 nm DFB BA lasers from Y. He at al.
obtain remarkable 4 W optical output power (without any roll-over being
observed) at a peak power conversion efficiency of 57 %, a record high value
at the time of publication.

Figure 5.13: Reprinted with permission from He et al. [He09]. Copyright 2009,
The Institution of Engineering and Technology.

Optical spectra were measured in [He09] and found to have a spectral
width of 0.3 nm FWHM at 2.5 W output power and temperatures of 15, 25,
. . . 45 ◦C. A width of ≈ 0.5 nm with 95 % power content can be estimated
from figure 3 in [He09]. For DFB BA lasers from this work, the spectral
width with 95 % power content is slightly more narrow at comparable output
powers (see Fig. 3.32 and 3.33 for iteration I and Fig. 4.22, 4.23 and 4.24 for
iteration II).

Figure 5.14, reproduced from [He09], shows a mapping of the locked out-
put with “100 % of the power in the Bragg emission bandwidth” [He09], as
a function of the heatsink temperature and operating current. The emis-
sion wavelength is reported to remain stabilized at the Bragg condition over
∼ 30 K in heatsink temperature. Such a broad DFB locking range could be
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important for possible applications of DFB BA lasers, for example as pump
source for spectrally narrow absorption lines. In this work, the DFB locking
range was determined for DFB-BA lasers from iteration I (section 3.4.11)
and II (section 4.3.7).

Figure 5.14: Reprinted with permission from He et al. [He09]. Copyright 2009,
The Institution of Engineering and Technology.

With respect to changing the role of the x- and y-axis between Fig, 5.14
from [He09] and Fig. 3.50 (c) which shows the locking range from DFB-BA
lasers from this work, the shape of the locking range is very similar. He et al.
do not explain in detail, what exactly happens outside the indicated locking
range. Because of the high front facet reflectivity of 4 %, one might assume
that lasing on FP-like modes starts, if the gain peak is too much detuned
from the Bragg wavelength of the DFB grating on the fundamental waveguide
mode (detuned to longer wavelength at high currents and temperatures).

He et al. denote the important fact that “The temperature range of effec-
tive locking is limited by detuning between the optical gain peak wavelength
and the Bragg wavelength, which is a function of the junction temperature
at a given operating current.” [He09]. This spectral detuning has been ob-
served in this work to be essential for the properties of the optical spectrum
because it determines the onset of lasing on FP-like modes and higher-order
modes and influences the roll-over of the power characteristics. In the case
of DFB-BA lasers from this work, also lasing on higher-order vertical waveg-
uide DFB modes limits (narrow) single peak lasing. Presumably, this also
occurs with the DFB-BA lasers reported in [He09] at heatsink temperatures
≤ 17 ◦C where the locking range is limited (see Fig, 5.14).
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Publication 5 J. Fricke et al.: “High-Power 980nm Broad-Area Lasers
Spectrally Stabilized by Surface Bragg Gratings”, Photonics Technology Let-
ters, Vol. 22, 284–286 (2009)

In 2009, Fricke et al. [Fri09] from the FBH have published experimental re-
sults, obtained with high power and high efficiency DBR-BA lasers. They
also report on how high reflectivity Bragg reflector gratings can be fabri-
cated at the rear facet of the device. Fricke et al. argue, that “employing a
higher-order surface grating is a cost-effective standard fabrication technol-
ogy” [Fri09] and could be possibly a more cost effective technology approach
for the spectral stabilization of BA lasers compared to a two step epitaxy
process for the fabrication of buried DFB gratings.

The epitaxy structure, grown by MOVPE on a GasAs wafer, consists
of a 2.4µm thick AlGaAs waveguide with AlGaAs cladding layers. The
active region consists of a strain compensated InGaAs/GaAsP DQW and
is placed asymmetrically into the waveguide with a n-waveguide thickness
of 1.6µm and a p-waveguide thickness of 0.8µm, respectively. Thus, the
epitaxy structure is roughly comparable to the one, used in this work during
iteration I and II.

Internal loss of αi = 0.76 cm−1 and an internal quantum efficiency of
ηi = 0.93 has been determined from the cavity length dependence of the
differential quantum efficiency of BA lasers from this material. In this work,
0.84 cm−1 ≤ αi ≤ 1.05 cm−1 and 0.92 ≤ ηi ≤ 0.96 (see table 3.5) has been
determined in iteration I for FP-BA reference lasers and DFB-BA lasers
with a Bragg wavelength, detuned outside the gain spectrum. These values
are, with respect to the measurement precision, comparable to what Fricke
et al. have determined for their devices. Fricke et al also quote the threshold
current characteristic temperature for their epitaxy design as T0 = 163 K
which is higher than the value for the FP-BA reference lasers from this work
(T0 = 132 K).

The design of the DFB grating was optimized by calculating the peak
reflectivity of a 500µm long sixths-order Bragg grating section as a function
of the duty cycle cd (ratio between the un-etched part of the grating and
the grating period Λ) and residual layer thickness dres (thickness of layers
remaining above the active region). Sufficient peak reflectivity of > 65 %
has been determined for very high cd > 0.9 (challenging for fabrication) and
dres < 550 nm. For 0.88 ≤ cd ≤ 0.92 and dres = 350 nm, the peak reflectivity
is found to saturate for 500µm grating length. The effective reflectivity of
the DBR grating has been determined experimentally from the fraction of the
output power from the rear and front facet Pr/Pf =

√
(Rf/Rr)(1−Rr)/(1−

Rf). For 500µm long sixths-order Bragg gratings, an effective reflectivity up



297

to Reff
r = 80 % was achieved. From the fabrication and functionality point of

view, the Bragg gratings used in this work are quite different compared to
the Bragg gratings for DFB-BA lasers as used by Fricke et al. Firstly, sixth-
order Bragg gratings have very large grating periods what allows them to be
fabricated with wafer i-line stepper lithography. For example, for λBragg =
976.0 nm and neff = 3.4, the grating period of a first-order Bragg grating
is Λ1st order = 143.5 nm, Λ2nd order = 287.1 nm for a second-order grating and
Λ6th order = 861.2 nm for a sixth-order grating. Secondly, sixth-order high
reflectivity DBR gratings require duty cycles close to 1.0 and etching these
high aspect ratio gratings (narrow, deep trenches) is challenging. In contrast,
second-order DFB gratings in this work are preferably fabricated as very thin
gratings with a duty cycle of 0.25 (narrow stripes oft the grating layer are left
between broad and very shallow trenches) and require different fabrication
techniques.

For the measurement of power-voltage-current characteristics and spec-
tral properties, facet passivation and facet coating for front an rear facet
reflectivities of Rf = 0.5 % and Rr < 0.1 % was applied to laser bars with a
cavity length of 4000µm, containing a 500µm long sixths-order DBR grating
section as a rear-side reflector. Single emitters with 90µm stripe (and DBR
grating) width were mounted p-side down on CuW submounts and soldered
on CCP-mounts. In contrast to the DBR-BA lasers which have an effective
rear facet reflectivity of Reff

r ≤ 80 %, DFB-BA lasers in this work have very
high reflectivity rear facet coatings with Rr ≥ 96 %. Therefore one must
reason, that the fraction of the optical output power which is coupled out
through the rear facet of a laser is higher for the DBR-BA lasers and reduces
the differential quantum efficiency (and slope efficiency) from the front facet.

In Fig. 5.15, reproduced from Fricke et al. [Fri09], power-voltage-current
characteristics measured at 25 ◦C under CW conditions, are depicted. The
DBR laser has a threshold current of Ith ≈ 1.4 A and an excellent slope effi-
ciency of S ≈ 1 W A−1 (from threshold up to 4 A). A peak power conversion
efficiency of 50 % is denoted for an optical output power of 7 W. Consider-
able roll-over starts at ≈ 17.5 A and the output power peaks at remarkable
≈ 14.5 W, ≈ 20 A, with ≈ 40 % power conversion efficiency. The divergence
angle of the vertical far field is denoted as 24 ◦ FWHM.

