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Kurzfassung

Diese Doktorarbeit beschäftigt sich mit der Realisierung von kantenemittierenden Lasern
mit hoher Ausgangsleistung und hoher Brillanz, welche auf einem GaAs-Substrat gezüchtet
wurden. Zwei verschiedene Lasertypen wurden erfolgreich implementiert, PBC-Laser (PBC:
photonic band crystal) und der HiBBEE-Laser (HiBBEE: high-brightness vertical broad-area
edge-emitting). Um die typische große vertikale Strahldivergenz von ∼ 30–60◦ von herkömm-
lichen Kantenemittern zu reduzieren, besitzen sowohl PBC- als auch HiBBEE-Strukturen
einen ausgedehnten und asymmetrischen vertikalen Wellenleiter, der aus mehreren Schichten
mit abwechselndem Brechungsindex besteht. In PBC-Lasern wird in dem breiten vertikalen
Wellenleiter eine periodische Schichtfolge verwendet, während der HiBBEE-Wellenleiter aus
einer aperiodischen Schichtfolge besteht. Die Verringerung der vertikalen Strahldivergenz
wird durch die Erweiterung des optischen Feldes im breiten vertikalen Wellenleiter erreicht.
Die resultierende große Ausdehnung des Nahfeldes verringert die optische Leistungsdichte an
den Laserfacetten und ermöglicht somit eine hohe Ausgangsleistung, bevor katastrophaler
optischer Spiegelschaden auftritt. In den Strukturen enthaltene Merkmale zur Modendiskri-
minierung sorgen für eine grundmodige Emission in vertikaler Richtung.

Breitstreifen-PBC-Laser (Broad-area , BA) mit 100µm breiten Streifen und 3,0 mm
langer Kavität mit unpassivierten und unbeschichteten Facetten liefern 9,5 W Ausgangsleis-
tung im Dauerstrichbetrieb- (continuous-wave, CW) bei einer Temperatur von T = 20◦C.
Sie liefern eine Grundmodenemission in vertikaler Richtung mit einer schmalen und
betriebsstrom-unempfindlichen Strahldivergenz von nur 8◦ Halbwertsbreite (FWHM). 9µm
breite und 2,64 mm lange Rippenwellenleiter (ridge waveguide, RW) PBC-Laser zeigen 1,9 W
lateral einmodige Ausgangsleistungen im CW-Modus bei T = 20◦C. Die Halbwertsbreiten
der Strahldivergenzwinkel sind 9◦ in lateraler und 14◦ in vertikaler Richtung. Die RW-Laser
zeigen zudem eine hervorragende Strahlqualität mit M2-Faktor < 1,9 bis 1,9 W in beiden,
lateraler und vertikaler Richtung sowie eine maximale Brillanz von 72 MWcm−2sr−1.

Die thermische Stabilität der PBC-Laser wird durch die Charakterisierung von 6µm
breiten und 2.64 mm langen RW-Lasern bis zu einer erhöhten Temperatur von 80◦C im CW-
Modus bestimmt. Die Laser liefern 1,8 W transversal einmodige Ausgangsleistungen bei
T = 20◦C mit einer Strahldivergenz von 11◦ und 15◦ FWHM in lateraler und vertikaler
Richtung. Die Ausgangsleistung nimmt mit zunehmendem T ab, jedoch wird bei T = 80◦C
noch mehr als 1,3 W einmodige Ausgangsleistung erreicht. Eine sehr gute Strahlqualität wird
über den gesamten Betriebsstrombereich mit sowohl lateralem als auch vertikalem M2 < 1,9
bis T = 80◦C erzielt. Bei allen Betriebsbedingungen wird ein sehr geringer Astigmatismus
von nur 0,4 bis 2,0µm beobachtet.

100µm breite und 5,0 mm lange BA HiBBEE Laser liefern 11.9 W multimodige Aus-
gangsleistung mit einer schmalen vertikalen Strahldivergenz von 9◦ FWHM im CW Modus bei
T = 20◦C. Der vertikale Strahldivergenzwinkel ist unempfindlich gegenüber Betriebsstrom-
und Temperaturvariation. 8µm breite und 5,0 mm lange RW-Laser liefern 2,2 W im lateral
einmodigen Betrieb, die am höchsten jemals veröffentlichte einmodige Ausgangsleistung von
RW-Lasern im 1060 nm Wellenlängenbereich. Sowohl laterale als auch vertikale M2-Werte
bleiben innerhalb des gesamten Betriebsstrombereiches unter 2. Es wird eine maximale Bril-
lanz von 50 MWcm−2sr−1 ermittelt. Die RW-Laser zeigen einen extrem niedrigen Astigma-
tismus von 2,5µm unabhängig vom Betriebsstrom. Sowohl RW- als auch BA-Laser liefern
Ausgangsleistungen von 2,1 W und 4,2 W im CW-Mode mit einer perfekt runden Strahlform,
die ≤ 10◦ FWHM Strahldivergenzwinkel in beiden Richtungen zeigt.



Eine Technik zur Verbesserung der lateralen Strahlqualität von RW-Lasern mit breiten
Rippen wird realisiert. Die Technik basiert auf dem Einbau von Inhomogenitäten in den
Rippen, deren Streuverluste für höhere Moden größer sind als für die Grundmode. Dies
erhöht den Unterschied der optischen Verluste der fundamentalen und höherwertigen lat-
eralen Moden und verbessert die Strahlqualität in lateraler Richtung. RW HiBBEE-Laser
mit dreieckigen Wellungen in beiden Seiten der Rippen werden untersucht. Die lateralen
M2-Werte der gewellten RW-HiBBEE-Laser werden im Vergleich mit denen der Referenz-
RW-HiBBEE-Laser ohne Wellungen um mehr als den Faktor 2 reduziert. Dies eröffnet neue
Möglichkeiten für die Realisierung von Lasern mit hoher, lateral einmodiger Ausgangsleistung
und hoher Brillanz.



Abstract

This doctoral thesis focuses on the realization of high-power and high-brightness 1060 nm
edge-emitting lasers grown on a GaAs substrate. Two different types of lasers have been suc-
cessfully implemented, namely PBC (PBC: photonic band crystal) and HiBBEE (HiBBEE:
high-brightness vertical broad-area edge-emitting) lasers. To reduce the typical large vertical
beam divergence of ∼ 30–60◦ of conventional edge-emitting lasers, both PBC and HiBBEE
structures utilize an extended and asymmetric vertical waveguide consisting of multiple layers
with alternating refractive index. A periodic layer sequence is employed in the broad vertical
PBC waveguide, while the HiBBEE waveguide is composed of an aperiodic layer sequence.
The reduction of the vertical beam divergence is accomplished by extension of the optical
field in the broad vertical waveguide. The resulting large spot size of the near-field reduces
the optical power density at the laser facets and thus allows also a high output power before
catastrophic optical mirror damage occurs. Mode discriminating features of the structures
additionally ensure fundamental mode emission in the vertical direction.

Broad-area (BA) PBC lasers having 100µm wide ridge and 3.0 mm long cavity with
unpassivated and uncoated facets deliver 9.5 W output power in continuous-wave (CW) mode
at a heat sink temperature T = 20◦C. They provide a fundamental mode emission in vertical
direction with a narrow and operating-current-insensitive vertical beam divergence of only 8◦

full width at half maximum (FWHM). 9µm wide and 2.64 mm long ridge waveguide (RW)
PBC lasers provide 1.9 W single-transverse mode output power in CW mode at T = 20◦C.
FWHM beam divergence angles are 9◦ in lateral and 14◦ in vertical direction at 1.9 W output
power. The RW lasers also show an excellent beam quality with M2 factor< 1.9 up to 1.9 W
in both transverse directions and yield a maximum brightness as high as 72 MWcm−2sr−1.

Thermal stability of the PBC lasers is evaluated by characterizing 6µm wide and 2.64 mm
long RW lasers up to an elevated temperature of 80◦C in CW mode. The lasers provide 1.8 W
single-transverse mode power at T = 20◦C with 11◦ and 15◦ FWHM beam divergence angles
in lateral and vertical directions, respectively. Output power decreases with increasing T .
However, still more than 1.3 W single-transverse mode output power is obtained at T = 80◦C.
Very good beam quality is maintained across the entire operating current range with both
lateral and vertical M2< 1.9 up to T = 80◦C. An ultra-low astigmatism varying only between
0.4 to 2.0µm at all operating conditions is observed.

100µm wide and 5.0 mm long BA HiBBEE lasers deliver 11.9 W multimode output power
with a narrow FWHM vertical beam divergence of 9◦ in CW mode at T = 20◦C. The ver-
tical beam divergence angle is found to be insensitive to operating current and temperature
variations. 8µm wide and 5.0 mm long RW lasers yield 2.2 W single-transverse mode power,
which is highest ever reported single-transverse mode power among RW lasers in 1060 nm
wavelength range. Both lateral and vertical M2 factors remain below 2 over the whole oper-
ating current regime. A maximum brightness of 50 MWcm−2sr−1 is obtained. The RW lasers
show an ultra-low astigmatism of 2.5µm independent of driving current. Both RW and BA
lasers provide record 2.1 W and 4.2 W CW-mode output powers, respectively, with a perfect
circular shape showing≤ 10◦ FWHM beam divergence angle in both transverse directions.

A technique to improve the lateral beam quality of RW lasers with wide ridges is im-
plemented. The technique is based on incorporation of inhomogeneities in the ridges which
increase scattering losses of the higher-order modes as compared to the fundamental mode.
This enhances the contrast of the optical losses of the fundamental and higher-order lateral
modes, and improves the beam quality in the lateral direction. RW HiBBEE lasers with



triangular-shaped corrugations in both sides of the ridges are investigated. The lateral M2

factors of the corrugated RW HiBBEE lasers are reduced by more than a factor of 2 in the
low current range as compared to those of the reference RW HiBBEE lasers without corru-
gations. This opens a new prospect for the realization of lasers with high single-transverse
mode power and high brightness.
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M. Weyers, and K. Lauritsen, “High peak power pulse generation from PBC lasers”
(invited talk), IEEE Photonics Conference (IPC), paper TuD3.3, pp. 238–239, San
Diego, CA, USA, Oct. 2014.

[4]. M. J. Miah, T. Kettler, K. Posilovic, V. P. Kalosha, D. Skoczowsky, D. Bimberg, J.
Pohl, and M. Weyers, “High power 1060 nm photonic band crystal lasers with narrow
beam divergence and low astigmatism”, 79th Annual Meeting of the German Physics
Society (DPG), paper HL 93.8, Berlin, Germany, March 2015.

[5]. M. J. Miah, V. P. Kalosha, and D. Bimberg, “1060 nm lasers based on asymmetric
extended vertical waveguide for high brightness, narrow and astigmatism-free circu-
lar beam emission”, IEEE Photonics Conference (IPC), paper TuC2.3, pp. 323–324,
Hawaii, USA, Oct. 2016.



[6]. D. Bimberg, V. P. Kalosha, M. J. Miah, and R. Rosales, “High brightness and peak
power ps-pulses from 1060-nm HIBBEE- lasers”, Conference on Nonlinear Dynamics
in Semiconductor Lasers, NDSL16, Berlin, Germany, June 2016.

Poster Presentation

[1]. M. J. Miah, T. Kettler, K. Posilovic, V. P. Kalosha, D. Skoczowsky, D. Bimberg, J.
Pohl, and M. Weyers, “High-power 1060-nm edge-emitting lasers with narrow beam
divergence”, International Nano-Optoelectronics Workshop (iNOW), St. Petersburg,
Russia, Aug. 2014.



Contents

1 Introduction and Motivation 1

1.1 Organization of the Thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

2 Semiconductor Diode Lasers 5

2.1 Radiative band-to-band transitions in semiconductors . . . . . . . . . . . . . 5

2.2 Basic features of semiconductor diode lasers . . . . . . . . . . . . . . . . . . . 8

2.2.1 Gain medium, population inversion and gain mechanism . . . . . . . . 8

2.2.2 Optical resonator . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2.2.3 Vertical confinement and waveguiding . . . . . . . . . . . . . . . . . . 11

2.2.4 Lateral confinement and waveguiding . . . . . . . . . . . . . . . . . . . 12

2.3 Diode laser characteristics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.3.1 Threshold gain and longitudinal mode . . . . . . . . . . . . . . . . . . 13

2.3.2 Optical confinement factor . . . . . . . . . . . . . . . . . . . . . . . . 15

2.3.3 Threshold current density . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.3.4 Optical output power and efficiencies . . . . . . . . . . . . . . . . . . . 17

2.3.5 Temperature dependence of laser characteristics . . . . . . . . . . . . 18

2.3.6 Beam properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

2.3.7 High power operation . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

3 Approaches for High Output Power and Narrow Vertical Beam Divergence 25

3.1 Lasers with thin active layer . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

3.2 Lasers with mode expansion layers . . . . . . . . . . . . . . . . . . . . . . . . 26

3.2.1 Low refractive index layers . . . . . . . . . . . . . . . . . . . . . . . . 27

3.2.2 High refractive-index layers . . . . . . . . . . . . . . . . . . . . . . . . 28

3.2.3 Multiple high-index layers . . . . . . . . . . . . . . . . . . . . . . . . . 29

3.3 Leaky-wave and tilted-wave lasers . . . . . . . . . . . . . . . . . . . . . . . . . 29

3.4 Lasers with large optical cavity . . . . . . . . . . . . . . . . . . . . . . . . . . 31

3.5 Photonic band crystal lasers . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

3.6 High-brightness vertical broad-area edge-emitting lasers . . . . . . . . . . . . 34

4 Fabrication of High-Power and High-Brightness Diode Lasers 37

4.1 Overall fabrication processes for the realization of BA PBC lasers . . . . . . . 37

4.2 Laser mounting for high power operation . . . . . . . . . . . . . . . . . . . . . 40

4.3 Fabrication of RW PBC lasers, BA and RW HiBBEE lasers . . . . . . . . . . 41

5 Diode Laser Measurement Techniques and Experimental Setups 43

5.1 Characterization of diode lasers . . . . . . . . . . . . . . . . . . . . . . . . . . 43

5.1.1 Output power-current-voltage characteristic . . . . . . . . . . . . . . . 43

i



5.1.2 Emission spectra . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
5.2 Measurement of laser beam parameters in CW mode . . . . . . . . . . . . . . 45

5.2.1 Far-field distributions . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
5.2.2 Beam quality factor M2 and astigmatism . . . . . . . . . . . . . . . . 45

6 Characterization of Photonic Band Crystal Lasers 49
6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
6.2 Investigated PBC laser structures . . . . . . . . . . . . . . . . . . . . . . . . . 49
6.3 PBC waveguide with 15 pairs of layers (structure PBC-A) . . . . . . . . . . 50

6.3.1 Layer structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
6.3.2 Pulsed-mode characterization of broad-area lasers . . . . . . . . . . . 52
6.3.3 Broad-area lasers under continuous-wave-mode operation . . . . . . . 54
6.3.4 Ridge-waveguide lasers under continuous-wave mode operation . . . . 56
6.3.5 Temperature sensitivity of the laser performances . . . . . . . . . . . 62

6.4 PBC waveguide with 6 pairs of layers (structure PBC-B) . . . . . . . . . . . . 65
6.4.1 Layer structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
6.4.2 Pulsed mode characterization of broad-area lasers . . . . . . . . . . . 66
6.4.3 Broad-area lasers under continuous-wave mode operation . . . . . . . 68

6.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

7 Characterization of High-Brightness Vertical Broad-Area Edge-Emitting
Lasers 71
7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
7.2 Investigated HiBBEE laser structure . . . . . . . . . . . . . . . . . . . . . . . 71

7.2.1 Device fabrication . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
7.2.2 Pulsed mode characterization of broad area lasers . . . . . . . . . . . 74
7.2.3 Continuous-wave mode characterization of broad area lasers . . . . . . 75
7.2.4 Temperature sensitivity of the performance of broad-area lasers . . . . 77
7.2.5 Ridge-waveguide lasers under continuous-wave mode operation . . . . 79

7.3 HiBBEE lasers with inhomogeneous ridge-waveguide . . . . . . . . . . . . . . 82
7.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

8 Comparison with State-of-the-Art High-Power Lasers 87

9 Summary and Outlook 91

A Fabrication Overview 95

Bibliography 107

Acknowledgement 121

ii



Chapter 1

Introduction and Motivation

In modern society, lasers have proven to be essential and ubiquitous elements of every-day
life. They also make a substantial contribution to the global market, with worldwide laser
revenues rising every year. According to the Annual Laser Market Review and Forecast
published in Laser Focus World, worldwide laser revenues increased more than 15% over the
last 4 years from 2013 to 2016 and reached an amount of $10.40 billion in 2016 [1]. The laser
revenue is predicted to show a further growth of 6.6% in 2017 (Fig. 1.1) [1] and to climb to
an amount of $15.38 billion by 2022 at a CAGR (compound annual growth rate) of 5.2%
between 2017 and 2022 [2].

Figure 1.1: Worldwide laser revenues in years 2013-2016 as well as the estimated revenue in
2017 [1].

Figure 1.2 shows the percentage of laser sales in different applications in 2016. Commu-
nications and material processing are the dominating applications, adding up to more than
60% of the total share of laser sales [1]. The ultimate tendency of the modern world of moving
towards the inexpensive, fast and small-sized components motivates to explore different kinds
of lasers, including diode lasers, during the last few decades. Since the invention of semi-
conductor diode lasers in 1962 [3–6], enormous progress has been achieved in the refinement
of diode laser technology. Diode lasers are increasingly growing as key components in nu-
merous applications, which reflects into their large contribution to worldwide laser revenues.
As reported in [1], diode lasers made up for 45% of the total $10.4 billion laser revenues in
2016. Simple electrical pumping, high power conversion efficiency, small footprint and low
cost of the diode lasers are the major reasons for their increasing penetration into widely-
varied markets and applications, competing and overtaking well-established competitors like

1



2 CHAPTER 1 Introduction and Motivation

solid-state lasers [7].
However, some undesired inherent shortcomings of conventional edge-emitting semicon-

ductor lasers (EESLs) (for example low output power [8–13] and large vertical beam di-
vergence) hinder their exploitation in further widespread applications. Conventional EESLs
with a simple vertical waveguide comprising a thin active region and two surrounding cladding
layers yield tightly confined optical fields in the active region. Their typical small emitting
area produces high power density at the facets even at very small output power. Beyond
the power density of 10-20 MWcm−2, the laser facets suffer from catastrophic optical mirror
damage (COMD) [14, 15], thus limiting the maximum output power. Increasing the level of
output power can further expand the usability of the diode lasers into some more advanced
and presently demanding applications including material processing, pump sources for solid
state and fiber lasers, frequency conversion, and medical therapy [16–19].

Because of highly asymmetric lasing area along lateral and vertical directions in con-
ventional EESLs, the emitted laser beams are highly elliptic with very large vertical beam
divergence, typically 30◦–60◦, in contrast to lateral beam divergence angles of≤ 10◦ full width
at half maximum (FWHM). Complex and expensive optics with large numerical aperture are
required for practical applications in order to focus such asymmetric beams with large vertical
beam divergence for efficient fiber coupling.

Figure 1.2: Percentage share of the total laser sales in different application fields in 2016 [1].

One way to increase the output power of conventional EESLs is widening the lateral
dimension of the laser. Such high power EESLs typically extend the lateral lasing dimension
up to few hundreds of microns and emit a multitude of lateral modes, compromising the
lateral beam quality. Although these lasers can be widely utilized in applications requiring
merely high output power, their poor lateral beam quality makes them unsuitable for high-
brightness applications (e.g., cutting) which demand simultaneous high output power and
good beam quality along both lateral and vertical directions (Fig. 1.3) [20,21].