A quantitative comparison of the power-voltage-current characteristics
between the DBR-BA lasers from Fricke et al. and DFB-BA lasers from this
work is difficult, because the DBR-BA lasers must be understood as 90µm
stripe BA lasers with a 3500µm long pumped area and a passive section (not
electrically pumped) whose length is defined by the effective penetration
length of the optical field into the DBR grating section leff < 500µm. In
contrast, DFB-BA lasers from this work consist of a single 3000µm long
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Figure 5.15: Reprinted with permission from Fricke et al. [Fri09]. Copyright 2009,
IEEE.

actively pumped section. Nevertheless it is an important result that Fricke
et al. [Fri09] have achieved a slope efficiency of 1 W A−1. Roll-over at ≈
14.3 W, 20 A is also a remarkable result for a 90µm stripe, 4000µm long
DBR-BA laser, including a 500µm long DBR grating section. An output
power of nearly 12 W at 15 A, achieved with the 4000µm long DBR-BA laser
is close to the best results with 3000µm long DFB-BA lasers at 15 A in this
work (see Fig. 3.26 for iteration I and Fig. 4.13 for iteration II). An advantage
of the DFB-BA lasers from this work is, that their power conversion efficiency
is up to 10 % higher at the same output powers as for the DBR-BA lasers
from Fricke et al., which achieve higher output powers.

A mapping of the CW spectra at 25 ◦C is shown in Fig. 5.16, reproduced
from Fricke et al. [Fri09]. Single narrow spectral peak emission is observed
between threshold and 21 A, indicating that the emission wavelength is locked
to the Bragg condition over the whole current range. A total wavelength shift
of 3.4 nm has been determined. The spectral width with 95 % power content
remains ≤ 1 nm. Probably with respect to possible applications, the authors
denote that “Up to 10 W power the spectral shift and width remain below
1.1 nm and 0.6 nm, respectively” [Fri09].

With regard to the spectral properties, DBR-BA lasers can be advanta-
geous, compared to DFB-BA lasers, because of the following to three rea-
sons. Firstly, the wavelength shift of the DBR spectrum to longer wavelength
with increasing current is lower, because the DBR grating is not electrically
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pumped (passive) and therefore, it is less heated, compared to a DFB grat-
ing which is a part of the electrically pumped active part of the laser diode.
The differences in the current-induced wavelength shift between a DBR-BA
laser and a DFB-BA laser reduces when QCW or short pulsed mode cur-
rent injection is used instead of CW and it is expected to vanish at very
short current pulses with low duty cycle. Secondly, the spectral width is
basically determined by the reflection bandwidth of the Bragg grating and
can be smaller than the spectral width of a DFB-BA laser, if the reflection
bandwidth of the Bragg grating is very narrow. In a DBR-BA laser, optical
modes (longitudinal and lateral) whose corresponding wavelength is outside
the reflection bandwidth, are suppressed against modes within the reflection
bandwidth of the DBR grating due to increased mirror losses. In contrast,
each lateral mode has its own effective refractive index and consequently,
its own stopband wavelength in a DFB-BA laser. The suppression of addi-
tional longitudinal modes which are considerably detuned from the stopband
is typically small in weakly coupled (κL < 1) DFB-BA lasers. Thirdly, the
sensibility to external feedback is potentially much higher for DFB-BA lasers,
because of the highly anti-reflection coated front facet, which is not required
for DBR-BA lasers.

Figure 5.16: Reprinted with permission from Fricke et al. [Fri09]. Copyright 2009,
IEEE.

In summary, high power DBR-BA lasers are promising devices to achieve
very high optical output powers, combined with narrow spectral width, wave-
length stabilization and also high power conversion efficiency. Compared to
DFB-BA lasers, devices reported in [Fri09] are advantageous compared to
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DFB-BA lasers from this work with regard to the maximum achievable out-
put powers and wavelength stability. To date, DFB-BA lasers achieve higher
power conversion efficiency and are the first diode lasers with monolithic in-
tegrated wavelength stabilization, for which reliable operation at 10 W CW
is reported for 7800 h. The fabrication of DBR-BA lasers, reported in Fricke
et al. [Fri09] (single epitaxy, surface grating), is very different from the fabri-
cation of DFB-BA lasers in this work (two-step epitaxy, buried grating). For
the DBR-BA lasers, the etching of a high duty-cycle grating, to achieve a
high reflectivity, is the most critical fabrication step. The most critical fab-
rication step for the DFB-BA lasers is the epitaxial regrowth of the etched
grating corrugation and to achieve a clean, oxygen-free surface before the
second epitaxy begins. If it is necessary to achieve the maximum output
power from a minimum of wafer surface, DFB-BA laser could be advanta-
geous, because in contrast to DBR-BA lasers, they do not need extra space
for a passive grating reflector.

To conclude, substantial improvement has been achieved in the output
power and power conversion efficiency of DFB-BA lasers since 1998. The
ability to fabricate low optical loss, low series resistance DFB gratings and
the usage of low coupling strength (κ · L < 1) DFB gratings have been the
most important factors to increase the power conversion efficiency.

The spectral detuning between the Bragg wavelength of the DFB grating
on the fundamental waveguide mode and the gain peak wavelength has been
identified as a crucial factor for wavelength stabilization on the fundamental
waveguide mode and high power conversion efficiency at high optical output
powers. This is of exceedingly importance while the maximal used CW in-
jection currents have been increased to 15 A in order to achieve high output
powers > 12 W. The spectral detuning es expected to become even more
important in future DFB-BA lasers where longer cavity lengths ≥ 4 mm are
supposed to be used. Using longer cavity length is an upcoming development
in the field of high power BA lasers, motivated by low internal optical loss
αi ∼ 0.5 cm−1 which can be achieved with optimized SQW epitaxy designs.
This will in future enable even higher injection currents, for example I = 20 A
for L = 4 mm with the same current density as for I = 15 A for L = 3 mm.

DBR-BA lasers, with high reflection DBR gratings, used as a rear re-
flector, based on a epitaxy structure optimized for high power and high
efficiency BA lasers, are promising devices to achieve comparable output
power and power conversion efficiency with wavelength stabilization, having
a small drawback in power conversion efficiency. Also reliable operation in
the ∼ 10 W range over > 5000 h has not been reported for DBR-BA lasers
to date.



Chapter 6

Summary

In this chapter, the main aspects of the work are summarized, subdivided into
the following paragraphs. The summary begins with a reiteration of the subject
and goal of this work, the motivation and possible promising applications of high
efficiency, high power, wavelength stabilized broad area (BA) lasers. The initial
situation which gave several indications on the limitations of the efficiency of
DFB-BA lasers is shortly explained subsequently. Afterwards, theoretical findings
on the factors limiting the efficiency of DFB-BA lasers are summarized. The
technological realization of the high efficiency, high power DFB-BA lasers which
were developed during this work is summarized with respect to the design and
fabrication technology. Experimental results obtained in iterations I and II are
presented afterwards. The following section concerns selected findings and prob-
lems of high efficiency, high power DFB-BA lasers which have been identified
during this work. In the second to last section, the significance of the present
work for further research and development as well as potential applications is
evaluated. Finally, an outlook is given on present unpublished and future work
on DFB-BA lasers at the FBH, about a competing fabrication technology for
DFB gratings and recently published considerations on the industrial high vol-
ume manufacturing of buried overgrown DFB gratings, using technologies which
are comparable to the ones used in this work.

Subject and goal of the work, motivation and applications The aim
of this work was to identify the factors which limit the efficiency of DFB-BA
lasers compared to efficiency-optimized FP-BA lasers. A further aim was to
develop and fabricate high efficiency, high power ∼ 100µm stripe DFB-BA
lasers based on the findings, which achieve high power conversion efficiency
in the ∼ 60 % range at 10 W optical output power – an efficiency and power
level which is typical for state of the art Fabry-Pérot (FP) BA lasers. Finally,
it was essential to analyze the properties of these newly developed DFB-BA
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lasers experimentally, to compare them to reference lasers and to gain a deep
understanding of their physical properties as a basis for further research and
development work.

This work was motivated by the consideration that additional wavelength
stabilization and a narrow spectral width would make high efficiency, high
power BA lasers more suitable for some kinds of possible applications. Such
applications are pumping narrow absorption bands in gain media of solid
state lasers, fiber lasers and amplifiers [Pas97], [Oso07], [Sch07], [Hu09],
[Köh09], [Pat09], as well as dense incoherent spectral beam combination for
direct diode lasers systems [Sch07], [Gra12], [Hei12]. Based on estimated
technical requirements for possible applications mentioned above, goals for
the optical output power, power conversion efficiency, spectral width and
vertical beam divergence have been defined. These goals were to achieve a
continuous wave optical output power of ≥ 10 W with a power conversion
efficiency of ≥ 60 %, a spectral width of ≤ 0.3 nm (95 % power content) and
a vertical beam divergence of ≤ 45 ◦, (95 % power content).

Initial situation Before the beginning this work, DFB-BA lasers were for
example optimized for temperature-stable locking with low efficiency and
power [Sch09a]. First efficiency optimized DFB-BA lasers [Kan06], [He09]
were limited to relatively low output powers (≤ 5.5 W) which is only 50 % of
the typical reliable output power from a ∼ 100µm stripe state of the art BA
lasers. The fabrication of DFB gratings using buried overgrowth technology
was already well established but these gratings typically caused additional
internal optical loss [Yor92], [Cha00], [Sch09a], [Sch09b] and series resistance
[Lee97], [Cha00], [AM98], [Sch09a], [Sch09b] in DFB-BA lasers.

Theoretical findings The factors which limit the power conversion effi-
ciency of DFB-BA laser have been studied theoretically and based on ear-
lier publications. These factors are the choice of a too high DFB coupling
strength κ ·L [Che98], [Sch09a], [Sch09b], an excess internal optical loss from
the DFB grating region [Yor92], [Cha00], [Sch09a], [Sch09b] and radiation
loss from higher-order DFB gratings [Cha00] and an excess voltage drop due
to the DFB grating [Cha00], [AM98], [Sch09a], [Sch09b].

Thus, increasing the efficiency of DFB-BA lasers firstly required the DFB
coupling strength to reduced to an adequate value. Because of the typical
stripe width of BA lasers of ∼ 100µm and unavoidable marginal angular
misalignment between the cleaved facets and the DFB grating, the phase
relation between the facets and the last grating ridge is reasoned to be not well
defined in BA lasers like in narrow stripe ∼ 3µm RW lasers. Threshold gain
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and differential quantum efficiencies were calculated for facet phase sections
between 0 and 1/2 grating periods (second-order DFB grating) with a small
step size using coupled mode theory numerical calculations and averaging
over the facet phase section was therefore used to produce results relevant
for BA lasers. These calculations show that for low DFB coupling strength
κ ·L ≤ 1, DFB-BA lasers and FP-BA lasers have nearly identical dependence
of the differential quantum efficiency and threshold gain on the resonator
loss, provided they have the same internal optical loss and internal quantum
efficiency. Therefore, by decreasing the DFB coupling strength, the increase
in threshold gain will be more than compensated by the increase in slope
efficiency and the peak power conversion efficiency and corresponding optical
output power increases with decreasing coupling strength.

Secondly, the internal optical loss of DFB-BA lasers had to be reduced to
the value for reference FP-BA lasers from the same epitaxy design, grown in
a single stage epitaxy without the grating layers. Because the grating region
requires a high doping level for low electrical resistance, thin grating layers
are preferred which are placed far enough from the active region at a position
with a low confinement factor with the vertical optical field. Furthermore,
contamination with oxygen which might occur during the two step epitaxy
in the grating region must be minimized or prevented because oxygen con-
tamination can cause deep level trap states within the band gap of AlGaAs
[Goo91], [Kan97].

Radiation loss from higher-order DFB gratings can be minimized by us-
ing a second-order DFB grating with 25 % duty cycle and a low coupling
coefficient κ < 5 cm−1. Calculations show that in this case, the radiation
loss will be two orders of magnitude smaller than the coupling coefficient
and also more than one order of magnitude smaller than the typical doping
level dependent internal optical loss αi ∼ 1 cm−1 and thus, approximately
negligible.

The appearance of an excess voltage drop because of an increased series
resistance must be reduced or eliminated by using an adequate grating design,
including material choice, layer thickness, geometry and doping level, as well
as a suitable fabrication technology.

Technological realization The findings on the factors, limiting the effi-
ciency of DFB-BA lasers have been considered in the basic epitaxy design
development, in the design, position and coupling coefficient of the DFB
grating and grating fabrication technology.

An AlGaAs-based epitaxy design was developed which was optimized for
high efficiency, high power BA lasers and suitable for the integration of a DFB
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grating in the p-waveguide [Sch10a], 230 nm (iteration I) or 100 nm (iteration
II, [Sch11], [Cru12b], [Sch12]) below the p-cladding layer. The confinement
factors in the DFB grating were only 0.46 % and 0.16 % in iteration I and
II, respectively. The DFB grating basically consists of two aluminum-free
layers, p-doped at 2 · 1018 cm−3. In iteration I, the DFB grating is formed
by a ≈ 7 nm thick In0.49Ga0.51P layer which extends over the whole wafer
and grating ridges from ≈ 13 nm In0.49Ga0.51P and 15 − 20 nm GaAs (in
growth direction). In contrast, no residual In0.49Ga0.51P layer is left over
in iteration II, where grating ridges from ≈ 10 nm In0.49Ga0.51P and 5 −
15 nm GaAs are completely isolated, floating in the AlGaAs p-waveguide
[Sch12]. This floating grating design enables any hetero-interfaces between
the grating ridges to be eliminated on 75 % of the grating area. From vertical
cavity surface emitting lasers, hetero-interfaces are well known to increase the
series resistance [Cha93], [Pet93], [Kha95], [Zho95], [Die08] and therefore,
the floating grating design was presumed to enable even lower voltage and
series resistance than the grating design from iteration I with a residual
In0.49Ga0.51P layer. The DFB gratings longitudinal index contrast, duty cycle
and vertical position was chosen to obtain a coupling coefficient of κ ∼ 3 cm−1

in iteration I and was further reduced to κ ≈ 0.5 cm−1 in iteration II. Thus,
with a cavity length of L = 0.3 cm, the achieved DFB coupling strength in
iterations I and II were κ · L ≈ 1 and κ · L ≈ 0.2, respectively [Sch10a],
[Sch12].

As mentioned above, the duty cycle of the DFB grating must be adjusted
precisely in order to achieve a maximum coupling coefficient and to minimize
the ratio between the coupling coefficient and the radiation loss from the DFB
grating. This has been considered during the fabrication, beginning with an
adequate duty cycle for the photoresist line pattern which was used as an
etch mask for the first structuring. During the following etching and cleaning
steps, the duty cycle of the corrugation is reduced stepwise until a duty cycle
of ≈ 25 % is achieved in the final regrown DFB grating [Sch12].