Alternatively, instead of extending the laser dimension homogeneously in the lateral
direction, a single-mode ridge waveguide and a tapered section are used in the so-called
tapered lasers [22, 23]. Such lasers produce simultaneously high output power and good
lateral beam quality. However, their very large operating-current-dependent astigmatism of
several hundreds of microns [24–26] complicates the required optical system for practical use.
Astigmatism generates from two misplaced origins of the laser emission in lateral and vertical



3

directions. Therefore, an astigamtic beam can not be focused into a very small spot along
the longitudinal direction by means of a simple focusing lens.

Figure 1.3: Illustration of laser beam parameter product and output power requirements for
various material processing applications [20].

Another possibility to increase the output power is to expand the optical fields in the
vertical direction. The vertical extension of the optical fields reduces the power density at the
laser facets, allowing for a higher output power before the threshold power density for COMD
is reached. On the other hand, it narrows down the vertical beam divergence as well. Several
approaches have already been implemented to vertically expand the near-field by employing
thin active layers [27], mode expansion layers [28,29], or broad waveguides accompanied with
a specially designed active region [30]. However, the vertical broadening of the fields can
be affected largely by minor changes in the refractive index of the active regions [27, 30] or
mode expansion layers [28,29]. This makes the acceptance of these approaches less attractive,
since such small changes in the refractive index can be easily induced by slight deviations
in epitaxial growth, variations across the wafer, and change in operating current and/or
temperature during laser operation.

Gathering all the flaws together and finding a common solution is rather challenging and
presently garners much interest in the scientific community. The aim of this thesis is to find
an effective way to overcome these limitations.

This thesis investigates two different types of laser concepts, namely photonic band
crystal (PBC) lasers and high-brightness vertical broad-area edge-emitting (HiBBEE) lasers.
Both concepts are based on reducing the facet load by vertical extension of the fields and
are expected to deliver both high output power and narrow vertical beam divergence. PBC
lasers utilize a thick PBC waveguide consisting of a sequence of periodic layers to expand
the fields in vertical direction. The concept had already been successfully implemented over
a wide wavelength range from 640 nm to 1060 nm in the past. This thesis presents several
new generations of quantum-well-based 1060-nm PBC laser structures with even improved
performance. The temperature stability of the PBC lasers is thoroughly investigated for the
first time.
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Over the course of this work the PBC concept has been transferred into a novel HiBBEE
concept. Like PBC lasers, HiBBEE lasers also contain a sequence of layers in the vertical
waveguide. The periodicity of the layers in the waveguide, however, is eliminated. This thesis
illustrates the first realization of the HiBBEE lasers. Experiments show that by employing
an aperiodic layer sequence, a thinner waveguide than the one used in PBC lasers can provide
a comparable vertical beam divergence while preserving all the positive features of the PBC
lasers, in some cases even producing better outcomes. The thinner vertical layer structures
are preferable because they reduce growth complexity and wafer bow. They also offer easier
control of series resistance. It is observed that the symmetry of the emitted laser beam is
also improved significantly by HiBBEE structures.

1.1 Organization of the Thesis

Following the introductory and motivational discussions in this Chapter, Chapter 2 discusses
some basic features of semiconductor lasers and introduces the diode laser characteristics
investigated during this work.

Chapter 3 reviews various approaches attempted to obtain high output power and nar-
row vertical beam divergence by different research groups. The chapter also describes the
PBC and HiBBEE concepts.

Chapter 4 presents the fabrication processes of the investigated PBC and HiBBEE
lasers. The chapter starts with the processing steps employed during the fabrication and
subsequently explains the mounting technique for high power operation of the lasers.

Chapter 5 discusses the measurement techniques and the corresponding experimental
setups.

Chapters 6 and 7 are the core of this work, presenting the achievements of this work
in detail. Chapter 6 contains the modeling and experimental results of the PBC lasers and
Chapter 7 presents those of the HiBBEE lasers.

Chapter 8 compares the results obtained from the investigated PBC and HiBBEE lasers
with those of the state-of-the-art high-power lasers implemented by other research groups and
available commercially.

Chapter 9 summarizes the results achieved during this work and suggests some possible
ways to continue further development of the lasers.

Appendix A explains the processing steps used for the fabrication of the PBC and
HiBBEE lasers in detail.



Chapter 2

Semiconductor Diode Lasers

This chapter recapitulates the basics of semiconductor diode lasers. The chapter starts with
describing the fundamental absorption and emission mechanisms in semiconductors. The
crucial condition for population inversion is derived for the realization of semiconductor
diode lasers. Afterwards, the basic elements necessary for achieving efficient lasing from the
diode lasers are discussed. These include i) selection of the gain material suitable for lasing
operation, ii) formation of the feedback resonator, and iii) lateral and vertical confinement of
the current, carriers and optical fields. Finally, the characteristics of the diode lasers relevant
to this work are defined.

2.1 Radiative band-to-band transitions in semiconductors

The key phenomenon responsible for the generation of laser emission in semiconductor lasers
is stimulated emission resulting from radiative recombination of two types of carriers, i.e.,
electrons in the conduction band and holes (missing electrons) in the valence band. Electrons
and holes close to the bottom of the conduction band and top of the valence band, respectively,
are involved in the transitions [31].

The probability f of an electronic state with energy E being populated with an electron
in thermal equilibrium at temperature T is given by the Fermi-Dirac distribution [32]

f(E, T ) =
1

1 + exp(E−EF
kBT

)
, (2.1)

where kB and EF are the Boltzmann constant and the Fermi-level, respectively. At T = 0 K,
all electronic states with energy below EF are occupied with electrons while the states above
EF are empty. EF is located in the middle of the bandgap in undoped semiconductors.

By radiative band-to-band transitions of the carriers, three different optical processes
are possible in a semiconductor: i) spontaneous emission, ii) photon absorption (also known
as stimulated photon absorption), and iii) stimulated emission. For all such transitions,
conservation of both the energy E and momentum h̄k need to be satisfied, where h̄ = h/(2π)
is the reduced Plank constant and k = 2π/(wavelengthλ) the wavenumber. Therefore, direct
bandgap semiconductors are used as active medium in semiconductor diode lasers whose
conduction band minimum and valence band maximum are located at the same k.

The band diagram of a direct bandgap semiconductor along with three possible optical
transitions is schematically shown in Fig. 2.1. In the spontaneous emission process, a photon
is generated from the recombination of an electron-hole pair. The emission of the photon

5
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is random in direction, time, and phase, and does not lead to a coherent radiation while
averaging over a large ensemble of emission processes. The energy hν of the generated
photon is given by the difference of the conduction band energy E2 and valence band energy
E1 involved in the recombination process as hν = E2 −E1 ≥ Eg, with Eg being the bandgap
energy of the semiconductor material. Spontaneous emission is a two-particle process and
its transition rate Rspon depends proportionally on the product of electron concentration
at E2 and hole concentration at E1. The electron concentration ρc(E2) in the conduction
band is found by multiplying the density of states Dc(E2) in the conduction band and their
occupation probability f(E2, T ). Similarly, the hole concentration ρv(E1) in the valence band
can be obtained from the multiplication of its density of states Dv(E1) and the probability
of the states not being occupied by electrons 1 − f(E1, T ). Rspon can be written as

Rspon = Asponρc(E2)ρv(E1) = AsponDc(E2)f(E2, T )Dv(E1)[1 − f(E1, T )], (2.2)

with Aspon being the probability constant for spontaneous emission. By using the Fermi-Dirac
distribution from equation (2.1), we obtain

Rspon = AsponDc(E2)
1

1 + exp(E2−EF
kBT

)
Dv(E1)

exp(E1−EF
kBT

)

1 + exp(E1−EF
kBT

)

= AsponDc(E2)Dv(E1)
exp(E1−EF

kBT
)(

1 + exp(E1−EF
kBT

)
)(

1 + exp(E2−EF
kBT

)
) . (2.3)

Figure 2.1: Energy band diagram of a direct bandgap semiconductor illustrating different
types of band-to-band transitions.

In the stimulated absorption process, an electron gets excited into the conduction band
while leaving a hole in the valence band by absorbing a photon with energy hν = E2 −E1 ≥
Eg. An electron-hole pair is thus generated during the absorption process. In contrast to
spontaneous emission, stimulated absorption is a three-particle process and its transition rate
Rabs depends on the photon density ρph(hν), density of occupied states in the valence band,
and density of unoccupied states in the conduction band. With Babs being the probability
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constant for stimulated absorption we can obtain

Rabs = Babsρph(hν)Dv(E1)f(E1, T )Dc(E2)[1 − f(E2, T )]

= Babsρph(hν)Dv(E1)Dc(E2)
exp(E2−EF

kBT
)(

1 + exp(E1−EF
kBT

)
)(

1 + exp(E2−EF
kBT

)
) . (2.4)

In the third type of band-to-band transition process, i.e., in stimulated emission, an
incident photon with energy hν stimulates an electron in the conduction band to recombine
with a hole in the valence band, resulting in the generation of an additional photon. The phase
and direction of the generated photon are similar to that of the incident photon. Therefore,
strong coherent radiation is developed by stimulated emission. Like stimulated absorption,
stimulated emission is also a three-particle process and the rate of transition for stimulated
emission depends on the photon density ρph(hν), density of occupied states in the conduction
band, and density of unoccupied states in the valence band. The transition rate Rstim can
be written as

Rstim = Bstimρph(hν)Dc(E2)f(E2, T )Dv(E1)[1 − f(E1, T )]

= Bstimρph(hν)Dc(E2)Dv(E1)
exp(E1−EF

kBT
)(

1 + exp(E1−EF
kBT

)
)(

1 + exp(E2−EF
kBT

)
) , (2.5)

where Bstim is the probability constant for stimulated emission.
At thermal equilibrium, the transition rates for absorption and emission processes should

be equal [32], thus
Rabs = Rspon + Rstim. (2.6)

By using equations (2.3), (2.4), (2.5) and Plank’s theory of black-body radiation, the
relationship among the probability constants can be obtained as [32]

Babs = Bstim = B (2.7)

and

Aspon =
n3
m

π2h̄3c3
(hν)2B, (2.8)

where nm and c are the refractive index of the medium and the speed of light in vacuum,
respectively.

At non-equilibrium condition, i.e., under strong carrier injections employed for laser
operation which will be discussed later, the carrier distributions in the conduction band and
valence band are described by two separate quasi-Fermi-levels Efc and Efv, respectively. To
find the necessary condition for which an incident photon will lead to stimulated emission
instead of absorption, we can investigate the ratio of the transition rates in equations (2.4)
and (2.5)

Rabs

Rstim
=

exp(E2−Efc
kBT

)

exp(E1−Efv
kBT

)
= exp

(
E2 − E1 − (Efc − Efv)

kBT

)
= exp

(
hν − (Efc − Efv)

kBT

)
. (2.9)

From equation (2.9), it can be seen that at thermal equilibrium Efc = Efv = EF and Rabs

is always larger than Rstim. Therefore, stimulated absorption dominates over the stimulated
emission in semiconductors at thermal equilibrium. An incident photon will be amplified by
stimulated emission rather than being absorbed only for photon energies between Efc−Efv >
hν > Eg [33]. This state of the semiconductor is called population inversion and is the
prerequisite of semiconductor diode laser operation. The limiting case Efc − Efv = hν = Eg

gives the condition for transparency when the net gain is zero.
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2.2 Basic features of semiconductor diode lasers

A diode laser consists of an active gain medium, usually formed by a direct bandgap semicon-
ductor, embedded in a forward-biased p-n or p-i-n junction. Figure 2.2 displays a schematic
of a very simple diode laser. A pair of parallel mirrors surrounds the gain medium forming an
optical resonator. The resonator is called a Fabry-Pérot resonator and plays a prominent role
in initiating and sustaining the lasing process. Light is amplified via stimulated emission, as
explained in the previous section. The required population inversion is obtained by biasing
the p-n junction in forward direction through electrical pumping. The basic features of a
diode laser are briefly described below.

Figure 2.2: Schematic diagram of a diode laser showing its different components.

2.2.1 Gain medium, population inversion and gain mechanism

As gain medium, a direct bandgap semiconductor material is used for efficient light emission.
Indirect bandgap semiconductors possess a conduction band minimum located at a different
k value than that of the valence band maximum. Therefore, an additional phonon is required
in order to obtain an electron-hole recombination at the same k. Since more partners are
involved, these transitions are less likely than the transitions involving only electrons and
holes in case of direct bandgap material. Moreover, such recombinations in indirect bandgap
semiconductors are mostly non-radiative and therefore not suitable for efficient light emis-
sion [32].

Most III-V and II-VI compound semiconductors have a direct bandgap and can be uti-
lized for the realization of diode lasers. The selection of appropriate materials is governed
by two critical parameters: emission wavelength and lattice constant. The emission wave-
length λ depends on the direct bandgap energy Eg of the chosen semiconductor gain material
according to the formula [34]

λ =
hc

Eg
. (2.10)

The lattice constants of consecutive semiconductor materials need to be matched within
a certain limit to obtain a defect-free interface between them. Typically the lattice mismatch
between two epitaxial layers in the vertical layer structure should be ≤ 0.1% [35] in order to
avoid the formation of lattice defects, which significantly deteriorate the laser performance.
The bandgap energy and the lattice constant of some common binary, ternary and quaternary
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III-V semiconductor materials are shown in Fig. 2.3 [36]. As illustrated in the figure, a
wide range of emission wavelengths can be obtained by mixing different binary compound
semiconductors. The mole fraction of the compounds in the mixture can be varied within
a wide range from 0 to 1 while still maintaining direct bandgap property with reasonable
lattice mismatch. For example, AlxGa1−xAs possesses almost the same lattice constant of
GaAs for all x and has a direct bandgap for x < 0.45 [36,37]. Modern growth techniques are
able to grow such epitaxial layers with precise compositions.

Figure 2.3: Bandgap energies as a function of lattice constants of common III-V compound
semiconductors used for semiconductor diode lasers. Compound binaries are marked with
dots and ternaries as solid lines. Dashed lines represent regions of indirect gap [36].

To ensure carrier transport through the structure a p-n junction has to be created. An
n-type semiconductor is realized by adding donor impurity atoms with higher number of
electrons in the outer shell than the host semiconductor. The donor atoms introduce new
donor states within the bandgap in the vicinity of the conduction band. At room temperature
all the excess electrons from the donor states are thermally excited into the conduction
band [38]. Similarly, a p-type semiconductor is realized by doping with acceptor atoms which
introduce acceptor energy states in the bandgap close to the valence band. Acceptor atoms
create additional holes by thermally exciting the electrons from the valence band into the
acceptor states [38]. At thermal equilibrium, the Fermi energy stays approximately in the
middle of the bandgap. However, the Fermi level moves towards the conduction band for
n-type and towards the valence band for p-type material. Figure 2.4 (a) shows the energy
band diagram of a p-n junction formed by heavily doped p- and n-type semiconductors.
For heavily p- and n-doped (and therefore degenerate p- and n-type semiconductors) the
Fermi energy levels lie inside the valence and conduction bands, respectively. While bringing
two differently doped semiconductors together, electrons from n-type and holes from p-type
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semiconductors start to diffuse into the p-type and n-type semiconductor, respectively. At
thermal equilibrium with no external applied bias, further diffusion of carriers is opposed by
the built-in electric field across the junction generated from negatively charged acceptors and
positively charged donors on the p- and n-doped sides of the junction. The Fermi level is
constant across the junction at such equilibrium condition.

Figure 2.4: Energy band diagram of a heavily doped p-n junction at (a) thermal equilibrium
and (b) under forward bias conditions. Dashed lines indicate the Fermi-level energies. Filled
and empty holes represent the electrons and holes, respectively.

When the p-n junction is forward biased with an external bias voltage, the built-in electric
field is reduced and carriers can diffuse across the junction as illustrated in Fig. 2.4 (b). In
a narrow region near the junction, both electrons and holes are fed. Two separate quasi-
Fermi levels Efc and Efv are necessary to describe the electron and hole distributions there.
For a sufficiently high concentration of electrons and holes in the junction region, a state
of population inversion is established which develops a net gain as discussed in Section 2.1,
enabling the amplification of radiation via stimulated emission.

2.2.2 Optical resonator

A positive optical feedback has to be introduced to sustain the lasing process. In edge-
emitting semiconductor lasers, a Fabry-Pérot resonator is employed to provide the feedback.
The mirrors in the resonator are formed by cleaving the crystal planes perpendicular to the
laser cavity. Optical waves propagate inside the resonator cavity between mirrors which define
the longitudinal direction for light propagation. The optical waves are partly transmitted
into the air at the end mirrors as illustrated in Fig. 2.2, and partly reflected back into the
resonator cavity. The optical waves are amplified in the active medium between mirrors while
propagating back and forth inside the resonator. The reflectivity of the cleaved facet mirrors
is high enough to introduce necessary feedback for laser oscillations and can be estimated from
the Fresnel equation for reflection at normal incidence at semiconductor/air interface [39]

R ≈
(
nr,sem − nr,air

nr,sem + nr,air

)2

, (2.11)

where nr,sem and nr,air are the refractive indices of the semiconductor and of air, respectively.
For GaAs with refractive index∼ 3.6, a simple cleaved facet gives rise to a reflectivity as high
as 32%. However, to maximize the laser output the end facets of the semiconductor lasers
are often coated with dielectric layers to introduce very low reflectivity< 10% at the light
emitting facet and high reflectivity> 90% in the rear facet.
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2.2.3 Vertical confinement and waveguiding

Figure 2.5: (a) Band diagram of a simple double-heterostructure (DH). (b) Refractive index
and (c) electric field intensity profile of the DH in vertical direction. Filled and empty circles
represent electrons and holes, respectively.

In order to maximize the stimulated emission, the photon density in the active region
needs to be as high as possible. Also more the carriers are confined in the active region,
higher the optical gain can be achieved. Homojunction semiconductor lasers consist of both
the p-type and the n-type region from same material. Therefore, the optical modes suffer
from very low confinement in the vertical direction and poor overlap within the gain region.
Due to the low confinement, the optical modes penetrate more deeply into the highly p-
and n-doped surrounding regions, where they experience strong absorption. In addition, the
absence of the carrier confinement makes the threshold current of homojunction lasers very
high. External quantum efficiency of the homojunction laser is also very low. These type of
lasers can not be operated at room temperature and are only available at low temperatures
in liquid nitrogen [3].
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To overcome the shortcomings of homojunction lasers, carrier confinement in the verti-
cal direction can be ensured by embedding an active medium with smaller bandgap energy
between the p- and n-type semiconductors with higher bandgap energy. A so-called double
heterostructure (DH) [40, 41] is thus formed in the vertical direction. DH lasers are the first
realized semiconductor lasers operating at room temperature [42]. In 2000 Zhores I. Alferov
and Herbert to Kroemer were awarded the Nobel Prize in Physics for developing semicon-
ductor heterostructures. As illustrated in Fig. 2.5 (a), electrons and holes are confined in the
active region by the conduction and valence band offsets of the heterostructures, respectively,
and are forced to recombine in the active region to provide gain to the photon. The surround-
ing layers are known as confinement layers because they are used to confine the carriers inside
the gain region. The refractive index of the semiconductor layers with higher bandgap energy
is usually smaller than that of the semiconductors with lower bandgap energy. A waveguide
is thus formed in the vertical direction which confines the optical mode in the region with
high refractive index (active layer), as shown in Fig. 2.5 (b, c).