Ex-situ pre-structuring with selective wet etching of GaAs was there-
fore used to obtain a GaAs line pattern with a precision duty cycle on top
of the In0.49Ga0.51P layer, while the wafer surface remains covered with an
aluminum-free layer. After cleaning stages, in-situ etching was applied inside
the epitaxy reactor with carbon tetrabromide (CBr4) [Sch12]. This allows
the grating corrugation from the GaAs line pattern to be transferred into the
In0.49Ga0.51P layer. Meanwhile, the oxides on the GaAs and In0.49Ga0.51P are
removed. In the first iteration, the in-situ etching was stopped within the
20 nm thick In0.49Ga0.51P layer before the underlying Al0.15Ga0.85As was un-
covered, then regrown with Al0.15Ga0.85As. Usage of in-situ etching times
of tis = 90, 120 and 150 s was used to achieve DFB gratings with slightly
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varying coupling coefficients.
In contrast, in-situ etching was applied in iteration II over tis = 150 s, us-

ing only 10 nm thick In0.49Ga0.51P layers. This enables to uncover the under-
lying Al0.15Ga0.85As under the nearly oxygen-free conditions in the MOVPE
reactor without oxidization [Sch12]. Then, Al0.15Ga0.85As can be grown on
Al0.15Ga0.85As over 75 % of the area between the grating ridges. For in-situ
etching times of tis ≥ 150 s, the oxygen contamination was found to peak at
< 1 · 1017 cm−3 in the grating region [Sch12].

Experimental results in iterations I and II The evaluation of experi-
mental results is based on a comparison with reference FP-BA devices, pub-
lished results on wavelength stabilized BA lasers and the application-related
goals which have been defined in the introduction.

The cavity length dependence of the slope efficiency and threshold current
of uncoated 100µm stripe DFB-BA lasers and reference FP-BA lasers was
used for the experimental determination of parameters such as the internal
optical loss αi, internal quantum efficiency ηi, transparency current density
jtr and modal gain coefficient Γg0. Comparable results of αi ≈ 0.9 cm−1, ηi ≈
0.95, jtr ≈ 140 A cm−2 and Γg0 ≈ 21 cm−1 have been achieved both for the
DFB-BA and reference FP-BA lasers. This was an important achievement
towards DFB-BA lasers with efficiency and power characteristics comparable
to the reference devices [Sch10a], [Sch10b], [Sch12].

For the further characterization, the lasers were HR/AR facet coated and
single emitters with W = 90µm contact stripe width and L = 3000µm
cavity length were mounted on CuW submounts with a thermal resistance
of Rth ≈ 4 K W−1.

A comparison between the voltage-current characteristics of DFB-BA
lasers from iteration I and reference FP-BA devices shows that the DFB
lasers have a slightly increased voltage due to a ≈ 5 mΩ higher series resis-
tance [Sch10a], [Sch10b]. This excess series resistance was attributed to the
presence of the residual In0.49Ga0.51P layer in the grating region and their cor-
responding hetero-interfaces. In contrast, DFB-BA lasers from iteration II
have voltage-current characteristics identical to the reference devices [Sch12].
In order to achieve this important result, the residual In0.49Ga0.51P layer was
removed, resulting in isolated grating stripes which are floating in AlGaAs.

The DFB-BA which have been developed during this work are the first
published 10 W-class DFB-BA lasers [Sch10a], [Sch10b], [Cru10]. DFB-BA
lasers from iteration I achieve up to 11 W at 15 A, have a peak power con-
version efficiency up to 59 % and up to 52 % at 10 W. Reference FP-BA
lasers achieve up to 13.5 W at 15 A, have a peak power conversion efficiency
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of ≈ 65− 68 % and ≈ 61− 65 % at 10 W. The reduction in power conversion
efficiency compared to the reference devices is ∼ 10 %. The threshold current
of the DFB-BA lasers is increased to≈ 0.7−0.8 A compared to≈ 0.6 A for the
reference devices. In addition, the slope efficiency is reduced to ≈ 1.0 W A−1

while the reference devices have a slope efficiency of ≈ 1.1 W A−1.
In iteration II, the slope efficiency of the DFB-BA lasers was successfully

increased to ≈ 1.05 W A−1 by using a lower DFB coupling strength of κ ·L ≈
0.2. The threshold current is slightly increased to ≈ 0.75 − 0.9 A. Together
with the reduction in series resistance, this leads to peak power conversion
efficiencies up to 62 % and up to 58 % at 10 W. Thus, the reduction in
power conversion efficiency compared to the reference devices is only ∼ 5 %
[Cru11c], [Cru12b], [Sch12].

The developed DFB-BA lasers fulfill and even exceed the goal to achieve
10 W optical output power and have a power conversion efficiency up to 58 %
at 10 W, close to the targeted value of 60 %.

Wavelength stabilization can be obtained with this DFB-BA lasers over
the whole investigated current range from threshold to 15 A with a spectral
width below 0.8 nm with 95 % power content [Sch12]. Unfortunately, lasing
on wavelength stabilized modes at the short wavelength side of the Bragg
wavelength of the DFB grating in the fundamental waveguide mode occurs for
many of the studied devices [Sch10a]. The side modes limit the current range
where a narrow spectral emission (single peak) can be achieved to currents
above ∼ 5 − 10 A for the affected devices. These additional side modes in
the optical spectrum were identified as higher-order vertical modes of the
waveguide [Cru11a]. Such higher-order modes are sufficiently suppressed in
the reference FP-BA lasers because of their higher internal optical loss and
lower confinement factors in the active region, compared to the fundamental
mode. In contrast, these modes can exceed threshold in the DFB-BA lasers
due to their higher DFB coupling coefficients which reduce the individual
threshold currents. Furthermore, lasing on FP-like modes around the peak
of the gain spectrum also limits the narrow spectral width emission for some
of the devices, depending on the reflectivity of the AR coated front facet.
For the best DFB-BA lasers from iteration II, the spectral width remains
≤ 0.3 nm with 95 % power content up to optical output powers of ≈ 8 W. The
typical spectral width of these lasers at 10 W is ≤ 0.7 nm. The spectral width
of the DFB spectrum is observed to decrease with higher power conversion
efficiency at the same optical output power and broadens significantly when
the roll-over of the power-current characteristics begins.

The spatial emission properties of the DFB-BA lasers were studied in
iteration I at 2.5, 5.0, 7.0 and 10 W optical output power and compared
to the reference FP-BA devices. Both, DFB-BA lasers and reference lasers
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have comparable vertical far field profiles and divergence angles with 95 %
power content of ≈ 44 ◦ [Sch10b]. As targeted in the epitaxy design of the
waveguide, the vertical far field divergence angle with 95 % power content was
≤ 45 ◦. Higher-order waveguide modes which additionally occur for some of
the DFB-BA devices increase the vertical far field with 95 % power content
from ≈ 44 ◦ to ≈ 48 ◦. The lateral far field is also comparable for the DFB-BA
lasers and reference lasers. Only at 10 W optical output power, the lateral far
field of the DFB-BA lasers was observed to be broader - presumably because
of the lower power conversion efficiency which m may lead to stronger thermal
lensing and broadening of the far field [Cru12a].

Lateral near fields and far fields were measured with additional high spec-
tral resolution in order to investigate the lateral and longitudinal modes in
the DFB-BA lasers. These measurements provide evidence that the DFB-
BA lasers are running on single or multiple (at least two) longitudinal modes,
depending on the injected current level. The lateral modes are found to be
stable over hours and reproducible in their spectral and spatial distribution.
The lateral modes are approximately hermite-gaussian shaped and their high-
est mode order increases with increasing injection current. Because of their
longitudinal mode selection, DFB-BA lasers are promising devices to study
the lateral modes in BA lasers, even at optical output powers in the relevant
10 W range.

With DFB-BA lasers from iteration II, reliability over > 8000 h at 10 W
optical output power was demonstrated with a monolithically wavelength
stabilized BA laser for the first time [Sch12]. This is an indirect verification
of the low defect density, high crystal quality of the regrown grating region,
p-waveguide and p-cladding layer.

Findings and problems During the experimental investigation, the fol-
lowing factors were found to be critical for the performance of efficiency-
optimized high power DFB-BA lasers.

Firstly, the spectral detuning between the Bragg wavelength of the DFB
grating (in the fundamental waveguide mode) and the wavelength of the
peak of the gain spectrum was observed to influence the properties of DFB-
BA lasers. In order to achieve a high power conversion efficiency at the
targeted operation powers at ∼ 5 − 10 W, the Bragg wavelength of the
DFB grating and the gain peak wavelength were designed to coincide at
the desired power level. Considering the heat generation in the diode laser
Pdiss ≈ U ·I−Popt and the temperature coefficients dλgain/dT ≈ 0.34 nm K−1

and dλDFB/dT ≈ 0.077 nm K−1, this implicates that close to I = 0 A, the
gain peak wavelength must be several nanometers shorter than the Bragg
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wavelength of the DFB grating. Different values for the spectral detuning
between ≈ 2 and 6.6 nm have been utilized. Generally, with increasing spec-
tral detuning, it has been observed that the threshold current, slope efficiency,
optical output power and power conversion efficiency increase. Simultane-
ously, increasing spectral detuning was observed to favor the onset of lasing
on (short wavelength) higher-order waveguide modes close to the gain peak
wavelength at low injection currents [Sch10a], [Sch12] and to reduce lasing on
FP-like modes at the gain peak which may occur at high injection currents.
Both, lasing on higher-order waveguide modes and FP-like modes limits the
usable range of the spectral detuning due to appearance of undesirable side
modes in the optical spectrum.

Thus, better suppression of higher-order waveguide modes would enable
to use larger spectral detuning and therefore enable to achieve even higher
optical output powers (> 12 W) at reasonable power conversion efficiency
and with a narrow spectral width. Additionally, elimination of higher-order
modes would enable to achieve a narrow wavelength stabilized spectrum at
lower heatsink temperatures and therefore increase the usable locking range
in current and heatsink temperature [Sch12]. Higher-order waveguide modes
could be suppressed using an optimized epitaxy design for the waveguide. For
example, the thickness of the waveguide layer can be reduced until the cutoff
condition for the higher-order modes is fulfilled. However, this might be in
conflict with the target to achieve a narrow vertical far field of ≤ 45 ◦ with
95 % power content. Furthermore, the suppression of higher-order modes can
be increased by optimizing the vertical position of the active region and the
DFB grating in order to reduce their modal gain and decrease their coupling
coefficient by a reduction of the confinement factors of the active region and
grating layers with the vertical optical field profile. Finally, the internal
optical loss of higher-order modes can be increased when the refractive index
contrast between the waveguide and cladding layers is optimized to enable
coupling of the higher-order modes to the n- and p-type cladding layers and
highly absorbing n-type substrate and p-type contact layer.

A better suppression of lasing on FP-like modes which were observed
for some devices when the gain peak was significantly detuned to the long
wavelength side of the Bragg wavelength of the DFB grating, would be ad-
vantageous. This would enable higher optical output powers and increase
the usable locking range to higher currents and heatsink temperatures. Intu-
itively, one might tend to position the minimum of the reflectivity spectrum
of the AR front facet coating at the Bragg wavelength of the DFB grating, for
example at ≈ 975 nm. Instead, it can be advantageous to shift the minimum
of the reflectivity spectrum to the wavelength range where FP-like modes
were observed to occur at high current levels, for example at ≈ 980 nm.



309

Significance for further research and development work and po-
tential applications Finally the question about the significance of the
achieved results for the further research and development work on high effi-
ciency DFB-BA lasers and for possible applications arises.

The developed DFB-BA lasers have approximately the same efficiency,
power, spatial emission properties and reliability as state of the art FP-
BA lasers which are used in industrial applications. Thus, their additional
wavelength stabilization and narrow spectral width makes them promising
for possible applications such as pumping narrow ≈ 976 nm absorption bands
in Yb-doped and Er-Yb co-doped gain media of solid state lasers, fiber lasers
and amplifiers.

The results which have been obtained in this work indicate that concern-
ing several aspects such as the spectral properties, vertical mode content and
slope efficiency of the power characteristics, the performance of the DFB-BA
lasers can be even further improved in future work.

Firstly, higher-order vertical modes of the waveguide should be elimi-
nated. This requires the development of an improved epitaxy design for
the waveguide and active region. Also improvements targeting higher power
conversion efficiency and optical output power such as even lower internal
optical loss, higher internal quantum efficiency and an optimized gain per
unit length could be considered during this development. Secondly, a better
suppression of FP-like modes at the gain peak wavelength under high cur-
rent injection (> 12 A) should be targeted. Thirdly, a better suppression of
high lateral mode orders with techniques such as lateral anti-guiding [Sho08],
could be advantageous for both, the target to achieve a smaller lateral far
filed divergence [Cru12a] as well as a lower spectral width. Fourthly, the
physical reasons for the roll-over of the power characteristics of the DFB-
BA lasers should be analyzed. A quantitative model for the impact of the
spectral detuning between the peak wavelength of the gain spectrum and the
Bragg wavelength of the DFB grating on the properties of the laser such as
the threshold current and slope efficiency would be advantageous. Even the
influence of the inhomogeneous aluminum distribution on the DFB coupling
coefficient and radiation loss, as well as its mitigation or functionalization
should be further analyzed. As mentioned in [Sch12], long in-situ etching
times could be used to completely remove the aluminum-free grating layers,
with a final nanostructure being selfassembled purely in AlxGa1−xAs due to
variations in the aluminum content x.

In order to verify the applicability, reliable operation of the DFB-BA
lasers in typical 10 − 19 emitter 1 cm laser bars without degradation of the
laser properties and without inhomogeneity of the laser properties within the
laser bar must be demonstrated. Also a detailed study on the homogeneity
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of the laser properties over a single wafer and between different nominal
identical wafers is required. Finally, the fabrication of the DFB gratings
must be demonstrated to be reproducible.

Outlook This outlook gives a short overview about present and future work
on the research and development of efficiency optimized high power DFB-BA
lasers, a recently developed competing grating fabrication technology and a
recent publication about considerations on the high volume fabrication of
buried overgrown DFB gratings, using in-situ etching or cleaning technology.

Based on the results which are reported in this work, further initial un-
published work was performed at the FBH on the development of high effi-
ciency, high power DFB-BA lasers. Firstly, an optimized epitaxy design was
developed, using a SQW active region, a waveguide with refractive index
and doping profile for even lower internal optical loss than used in this work
[Sch10a], [Sch12], optimized for L = 4 mm cavity length and even higher op-
tical output power > 12 W. In addition, the epitaxy design was optimized to
guide only a single fundamental vertical mode even with the integrated DFB
grating. First fabricated DFB-BA lasers (L = 4 mm, W = 90µm, HR/AR
coated facets) from this material were investigated and found to operate in a
fundamental wavelength stabilized mode without any higher-order waveguide
modes and FP-like modes from threshold to 15 A.

The design of the DFB grating and the fabrication technology can be also
transferred to other wavelength which are achievable with AlGaAs-based
laser designs, such as 910 − 940 nm for pumping of Yb-doped gain media,
808 nm for pumping Nd : YAG crystals and 894 nm for generation of spin-
polarized Xe gas via spin-polarization of Cs vapor [Kli96], [Ear98]. Addi-
tionally, the in-situ etching technique and floating line-pattern design can be
advantageous for the manufacturing of various optical and electrical nanos-
tructures, mainly in AlGaAs-based material systems, with high requirements
for low oxygen-contamination and high quality epitaxial regrowth conditions
[Sch12]. Furthermore, in-situ etching techniques could potentially be used in
other applications such as for improved performance of GaAs/In0.49Ga0.51P-
based nipi photovoltaic devices [Slo12].