2.2.4 Lateral confinement and waveguiding

Figure 2.6: Illustration of a gain-guided laser allowing the driving current to pass through
an aperture formed by (a) insulator and (b) ion implantation.

In addition to the confinement of carrier and optical waves in vertical direction, current
confinement in lateral direction is also necessary for efficient laser performance. As illustrated
in Fig. 2.6, lateral current confinement can be simply provided by allowing the current to pass
through an aperture. The current aperture is usually formed by dielectric insulator as shown
in Fig. 2.6 (a). A highly resistive region formed by ion implantation is another way to guide the
current via an aperture (Fig. 2.6 (b)). A diode laser having solely lateral current confinement
is known as gain-guided laser. Since the portion of the semiconductor which is pumped with
electric current provides gain, only optical modes propagating under the current aperture are
amplified. Therefore, the number of lasing modes can be controlled by adjusting the width
of the current aperture. Since there is no guiding mechanism for optical modes available in
gain-guided lasers, optical modes suffer from absorption outside the current aperture, which
leads to a high threshold current for laser emission. Similar to optical mode guiding in
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vertical direction, lateral mode guiding can also be provided by forming a waveguide with
higher refractive index in the center region than in the surrounding regions. The refractive
index contrast is created by etching the cladding layer on both sides of the ridges as shown in
Fig. 2.7 (a). By allowing the current injection only from top of the ridges, current confinement
is too ensured in these index guided lasers. A buried heterostructure (BH) (Fig. 2.7 (b)) can
be realized to provide current, optical modes, and carriers confinement simultaneously. In BH
lasers, the heterostructures require epitaxial regrowth in lateral direction. Index and carrier
guiding in both lateral and vertical directions are obtained by the heterostructures in both
directions. The current confinement is achieved through reversed biased p-n-p structures in
vertical direction.

Figure 2.7: Schematic drawing of (a) an index-guided laser providing confinement of current
and optical mode, and (b) a buried heterostructure providing current, optical mode and
carrier confinements [32].

2.3 Diode laser characteristics

The basic characteristics of a laser diode relevant to this work are described in this section.
In addition to the electro-optical parameters related to the lasing process, properties of the
emitted laser beam are also discussed.

2.3.1 Threshold gain and longitudinal mode

As discussed in Section 2.2.2, light generated in the active region of a diode laser propagates
along the waveguide inside the resonator surrounded by two parallel mirrors. During prop-
agation, part of the light is reflected back into the cavity after incidence on the mirrors,
while the rest is transmitted into the air. This continuous propagation and reflection on the
mirrors causes a loss and gain of the light. The loss of light occurs in two forms: 1) mirror
loss and 2) cavity losses. The light transmitted through the facet mirrors outside the cavity
gives rise to the mirror loss, which is caused by the final mirror reflectivities. On the other
hand, cavity loss arises from free carrier absorption losses in the active region as well as in
the surrounding cladding layers. Scattering losses at the structural inhomogeneities of the
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heterointerfaces also contribute to cavity losses. Figure 2.8 (a) depicts the regions of gain and
loss mechanisms which take place in a simple Fabry-Pérot resonator with a cavity length of
L.

Figure 2.8: A schematic depiction of (a) gain and loss regions in different epitaxial layers of
a simple diode laser and (b) the propagation of light between the mirror facets.

The threshold condition for laser operation states that the magnitude and phase of the
electric field must repeat after one complete round-trip. As illustrated in Figure 2.8 (b), a
starting field amplitude E0 after a round-trip gives rise to a final field amplitude Ert [43]

Ert = E0

√
R1R2 exp (−i2γL) , (2.12)

where R1 = r21 and R2 = r22 are the intensity reflection coefficients of the mirrors. For the
resonator material with refractive index nr,cavity, the complex propagation constant γ is given
by [44]

γ =
2π

λ
nr,cavity − i

(αi − g)

2
, (2.13)

where αi are the intrinsic losses (which include both absorption and scattering losses [45,46])
and g is the gain of the active material inside the resonator. The total intrinsic loss αi is
split into the intrinsic losses αactive and αcladding in the active and passive cladding layers,
respectively. By substituting Equation (2.13) in Equation (2.12), we obtain

Ert = E0

√
R1R2 exp{−(αi − g)L} exp

(
−i

4π

λ
nr,cavityL

)
. (2.14)
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Equating the magnitude of the left and right side of Equation (2.14) for threshold con-
dition, i.e., Ert = E0, leads to the expression for threshold gain as√

R1R2 exp{−(αi − gthr)L} = 1 or gthr = αi +
1

2L
ln

(
1

R1R2

)
. (2.15)

Therefore, the threshold condition for gain can be re-stated as follows: the optical gain of

the lasing mode must compensate both intrinsic loss and mirror loss αmirror = 1
2L ln

(
1

R1R2

)
.

The phase relation of Equation (2.14) gives rise to the condition for the emission wave-
length of the longitudinal mode of the Fabry-Pŕot resonator

4π

λ
nr,cavityL = 2mπ or mλ = 2nr,cavityL, (2.16)

where m is a positive integer and defines the number of nodes of the standing wave developed
between the mirrors. The separation of two consecutive longitudinal modes ∆λm can be
obtained by performing a partial differentiation of Equation (2.16) and replacing ∆m = −1
there as

∆λm =
λ2

2(nr,cavity − λ
δnr,cavity

δλ )L
. (2.17)

2.3.2 Optical confinement factor

Figure 2.9: Schematic sketch of (a) the vertical layer structure of a simple diode laser, (b) its
refractive index profile, and (c) the electric field intensity distribution.

Figure 2.9 (a) shows schematically the layer structure along the vertical direction of a
simple diode laser consisting of an active layer surrounded by a pair of cladding layers. The
refractive index profile and electric field intensity |E(x)|2 distributions in the layer structure
are shown in Figs. 2.9 (b, c). The electric field is guided in the active layer by the refractive
index difference between the active layer and the neighboring cladding layers. The portion
of field intensity which overlaps with the active layer experiences gain. Thus the degree of
overlap of the modes with the active region, defined as the confinement factor, is one of the
crucial parameters for the design of semiconductor lasers. The confinement factor Γvert in
the vertical direction for an active layer with thickness dactive for the structure presented in
Fig. 2.9 is given by [47]

Γvert =

∫ dactive/2
−dactive/2

| E(x) |2 dx∫∞
−∞ | E(x) |2 dx

. (2.18)
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A similar expression can be obtained for the confinement factor Γlat in the lateral direc-
tion from the ratio of the integration of the electric field intensity distribution | E(y) |2 over
the dimension of the ridge width and the total area covered by the intensity distribution.

By taking into consideration the confinement factor and writing the intrinsic losses sep-
arately for active and cladding layers, the threshold condition for modal gain in Equation
(2.15) can be re-written as

Γvertgthr = Γvertαactive + (1 − Γvert)αcladding +
1

2L
ln

(
1

R1R2

)
(2.19)

or

gthr = αactive +
(1 − Γvert)

Γvert
αcladding +

1

2ΓvertL
ln

(
1

R1R2

)
. (2.20)

2.3.3 Threshold current density

As discussed in Section 2.1, to achieve gain in a semiconductor population inversion must be
created by injecting sufficient carriers. For typical gain coefficients in a bulk DH lasers, the
maximum material gain can be approximated by a linear relation with the injected carrier
density N as [31]

g = σ(N −Ntr), (2.21)

where σ is the differential material gain and Ntr is the transparency carrier density. On the
other hand, the variation of maximal material gain for QW lasers with carrier density is
nonlinear. The relation is well approximated by [7, 34,48,49]

g = g0 ln

(
N

Ntr

)
, (2.22)

where g0 is the gain constant.
Knowing the threshold gain necessary for lasing operation from Equation (2.20), and

the threshold carrier density Nthr necessary for the threshold gain from Equation (2.21) or
(2.22), the required threshold current density Jthr can be determined from [32,50]

Jthr =
qdactive
ηinjτn

Nthr . (2.23)

where ηinj is the current injection efficiency defined as the fraction of the injected current
generating carriers in the active region. q, dactive and τn are the electronic charge, thickness
of the active layer, and carrier lifetime, respectively

Equation (2.23) becomes

Jthr =
qdactive
ηinjτn

{
αactive

σ
+

(1 − Γvert)

Γvert

αcladding

σ
+

1

2σΓvertL
ln

(
1

R1R2

)
+ Ntr

}
(2.24)

for bulk DH lasers and

Jthr =
qdactive
ηinjτn

[
Ntr exp

{
αactive

g0
+

(1 − Γvert)

Γvert

αcladding

g0
+

1

2g0ΓvertL
ln

(
1

R1R2

)}]
(2.25)

for QW lasers.
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2.3.4 Optical output power and efficiencies

When a diode laser is driven with an external electrical current, the laser goes through
two different regions of operation. At lower current, the laser emission is dominated by
spontaneous emission and the output power shows a slight increase with increasing current.
Stimulated emission becomes dominant as soon as a sufficiently high current is reached. The
transition occurs at the threshold current Ithr. After threshold current, the carrier density
clamps as the injected carriers are immediately converted into photon. The power generated
due to an injected current I above Ithr can be written as [31]

Pgen = (I − Ithr) ηint
hν

q
, (2.26)

where ηint is the internal quantum efficiency. ηint is defined as the fraction of injected carriers
which recombine radiatively and generate photons [51]. Part of the generated photons is
absorbed inside the cavity due to the distributed internal optical loss αint, while the rest
is emitted out as the output power due to the mirror loss defined in Equation (2.15) as

αmirror = 1
2L ln

(
1

R1R2

)
. The light output through the cavity can then be written as

Pout = Pgen
αmirror

αint + αmirror

= ηint
αmirror

αint + αmirror

hν

q
(I − Ithr).

(2.27)

Another parameter frequently used for laser performance is the differential quantum effi-
ciency ηdiff , which is defined as the ratio of the number of generated photons emitted outside
the cavity to the total number of injected carriers [52]. Therefore, ηdiff can be expressed in
terms of ηint as follows

ηdiff =
d
(
Pout
hν

)
d
(
I−Ithr

q

) = ηint
αmirror

αint + αmirror
. (2.28)

By replacing αmirror = 1
2L ln

(
1

R1R2

)
in Equation (2.28) the relation between ηdiff and ηint

can be re-written as
1

ηdiff
=

1

ηint

(
1 +

αint

αmirror

)
(2.29)

or

1

ηdiff
=

1

ηint

⎧⎨⎩ 1 + 2L
αint

ln
(

1
R1R2

)
⎫⎬⎭ . (2.30)

Equation (2.30) is used to determine the internal parameters (i.e. internal quantum
efficiency ηint and internal optical loss αint) of the laser structures from the cavity-length-
dependent measurement of the output power versus current characteristics.

By using the definition of ηdiff from Equation (2.28) in Equation (2.27), the output power
from the laser is

Pout = ηdiff
hν

q
(I − Ithr) = ηdiff

hc

qλ
(I − Ithr), (2.31)

where λ and c are the emission wavelength and the speed of the light, respectively. The slope
of the output power versus current (PI) curve is known as the slope efficiency ηslope (with
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units W/A) and is a function of the wavelength. From Equation (2.31), it can be derived
that

ηslope =
dPout

dI
= ηdiff

hc

qλ
. (2.32)

Not all supplied electrical power is converted into optical output power: some portion
of the input electrical power is dissipated, which is responsible for the heating of the lasers
during operation. The amount of dissipated power Pdiss for a given electrical input power of
Pin = V I is

Pdiss = Pin − Pout = V I(1 − ηPCE), (2.33)

where V is the terminal voltage across the laser and ηPCE is the power conversion efficiency,
which defines how efficiently optical output power Pout can be obtained from a given electrical
input power Pin. ηPCE is defined as the ratio of the output power and the input power

ηPCE =
Pout

Pin
=

Pout

V I
=

ηdiff
hν
q (I − Ithr)

(Vd + IRs) I
= ηint

hν

q

(I − Ithr)

(Vd + IRs) I

αmirror

αint + αmirror
. (2.34)

The terminal voltage V = Vd + IRs in the equation above comprises both the turn-on
voltage Vd of the laser diode and the voltage across the series resistance Rs of the epitaxial
layers. Rs is given by

Rs =

∑
i ρs,i di
A

, (2.35)

where ρs,i and di are the specific electrical resistance and the thickness of the i-th epitaxial
layer, respectively, and A is the current injection area.

Figure 2.10 shows an example of output power and voltage curve of a laser as a function
of the driving current illustrating different parameters

Figure 2.10: (a) Optical output power, (b) voltage and (c) power conversion efficiency of a
laser having 100µm wide ridge and 3.0 mm long cavity as a function of driving current in
continuous-wave (CW) mode at a heat-sink temperature T = 20◦C.

2.3.5 Temperature dependence of laser characteristics

As discussed above, not all the supplied electrical power is converted into optical output
because a significant portion is transferred into heat. The amount of heat ∆T generated
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due to the dissipated power is expressed in terms of thermal resistance Rth [k/W], which is
defined as [53–55]

Rth =
∆T

Pdiss
=

∆T

Pin − Pout
. (2.36)

The small size of the diode lasers gives rise to relatively high thermal resistance. Gen-
erated heat depending on the thermal resistance can be partly coupled out via mounting
and cooling of the device. However, there is inherent rise of temperature in the laser chip
during operation. With increasing device temperature due to self-heating of the lasers at
high driving currents or high ambient temperature, the threshold current increases and the
slope efficiency decreases. The reasons responsible for such deterioration of laser performance
are reduced material gain, increased non-radiative recombination, and increased carrier leak-
age at high temperature [56, 57]. The material gain is reduced with increasing temperature.
Therefore, higher carrier densities are required to achieve the required threshold gain. Higher
carrier density negatively increases non-radiative Auger recombination which further raises
the temperature of the devices. On the other hand, increased temperature also results in
thermionic carrier leakage out of the active region. The combined effects increase the thresh-
old current. The increment of internal optical losses with increasing temperature due to
free carrier absorption in the active region and waveguide layers leads to a decrease of the
differential quantum efficiency [58]. Figure 2.11 shows an example of output power curve of
a 100µm wide and 2.64 mm long laser as a function of driving current at different heat-sink
temperature.

Figure 2.11: Optical output power of a laser having 100µm wide ridge and 2.64 mm long
cavity as a function of the driving current at different heat-sink temperature ranging from
0 to 70◦C in 10◦C steps. The measurements are performed in continuous-wave (CW) mode.
The laser facets are coated with high reflection (HR) coating of 95% and anti-reflection (AR)
coating of 2% reflectivity.

The dependence of the threshold current and differential quantum efficiency on the tem-
perature of the active region of the laser is described by the characteristic temperatures T0

and T1, respectively. It has been empirically found that the dependence of the threshold
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current and differential quantum efficiency can be well-approximated by [59]

Jthr(Tinv) = Jthr(Tref)exp

(
Tinv − Tref

T0

)
or ln{Jthr(Tinv)} = ln{Jthr(Tref)} +

Tinv − Tref

T0

(2.37)
and

ηdiff(Tinv) = ηdiff(Tref)exp

(
Tinv − Tref

T1

)
or ln{ηdiff(Tinv)} = ln{ηdiff(Tref)} +

Tinv − Tref

T1
.

(2.38)
Tinv and Tref in the above equations refer to the investigated and the reference temper-

ature, respectively.
From the above equations, it can be seen that lasers with more stable threshold cur-

rent and differential quantum efficiency have higher T0 and T1. It is desirable to eliminate
or at least to minimize the negative impacts of temperature rise for increasing the output
power level and ensuring reliable operation of the lasers. The reduction of carrier leakage by
improved vertical carrier confinement and the reduction of threshold current by increasing
overlap of optical mode with active region (i.e. high confinement factor) and cavity length
(i.e. low mirror loss) can improve stability of both threshold current and differential quantum
efficiency against temperature variation.

2.3.6 Beam properties

For many applications, in addition to the total high optical output power, high power at
small spot size is required. The focusibility of the laser beam largely depends on the shape of
the beam profile. The minimum possible spot size can be achieved from diffraction-limited
Gaussian profile. In addition, cost effectiveness and simplicity of the optical system for
practical use largely depend on the beam divergence and the astigmatism of the laser beam.
Therefore, a precise knowledge of the laser beam profile as well as its far-field distribution are
important and should be taken into consideration during the design of the laser structure.

Because of the close proximity of the fundamental transverse mode of laser radiation
with the Gaussian distribution, the propagation of the fundamental mode of the laser can be
described by the propagation of a Gaussian beam.

The field distribution of the fundamental mode propagating in z-direction is given by [60]

E(r, z) = A0
w0

w(z)
exp

{
−j(kz + φ(z)) − r2

(
1

w2(z)
+

jk

2R(z)

)}
(2.39)

where r is the radial distance measured from the optic axis (z-axis), A0 is a constant amplitude
factor, w0 is the width of the beam waist, and k = 2n0π/λ0 is the propagation constant, with
n0 and λ0 being the refractive index of the medium and the emission wavelength in the
vacuum, respectively. φ is the additional phase shift arising from the geometry of the beam.
w is the width of the laser beam where the field amplitude drops to 1/e of its maximum value
at the optical axis. R is the radius of curvature of the phase front.

While propagating in space, the Gaussian beam is broadened while remaining Gaussian.
The beam width w0 at the position of beam waist changes at a distance z from the beam
waist according to [60]

w2(z) = w2
0

{
1 +

(
λ0z

πn0w2
0

)2
}

= w2
0

{
1 +

(
z

zR

)2
}
, (2.40)
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where zR = πn0w
2
0/λ0 is the Rayleigh length of the beam waist and is defined as the distance

where the width of the beam increases to
√

2 times of w0 [61, 62].
At the waist, the phase front of the laser beam is a plane and the radius of the phase

front varies with distance according to [60]

R(z) = z

{
1 +

(zR
z

)2
}
. (2.41)

The additional phase-shift is given by [60]

φ(z) = tan−1

(
z

zR

)
. (2.42)

Beam divergence angle

The intensity distributions of the laser radiation across the transverse cross-section at the
output facet of the laser are termed near-fields. According to Equation (2.40), at a distance
much larger than the Rayleigh length the increase of beam width approaches a linear relation
with distance. The intensity distributions at this region (z >> zR) are known as far-fields.
The divergence angle θ of the far-field is

θ =
2w0

zR
=

2λ0

πn0w0
. (2.43)

For a laser beam symmetrically distributed along both transverse x and y directions, the
beam divergence angles along both directions are identical. However, a laser beam typically
has an elliptic beam profile and thus has different widths of beam waist (w0x, w0y) and
accordingly different divergence angles (θx, θy) along the x and y directions. Figure 2.12
illustrates schematically the Gaussian beam parameters propagating along z direction.

Figure 2.12: Schematic drawing of Gaussian beam parameters propagating along z direction.
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Beam quality factor and brightness

From Equation (2.43) follows that the beam divergence angle is inversely proportional to the
width of the beam waist. The product of beam width and half beam divergence angle is
constant for a given beam and is known as beam parameter product (BPP) defined as [63]

BPP = w0
θ

2
=

d0θ

4
=

λ

π
, (2.44)

where d0 = 2w0 is the diameter of the beam waist and λ = λ0/n0 is the wavelength in the
medium.

Equation (2.44) applies for a diffraction-limited Gaussian beam. However, for real laser
beams BPP is larger than λ

π by a factor M2 [64, 65]

BPP = M2λ

π
or M2 = BPP

π

λ
. (2.45)

M2 is another parameter which is often used to evaluate the laser beam quality and
known as beam quality factor. M2 is a measure of the deviation of the laser beam with
an ideal Gaussian beam and defines how tightly a laser beam can be focused. For an ideal
diffraction-limited Gaussian beam M2 = 1.0. The closer M2 to 1.0, the better the laser beam
can be focused into a small spot size. M2 for a given laser beam remains unaltered during
its propagation if the optical components are aberration-free.

For an elliptic beam with different beam waist diameters d0x and d0y along x and y
directions, respectively, M2

x and M2
y can be calculated following Equation (2.44) and (2.45)

M2
x =

d0xθx
4

π

λ
(2.46)

and

M2
y =

d0yθy
4

π

λ
. (2.47)

As mentioned earlier, for numerous applications the output power needs to be focused
into a small spot size. The output power available per unit emitting area A and per unit
solid angle Ω is termed as brightness B of the laser [66]

B =
Pout

AΩ
. (2.48)

By substituting the expression of A = π(d0/2)2 and Ω = π(θ/2)2 in Equation (2.48) one
obtains

B =
Pout

π2

16d
2
0θ

2

=
Pout

λ2(M2)2
.

(2.49)

For laser beams with elliptic profile, brightness is given by

B =
Pout

λ2M2
xM2

y

(2.50)
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2.3.7 High power operation

According to Equation (2.27), output power is linearly proportional to the injected current;
therefore, the output power-current curve is ideally a straight line. However, in reality, the
behavior is quite different and the total achievable output power is limited by various factors,
e.g., thermal rollover and COMD. Thermal rollover is the result of the continuous decrease
of laser efficiency with increasing current [53, 67]. The ohmic losses caused by the series
resistance rise with increasing current. This raises the temperature of the device, which in
turn results in enhanced carrier leakage out of the active layer to the surrounding waveguide or
cladding layers, decrease of material gain, and increase of non-radiative Auger recombination,
as discussed in Section 2.3.5. After reaching a maximum, the output power starts decreasing
(roll-over) towards zero at high device temperature and large operating current. Thermal
roll-over is a reversible effect.

On the other hand, COMD is a sudden drop of output power down to zero and causes
a permanent damage to the laser facets. COMD occurs due to facet degradation caused by
high power density at the laser facets [68–71]. High power density at the laser facets causes
strong non-radiative surface recombination and leads to high facet temperature. COMD is
an irreversible process and is one of the main power limiting factors of high power lasers.

Although there is no exact limit of output power to call a diode laser a high power laser,
typically a single-mode laser with power ≥100 mW and a multimode laser with output power
≥1 W are considered high power lasers.





Chapter 3

Approaches for High Output Power
and Narrow Vertical Beam
Divergence

As discussed in Chapter 1, output power from conventional EESLs is limited by high power
density at the laser facets resulting from very highly concentrated near-field distribution.
This causes permanent damage to the laser facets. In addition, narrow near-fields produce
undesired highly divergent far-fields.

A variety of approaches have been implemented to reduce the facet load by expanding
the optical fields in vertical direction. The reduced facet load allows a high output power
before COMD appears. The vertical far-field distribution is defined by Fourier transform of
the near-field distribution at the laser facets [72, 73]. Therefore, vertical field extension in
the emitting laser facets also narrows down the vertical far-field beam divergence. In this
chapter, different approaches for vertical field expansion are reviewed.

3.1 Lasers with thin active layer

A simple DH laser diode, which was briefly introduced in Chapter 2, consists of an active
material with low bandgap energy surrounded by two cladding materials with high bandgap
energy. A schematic vertical layer structure alongside the optical fields propagating inside
the cavity and the beam profiles outside the cavity is shown in Fig. 3.1 (a). The near-field
spot size and the optical power density on the laser facet depend on the confinement of the
optical mode inside the cavity, which is governed by the refractive index profile of the active
and the cladding layers. The idea of thin active layer (TAL) laser structures is to weaken
the optical mode confinement by using a very thin active layer of few tens of nanometer, so
that a large portion of the optical modes penetrates into the surrounding cladding layers, as
illustrated in Fig. 3.1 (b) [74, 75]. Therefore, the power density at the laser facet is reduced
and the threshold output power for COMD increases, which consequently permits a higher
output power. The enlarged spot size provides a narrower vertical beam divergence as well.
100 mW/facet emission at the fundamental mode has been demonstrated with FWHM vertical
beam divergence of 16◦ at 808 nm wavelength [75]. However, the disadvantage of the TAL
lasers is their high threshold current, owing to low confinement factor and high free-carrier
absorption loss in the highly doped surrounding cladding layers.

The so-called thin tapered-thickness active layer laser (T3 laser) [27] has been developed

25
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in order to overcome the limitations of TAL lasers. Instead of the uniform thin active layer in
TAL lasers, T3 lasers utilize thinner active layers near both mirrors than in the inner region
(Fig. 3.1 (c)). The thinner regions of the active layer near the facets allow the optical fields
to penetrate more into the surrounding cladding layers and reduce both power density at the
facets and vertical beam divergence. On the other hand, the thicker region of the active layer
maintains a high optical mode confinement and a low threshold current density. 120 mW
continuous-wave (CW) fundamental transverse mode emission with a FWHM vertical beam
divergence as narrow as 10◦ was reported at 780 nm [27]. However, the broadening and
confinement of the near-fields in different regions are highly dependent on the refractive
index of the active layer and may degrade due to the refractive index change with operating
current.

Figure 3.1: Schematic drawing of a DH laser diode comprising (a) a conventional active
region, (b) a thin active layer and (c) a thin tapered-thickness (T3) active layer. Labels: Pout

= output power, Ithr = threshold current and θvert = vertical beam divergence angle.

3.2 Lasers with mode expansion layers

As discussed in the previous section, low confinement of the optical field in a DH laser with
thin active region allows deep penetration of the field in the highly doped cladding layers
and increases the threshold current of the laser. This effect is usually observed in QW
lasers. In order to reduce the threshold current, two additional layers known as separate
confinement heterostructure (SCH) [76] layers are added between the QW and the cladding
layers. The SCH layers have higher bandgap energy and lower refractive index than the QW.
The region comprising the QW and the SCH layers is then surrounded by the cladding layers
with lower refractive index than the SCH layers. Optical fields are confined in the typically
lowly-doped SCH layers by the refractive index contrast between the SCH and the cladding
layers. Sometimes SCH lasers consist of SCH layers with gradually increasing refractive index
from the QW to the cladding layers. These types of SCH lasers are known as graded-index
separate-confinement heterostructure (GRINSCH) lasers. A typical refractive index profile
of a GRINSCH laser with linearly-varying refractive indices of the SCH layers is shown in
Fig. 3.2 (a). The SCH layers on the n- and p-doped sides of the structure are denoted as n-
and p-waveguide layers, respectively, in the figure.

Different techniques to achieve a narrow vertical beam divergence in the GRINSCH lasers
using additional mode expansion layers are explained below.
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3.2.1 Low refractive index layers

Vertical field extension in the epitaxial layer stack of the GRINSCH lasers can be obtained
by inserting a pair of low-index layers between the SCH layers and the cladding layers as
illustrated in Figs. 3.2 (b-d) [28, 77–86]. The low-index layers play two roles at the same
time. Due to the increased index guiding effect, the optical fields are strongly confined in
the active region (Fig. 3.3 (a)), which is the requirement for a low threshold-current density.
On the other hand, the thicknesses and the contents of the low-index layers are carefully
chosen in such a way that the effective refractive index of the lasing mode is reduced to the
value close to the refractive index of the cladding layers. The resulting anti-guiding effect
allows the optical field to spread into the cladding layers (Fig. 3.3 (a)) and produces a narrow
vertical beam divergence (Fig. 3.3 (b)). The amount of near-field extension is controlled by
the contrast of the effective refractive index of the lasing mode and the refractive index of
the cladding layers. It has been theoretically shown that the vertical beam divergence can
be reduced down to 11◦-15◦ using this design [79,80].

Figure 3.2: Refractive index profile of (a) a conventional GRINSCH laser and (b)-(e) specially-
designed structures with low-index layers. (b), (c), (d) and (e) are adapted from [79], [80], [81],
and [82], respectively.

A FWHM vertical beam divergence as narrow as 13◦ has been reported at 980 nm wave-
length together with 250 mW and 900 mW optical power from a 2.5µm [28] and a 4µm [85]
wide ridge-waveguide lasers, respectively. 100µm wide lasers providing a similar beam diver-
gence and 2.4 W output power at 800 nm wavelength range are presented in [86].

Xu et al. implemented an improved design [82] in order to avoid the mode spreading and
thus minimize free-carrier absorption in the highly p-doped side. A low-index layer is inserted
only in the n-doped side of the epitaxial layer structure as shown in Fig. 3.2 (e). A maximum
kink-free output power of 500 mW has been demonstrated from a 5µm wide ridge-waveguide
laser with only 12◦ beam divergence in the vertical direction at 808 nm wavelength.
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Figure 3.3: Calculated (a) near-field and (b) far-field distributions in the vertical direction
of a conventional GRINSCH laser (dashed lines) and of a modified structure with low-index
layers (solid lines). The figures are adapted from [28].

3.2.2 High refractive-index layers

In this approach [29,87–90], two additional layers with high refractive indices are embedded in
the n- and p-doped cladding layers, as illustrated in Fig. 3.4 (a). The high-index layers serve
to spread the optical mode further into the cladding layers without significantly changing the
confinement factor of the mode [29]. The compositions and the thicknesses of the high-index
layers, and their distances from the active region are optimized to broaden the amplitude
of the optical mode only outside the active region, as shown in Fig. 3.5 (a). This ensures
an almost identical confinement factor and hence similar threshold current density as the
conventional lasers without high-index layers. The broadened optical field leads to a narrower
vertical beam divergence (Fig. 3.5 (b)). Vertical beam divergences of 19◦ and 23◦ have been
reported for GaAs [87] and GaInP-AlGaInP lasers [29], respectively. The corresponding
conventional lasers without the mode expansion layers demonstrate vertical beam divergence
of 44◦ and 37◦, respectively.

Figure 3.4: Refractive index profile of a GRINSCH laser having two additional high refractive-
index layers in the n- and p-doped cladding layers with (a) step-like and (b) graded V-shaped
refractive index profile. Figures (a) and (b) are redrawn from [29] and [91], respectively.
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Figure 3.5: Calculated vertical (a) near-field and (b) far-field distributions of a conventional
DH laser (dashed lines) and a modified structure with high-index layers (solid lines). The
figures are redrawn from [29].

The disadvantage of this type of structures is the low tolerance during the epitaxial
growth of the structures. A slight deviation from the design specifications can result in a
much larger beam divergence and/or higher threshold current than expected [29,91].

In order to improve the growth tolerance, a modified layer structure is proposed in [91].
It has been theoretically shown that the growth tolerance can be relaxed by more than a
factor of 2 by employing a graded V-profile (Fig. 3.4 (b)) of the refractive index instead of
the step-like distribution of the refractive index (Fig. 3.4 (a)). Lasers with kink-free optical
power of 400 mW and 380 mW are reported with vertical beam divergence of 21◦ at 830 nm
and 18◦ at 980 nm wavelength, respectively [91]. In order to avoid the mode expansion and
the free carrier absorption loss in the p-doped cladding layer, the V-profiled mode expansion
layer has only been incorporated in the n-doped cladding layer.

3.2.3 Multiple high-index layers

Instead of inserting only two high-index layers, implementation of a symmetrical sequence
of high-index layers on both sides of the active region also stretches the optical field in the
transverse vertical direction [92–94], although at the expense of increased threshold current
density as compared to the conventional GRINSCH counterpart [94]. A significantly reduced
vertical beam divergence of only 11.2◦ has been achieved using four high-index layers, in
contrast to 44◦ vertical beam divergence of the conventional lasers without the high-index
layers [92]. A vertical beam divergence of 20◦ has been reported in [93] for a structure
consisting of 16 mode-expanding high-index layers.

3.3 Leaky-wave and tilted-wave lasers

Figure 3.6 (a) illustrates schematically the structure of a leaky-wave laser. In leaky-wave
lasers, in contrast to the conventional lasers, a cladding layer with a smaller thickness is
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employed on the bottom side of the structure. This allows the optical mode to tunnel from
the waveguide, which contains active layers, through the thin cladding layer into a thick
substrate. By optimizing the thicknesses and the compositions of the layer structure, the
optical mode propagating in the substrate towards the laser facet can be coupled out of
the laser cavity. To do this, the leakage angle θleakage is designed to be smaller than the
angle of total internal reflection at the substrate/air interface [95, 96]. The optical mode
propagating in the thick substrate experiences significantly less diffraction. Hence the light
beam coupled out of the cavity is very narrow. A narrow beam divergence of only ∼ 1◦ from
leaky-wave lasers at 980 nm emission wavelength has been demonstrated in [97] (Fig. 3.6 (b)).
The typical wide background radiations visible in the far-field distribution emit from the thin
active region.

Figure 3.6: (a) Schematic representation of a leaky-wave laser. (b) Far-field distribution of
the laser in the vertical direction [97].

Figure 3.7: (a) Schematic drawing of the cross section of a tilted-wave laser and (b) its
far-field distribution in the vertical direction [98].

An alternative concept, known as tilted-wave laser concept [99], also uses a thick sub-
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strate as the broad passive waveguide for the optical mode. Similarly to the leaky-wave laser,
the light from the active waveguide containing active layers leaks into the thick substrate
via a thin cladding layer placed between the active waveguide and the substrate. The op-
posite side of the substrate of the tilted-wave lasers is coated with dielectric material after
polishing, as depicted in Fig. 3.7 (a). The dielectric window provides mirror-like reflection
to the leaky mode reaching the end of the substrate. Interference takes place between the
light propagating in the active waveguide and the light reflected from the substrate end. The
laser structure is designed in such a way that only the desired optical mode (usually the
fundamental mode) experiences constructive interference, while the other modes experience
destructive interference [100]. 1060-nm tilted-wave lasers delivering 3.3 W CW output power
at fundamental vertical mode with less than 1◦ FWHM beam divergence (Fig. 3.7 (b)) have
been reported in [98].

3.4 Lasers with large optical cavity

Lasers with large optical cavity consist of a thick vertical waveguide layer surrounded by
two cladding layers [101–111]. The active layers are embedded in the waveguide layer. The
confinement of the optical field in the active region decreases due to the very large thickness
of the waveguide and hence mode expansion occurs [104], which gives rise to a narrow vertical
beam divergence. However, the reduced overlap of the light with the active layers results in
a high threshold current in these lasers.

Figure 3.8 shows schematically the refractive index profile of a laser with super large
optical cavity (SLOC) along with the distributions of the near-field and far-field in the vertical
direction. Because of the large thickness of the waveguide, a large number of vertical modes
are likely to be emitted. The emission of the higher order vertical modes is prevented by
carefully selecting the thicknesses of the cladding layers [108, 109]. A high optical output
power of 20 W from a 200µm wide and 4.0 mm long SLOC laser is reported with a narrow
vertical beam divergence of 15◦ at 1100 nm wavelength [109]. Further reduction of the vertical
beam divergence requires increased waveguide thickness [110].

Figure 3.8: (a) Refractive index profile (black line) and the near-field distribution of the
fundamental mode (red line) of a SLOC laser. (b) The vertical far-field distribution of the
fundamental mode of the laser [112].
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A large optical cavity in combination with a low refractive-index contrast between the
active layers and the surrounding waveguide layers yields a low vertical beam divergence
as narrow as 9◦ [30, 112]. The disadvantage of these structures is that the vertical beam
divergence is highly sensitive to the refractive index of the active region and thus requires
precise growth of the laser structure.

3.5 Photonic band crystal lasers

For vertical mode expansion, a different approach based on a longitudinal photonic band
crystal (PBC) concept has been proposed [113]. The longitudinal PBC structure possesses a
periodic refractive index modulation along the epitaxial growth direction. A basic design of
PBC lasers contains a periodic sequence of layers followed by a localizing optical defect which
terminates the periodicity of the structure. The defect layer has either a higher refractive
index or a larger thickness than the rest of the layers in the periodic structure, as shown
in Fig. 3.9 (a) and (b), respectively. The number of localized modes in the defect and the
strength of the localization are governed by the strength of the defect, namely the difference
in refractive index (∆n) or thickness (∆t) of the defect layer and the periodic layers. To
obtain a fundamental vertical mode emission, the layers are designed to localize only the
fundamental mode in the defect with a decaying tail away from the defect. On the other
hand, all other higher order modes are moved away from the defect and extended over the
whole PBC structure [114–116].

Figure 3.9: Realization of an optical defect in a PBC laser structure by increasing (a) the
refractive index and (b) the thickness of a layer with respect to the other periodic layers.

As discussed in Chapter 2, the quality of the laser beam should be high in both lateral
and vertical directions in order to achieve high brightness. The vertical beam quality of the
PBC lasers is achieved by allowing only fundamental vertical mode emission. The necessary
discrimination between fundamental and higher order modes can be ensured by incorporating
several discrepancies among them, as listed below:

� The optical confinement factor of the fundamental mode can be increased by placing
the gain layer(s) in the defect, where the maximum of the fundamental mode is located.
Since the higher order modes are shifted away from the defect layer, they will experience
a smaller confinement factor.
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� The doping profile of the epitaxial layers can be designed to increase free carrier ab-
sorption of higher order modes as opposed to the fundamental mode.

� The leakage of the higher order modes into the substrate can be made larger than that
of the fundamental one.

� Absorbing layers can be inserted away from the defect so that the higher order modes
are absorbed much more than the fundamental mode, since the latter has a low intensity
distribution away from the defect.

� Additional scattering loss can be introduced to the higher order modes by extending
them to the alloyed metal contact. In contrast, the fundamental mode does not reach
the contact layers.

An example of the refractive index profile is shown in Fig. 3.10 alongside the distribution
of the fundamental and the higher order modes of a PBC laser structure.

Figure 3.10: (a) Refractive index profile (black line) and calculated near-field distributions
of the fundamental (red solid) as well as the first (blue dashed) and second (green dotted)
higher order modes of a 980 nm PBC laser. (b) Far-field distribution of the fundamental
mode [117]. FWHM beam divergence angle is indicated.

PBC lasers offer several advantageous characteristics. Firstly, due to the wide expansion
of the optical mode in the very broad PBC waveguide, the power density at the emitting
facets is significantly reduced. The reduced facet load increases the threshold output power
for the COMD effect. A high output power is thus achievable from the PBC structures before
the COMD comes into effect.

Secondly, the broad expansion of the optical mode in the PBC structure results in a
narrow vertical beam divergence and a nearly circular beam profile, in contrast to the typical
highly-elliptic beam profile of the conventional edge-emitting lasers. Such circular beam
profile simplifies the optical system and reduces the system cost for practical applications.

Thirdly, spreading the optical mode in the vertical direction lowers the interaction of the
optical field with the ridge edges. Therefore, a single lateral mode emission is possible even
with laterally wider ridges than that of conventional lasers.

Fourthly, the probability of filamentation is significantly reduced in PBC lasers. In con-
ventional lasers with a thin waveguide, the narrow current filaments cause a local modulation
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of refractive index which eventually traps the optical mode and leads to filamentation. The
thick PBC waveguide reduces both lateral and vertical overlap of the mode with the filaments.
Consequently, the probability of filamentation is diminished.