Colleagues from the FBH have recently adapted the fabrication technol-
ogy used for surface etched DBR gratings [Fri05], [Fri09], [Fri12a] to surface
etched DFB gratings in DFB-BA lasers [Fri12b]. In order to achieve a low
coupling strength which is required for high efficiency, high power DFB-BA
lasers, very high Bragg orders (80th 135th and 270th-order) have been used.
In contrast to DBR gratings, current flows through the DFB grating which is
typically extended over the whole cavity length. Surface etched grooves of a
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DFB grating which are encapsulated with electrically isolating material may
therefore hinder the current flow, increase the series resistance and might also
increase the thermal resistance of a mounted laser. These drawbacks can be
minimized or even eliminated by using very high Bragg order DFB grat-
ings where the distance between the etched grooves is large. For example, a
100th-order Bragg grating for 976 nm with an effective index of refraction of
neff = 3.42 for the laser mode requires a groove distance or grating period of
≈ 14.3µm. This can be a promising technology for wavelength stabilized BA
lasers in competition with buried overgrown DFB gratings. For technologies,
the coupling strength must be optimized to κ · L ≤ 1, while radiation loss
must be minimized.

Authors from JDSU Corporation have recently reported on AlGaAs-
based 830 nm single mode DFB lasers with partial corrugated DFB grat-
ings [Dou12]. This publication shows that in-situ etched, buried overgrown
second-order DFB gratings might be attractive for industrial applications
and therefore, confirms the industrial relevance of recent studies on in-situ
etching for the manufacturing of buried overgrown DFB gratings [Maa08],
[Sch12]. The authors report that they use “in-situ cleaning” of the wet etched
AlGaAs grating surface in order to achieve high quality and manufacturing
yield. The authors use a second-order holographic grating, placed in the
p-side of the waveguide in order to achieve better quality of the active re-
gion [Dou12]. Furthermore, they report that an optimized cleaning process
is used prior to in-situ cleaning (inside the epitaxy reactor). This is argued
to result in significant improvement of interface quality and a reduction of
the oxygen concentration at the regrowth interface from ≈ 1 · 1019 cm−3 to
≈ 5 · 1016 cm−3 is measured [Dou12]. Measured voltage-current characteris-
tics of partially corrugated DFB lasers and reference FP lasers are presented
to demonstrate that the regrown DFB grating causes no additional series
resistance in the DFB devices [Dou12]. Nevertheless, the reference FP lasers
seem to contain the uncorrugated grating layer which may already introduce
an increase in the voltage drop. Finally, power characteristics from a 600 h re-
liability test of 114 devices are presented which demonstrate only one failure
for the in-situ cleaned DFB lasers [Dou12].
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Fabrication and mounting

In this chapter, the most important facts of the wafer fabrication, processing,
facet coating and laser mounting will be mentioned. The aim of this chapter is
to provide a basis for the evaluation of the properties and quality of the devices
and their fabrication techniques in comparison to comparable stand of the art
technology.

A.1 Wafer fabrication
The lasers, developed during this work, were grown with low pressure metal
organic vapor phase epitaxy (MOVPE) on n-doped GaAs wafers. The wafer
size was limited to three inch for DFB-BA lasers, because the laser holography
setup (see section 3.3.2) for the fabrication of a photoresist etch-mask for the
DFB grating was optimized to a diameter of three inch. For the fabrication
of FP-BA lasers, three and four inch GaAs wafers were used.

Wafers for DFB-BA lasers were fabricated in a two-step epitaxy process,
to achieve buried index gratings. The design development for such DFB
gratings is one main aspect of this work and is described in sections 3.3 and
4.2 in more detail.

A.2 Wafer processing
After the epitaxial growth of the wafers is finished, the wafers are processed
in order to achieve laser bars with single emitters, which can be cleaved, facet
coated and soldered on sub-mounts. The processing is subdivided into the
p-side and n-side processing.

The p-side process starts with defining contact windows for single emit-
ters by helium-implantation of the complete surrounding wafer surface. The
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implantation causes mid-band defects, leading to electrically insulating char-
acter of the high doped GaAs contact layer and makes it isolating outside
the contact windows. Afterwards, reactive ion etching (RIE) is applied to
form shallow index trenches in parallel to the contact windows of each sin-
gle emitter in a distance of several micrometers which provide weak lateral
index guiding. Deep trenches are additionally etched in parallel to each con-
tact window for electrical and optical isolation. A 100µm thick SiNx isolator
layer is deposited by plasma-enhanced chemical vapor deposition (PECVD)
on the whole wafer surface and subsequently removed by RIE on the contact
windows. Finally, the p-side is metallized with multiple layers of Ti , Pt and
Au and plated with Au for heat spreading.

During the n-side process, at first, the n-side substrate of the wafers
is thinned to a thickness of ∼ 150µm and a further 20µm relaxation etch
is applied to remove the damages on the surface. Afterwards, an ohmic
Ni− Au−Ge layer is deposited as back side metal. To get the back side
suitable for wire bonding, a second backside metallization of Ti , Pt and Au
is evaporated to the surface.

A.3 Facet coating

After epitaxial growth and processing, the wafers were cleaved into 1 cm laser
bars with 10 to 19 single emitters. The cleaved facets of these laser bars were
passivated and coated with dielectric layers. The facet passivation [Res05]
material ZnSe is deposited on the facets in a molecular beam epitaxy (MBE)
reactor, after cleaning with atomic hydrogen. Facet passivation is applied
in order to make the facets robust, so that catastrophic optical mirror dam-
age (COMD) is suppressed. The passivated facets are coated with dielectric
layers from materials, such as Al2O3 and TiO2 by ion beam sputtering, in
order to achieve the required reflectivity at the front and rear facet [Var84].
Un-coated cleaved facets have a reflectivity of R ≈ 32 %, as it can be cal-
culated from the refractive indices from GaAs (n1 ≈ 3.6) or AlGaAs to air
(n2
∼= 1.0), R = [(n1 − n2)/(n1 + n2)]2 = 0.319.

In addition to the laser bars, GaAs dummies were also introduced into
the process and afterwards, used to measure the reflectivity RGaAs of the
coating on GaAs as a function of the wavelength λ. Taking into account the
effective refractive index of the fundamental mode in the laser waveguide,
the reflectivity R(λ) for the laser mode has been calculated.
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A.4 Mounting of single emitters
For the characterization, single emitters were hard soldered junction-side
down (p-down) with AuSn [Pit01] on CuW screening sub-mounts (SCS-
mounts). These sub-mounts consist of 10 % ,Cu and 90 % ,W), resulting
in a thermal expansion coefficient of 6.4 10−6K−1, approximately matched to
the thermal expansion coefficient of GaAs at a temperature of 300 K, which
is ≈ 6 10−6K−1 [Bro96], [Ada93]. Broad area diode lasers with 3 mm cavity
length were found to have a thermal resistance of 3 to 4 K W−1 on 4 mm
SCS-mounts. The n-contact is connected to two bond-bases, each one at the
left and right hand side of the SCS-mount. The number of Au wire bonds
per side was ≈ 38.

For some experiments, as the measurement of sub-threshold (stopband)
spectra of DFB lasers, for example, single emitters were mounted on C-
mounts. The p-side down mounting on C-Mounts is technically comparable
to mounting on SCS-mounts, the lasers are hard soldered with AuSn on CuW
sub-mounts, then soldered on C-mounts. For mounting p-up, the lasers are
directly soldered with PbSn on the Cu C-mount. The n-contact is connected
to one or two bond-bases with Au wire bonds.
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Appendix B

Measurement methods

The aim of the following chapter is to give the reader the possibility to under-
stand, on which methods, measurements were based on and what the general
limitations and limitations in the measurement accuracy are. Its not the aim of
the chapter to describe the particular used measurement setups in detail and to
define the components. If possible, references are given, in which the measure-
ment methods and setups are discussed, in order to keep the descriptions as short
as possible.

B.1 Measurements under CW conditions

High power BA diode lasers, developed during this work, are optimized to
function under CW current injection, temperature-stabilized to 15 – 25 ◦C.
Consequently, the power-voltage-current characteristics, spectra and spatial
emission characteristics of the devices were measured under CW conditions.

B.1.1 Measurement of power-voltage-current character-
istics

The measurement of the optical output power and diode voltage as a function
of the injected current is the basis for the experimental analysis of a diode
laser. The laser diode, mounted on CuW screening sub-mount (SCS-mount)
was clamped in a measurement holder. This measurement holder has the
footprint of a CCP-mount and is screwed onto a heatsink plate. The tem-
perature of the device is measured by a 100 Ω resistance temperature detector
(Pt 100), directly positioned at the rear-side of the SCS-mount. Tempera-
ture stabilization is realized by adjusting the temperature, measured at the
resistance temperature detector, with a Peltier-element and a temperature
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controller. The Peltier-element is placed between the heatsink-plate and a
water through flow cooler beneath. Current is injected from a laser cur-
rent driver, which enables continuous wave (CW) and quasi continuous wave
(QCW) operation with an accuracy of ≈ 10 mA. The current is measured
internally and current accuracy is regularly tested with a load resistor. The
diode voltage is measured current-less in a four-terminal configuration with a
high accuracy voltmeter at one side of the wire bond base, while the current
is injected over the other side. The CW optical output power is detected
directly with a thermopile power detector (gentec UP19K-15S-W5) with a
maximum load capacity of 15 W, a responsivity of 1 mW and an absolute cal-
ibration uncertainty of ±2.5 %. It has been controlled, that almost 100 % of
the laser beam is directed onto the detector surface. The thermopile power
detector is annually referenced to national standards, the power measure-
ments are in accordance with international standard ISO 11554 [ISO06].

B.1.2 Measurement of optical spectra

Optical spectra of mounted diode lasers were measured under the same condi-
tions as the power-voltage-current characteristics, described in section B.1.1.
The mounting, temperature stabilization and current injections is identical.
Optical spectra were usually measured with the same current steps as the
power-voltage-current characteristics characteristics, which makes it easier to
analyze the properties of the device, for example to determine the thermal re-
sistance. The optical output of the diode laser was collected with a four inch
integrating sphere and coupled into the spectrometers via an optical fiber.
Different types of spectrometers have been used. For wide spectral range
measurements with moderate requirements to the spectral resolution and
dynamic range, a spectrometer with ≈ 0.15 nm spectral resolution (FWHM,
if the available dynamic range is complete exploited) was used (OceanOp-
tics HR2000). Typically, the resolution limit was ≈ 0.5 nm. The dynamic
range of the spectrometer is ≈ 4 · 103 and the spectral range extends from
780 to 1030 nm. For measurements with higher requirements to the spectral
resolution, an Echelle spectrometer with a pre-monochromator and ≈ 15 pm
resolution at ∼ 975 nm and a dynamic range of ≈ 6 ·104 has been used (LTB
Lasertechnik Berlin GmbH, Demon). The spectrometer covers a spectral
range between 175 and 1100 nm, but the simultaneous inspection range at
∼ 975 nm is only ≈ 8 nm without moving the Echelle grating. The measure-
ments of optical spectra are in accordance with international standard ISO
13695 [ISO04b]
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B.1.3 Measurement of vertical and lateral near fields
and far fields

Two different setups have been used to measure the spatial emission prop-
erties of the diode lasers. Firstly, the vertical far field was measured with a
4.5 cm-radius goniometer setup. As a detector, a large area photo diode with
adynamic range of ∼ 1·103 has been used. In front of the photo diode, an op-
tical slit was mounted, to enable a narrow vertical angle resolution of < 0.1 ◦.
This moving slit method is configured according to international standards
IEC 60747-5-4 [IEC06] and ISO 11146-3 [ISO04a]. At optical output pow-
ers above 1 W, only quasi-continuous wave (QCW) current injection (500µs
pulse duration, 20 kHz repetition rate) has been used with the goniometer
setup to avoid damage of the detector.

Secondly, a linear moving slit method was applied for the measurement of
the lateral near field and far field. Also vertical near fields could be measured
with this method, but the maximum achievable spatial resolution of ≈ 1µm
is not sufficient to clearly resolve the near field of the lasers with vertical
mode sizes in the range of ≈ 2µm. The method in use is described in
[Hod05] in more detail, it is based on an optical telescope setup, a further
cylindrical lens for the measurement of far fields and a photodiode with an
optical slit, mounted on a motorized linear stage. The mentioned setup is also
described in [Sah02] and [Fro07]. The spatial resolution in the lateral near
field is ≈ 1µm and the angular resolution in the lateral far field is ∼ 0.1 ◦.
Mounting, temperature stabilization and current injection is similar to the
one, described in section B.1.1. By using a photo diode as an optical detector,
a wide dynamic range of ∼ 1 · 104 was achieved. The optical slit in front of
the photo diode is used to increase the spatial resolution of the measured
field component, while the other field component is completely integrated.
The measurements of lateral near fields and far fields are in accordance with
international standards IEC 60747-5-4 [IEC06] and ISO 11146-1 [ISO05].

B.1.4 Spectrum measurements with fiber coupling

The DFB coupling coefficient can be derived from sub-threshold ASE spectra
by fitting the measured spectrum to theory [Wen03], [Wen04]. To measure
these sub-threshold spectra, a high sensitive (up to −87 dBm), high resolu-
tion (up to 10 pm) fiber coupled optical spectrum analyzer has been used
(Advantest Q8384, 600−1700 nm, up to 60 dB dynamic range). Laser diodes
were either measured as un-mounted single emitters on laser bars or soldered
as single emitters on C-mount heatsinks. The laser bars were connected to
the measurement holder by suctioning them with vacuum and contacted with



320 Measurement methods

two or three metal tips, to ensure homogenous pumping scheme. Current was
injected from a 1 mA precision current source with a maximum current of
≤ 2 A. The temperature of the laser mount was stabilized by use of a re-
sistance temperature detector, Peltier-element and temperature controller.
The emitted power from one facet was coupled into a tapered conical lensed
single mode optical fiber, which was connected to the spectrum analyzer.
Thus, only a spatially filtered part of the spectrum is analyzed.

In Run II during this work, the coupling scheme has been changed to
reduce optical feedback from the tip of the tapered fiber back into the laser
which. Therefore, the optical field at the front facet of the laser was imaged
onto the angled facet of an optical fiber with a telescope setup, constructed
from two AR-coated lenses with 6 mm focal length. With this setup, mea-
sured sub-threshold ASE spectra of the DFB stopband were found to be
much better reproducible.

B.2 Measurements under short pulse conditions

Measuring the diode lasers under short pulse (< 1000 ns pulse duration,
typical 1 kHz repetition rate) current injection has been applied, because it
allows to determine the temperature dependence of the laser wavelength, the
threshold current characteristic temperature and the slope efficiency charac-
teristic temperature, as well as the pre-characterization of single diode lasers
on un-mounted laser bars without seriously heating of the active region.