Because of all their advantages PBC lasers were chosen as the focus of this dissertation.
1060 nm emission wavelength was chosen for its growing demands in various advanced appli-
cations like direct material processing, pumping solid-state and fiber lasers, medicine, and
visible light generation via non-linear frequency conversion.

Before this work, high-power PBC lasers providing several Watts of output power and
significantly-reduced vertical beam divergence as narrow as 5-8◦ have successfully been im-
plemented at emission wavelengths ranging from 640 to 1060 nm [117–127]. More than 2 W
single-transverse mode output power has been reported at 980 nm emission wavelength [117].
However, the multimode output power was always below 3 W in CW mode even with a ridge
width of 100µm [122,127]. The previously-reported 1060-nm PBC lasers based on quantum-
dot active region showed a vertical beam divergence of 13◦ and a multimode power of only
2.6 W under CW operation [127]. This work aims to realize 1060 nm PBC lasers delivering
even higher multimode power in the range of 10 W, and a vertical beam divergence below
10◦. Ridge-waveguide lasers for high-brightness applications are also implemented. In order
to achieve these goals, various improved PBC structures in the 1060 nm emission wavelength
are studied thoroughly over the course of this work.

3.6 High-brightness vertical broad-area edge-emitting lasers

In the latter part of this work, the concept of PBC lasers has been transformed into the
concept of a novel high-brightness vertical broad-area edge-emitting (HiBBEE) lasers [128].
The aim is to achieve even better performance than the PBC lasers. Similar to the PBC
lasers, HiBBEE lasers also utilize a multilayer vertical waveguide to reduce the facet load
and to provide narrow vertical beam divergence. However, in contrast to the periodic layer
sequence in the PBC waveguide, the HiBBEE waveguide consists of an aperiodic sequence of
layers. The HiBBEE lasers provide several additional advantages without sacrificing any of
the best features of the PBC lasers discussed above.

� The PBC lasers with the best characteristics (e.g., single-transverse and multimode
output power, narrow beam divergence) consist of larger than 15µm thick vertical
waveguide with 15 pairs of periodic layers or more. The series resistance of these
structures is largely influenced by the large number of interfaces among the epitaxial
layers and the large total vertical thickness. The concept of HiBBEE lasers states that
instead of using a large number of periodic layers, similar narrow beam divergence
can be obtained using a lower number of aperiodic layers and a smaller total vertical
thickness.

� PBC structures demand a high doping concentration throughout the structures for
a considerable series resistance, which in turn leads to high internal optical loss. The
reduced number of interfaces and the smaller thickness of the HiBBEE waveguide allows
for a lower doping concentration in the epitaxial layer structure, maintaining similar or
even lower series resistance than the PBC structures.

� The lower doping concentration in the HiBBEE structures opens up a window for
achieving low internal optical loss occurring due to free carrier absorption loss, which
is decisive for high output power.
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� The reduced total vertical thickness is important for growth simplicity and reduced
wafer bow.

Figure 3.11 shows a schematic refractive index profile of a HiBBEE laser structure il-
lustrating the aperiodic nature of the epitaxial layers. Figure 3.12 (a) presents the simulated
near-field distributions of the fundamental and higher order modes of a 1060-nm HiBBEE
structure. The structure has 7 pairs of aperiodic layer sequences with increasing layer thick-
nesses towards the substrate. The total vertical thickness is less than 10µm, still maintaining
a narrow vertical beam divergence of less than 9◦ (Fig. 3.12 (b)).

Figure 3.11: Schematic drawing of the refractive index profile of a HiBBEE laser structure
along the vertical direction. H1,2,3,... and L1,2,3,... are the thicknesses of the layers with high
and low refractive index, respectively.

Figure 3.12: (a) Refractive index profile (black line), calculated near-field distributions of
the fundamental (red) as well as the first (green) and second (blue) higher order modes of
a 1060 nm HiBBEE laser. (b) Far-field distribution of the fundamental mode in the vertical
direction. FWHM beam divergence angle is indicated.





Chapter 4

Fabrication of High-Power and
High-Brightness Diode Lasers

The epitaxial layer structures studied in this work are grown at Ferdinand Braun Institute
(FBH)1. All the structures are grown utilizing metal-organic vapor phase epitaxy (MOVPE)
on (001)-oriented n-doped GaAs substrates. The calculations for designing the layer struc-
tures are performed by Dr. Vladimir P. Kalosha. The complete fabrication of the lasers
requires the implementation of a sequence of lithography steps along with deposition of
dielectric material, several etching steps, contact metalization, and substrate thinning by
lapping.

Both broad-area (BA) and ridge-waveguide (RW) lasers are fabricated during this work.
BA lasers have 100µm wide ridges and deliver high multimode output power. On the other
hand, RW lasers have narrower ridges with width ≤ 9µm and are fabricated aiming for high
brightness (i.e. high output power as well as good beam quality).

In general, the fabrication steps are the same for all BA and RW PBC and HiBBEE
lasers. The differences among the lasers lie in the ridge dimensions and lateral structures
(will be discussed below). Different fabrication steps used in this work are discussed in this
chapter.

4.1 Overall fabrication processes for the realization of BA
PBC lasers

The processing steps relevant for the complete fabrication of high-power BA PBC lasers are
presented in this section. The detailed recipes used for the different processing steps are
given in Appendix A. The complete process flow of the fabrication of the lasers is shown
schematically in Fig. 4.1.

The fabrication process starts with a thorough cleaning of the samples with acetone and
isopropanol, which is followed by a series of different steps explained below.

1Ferdinand-Braun-Institut, Leibniz-Institut für Höchstfrequenztechnik, Gustav-Kirchhoff-Strasse 4, 12489
Berlin, Germany
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Figure 4.1: Illustration of the process flow for the fabrication of PBC and HiBBEE lasers:
(a) deposition of SiNx dielectric on the sample using IC-PECVD, (b) removal of SiNx by RIE
from everywhere except the regions of ridges and alignment markers, (c) formation of the
V-grooves by wet chemical etching, (d) ridge formation via ICP-RIE, (e) deposition of the
current-blocking SiNx layer using IC-PECVD, (f) removal of SiNx from top of the ridges by
RIE, (g) p-contact and (h) bondpad formation via electron beam evaporation of metals, and
(i) substrate thinning followed by n-contact deposition.
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Deposition and patterning of the SiNx dielectric mask for the definition of ridges
and alignment markers

As the first step, the entire wafer is covered with SiNx dielectric (Fig. 4.1 (a)) using
inductively-coupled plasma-enhanced chemical vapor deposition (IC-PECVD). Then the
ridges as well as some alignment markers are defined via lithography and subsequent dry
reactive-ion etching (RIE). A positive resist is used for this lithography step. RIE is used to
remove the SiNx all over the wafer except on top of the ridges (Fig. 4.1 (b)) and the markers.
The remaining SiNx above the ridges acts as an etching mask during the removal of the semi-
conductor layers surrounding the ridges by inductively coupled plasma- reactive ion etching
(ICP-RIE) and protects the ridges from being etched away.

Formation of V-grooves by wet chemical etching

A couple of V-shaped grooves are formed by wet chemical etching on both sides of the ridges
to avoid lateral oscillation [129] of the optical fields inside the cavity (Fig. 4.1 (c)). A positive
photoresist is used for this step as well to define region where the V-grooves should be formed.

A mixture of H2SO4, H2O2 and H2O at a ratio of 1:8:1 is used for wet chemical etching.
H2O2 is used as an oxidizing agent, whereas H2SO4 dissolves the oxidized surface. After
allowing the solution to cool for 30 minutes, the etch rate is determined on several test
samples. The p-doped contact layer, the p-doped cladding layer, and the active region must
be removed during etching. The depth of the active region from the top of the wafers
is approximately 1.3µm. To ensure complete etching through the active layer, V-grooves
having 2-5µm depths are etched.

Formation of the ridges by dry etching

ICP-RIE is used to form the ridges by removing the surrounding material. No lithography is
needed for this step, since the remaining SiNx serves as etching mask. The contact layer as
well as a portion of the p-doped cladding are etched away (Fig. 4.1 (d)). The complete wafer
is covered again with SiNx using IC-PECVD (Fig. 4.1 (e)). The newly-deposited SiNx is used
as current-blocking layer outside the ridges.

Removal of the SiNx from the top of the ridge

A lithography step using a positive resist is performed in order to create a window for re-
moving the SiNx from the top of the ridge. SiNx on top of the ridges is etched away via RIE
(Fig. 4.1 (f)).

P-contact and bondpad evaporation

Since the p-contact is formed on top of a highly-doped GaAs contact layer (doping concen-
tration p ≥ 1 × 1019 cm−3), no additional donor metal is needed. A non-alloyed contact
consisting of 30 nm titanium (Ti), 70 nm platinum (Pt), and 400 nm gold (Au) metals is de-
posited for the p-contact using an electron-beam evaporator (Fig. 4.1 (g)). Au is used as the
base metal because of its high conductivity. However, due to the poor adhesion of Au to the
semiconductor, Ti is deposited first, followed by Pt and Au. Pt restricts the diffusion of Au
into the semiconductor.

Since the tilted negative slope of the negative photoresist after exposure and develop-
ment is advantageous for the successful lift-off process, a negative photoresist is used for the
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lithography step used for the formation of contacts. The sample is dipped into a solution of
HCL and H2O immediately before placing the sample inside the electron beam evaporator to
ensure the removal of possible oxide layers. After evaporation, the excess metals are removed
by lift-off.

Similarly to the p-contact, bondpads are realized by optical lithography and deposition
of 30 nm Ti and 400 nm Au (Fig. 4.1 (h)).

Substrate thinning and n-contact evaporation

In the next step, the thick GaAs substrate is thinned down from ∼ 350µm to ∼ 100µm
via mechanical lapping for better cleaving of laser bars and individual lasers at the end of
processing. Subsequently, the n-contact is deposited on the bottom of the substrate via ther-
mal evaporation. An alloyed contact consisting of 30 nm nickel (Ni), 80 nm gold/germanium
(AuGe at a ratio of Au:Ge = 88:12), and 400 nm gold is evaporated (Fig. 4.1 (i)). To ease the
formation of the ohmic contact, Ge is used as an additional donor for the relatively lightly-
doped GaAs substrate (n = 2.5 × 1018 cm−3) [130, 131]. Similarly to p-contacts, Au is used
as the base contact metal. Ni serves to improve adhesion of the metals to the substrate.
Additionally, it improves the diffusion of Ge into the substrate.

The complete process flow ends with thermal annealing at 400◦C for 3 minutes.

4.2 Laser mounting for high power operation

Figure 4.2: (a) Schematic diagram of a laser chip mounted on a CuW heat spreader and a
Cu block. (b) Photograph of a PBC laser chip after mounting and wire bonding.

After the complete processing of the lasers on the wafer, laser bars of any cavity length
can be easily cleaved along the cleavage planes (i.e. [110] direction). Lasers on these bars
are characterized in pulsed mode in order to determine the internal parameters of the laser
structures. However, driving the lasers in CW mode leads to an increase of device temperature
which deteriorates the laser performance. To facilitate better laser characteristics under CW
operation, we take the following measures to ensure better heat management. A cooling stage
is employed while the measurement is performed.

For efficient heat transfer [132], the processed lasers are mounted p-side down on a CuW
(Copper Tungsten) submount using AuSn solder (melting temperature ∼ 280◦C). CuW is
preferred over Cu, because the coefficient of linear thermal expansion (CTE) of CuW is nearly
identical to that of the laser crystal (CTECuW = 6.5×10−6 K−1, CTEGaAs = 6.4×10−6 K−1,
CTECu = (16 − 17) × 10−6 K−1 [133]). This protects the laser chips from mechanical stress
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during laser operation. CuW also has a high thermal conductivity of ∼ 180 W/mK, although
still lower than the thermal conductivity of Cu (∼ 400 W/mK) [134].

Afterwards, the CuW heat spreader with the soldered laser chip is mounted on Cu
blocks using PbSn solder (melting temperature ∼ 183◦C). PbSn solder with lower melting
temperature is chosen to protect the previously-used AuSn solder from melting. Finally, Au
wires are bonded to the backsides of the laser chips (n-contact) for uniform injection of the
current distribution. A schematic diagram and a photograph of a mounted PBC laser chip
are presented in Fig. 4.2.

4.3 Fabrication of RW PBC lasers, BA and RW HiBBEE
lasers

Figure 4.3 presents the schematic diagram of a BA and a RW PBC lasers, pointing out
the differences between two laser types. The processing steps involved in realizing the RW
PBC lasers are exactly the same as for the BA PBC lasers (see Sections 4.1 and 4.2). The
exceptions are the variation in ridge dimension and the inclusion of trenches around the
ridges (cf. Figs. 4.3 (a) and (b)). In contrast to the BA PBC lasers, two deeply-etched, 5µm
wide trenches are formed on both sides of the ridges of the RW PBC lasers. All the p-doped
semiconductor layers in the trenches are etched away leaving only ∼ 100 nm p-doped cladding
layer on top of the active region. The trenches play two different roles simultaneously. On
the one hand, the unaffected semiconductor layer structure outside the trenches provides
mechanical support for the ridges while mounting the lasers with the top side (p-side) down
on the CuW submounts. This prevents damage of the ridges while pressing the laser chips
on the solder. On the other hand, they introduce additional index guiding to the modes
in the RW lasers due to the increased refractive index contrast between the ridge and the
surrounding regions.

Figure 4.3: Schematic diagram of a (a) BA and (b) RW PBC laser illustrating different
dimensions. BA and RW HiBBEE lasers also have similar lateral structure like the RW PBC
lasers presented in (b). w = 100µm for BA PBC lasers in (a). w = 100µm for BA HiBBEE
lasers and w = 5 − 9µm for RW HiBBEE and PBC lasers in (b).
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Both BA and RW HiBBEE lasers contain trenches as well. Therefore, Fig. 4.3 (b) also
gives a schematic representation of both types of HiBBEE lasers.



Chapter 5

Diode Laser Measurement
Techniques and Experimental
Setups

Optical and electrical properties of the PBC and HiBBEE lasers are investigated in this thesis.
Lasers are characterized both in pulsed and CW mode. For basic device characteristics, such
as internal quantum efficiency ηint, internal optical loss αint, modal gain Γg0, and transparency
current density Jtr, cavity-length dependent measurements of the BA lasers in pulsed mode
are performed. Unpassivated and uncoated as-cleaved laser bars are used for pulsed mode
characterization. For CW measurements the laser samples are mounted on a CuW heat
spreader and a Cu mount as described in Chapter 4. The measured electro-optical parameters
comprise threshold current Ithr, output power Pout, emission wavelength λ, series resistance
Rs, thermal resistance Rth, and electrical-to-optical power conversion efficiency (PCE); and
the measured beam properties comprise far-field distributions, beam divergence angle θ, beam
quality factor M2, and astigmatism.

5.1 Characterization of diode lasers

5.1.1 Output power-current-voltage characteristic

The most basic characterization of semiconductor lasers is the measurement of the optical
output power as a function of the driving current. High power lasers are generally character-
ized in pulsed and CW operation mode. Under pulsed mode operation, the diode lasers are
pumped by an electrical current for a short time (several hundreds of ns) with a duty-cycle of
less than 1%. Such short ’switch on’ time reduces heating of the device significantly and thus
a high output power is achievable. During CW operation, on the other hand, the diode lasers
are continuously pumped with an external electrical current. This leads to intense heating
of the active region and thus the maximum obtainable output power is lower than in pulsed
mode operation.

The experimental setups for measuring output power-current-voltage (PIV) behavior in
pulsed mode and CW-mode are presented schematically in Figs. 5.1 and 5.2, respectively.
In both cases, either the laser bar or the laser mount is placed on a copper block serving
as a heat sink. A Peltier element is sandwiched between the heat sink and a water-cooled
second copper block. The Peltier element is used to cool down or heat up the heat sink. The
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temperature of the laser mount is measured by an analog temperature sensor (AD592CN)
and controlled by a temperature controller (Newport Model 3150) using the Peltier element.

Figure 5.1: Experimental setup for pulsed PIV measurements.

Figure 5.2: Experimental setup for CW mode PIV measurements.

The average output power of the laser is measured by an optical power head (Agilent
81628B) with a built-in integrating sphere (Agilent 81002FF). The optical head contains
an InGaAs photodiode which detects the light collected by the integrating sphere placed in
front of the laser facet. The signal from the photodiode is finally transferred to an optical
multimeter (Agilent 8163B).

During the pulsed measurement, the diode laser is driven by a pulse generator (Hewlett
Packard 8114A) capable of producing 10 ns - 50 ms wide pulses at a frequency range from
1 Hz to 15 MHz for a maximum drive current of 2 A. In this work, 800 ns wide pulses with a
repetition rate of 1 kHz are used. The driving current is measured by a high-frequency current
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probe (Tektronix CT-1). The current probe converts the driving current into a voltage which
is then registered by an oscilloscope (Hewlett Packard 54825A).

For the CW measurement, a DC current source (Advantest R6244) is used to supply the
electrical current. The Advantest R6244 is also used to measure the voltage across the diode.
A 4-wire measurement is performed to avoid the effect of lead resistance, as illustrated in
Fig. 5.2.

All electronic instruments are controlled by a PC. Variation of the laser driving current
and storage of the corresponding outputs are performed using LabView.

5.1.2 Emission spectra

For spectral analysis, the devices are mounted and controlled in the similar way as the PIV
measurements. The laser emission is coupled into an optical spectrum analyzer using a
multimode fiber placed in front of the laser facet. Two different spectrum analyzers are used
in this thesis: Hewlett Packard 70951B (maximum resolution of 0.08 nm) and Ando AQ6317C
(maximum resolution 0.01 nm). Both the electrical power supply and the spectrum analyzer
are controlled by a PC, where the measurement data is also stored.

5.2 Measurement of laser beam parameters in CW mode

5.2.1 Far-field distributions

During far-field measurement, the laser mount is placed onto a heat sink which can be ver-
tically tilted by 90◦. The measurement setup is schematically illustrated in Fig. 5.3. Device
temperature is monitored and controlled by an analog temperature sensor, a Peltier element,
a water-cooled copper block, and a temperature controller, in a similar way as described for
PIV and spectra measurements. For far-field measurements, the laser emission is collected
over a complete half-circle in front of the laser facet by a polymer optical fiber fixed on a hor-
izontally rotating arm at a distance of 56 cm from the facet. The light is then forwarded into
a photodetector through the fiber. The beginning and end of the far-field measurement at a
fixed driving current are triggered by two light emitting diodes (LEDs) placed at positions
-90◦ and +90◦ with respect to longitudinal direction, as illustrated in Fig. 5.3. The signal
from the detector is directed towards an optical multimeter via a preamplifier. The rotation
of the arm is defined by a motor. The rotation speed of the arm is chosen to be 10◦/second.
The distance of the end of the light-collecting fiber from the laser facet and the radius of
the fiber allow recording of the far-field intensities at a resolution below 0.1◦. For measuring
the far-field intensities in vertical direction, the heat sink is rotated vertically by 90◦ while
rotating the arm horizontally as mentioned before. To investigate the far-field behavior at
different operating conditions, the injection current and the operating temperature are swept
by a LabView program. The measurement data is also registered in the PC.

5.2.2 Beam quality factor M2 and astigmatism

The beam quality factor M2 is measured using a commercial beam profiler (Spiricon M2-
200). It complies with the ISO 11146 recommended 4-σ (standard deviation) method. As
explained in Chapter 2, determination of M2 and astigmatism requires measurements of beam
waist d, divergence angle angle θ and position of the beam waist Z0. All the values must
be determined in both transverse lateral and vertical directions, which are marked with the
pedicles x and y, respectively. To extract the required parameters, the ISO 11146 standard
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Figure 5.3: Experimental setups for far-field measurement in CW mode.

demands recording of intensity distributions at minimum ten different positions along the
longitudinal direction in both sides of the beam waists. Half of the measurement points
should be within the Rayleigh length of the beam waist, while the rest of the measurement
points need to be distributed beyond two Rayleigh lengths.

The experimental setup used to measure M2 throughout this work is shown in Fig. 5.4.
The device is mounted on the same heat-sink and temperature control system used for the PIV
measurements. The laser beam is first collimated using a lens. The beam is then forwarded
towards the entrance of the beam profiler by means of two alignment mirrors. An optical
filter is used immediately after the collimating lens to attenuate the light intensity and hence
avoid damaging the CCD camera (COHU 4810) which is used to detect the intensity profile
of the laser beam. The laser beam is focused into an artificial beam waist inside the M2-200
beam profiler utilizing a focusing lens. A pair of mirrors is rigidly installed on an optical train
inside the beam profiler to deflect the light beam into the camera. The mirrors are movable
along the longitudinal z-direction as illustrated in the figure, which enables the adjustment of
the optical path length of the laser beam between the focusing lens and the camera. Thus the
intensity profile of the focused laser beam at different distances surrounding the beam waist
can be recorded with the stationary camera by moving the mirrors only. Since the power
density incident on the camera largely varies as the mirrors move, a sequence of neutral
density (ND) filters is placed in front of the camera in order to control the incident power
density.

During the measurement, the movement of the deflecting mirrors is controlled by a
computer program provided by the manufacturer of the beam profiler. The detected image
of the intensity profile at each position is evaluated by the program to determine the beam
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waists. As the collection process is completed, the measured beam waists are plotted as a
function of distance and the data points are fitted to the beam propagation equation [135]

w2(z) = w2
0 + θ2(z − Z0)

2, (5.1)

where Z0 and w0 are the location and the width of the beam waist, respectively, and θ
is the far-field divergence angle. M2 is calculated from the extracted parameters w0 and θ
using [135]

M2 = w0θπn/(4λ0), (5.2)

where n and λ0 are the refractive index of the medium and the laser wavelength in vacuum,
respectively.

Figure 5.4: Experimental setup for measurement of beam quality factor M2 and astigmatism
in CW mode.

Figure 5.5 shows an example of measured beam width in lateral and vertical direction
along the beam axis, together with the fits to the beam propagation equation (5.1).

An important point to note is that the beam parameters w0, Z0 and θ that describe
the laser beam after the lenses are different than those of the real laser beam before the
lenses. Since M2 remains constant across the whole beam propagation (as long as the optical
components are aberration-free), the calculated M2 of the focused laser beam is indeed the
M2 of the real laser beam. However, to determine the astigmatism of the real laser beam
the measured distances and the widths have to be translated back into those of the real laser
beam by means of the propagation law of Gaussian beams [136, 137]. The astigmatism is
finally calculated from the separation of the locations of the beam waists.
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Figure 5.5: Measured beam width of a 6µm wide and 2.64 mm long PBC laser along the
beam axis in (a) lateral and (b) vertical direction. The measurements are performed in
CW mode at T = 20◦C. The solid lines represent fits of the measured data to the beam
propagation equation. Z0x and Z0x are the positions of the beam waists along lateral and
vertical directions, respectively.



Chapter 6

Characterization of Photonic Band
Crystal Lasers

6.1 Introduction

This chapter presents photonic band crystal (PBC) lasers which are implemented to achieve
both high output power and narrow vertical beam divergence at the same time at 1060 nm
emission wavelength.

As discussed in Chapter 3, PBC lasers employ a thick vertical PBC waveguide to spread
the near-field over a broad spot size, which reduces power density at the laser facets. A
high output power can thus be extracted before failure occurs due to COMD. The vertically
wide near-field also yields narrow beam divergence in vertical direction. This chapter presents
both modeling and experimental results of two generations of PBC lasers emitting at 1060 nm
wavelength range. The laser structures have a total vertical thickness of 15 and 10µm. Broad-
area (BA) PBC lasers delivering multi-lateral mode emission are studied focusing on the
applications demanding merely high output power. On the other hand, single-transverse mode
ridge-waveguide (RW) PBC lasers are processed for high-brightness applications requiring
high output power and good beam quality simultaneously.

This work shows that the 15µm thick PBC lasers provide high optical power in both
single-transverse mode and multimode emissions with very narrow vertical beam divergence.
The RW lasers additionally deliver very high brightness. The thermal stability of high-
brightness RW PBC lasers is evaluated for the first time. It has been theoretically and ex-
perimentally demonstrated that the series resistance of the thick PBC lasers can be improved
by reducing the number of periodic layer pairs and thus the number of interfaces among the
epitaxial layers. The comparative merits and demerits of the thinner PBC waveguide are
discussed at the end of this chapter.

6.2 Investigated PBC laser structures

Two different variations of PBC structures are investigated during this work. The struc-
tures consist of 15 and 6 pairs of quasi-periodic layers in the PBC waveguide having total
vertical thicknesses of 15 and 10µm, respectively. For simplicity, the structures will be re-
ferred to as structure PBC-A and PBC-B. Epitaxial layers of both structures are grown on
(001)-oriented n-doped GaAs substrates using metal organic vapor phase epitaxy (MOVPE).
Emission wavelengths of 1060 nm are ensured by tuning four InGaAs QWs separated by
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GaAsP barriers. Both BA and RW lasers having different cavity lengths L are processed
from the structures. The BA lasers have a ridge width of 100µm. The laser facets of the BA
lasers are as-cleaved, neither passivated nor coated. The RW lasers have a variety of ridge
widths w ranging from 5 to 9µm. The steps for the complete laser fabrication are discussed
in detail in Chapter 4 and Appendix A. The ridges of the gain-guided BA PBC lasers are
formed by etching the p-doped contact layer and a part of the p-doped cladding layer outside
the ridges. The partial removal of the p-cladding serves to ensure the complete etching of
the contact layer throughout the wafer. On the other hand, the ridges of the RW lasers are
surrounded by two deeply etched trenches. Schematic diagrams of both BA and RW PBC
lasers with various dimensions are illustrated in Fig. 6.1. Almost all the p-doped epitaxial
layers are removed in the trenches of the RW lasers, leaving only 100 nm of p-doped cladding
layer above the active region.

The lasers are characterized under both pulsed and continuous-wave (CW) mode opera-
tion at different heat-sink temperatures T ranging from 0 to 80◦C. For pulsed measurements,
800 ns pulses are used at a repetition rate of 1 kHz. The lasers are mounted p-side down
on a CuW heat spreader and a Cu mount for the efficient removal of heat generated during
CW-mode operation (as discussed in Chapter 4). To extract the maximum possible optical
output power, the facets of the RW lasers are passivated with InAlGaAsP/InGaAsP lay-
ers and coated with high reflection (HR) coating (95% reflectivity) and anti-reflection (AR)
coating (2% reflectivity).

Figure 6.1: Schematic cross-section of a fully processed (a) broad-area and (b) ridge-
waveguide PBC laser. Notations: w = ridge width, tc = residual thickness of the p-doped
cladding after dry etching for ridge formation. For broad-area PBC lasers, w = 100µm, while
for ridge-waveguide lasers w varies from 5 to 9µm. The dimensions in the figure are not to
scale.

6.3 PBC waveguide with 15 pairs of layers (structure PBC-A)

6.3.1 Layer structure

The complete vertical layer structure of PBC-A is shown schematically in Fig. 6.2 (a). The
thick PBC waveguide on the n-doped side of the structure consists of 15 pairs of quasi-periodic
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Al0.35Ga0.65As and Al0.20Ga0.80As layers with thicknesses of 800 nm and 60 nm, respectively.
The active region, comprising four InGaAs quantum wells (QWs) separated by GaAsP barri-
ers, is placed in an undoped 113 nm Al0.20Ga0.80As defect layer on top of the PBC waveguide.
The defect layer acts as a termination of the periodicity of the PBC layers. The p-doped
side of the structure contains a 1µm thick Al0.50Ga0.50As cladding layer followed by a highly-
doped 300 nm GaAs contact layer. The total thickness of the epitaxial layer structure is
approximately 15µm. The thicknesses and refractive indices of the layers are selected in
such a way that only the fundamental mode is localized in the active region and all higher
order modes are delocalized. As a consequence, the fundamental mode experiences a larger
confinement factor than the higher order counterparts. The calculated field distributions
(near-fields) at the laser facet of the fundamental and first higher order modes are illustrated
in Fig. 6.2 (b). The fundamental mode has a maximum in the active region and spreads over
the entire PBC waveguide with a fast decaying tail. The maxima of the higher order modes
are shifted towards the substrate. The broad near-field of the fundamental mode yields a
narrow far-field divergence angle of only 7.5◦ FWHM in the vertical direction, as depicted in
Fig. 6.2 (c).

Figure 6.2: (a) Schematic layer structure, (b) refractive index profile (black line) and simu-
lated near-field distributions of the fundamental (red, solid line) as well as the first higher
order (red, dashed line) modes of a 1060 nm PBC structure PBC-A. (c) Calculated far-
field distribution of the fundamental mode in vertical direction [138]. The FWHM beam
divergence angle is marked in the figure.

A graded doping profile with increasing doping concentration toward the substrate is
employed in order to increase the free carrier absorption loss [139] of the higher order modes,
which have higher intensities there. In the n-doped part of the structure, the doping concen-
tration varies from 5 × 1016 cm−3 near the active region to 2.5 × 1018 cm−3 in the substrate.
Leakage of the higher order modes into the substrate is enhanced by optimally choosing
the thicknesses and the contents of the layers closest to the substrate. 20 nm thick graded
interface layers with a high doping concentration of 2.0×1018 cm−3 are inserted between con-
secutive layers with different Al compositions across the entire n-doped part of the structure.
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The effect of the interface layers on the series resistance of the structure will be discussed in
Section 6.4.1.

On the p-doped side of the structure, the doping concentration rises from 5.0×1016 cm−3

near the active region to more than 1.0 × 1019 cm−3 in the p-contact layer. A 20 nm thick
graded interface layer with a 2.5 × 1018 cm−3 doping concentration is inserted between the
p-cladding and p-contact layer.

The calculated total optical losses, which are the sum of free carrier absorption and
leakage loss, and the confinement factors of the first 20 modes for structure PBC-A are
presented in Fig. 6.3. The fundamental mode (mode number = 1) has at least seven times
smaller optical loss and five times larger confinement factor than the higher order modes
(mode number > 1). The combination of lower optical loss and higher confinement factor
of the fundamental mode favors its emission in the vertical direction over the higher order
modes.

Figure 6.3: Calculated optical loss (squares) including both free carrier absorption and leakage
loss, and confinement factors (circles) of the first 20 modes of the structure PBC-A presented
in Fig. 6.2 [138].

6.3.2 Pulsed-mode characterization of broad-area lasers

As mentioned in Chapter 2 and 5, internal parameters (internal quantum efficiency ηint,
internal optical loss αint, threshold current density for infinite cavity length J∞, and modal
gain Γg0) of the laser structure are determined from the pulsed-mode output power-current
(PI) characteristics of the BA lasers with different cavity lengths. Figure 6.4 shows examples
of such measured PI curves at T = 20◦C for two 100µm wide BA lasers having 1.0 mm
and 2.0 mm long cavities. The extracted differential quantum efficiency ηdiff and threshold
current density Jthr are plotted as a function of cavity length and inverse cavity lengths in
Figs. 6.5 (a) and (b), respectively. The internal parameters are determined from the linear
fits of the measured data points.

As it can be seen from Fig. 6.5, the lasers exhibit a high ηint = 93% and a fairly low
αint = 1.3 cm−1. BA lasers with 1.0 mm long cavities provide a maximum ηdiff of 83%. A
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modal gain Γg0 of 24 cm−1 and a threshold current density for infinite cavity length J∞ of
243 Acm−2 are deduced.

Figure 6.4: Output power-current curve of BA lasers with a ridge width of 100µm and a
cavity length of (a) 1.0 mm and (b) 2.0 mm under pulsed mode operation at T = 20◦C.

Figure 6.5: Cavity length dependence of the (a) reciprocal differential quantum efficiency
1/ηdiff and (b) threshold current density Jthr of 100µm wide BA PBC lasers in pulsed mode
at T = 20◦C. Solid lines represent the linear fits of the measured data points.

The dependence of the threshold current density on the variation of the heat sink tem-
perature is evaluated by determining the characteristic temperature T0. Figs. 6.6 (a) and
(c) show pulsed mode PI characteristics of a 1.5 mm and a 2.0 mm long BA laser, respec-
tively, at different heat sink temperatures T ranging from 0 to 80◦C. With increasing T , the
threshold current steadily increases. The reason is attributed to the reduced material gain
at higher temperature [56, 57]. The reduced material gain requires higher carrier densities
to be injected. The increased carrier density increases non-radiative Auger recombination
which consequently increases the device temperature further and leads to carrier escape out
of the active layers. The combined effects result in an increase of the threshold current and a
decrease of the differential quantum efficiency at higher temperature. T0 is deduced from the
logarithmic dependence of Jthr on T , as illustrated in Figs. 6.6 (b) and (d). A high T0 ≥ 200 K
confirming a stable threshold behavior of the lasers is obtained for both cavity lengths within
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the 0-25◦C temperature range. T0 is reduced to still a large value of 93 K and 103 K above
25◦C for the 1.5 mm and 2.0 mm long lasers, respectively. The higher values of T0 for lasers
with longer cavities are probably due to lower carrier densities in the active layers resulting
from lower threshold current densities [140]. The lower threshold current density of the lasers
with longer cavities arises from the smaller mirror loss.

Figure 6.6: Output power-current curves of a (a) 1.5 mm and (c) 2.0 mm long BA laser in
pulsed mode at heat sink temperature T from 0 to 80◦C in steps of 10◦C. (b), (d) Corre-
sponding threshold current densities as a function of T in logarithmic scale alongside the
linear fits (solid line).

Figure 6.7 (a) shows the peak emission wavelengths of BA lasers with different cavity
lengths in pulsed mode at T = 20◦C. The emission wavelength of the lasers is in the range of
1055 nm for L > 1.5 mm. Higher mirror loss with shorter cavity requires more carriers to be
injected to achieve increased threshold gain [141]. The resulting larger carrier density causes
a blue-shift of the emission wavelength due to gain saturation in the lower states and band
filling effect [142,143]. The emission spectrum of a 2.0 mm long BA laser at different driving
currents in pulsed mode is presented in Fig. 6.7 (b).

6.3.3 Broad-area lasers under continuous-wave-mode operation

Figure 6.8 (a) depicts the output power-current-voltage (PIV) characteristics of a 2.0 mm and
a 3.0 mm long BA lasers in CW mode and at T = 20◦C. The laser facets are neither passivated
nor coated. COMD effect is not observed across the whole operating current range of the



6.3 PBC waveguide with 15 pairs of layers (structure PBC-A) 55

Figure 6.7: (a) Cavity length dependence of the emission wavelength of BA lasers in pulsed
mode at T = 20◦C. (b) Color-scale plot of the emission wavelength of a 2.0 mm long BA laser
versus driving current [138].

lasers. Rather, the maximum output power is limited by thermal roll-over. The reduced
power density at the laser facets, because of the extended near-field, is responsible for such
preferable enlargement of threshold level for COMD effect.

Figure 6.8: (a) Output power-current-voltage characteristics and the power conversion effi-
ciency of a 2.0 mm (dashed lines) and a 3.0 mm (solid lines) long BA PBC lasers in CW mode
at T = 20◦C. (b) Emission wavelength of the 3.0 mm long laser at I = 3.0 A.

Threshold current and differential quantum efficiency of the 2.0 mm long laser are 709 mA
and 71%, respectively. The laser delivers a thermally-limited maximum output power of 6.3 W
at 9.6 A driving current. At smaller current above threshold, the output power increases
linearly with the driving current. As the driving current increases, power dissipation in
the laser crystal also rises because of the series resistance. Thermal roll-over occurs due to
heating of the active region of the lasers. Heating reduces the material gain and increases non-
radiative recombination and carrier escape from the active layers. These effects together lead
to a higher threshold current and a lower differential quantum efficiency, which eventually
results in a roll-over in the PI curve.

A maximum PCE of 40% is obtained at 2.4 W output power, which decreases to 26% at
the thermal roll-over point.
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Increasing the cavity length by 50% to 3.0 mm, the threshold current increases to 820 mA
and the differential quantum efficiency reduces to 61%. However, more than 50% improve-
ment in the maximum output power is observed. The maximum output power reaches 9.5 W
(thermally limited) at 14.2 A driving current. At 3.5 W output power, a maximum PCE of
40% has been achieved. The maximum PCE decreases down to 27% at 9.5 W. The lower
series resistance of the laser with longer cavity results in a smaller voltage drop across the
laser. The resulting lower power consumption of the device also gives a reduced slope of
decline of PCE with increasing current.

As presented in Fig. 6.8 (b), the emission wavelength of the 3.0 mm long laser reaches the
desired 1060 nm at 3.0 A operating current in CW mode.

Far-field distributions in the vertical direction of the 3.0 mm long BA laser at several
driving currents in CW mode at T = 20◦C are presented in Fig. 6.9 (a). Gaussian fits for the
measured data points are also included in the figure. As expected from the design, single-
lobed far-fields are observed across the entire operating current range. The far-fields resemble
a Gaussian shape. The vertical beam divergence angle is as narrow as 8.2◦ FWHM, which
fits nicely the estimated value of 7.5◦ obtained from simulations (Fig. 6.2 (c)). The beam
divergence remains nearly constant with increasing currents, as illustrated in Fig. 6.9 (b).
The vertical FWHM beam divergence angles of the 2.0 mm long BA laser are depicted in
Fig. 6.9 (b) as well. Similarly to the 3.0 mm long laser, it shows a constant beam divergence
angle of ∼ 8◦ in vertical direction.

The BA lasers emit multiple lateral modes due to their broad ridges. The inset in
Fig. 6.9 (b) presents the lateral far-field distribution of the 3.0 mm long BA laser at I = 6.0 A
in CW mode.

Figure 6.9: (a) Vertical far-field distributions (symbols) of the 3.0 mm long BA laser presented
in Fig. 6.8 at different driving currents in CW mode at T = 20◦C. The solid lines represent the
Gaussian fits to the measured data points. (b) FWHM beam divergence angle in the vertical
direction of the 3.0 mm (square) and 2.0 mm (circle) long BA PBC laser as a function of
driving current. The inset depicts the lateral far-field distribution of the 3.0 mm long BA
laser at I = 6.0 A.

6.3.4 Ridge-waveguide lasers under continuous-wave mode operation

BA lasers presented in the previous section have the major drawback of suffering from very
poor lateral beam quality due to laterally multimode emission, in spite of presenting fun-
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damental mode emission along the vertical direction. This limits their suitability in many
high brightness applications. In order to obtain high brightness, RW lasers having various
ridge widths ranging from 5µm to 9µm have been studied in CW mode. Figure 6.10 (a)
shows PIV characteristics and the corresponding PCEs of the RW lasers at T = 20◦C. Fig-
ure 6.10 (b) presents the differential quantum efficiency of the lasers. The facets of the lasers
are passivated and coated with high-reflection (HR) and anti-reflection (AR) coatings. The
facet passivation and coating are performed by a project partner1. For the facet passiva-
tion, the lasers are cleaved in vacuum. A combination of InAlGaAsP/InGaAsP materials is
subsequently deposited on the facets. Afterwards, dielectric layers are deposited to achieve
low reflectivity on the light-emitting facet and high reflectivity on the rear facets. Quarter-
wave (λ/4) TiO2/SiO2 layers are deposited to adjust the low reflectivity to ∼ 2% and high
reflectivity to ∼ 95%.