B.2.1 Power-voltage-current characteristics and spectra
of mounted single emitters

A measurement setup for the characterization of diode lasers under short
pulsed current injection has been developed during this work. The aim was
to drive the laser diodes with current pulses, shorter than 800 ns, so that
one can assume that the temperature inside the diode and especially, in the
active region, is identical with the ambient temperature at the submount.
This enables one to determine the dependence of the laser wavelength on the
temperature dλ/dT , as well as the threshold current characteristic temper-
ature T0 and the slope efficiency characteristic temperature T1, for example.
In addition, power-voltage-current characteristics up to very high currents of
100 A can be measured with this setup, because the output power of the diode
lasers is not limited by thermal induced roll-over under these conditions. The
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setup is based on a short pulse laser voltage supply source AVTECH AVOZ-
A3-B with 0−100 A, 0−100 V, ≤ 30 ns rise time, 50 ns−2µs pulse width at
a maximum duty cycle of 0.1 %. The current is injected into the diode laser
via a 60 cm, long ribbon cable wit a characteristic impedance of Z0 = 1.0 Ω.
The laser diode is build in a series connection with a 1.0 Ω measuring resistor
into the electric circuit in order to to keep the load resistance at ≈ 1 Ω and
sustain the rectangular current pulse shape. Otherwise, a mismatch between
the transmission line and the load may introduce significant ringing of the
current pulses. The laser is mounted on the heat-sink plate comparable as
described in section B.1.1. The temperature is measured at the heatsink,
very close to the measurement mount and stabilized by use of a Peltier-
element, water cooler and a temperature controller. Current and voltage
over the diode laser are measured as follows. Firstly, the voltage over the
diode and the measuring resistor is measured with an oscilloscope in the
plateau of the pulse. Secondly, the voltage over the 1 Ω measuring resistor
is measured, which equals the current in A. Then, thirdly, the diode volt-
age is determined from the difference of the two measured voltages. Note,
that in this setup, the determination of the diode voltage is not very pre-
cise (especially at high currents) because it is given by the small difference
of two high-voltage signals. The optical output power is directed into an
integrating sphere and detected with a photo diode, which is connected to
it. The values for the voltages are determined in a time window within the
plateau of the approximately rectangular current pulses. The output power
in W is calibrated either, by fitting the slope efficiency close to the thresh-
old to the slope efficiency of a calibrated CW or QCW measurement, or by
measuring the time-averaged power with a µW-sensitive thermopile detector
(gentec XLPF12-3S-H2) under consideration of the duty cycle. Spectra were
measured by connecting a sensitive spectrometer (OceanOptics HR2000) to
the fiber-port of the integrating sphere.

B.2.2 Power-voltage-current characteristics and spectra
of un-mounted single emitters on laser bars

The measurement setup which is described here has been used for the pre-
characterization of diode lasers after the epitaxial growth and processing.
Therefore, the wafer is cleaved into laser bars with 10 or 19 single emitters,
depending on the layout used. The laser bars were connected to the measure-
ment holder by suctioning them with vacuum and contacted with two metal
tips, to ensure homogenous pumping scheme. The setup also enables tem-
perature stabilization. Current is applied with a short pulse current source
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(typical 1000 ns pulse duration, 1 kHz repetition rate) to avoid current in-
duced heating of the diode. Power was detected with a calibrated photo
diode, spectra were measured with a low resolution (≈ 1 nm) but sensitive
spectrometer. For the standard characterization, power-voltage-current char-
acteristics of BA lasers with cleaved facets, 100 and 200µm stripe width and
typically 1000µm cavity length were measured at 20,◦C up to 2 A and a sin-
gle spectrum was taken at 2 A. Particularly, the cavity length dependence of
the slope efficiency and threshold current was measured with this setup and
was used to determine the internal optical loss αi, internal quantum efficiency
ηi, modal gain coefficient Γg0 and transparency current density jtr following
the method described in section 3.1.

B.3 Measurement of spectrally resolved lateral
near fields and far fields

Lateral near fields and far fields have been measured additionally with high
spectral resolution in order to analyze the lateral and longitudinal modes in
DFB-BA lasers. This measurement technique has been used in many dif-
ferent cases to enable a deep insight into the optical modes of broad area
diode lasers [Ste06], [Ste09], [Cru12a], large mode area optical fibres [Nic09],
[Nic10], [Lau11] and micro-resonators [Str07], [Str08b], [Str08a], [Str12]. How-
ever, no measurements were carried out at high output powers in the 5 to
10 W range, which is to date a typical reliable output power of high power
≈ 100µm stripe BA lasers. For the measurement of spectrally resolved lat-
eral near fields and far fields, the setup, described in section B.1.3 has been
used with modifications. Instead of the photo diode as a detector for the
emitted optical power, the optical image of the near field or the far field was
scanned with a multimode optical fiber, connected to a spectrometer. To
achieve a high spatial resolution better than 2µm, the fiber was mounted
behind an optical slit with the possibility for adjustment in three transverse
axes and tilting. The spectrometer used as a wavelength-sensitive detector,
has to fulfill high demands on its spectral resolution, sensitivity and dy-
namic range. For this reasons, a custom made Echelle-spectrometer (ELIAS
III from LTB Lasertechnik Berlin GmbH) with an extremely high spectral
resolution capability was employed. This spectrometer allows to use the
Echelle-grating either two- or for-times for the diffraction of light and uses a
multitude of high interference orders. The measurements were carried out in
double-pass configuration with a spectral resolution of ≈ 0.4 pm at 975 nm
and a dynamic range of 104. Each spectrum consists of 2046 pixels, the si-
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multaneous inspection range in the selected configuration is ≈ 174 pm (2048
pixel CCD detector, presumably two pixels damaged). The near field and
far field profiles were scanned with 500 steps, so that each spectrally resolved
field consists of 500× 2046 data points.
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Abbreviations and Symbols

Abbreviation Explanation

A
αDFB DFB resonator loss
αi internal optical loss
αm mirror loss
Al aluminum
AR anti reflection
As arsine
Au gold

B
BA broad area
Br bromine

C
c vacuum speed of light
C carbon
CCD charge-coupled device
CCP conduction cooled package heat sink
CL cathodoluminescence
C-mount common copper heatsink



Abbreviation Explanation

C
CMT coupled mode theory
COMD catastrophic optical mirror damage
Cs caesium
Cu copper
CW continuous wave

D
DFB distributed feedback
DQW double quantum well

E
EDXS energy-dispersive X-ray spectroscopy
ηd differential quantum efficiency
ηi internal quantum efficiency
ηPCE power conversion efficiency
Er erbium

Abbreviation Explanation

F
FP Fabry-Pérot

G
Ga gallium
Γ confinement factor of a specific layer

with the optical field
Γg0 modal gain coefficient

H
H hydrogen
HR high reflection

I
In indium
Ith threshold current



Abbreviation Explanation

J
jth threshold current density
jtr transparency current density

K
κ DFB coupling coefficient

L
L cavity length
λ wavelength
Λ grating period
LFF lateral far field
LNF lateral near field

M
MBE molecular beam epitaxy
MOVPE metal-organic vapor phase epitaxy

N
neff effective index of refraction
Nd : YAG neodymium-doped yttrium aluminum garnet

O
O oxygen

P
P phosphore
PECVD plasma-enhanced chemical vapor deposition
PL photoluminescence
PUI power (P ), voltage (U) and current (I)

Q
QCW quasi continuous wave
QIP quasi 2-dimensional semiconductor laser

simulation program



Abbreviation Explanation

R
Rf front facet reflectivity
Rr rear facet reflectivity
RW ridge waveguide

S
S slope efficiency
S sulfur
SCS-mount screening sub-mount
SEM scanning electron microscopy
STEM scanning tunneling electron microscopy
SIMS secondary ion mass spectrometry
SMSR side mode suppression ratio
Sn tin
SQW single quantum well

T
TE transverse electric (polarization)
TM transverse magnetic (polarization)

V
VFF vertical far field
VBG volume Bragg grating
vg group velocity

W
W contact stripe width
W tungsten

X
Xe xenon

Y
Yb ytterbium

Z
Z atomic number
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