Figure 6.10: (a) Output power-current-voltage characteristics and the corresponding power
conversion efficiency of a 5µm (dash-dotted), 6µm (dashed) and 9µm (solid) wide RW lasers
having 2.64 mm long cavity in CW mode at T = 20◦C. The laser facets are passivated and
coated with HR/AR coatings. (b) Differential quantum efficiency ηdiff of the lasers extracted
from the output power-current curves as a function of ridge width w.

The threshold current and corresponding threshold current density of the lasers extracted
from the curves in Fig. 6.10 (a) are plotted in Fig. 6.11 (a). Due to the larger active volume of
the lasers having wider ridges, the threshold current rises gradually from 73 mA to 105 mA
with increasing ridge width from 5µm to 9µm. For larger active volumes, the lasers need
to be pumped with more carriers in order to obtain the carrier density necessary for the
lasing operation, which in turn increases their threshold current. However, the maximum
achievable output power increases with increasing ridge width (Fig. 6.10 (a)) without dete-
riorating differential quantum efficiency, which varies within the 64.4%-65.3% range for all
w (Fig. 6.10 (b)). The maximum output powers delivered by the lasers are 1.58 W, 1.74 W,
and 2.42 W for w = 5µm, 6µm and 9µm, respectively. No COMD is observed until the
maximum driving current. The output powers are limited by thermal effects. The maximum
PCEs obtained from the lasers are 37%, 37% and 38%, respectively.

Another advantage of the lasers with wider ridges is their smaller series resistance Rs.
Rs is determined from the slopes of the voltage-current (VI) curves in Fig. 6.10 (a) and is
presented in Fig. 6.11 (b). Because of the larger injecting area for wider ridge widths, Rs

1Lumics GmbH, Schwarze-Pumpe Weg 16 12681 Berlin, Germany, http://www.lumics.de
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decreases from 855.9 mΩ for w = 5µm down to 549.4 mΩ for 9µm, respectively. The smaller
the series resistance, the smaller the power dissipation during laser operation, which reduces
the slope of decay of the PCE with increasing driving current, as shown in Fig. 6.10 (a).

Figure 6.11: (a) Threshold current Ithr (squares) and the corresponding threshold current
density Jthr (circles), and (b) series resistance Rs (circles) and the corresponding specific
series resistance ρs (squares) of the RW lasers presented in Fig. 6.10 as a function of the ridge
width w.

As illustrated in Fig. 6.11 (a), the threshold current density calculated using the formula
Jthr = Ithr/(wL) increases with decreasing ridge width instead of being constant. The reason
is attributed to the fact that the real effective widths of the current injection area under
the ridges are larger than the assumed value of w = 5, 6 and 9µm due to lateral current
spreading. Similarly, the specific series resistance calculated as ρs [Ωcm−2] = RswL decreases
with decreasing ridge widths (Fig. 6.11 (b)), although a constant ρs is expected. All the
parameters extracted from Figs. 6.8 and 6.10 are listed in Tab. 6.1.

Table 6.1: Extracted parameters from the PIV characteristics of BA and RW lasers from
structure PBC-A presented in Figs. 6.8 and 6.10. The facets of the BA lasers listed below
are neither passivated nor coated, while the facets of the RW lasers are passivated and coated
with 95% and 2% reflectivities.

w L Ithr Jthr ηdiff Pmax Rs ρs PCEmax PCE
at Pmax

(µm) (mm) (mA) (Acm−2) (%) (W) (mΩ) (Ωcm2) (%) (%)

5 2.64 73 551.2 64.6 1.58 855.9 1.13×10−4 37 16
6 2.64 83 525.0 64.4 1.74 735.0 1.16×10−4 37 17
9 2.64 105 442.7 65.3 2.42 549.4 1.31×10−4 38 15

100 2.0 709 354.5 70.5 6.30 126.4 2.52×10−4 40 26
100 3.0 820 274.2 60.5 9.52 82.9 2.49×10−4 40 27

RW lasers having 5 and 6µm wide ridges show single transverse mode behavior across
the whole operating current range. Therefore, the maximum output powers listed in Tab. 6.1
also represent the single-transverse mode output power from the corresponding lasers. As
an example, far-field distributions of a 6µm wide RW laser in CW mode at different driving
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currents at T = 20◦C are presented in Figs. 6.12 (a) and (b) in lateral and vertical direc-
tions, respectively. Far-field profiles show a single-lobed Gaussian-like shape across the whole
operating current range in both transverse directions. Figures 6.12 (c) and (d) depict the
Gaussian fits of the far-fields at operating current I = 2.8 A, close to the thermal rollover
point. Like BA lasers, RW lasers show a very narrow vertical beam divergence, defined by
the thick vertical waveguide, of only 7.4◦ at low currents (I = 0.2 A, close to the threshold).
The lateral beam divergence is established by the width of the ridge and the refractive index
profile around the ridge waveguide.

Figure 6.12: (a) Lateral and (b) vertical far-field distributions at different driving currents of
a 6µm wide and 2.64 mm long RW laser in CW mode at T = 20◦C. FWHM beam divergence
angles are indicated. The laser facets are passivated and HR/AR coated. Gaussian fits of
the measured (c) lateral and (d) vertical far-fields of the laser at I = 2.8 A [144].

Both lateral and vertical beam divergence angles increase with increasing driving current.
As the operating current increases, more power is dissipated, which induces stronger heating
of the device. The positive coefficient of the refractive index variation with temperature thus
gives rise to an increase of the refractive index in the region of the ridge waveguide. The
resulting larger refractive index step between the ridge and its surrounding at larger currents
consequently results in a stronger waveguiding in both transverse directions, which leads to
a tighter confinement of the fundamental mode. This translates into the increase of beam
divergence angles along both directions. The lateral FWHM beam divergence angle climbs
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from 6◦ at I = 0.2 A to 11◦ at I = 2.8 A. At the same current range, the vertical beam
divergence rises from 7.4◦ to a still low value of 14.7◦.

The lateral far-field patterns in Fig. 6.12 (a) contain some additional local peaks on both
sides of the central maxima. It has been shown both theoretically and experimentally in
[145–147] that radiation leaks into the outer high-index regions if the width of the trenches
surrounding the ridge is finite, as is the case for our RW lasers. The propagation of the
leaked radiation inside the laser cavity results in those peaks in the far-fields. The peaks
move toward smaller angles with increasing driving current.

Figures 6.13 (a) shows far-field distributions in both lateral and vertical directions of the
5µm RW lasers at driving currents I = 2.0 A in CW mode at T = 20◦C. Gaussian fits of the
measurement data points are also presented. Similarly to the 6µm wide RW lasers, single-
transverse mode emission is obtained with single-lobed and Gaussian shaped far-fields with
very narrow FWHM vertical beam divergence of 12.6◦. The lateral beam divergence angle at
this operating point is 8.7◦.

9µm wide RW lasers, on the other hand, show single-transverse mode behavior up to
2.6 A driving current, corresponding to a single-transverse mode output power of 1.9 W (cf.
Fig. 6.10 (a)]. RW lasers with SLOC structure also delivered 1.9 W single-transverse mode
output powers in the 1060 nm wavelength [147]. However, those SLOC devices adversely suffer
from little tolerance to variation of the refractive index of the active region. Figure 6.13 (b)
depicts the far-field distributions of the 9µm wide laser at I = 2.6 A. A single-lobed and
Gaussian-like far-field is obtained in both directions with FWHM beam divergence of 9◦ and
14◦ in lateral and vertical directions, respectively.

Figure 6.13: Far-field distributions in both lateral and vertical directions of 2.64 mm long
RW lasers having (a) 5µm and (b) 9µm wide ridges at 2.0 A and 2.6 A driving currents,
respectively. The measurements are performed in CW mode and at T = 20◦C. FWHM beam
divergence angles in lateral (θlat) and vertical (θvert) directions are displayed. The facets of
the lasers are passivated and HR/AR coated.

The quality of the laser emission is evaluated by measuring the beam quality factor M2

using a commercial beam profiler, as described in Chapter 5. The laser beam is focused into
an artificial beam waist by passing the beam through a focusing lens. The beam width is
measured at several points surrounding the beam waist. Finally, M2 is determined by fitting
the measured beam-width versus distance with the beam propagation equation w2(z) =
w2
0 + θ2(z − Z0)

2 [135]. The distance z is measured from the focusing lens along the beam
propagation direction. w0, θ and Z0 are the width of the beam waist, beam divergence angle,
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and the distance of the beam waist from the focusing lens, respectively. Figure 6.14 shows an
example of measured beam widths of a 6µm wide RW laser along the beam axis surrounding
the beam waist at two different operating current of I = 0.2 A and I = 2.8 A, close to the
threshold and thermal rollover point, respectively. The measurements are performed in CW
mode at T = 20◦C. Solid lines in the graph are the fits to the beam waist equation.

Figure 6.14: Measured beam widths of the 6µm wide and 2.64 mm long RW laser in lateral
(circles) and vertical (diamonds) directions along the beam axis at (a) I = 0.2 A and (b)
I = 2.8 A. Solid lines are the fits to the beam propagation equation [135]. The measurements
are performed in CW mode at T = 20◦C.

The extracted M2 along both lateral and vertical directions are presented in Fig. 6.15 (a).
In both transverse directions M2 stays lower than 2 across the whole operating current range.
M2 in the vertical direction stays within the range 1.5-1.8, whereas lateral M2 maintains an
almost constant value of 1.3 up to a driving current of I = 2.2 A, before increasing to 1.8
∼ 1.9 at I ≥ 2.4 A. The increase of lateral M2 can be partly due to the onset or increasing
contribution of the higher-order lateral modes. Although still small values of M2 < 2 ensure
a very good beam quality of the lasers, making them suitable for efficient fiber coupling [148].

Figure 6.15: (a) Lateral (squares) and vertical (circles) beam quality factor M2 versus driving
currents of the 6µm wide and 2.64 mm long RW laser in CW mode at T = 20◦C [144]. (b)
Brightness B (squares) and astigmatism (circles) of the laser as a function of the driving
current.



62 CHAPTER 6 Characterization of Photonic Band Crystal Lasers

The brightness is determined from the measured output power, emission wavelength,
and M2 in both transverse directions using the formula (2.50). The calculated brightness
of the 6µm laser is illustrated in Fig. 6.15 (b). A brightness as high as 61 MWcm−2sr−1 is
obtained at I = 2.2 A.

Another important feature of the RW PBC lasers is their low astigmatism. Astigmatism
is the separation of the virtual source points of the beam along the vertical and lateral
directions. As explained in Chapter 5, in order to determine the astigmatism of the real laser
beam, the distances and widths measured for the focused beam are converted into those of
the real laser beam by using the propagation law of Gaussian beams through optics [136]. As
presented in Fig. 6.15 (b), the measured astigmatism of the laser varies only between ultra-low
values 0.5−2µm across the whole operating range. The sudden increase of astigmatism after
I = 2.2 A is related to the increase in lateral M2, i.e. increasing contribution of the higher
order modes (cf. Figs. 6.15 (a) and (b)).

Similar measurements for other RW lasers are also conducted. Figure 6.16 illustrates
the measured M2, brightness, and astigmatism of the 9µm wide RW laser. Both lateral and
vertical M2 of the 9µm wide lasers are below 2 for currents I ≤ 3.0 A. The vertical M2 varies
within 1.4 to 1.9 in vertical direction across the entire operating range. A lateral M2 < 1.4
is obtained up to I = 2.2 A. For higher currents, the lateral M2 increases with increasing
current due to larger contributions of the higher order modes. The lateral M2 rises to still
low values of 1.8 at I = 2.6 A and 2.3 at I = 3.2 A.

The brightness increases to a maximum value of 72 MWcm−2sr−1 at I = 2.2 A driving
current. The emitted laser beam also has a low astigmatism, varying between 5µm and
14µm across the whole operating range.

Figure 6.16: (a) Lateral (squares) and vertical (circles) beam quality factor M2 at different
driving currents of the 9µm wide and 2.64 mm long RW laser in CW mode at T = 20◦C [138].
(b) Brightness B (squares) and astigmatism (circles) of the laser as a function of the driving
current.

6.3.5 Temperature sensitivity of the laser performances

In order to investigate the impact of the operating temperature on the laser performance
(i.e. PIV characteristics, M2 and astigmatism), 6µm wide RW lasers are characterized in
CW mode at different heat sink temperatures T . Figure 6.17 shows the PIV characteristics
and the corresponding PCEs of a laser at T = 20 to 80◦C in 20◦C steps. The laser shows a
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threshold current of 99 mA, a differential quantum efficiency of 62.2%, and a maximum PCE
of 34% at T = 20◦C.

Figure 6.17: (a) PIV characteristics and (b) power conversion efficiency of a 6µm wide and
2.64 mm long RW laser at heat sink temperatures from 20◦C to 80◦C in 20◦C steps. The
measurements are performed in CW mode [144].

With increasing heat sink temperatures, both output power and PCE are decreased. The
phenomenon can be explained by analyzing the change of threshold current density Jthr and
differential quantum efficiency ηdiff with increasing temperature T . As shown in Fig. 6.18, Jthr
rises from 0.62 kAcm−2 to 1.33 kAcm−2 when increasing T from 20◦C to 80◦C. At the same
time, ηdiff drops from 62.2% to 59.4%. Reduced material gain, increased carrier leakage and
non-radiative Auger recombination at higher temperature are responsible for such gradual
increase of Jthr and decrease of ηdiff . The combination of higher Jthr and smaller ηdiff reduces
the maximum achievable output power at higher heat sink temperatures. However, a still
high output power larger than 1.3 W is achieved, even at temperatures as high as 80◦C. The
maximum PCE decreases from 34% at T = 20◦C to 30% at T = 80◦C.

Figure 6.18: Variation of the threshold current density Jthr (squares) and differential quan-
tum efficiency ηdiff (circles) with heat sink temperature of the 6µm wide RW laser in CW
mode [144].

Using a similar procedure to the one used in the previous section, the M2 in both lateral
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and vertical directions are measured at different heat sink temperatures. Figure 6.19 shows an
example of measured beam widths along the beam axis at T = 50◦C and 80◦C at I = 2.6 A,
close to the thermal roll-over point. The extracted M2 are plotted in Figs. 6.20 (a,b).

Along both lateral and vertical directions, very low M2 values are observed at all in-
vestigated temperatures. The vertical M2 varies within the 1.5-1.9 range over the complete
operating regime at all investigated temperatures. A continuous increasing pattern in the lat-
eral M2 values is visible with increasing temperature, which indicates an increasing deviation
of the laser beam profile from the ideal Gaussian shape at high temperatures. However, a low
value of 1.9 is preserved over the whole operating current range at all investigated heat sink
temperatures. M2 is almost constant at a value below 1.3 and 1.4 up to I = 2.2 A at T = 20
and 50◦C, respectively. At T = 80◦C, M2 stays below 1.5 up to I = 1.8 A. M2 increases to
1.9 at I > 2.2 A at all temperatures.

The lasers also show a robust anastigmatic behavior against the driving current and
temperature variations. An ultra-low astigmatism varying in the range of only 0.4-2µm is
obtained under all operating conditions.

Figure 6.19: Measured beam widths along the beam axis in both lateral (circles) and vertical
(squares) directions of the 6µm wide RW laser at (a) T = 50◦C, I = 2.6 A and (b) T = 80◦C,
I = 2.6 A in CW mode. Solid lines are the fits to the beam propagation equation.

Figure 6.20: (a) Vertical M2, (b) lateral M2, and (c) astigmatism of the 6µm wide RW laser
as a function of the driving current at different heat sink temperatures T in CW mode [144].
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6.4 PBC waveguide with 6 pairs of layers (structure PBC-B)

The structure PBC-A discussed above carries a high series resistance, which restricts the
maximum PCE≤ 40%. The resistance of these structures, which contain a very thick vertical
waveguide consisting of alternative layer compositions, is defined by the doping profile, the
total vertical thickness and the number of interfaces between the epitaxial layers. Similarly
to the effect observed in distributed Bragg reflectors (DBRs) in VCSELs with large band
offset [149], barriers at the hetero-interfaces hinder vertical carrier transport. In order to
mitigate the problem of high series resistance, a structure PBC-B having a relatively thinner
PBC waveguide and a reduced number of layer pairs is investigated.

6.4.1 Layer structure

Figures 6.21 (a)-(c) show the schematic diagram of the vertical layer structure, alongside the
calculated near-field and far-field distributions of the fundamental mode. The laser structure
consists of 6 pairs of 525 nm and 650 nm thick Al0.35Ga0.65As and Al0.15Ga0.85As layers,
respectively, with 20 nm interface layers in between. In contrast to the structure PBC-
A, a broad Al0.20Ga0.80As defect layer with a total thickness of 900 nm is employed. Four
InGaAs QWs isolated by GaAsP barriers and designed for 1060 nm emission wavelength are
incorporated in the middle of the defect layer. A 1µm thick p-doped Al0.50Ga0.50As cladding
and a 300 nm GaAs contact are grown in structure PBC-B, similarly to structure PBC-A.
As illustrated in Fig. 6.21 (c), a slightly larger vertical beam divergence of 8.5◦ (as opposed
to 7.5◦ of structure PBC-A) is predicted. The reason is attributed to the reduced total
thickness of the vertical waveguide and reduced number of layer pairs.

Figure 6.21: (a) Schematic representation of PBC structure PBC-B, and its (b) refractive
index profile (black line) as well as simulated near-field distributions of the fundamental
mode (red line). (c) Calculated far-field distribution of the fundamental mode. FWHM
beam divergence angle is indicated [150].

The donor concentration is varied in the n-doped side of the structure from 1.0 ×
1017 cm−3 in the defect layer to 2.5 × 1018 cm−3 in the substrate. The acceptor concen-
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tration in the p-doped side increases gradually from 5.0 × 1016 cm−3 in the p-doped part of
the defect layer to more than 1.0 × 1019 cm−3 in the p-contact layer.

The interface layers are linearly graded and doped with a high concentration of 2.0 ×
1018 cm−3. The thickness tgrad and the doping concentration Ngrad of the interface layers are
optimized by conducting a theoretical study of current density versus driving voltage across
the laser structures. As depicted in Fig. 6.22 (a), in contrast to the case of similar doping
concentration as the surrounding layers, a higher doping concentration in the interface layers
lowers the specific series resistivity by more than 50% for structure PBC-A (3.41×10−4 Ωcm2

vs 1.51×10−4 Ωcm2) and 30% for structure PBC-B (1.02×10−4 Ωcm2 vs 0.69×10−4 Ωcm2).
Structure PBC-B shows an improved carrier transport over structure PBC-A, both with
and without higher doping concentration in the interface layers. A high doping concentration
in the interface layers with a thickness as small as 20 nm does not largely increase the free-
carrier absorption losses and therefore has an insignificant impact on the lasing efficiency.

In order to get an optimum tgrad, a similar theoretical study is performed for different
tgrad varying from 0 nm to 50 nm (Fig. 6.22 (b)). tgrad = 0 implies an abrupt change of Al
composition in consecutive AlGaAs layers from a lower value to a higher value and vice
versa. It has been found that insertion of 20 nm thick, graded interface layers provides the
best carrier transport together with minimum free-carrier absorption loss for the chosen layer
compositions and Ngrad = 2.0 × 1018 cm−3.

Figure 6.22: (a) Calculated current density as a function of driving voltage for structure
PBC-A with 15 alternating layer pairs (green curves) and structure PBC-B with 6 layer
pairs (red curves) in the PBC waveguide. Dashed curves represent the case of 20 nm thick
interface layers being doped with the same doping concentration Ngrad as in the adjacent
layers, while solid curves represent the case with a higher doping level of 2 × 1018 cm−3.
(b) Illustration of the effect of different thicknesses tgrad of the interface layers having Ngrad

= 2 × 1018 cm−3 on the current density for structure PBC-B [150]. The calculations are
performed for the cases tgrad = 0 nm (abrupt) (black dotted curve), 10 nm (green dashed),
20 nm (red solid), 50 nm (blue dotted-dashed).

6.4.2 Pulsed mode characterization of broad-area lasers

Figure 6.23 presents the assessment of the internal parameters of structure PBC-B from the
pulsed measurements. The extracted parameters are as follows: ηint = 83%, αint = 1.7 cm−1,
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Γg0 = 34 cm−1 and J∞ = 208 Acm−2. The comparatively low internal quantum efficiency
results from the non-radiative recombination processes due to a non-optimal ramping from
the low growth temperature used for the active region to the higher growth temperature of
the p-doped cladding. Nonetheless, optimization of the growth temperature is expected to
increase the internal quantum efficiency close to 100%, as is the case for structure PBC-A.

Figure 6.23: (a) Inverse differential quantum efficiency 1/ηdiff of 100µm wide BA lasers from
structure PBC-B as a function of cavity length L. (b) Threshold current density Jthr of the
lasers as a function of inverse cavity length 1/L. The measurements are performed in pulsed
mode at T = 20◦C [150].

Figure 6.24: (a) Emission wavelength as a function of cavity length L for 100µm wide BA
lasers from structure PBC-B in pulsed mode at T = 20◦C. The inset shows the emission
spectrum of a 3.0 mm long BA laser at I = 0.7 A. (b) Threshold current density Jthr of the
2.0 mm long BA laser at different heat sink temperature T varying from 0 to 80◦C in 5◦C
steps.

Under pulsed mode operation, the emission wavelength rises from 1050 nm to 1061 mm
while increasing the cavity length from 0.5 mm to 3.0 mm (Fig. 6.24 (a)). The measurement
is performed at T = 20◦C. The reason for such short emission wavelengths for lasers with
shorter cavities is their large mirror loss, which requires a large number of carriers to reach the
increased threshold gain (as explained in Section 6.3.2 for structure PBC-A). The inset in the
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figure depicts the emission spectrum of the 3.0 mm long laser emitting at 1060 nm wavelength
at 0.7 A driving current at T = 20◦C in pulsed mode. As illustrated in Fig. 6.24 (b), the
threshold currents of lasers from structure PBC-B show better stability than structure PBC-
A against variation of the heat sink temperature, both in the low-temperature range (around
20◦C) and in the high-temperature range (above 30◦C). The characteristic temperatures are
determined to be T0 = 273 K in the 0-25◦C temperature range, and 135 K above 30◦C. The
corresponding values for structure PBC-A are 207 K and 103 K for 2.0 mm long lasers (cf.
Fig. 6.6 (d)).

6.4.3 Broad-area lasers under continuous-wave mode operation

Figure 6.25 (a) shows the PIV characteristics of a 2.0 mm long BA laser from structure PBC-
B in CW mode and at T = 20◦C. The laser facets are unpassivated and uncoated. The
threshold current and the differential quantum efficiency of the laser are 503 mA and 65%,
respectively.

Similarly to structure PBC-A, COMD effect is avoided until maximum operating cur-
rent and the maximum output power is limited to 7.6 W by thermal effects. The maximum
PCE of 42% has been achieved at 2.5 W, and it decreases down to 27% at 7.6 W. Although the
structure PBC-B has a lower internal quantum efficiency than structure PBC-A, a higher
maximum PCE is obtained with structure PBC-B. The differential quantum efficiency, max-
imum output power, and PCE can be improved further by increasing the internal quantum
efficiency close to 100%.

Figure 6.25: Output power, voltage and power conversion efficiency of a 2.0 mm long BA
laser from structure PBC-B in CW mode at T = 20◦C.

The reason for the increased maximum PCE is attributed to the smaller series resistance
resulting from the reduced total vertical thickness and the lower number of the interfaces, as
predicted from the design (Fig. 6.22). Figure 6.26 presents the voltage-current characteristics
of two BA lasers from structures PBC-A and PBC-B having a similar cavity length of
2.0 mm in CW mode at T = 20◦C. A clear improvement of the series resistance from 126 mΩ
for structure PBC-A to 86 mΩ for structure PBC-B can be evinced from the graph.

In spite of the aforementioned advantages of structure PBC-B over structure PBC-A,
a wider beam divergence is estimated for structure PBC-B from the simulations (Fig. 6.21).
The measured far-field distributions confirm the prediction. Figure 6.27 shows the vertical
far-field distributions of the 2.0 mm long BA laser presented in Fig. 6.25 in CW mode at
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several driving currents at T = 20◦C. Although an almost driving-current-independent beam
divergence is observed across the whole operating range, the FWHM beam divergence of ∼ 12◦

is larger than that of the BA lasers from structure PBC-A by more than 45%. Additional
undesirable emissions are also observed at angles beyond ±30◦. This adversely reduces the
power content in the central lobe. The lasers from structure PBC-B thus demonstrate
inferior beam properties than those from structure PBC-A, and are therefore not studied
further.

Figure 6.26: Current as a function of voltage of the 2.0 mm long BA lasers from structures
PBC-A (dashed lines) and PBC-B (solid lines) presented in Figs. 6.8 and 6.25, respectively.

Figure 6.27: Vertical far-field distributions of the 2.0 mm long BA laser presented in Fig. 6.25
at several driving currents in CW mode at T = 20◦C. FWHM beam divergence angles are
indicated in each distribution curves.

6.5 Conclusion

In this chapter two different variations of the PBC lasers emitting at 1060 nm wavelength
are presented. The first type of PBC lasers (structure PBC-A), comprising a thicker PBC
waveguide and a larger number of interfaces, provide a very narrow vertical beam divergence
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and high output power. 3.0 mm long and 100µm wide BA lasers with unpassivated and un-
coated facets deliver optical powers as high as 9.5 W in CW mode at T = 20◦C with a FWHM
beam divergence angle of only 8.2◦. The beam divergence angle is found to be insensitive to
the operating current. RW lasers having 9µm wide ridges and 2.64 mm long cavities deliver
a CW-mode single-transverse mode output power of 1.9 W at T = 20◦C. FWHM beam diver-
gence angles in the lateral and vertical directions are 9◦ and 14◦, respectively, at maximum
single-transverse mode power. The RW lasers also show excellent beam quality, with M2

lower than 1.9 up to 1.9 W in both transverse lateral and vertical directions. A maximum
brightness of 72 MWcm−2sr−1 is achieved from the 9µm wide RW lasers.

Steadiness of the characteristics of RW lasers against temperature variation is evaluated
by measuring the PIV characteristics and beam quality factors of 6µm wide RW lasers up to
a heat sink temperature of 80◦C. A single-transverse mode output power higher than 1.3 W
is obtained at T = 80◦C. Both lateral and vertical M2 factors are also maintained below 1.9
at all investigated operating conditions. Astigmatism of the lasers varies only between 0.4 to
2µm under all operating conditions.

However, the high series resistance of such thick PBC lasers restricts their maximum
PCE ≤ 40%. It has been theoretically shown that the series resistance of the structure
can be improved significantly by decreasing the total vertical thickness and the number of
interfaces between the epitaxial layers. A second PBC structure PBC-B is grown with a 33%
thinner PBC waveguide having a lower number of interfaces. As predicted from the design,
the lasers show an improved series resistance. However, the far-field divergence becomes
broader (∼ 12◦), with undesirable emissions in the side lobes. Therefore, the structure is
considered to be inferior to structure PBC-A.



Chapter 7

Characterization of
High-Brightness Vertical
Broad-Area Edge-Emitting Lasers

7.1 Introduction

As discussed in Chapter 6, both RW PBC [138] and SLOC [147] lasers deliver a single-
transverse mode optical power as high as 1.9 W in the 1060 nm wavelength range. However,
the emitted beams are elliptic, with a typical FWHM beam divergence angle of 9◦ in lateral
direction combined with a still large beam divergence of ≥ 14◦ in vertical direction. To
achieve the vertical beam divergence close to 14◦, both the approaches employ a very thick
vertical waveguide, 4.8µm for SLOC and 15µm for PBC lasers, respectively. The approaches
discussed above are unlikely to be able to further reduce the vertical beam divergence to
realize circular beam emission while simultaneously increasing the output power. SLOC
lasers with a thicker vertical waveguide (thickness 8.6µm) did demonstrate a lower vertical
beam divergence of 9◦, but their single-transverse mode power also decreased to 1.3 W [112].

On the other hand, PBC structures typically suffer from high internal optical losses ∼
1.3-5.0 cm−1 [117,123–125,138,144] resulting from high doping concentrations throughout the
thick epitaxial layer structures. High doping concentrations in the epitaxial layers of PBC
layers are crucial for decreasing the series resistance of very thick PBC waveguides comprising
a large number of interfaces. High internal optical loss limits the maximum obtainable output
power. Besides, a thinner PBC waveguide with lower number of layer pairs (e.g., structure
PBC-B discussed in Chapter 6) has the drawback of increasing the vertical beam divergence.
To overcome these issues, a novel concept was proposed recently: the high-brightness vertical
broad-area edge-emitting (HiBBEE) laser [128].

In this chapter, the results of the first-ever HiBBEE lasers are presented. The HiBBEE
concept is based on the incorporation of aperiodic layer sequences instead of periodic ones in
PBC lasers. This allows for a lower number of layers and an overall thinner vertical waveguide
to achieve a comparable vertical beam divergence as the PBC waveguide.

7.2 Investigated HiBBEE laser structure

The layer structure and working principle of HiBBEE lasers are similar to those of PBC lasers,
except for the fact that HiBBEE lasers use an aperiodic layer sequence on the n-doped side
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of the vertical layer structure. As the first realization, only 2 pairs out of the total 9 pairs of
n-doped layers are chosen to be aperiodic, while the rest are made up of a periodic sequence of
1020 nm thick Al0.35Ga0.65As and 70 nm thick Al0.20Ga0.80As layers. The complete epitaxial
layer structure is grown using MOVPE on a (100)-oriented and n-doped GaAs substrate.
Figure 7.1 (a) shows the refractive index profile of the investigated HiBBEE laser. The total
vertical layer thickness is 12µm, 20% thinner than the best 1060-nm PBC structure (PBC-A)
presented in Chapter 6. Similarly to PBC lasers, a vastly asymmetric vertical waveguide with
respect to the active layers is employed. The thickness of the n-doped side is approximately
11µm, while the p-doped side consists of a 1µm thick Al0.50Ga0.50As cladding layer followed
by a highly-doped 300 nm GaAs contact layer. An active region consisting of four InGaAs
QWs is placed within an undoped 113 nm thick Al0.20Ga0.80As defect layer in between the n-
and p-doped layers. The QWs are separated by GaAsP barriers. Thicknesses and contents
of QWs and QBs are optimized for 1060 nm emission wavelength.

Figure 7.1: (a) Refractive index profile (black line) and simulated near-field distributions
of the fundamental (red line), as well as the first two higher order (green and blue lines),
modes of the 1060 nm HiBBEE laser. Calculated (b) FWHM beam divergence angle of the
fundamental mode as a function of the emission wavelength and (c) confinement factor versus
optical loss of the fundamental and higher order modes for different emission wavelength.

In order to optimize the layer sequence for the fundamental mode selection, multiple
vertical modes are considered during simulation. The contrasts in the confinement factors
and the optical losses are used as vertical mode selection criteria. The thicknesses and Al
contents of the epitaxial layers of the structure are chosen such that only the fundamen-
tal mode is confined mostly in the active region and its tail spreads over the entire n-side
(Fig. 7.1 (a)). A significant portion of the optical fields, together with their maxima, of all
higher order modes is shifted away from the active region towards the substrate. This results
in a higher confinement factor for the fundamental mode than the higher order modes. The
beam divergence angle of the fundamental mode is presented in Fig. 7.1 (b) for a variety of
emission wavelengths. Broad extension of the fundamental mode yields a very narrow vertical
FWHM beam divergence angle of only 7.1◦ at the desired emission wavelength of 1060 nm
(Fig. 7.1 (b)). The divergence angle remains within 6-9◦ in the entire investigated wavelength
range of 1040 nm-1080 nm. The free carrier absorption and leakage losses of modes into the
substrate are controlled by the doping profile and the layers close to the substrate, respec-
tively. Both types of losses are designed to be larger for the higher order modes, which
together with their smaller confinement factor ensure their elimination from laser emission
in the vertical direction. Figure 7.1 (c) presents the confinement factor and optical loss of



7.2 Investigated HiBBEE laser structure 73

the fundamental and higher order modes at different emission wavelengths. The simulation
results confirm that the confinement factor of the fundamental mode is more than five times
higher, and the optical loss is nearly ten times smaller in magnitude than the higher order
modes at 1060 nm wavelength.

The donor concentration in the n-doped side varies from 5 × 1016 cm−3 in the layer
closest to the active region to 2.5 × 1018 cm−3 in the substrate. A doping concentration of
2.0× 1018 cm−3 is employed in the 20 nm thick interface layers between consecutive epitaxial
layers.

On the p-doped side of the structure, the concentration of acceptors steadily increases
from 5 × 1016 cm−3 near the active region to 1.0 × 1018 cm−3 near the contact layer. The
contact layer is doped higher than 1 × 1019 cm−3. The intermediate interface layers on the
p-doped side are highly doped, with a doping concentration of 2.5 × 1018 cm−3.

7.2.1 Device fabrication

BA lasers with 100µm wide ridges and various cavity lengths are processed following the
procedure explained in Chapter 4. The only difference from the previous BA PBC lasers is
that during the formation of ridges in the BA PBC lasers, the p-doped contact layer and a
small portion of the p-doped cladding layer are etched away, which yields solely gain guiding
to the optical modes. The resulting large overlap of the lightly-confined optical modes with
the highly-doped layers away from the active region is assumed to be responsible for the high
internal optical loss of the PBC lasers. For BA HiBBEE lasers, an additional index guiding
is introduced to the optical modes by etching two deep trenches surrounding the ridges.
Figure 7.2 shows a schematic diagram of a HiBBEE laser depicting its various components.
The trenches have a width of 5µm. In addition to the contact layer, most of the p-doped
cladding layers (except only 100 nm above the active region) are etched away in the trenches.
Due to the generated index guiding, the optical modes are expected to be more confined in the
lightly n-doped layers near the active region, which gives rise to less free carrier absorption
and thus low internal loss.

Figure 7.2: Schematic diagram illustrating the different compontents of a HiBBEE laser
structure [151].

RW lasers having 8µm wide ridges are processed. The ridges of the RW lasers are also
surrounded by the trenches similar to the BA lasers.
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All the lasers are characterized in both CW and pulsed mode. Similar to the PBC lasers,
as-cleaved laser bars are measured in the pulsed mode. On the other hand, lasers are mounted
on a CuW heat spreader and a Cu mount for the CW measurements. The facets of some
of the lasers are passivated and coated with HR and AR coatings. Facet treatment of the
HiBBEE lasers is conducted at FBH. The cleaved facets are cleaned in vacuum with atomic
hydrogen, and afterwards passivated with ZnSe layers [152, 153]. Subsequently, a dielectric
mirror formed by a pair of TiO2/Al2O3 layers is deposited on the light emitting facet to
achieve a low reflectivity of ∼ 5%, while several pairs of Si/Al2O3 layers are deposited on the
rear facet for a high reflectivity of ∼ 95%.

Dielectric mirrors are employed in order to maximize the achievable output power from
the laser cavity. On the other hand, a ZnSe passivation layer is used to prevent facet degra-
dation by reducing surface recombination at the laser facets, which is responsible for COMD
effect. ZnSe additionally prevents penetration of oxygen from the dielectric mirrors into the
active region.

7.2.2 Pulsed mode characterization of broad area lasers

Pulsed mode characterization is performed in order to assess the internal parameters of the
HiBBEE structures. Figure 7.3 (a) shows the PI characteristics of a 1.0 mm and a 2.0 mm long
BA laser at T = 20◦C. The measured differential quantum efficiency and threshold current
density are plotted in Fig. 7.3 (b) as a function of cavity lengths. A high internal quantum
efficiency of 90% and a very low internal optical loss of 0.6 cm−1 are obtained. The reason
of such low internal optical loss is partly attributed to the employed processing technique,
i.e. inclusion of the trenches surrounding the ridge. The increased index guiding confines the
modes more in the low doped layers near the active region and thus results in less free carrier
absorption loss, giving rise to low internal loss. Such low internal loss allows the extension of
the cavity length up to 5.0 mm, which will be discussed in the next sections.

Figure 7.3: (a) Pulsed mode output power-current curves of 100µm wide BA HiBBEE lasers
with 1.0 mm (black line) and 2.0 mm (red line) long cavities. (b) Reciprocal differential
quantum efficiency 1/ηdiff (square) and threshold current density Jthr (circle) of 100µm wide
BA HiBBEE lasers as a function of cavity length L (left, bottom axis) and inverse cavity
length 1/L (right, top axis), respectively, in pulsed mode at T = 20◦C [151]. The linear fits
of the corresponding measured data points are shown as solid lines.
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The measured optical loss is slightly smaller than the loss estimated from simulations
∼ 1.0 cm−1. This is due to the fact that the calculated near fields, confinement factors, and
resulting optical losses depicted in Fig. 7.1 are determined by conducting a one-dimensional
field analysis along the vertical direction. The optical mode confinement due to lateral
waveguiding is not considered in the simulation. However, in reality lateral waveguiding
leads to increased gathering of the optical modes in the lightly-doped layers close to the
active region, which lowers the internal optical loss. The maximum differential quantum
efficiency ηdiff = 87% is extracted from 0.5 mm long lasers. The threshold current density for
infinite cavity length and modal gain are deduced to be J∞ = 270 Acm−2 and Γg0 = 30 cm−1,
respectively.

As illustrated in Fig. 7.4 (a), HiBBEE lasers with longer cavities produce emission close
to the expected 1060 nm range. The stability of the threshold current is estimated by de-
termining the characteristic temperature T0 from the dependence of the threshold current
density on the heat sink temperature (Fig. 7.4 (b)). A high T0 = 207 K, typical for 1060 nm
semiconductor lasers [129], is obtained for 2.0 mm long BA lasers within the temperature
range of 0-25◦C. T0 is reduced to 101 K in the 30-75◦C temperature interval.

Figure 7.4: (a) Emission wavelength of 100µm wide BA HiBBEE lasers versus cavity length
in pulsed mode at T = 20◦C. (b) Dependence of the threshold current density Jthr on the
heat sink temperature T in logarithmic scale. Solid lines are the linear fits.

7.2.3 Continuous-wave mode characterization of broad area lasers

PI characteristics and corresponding PCEs of 3.0 mm and 5.0 mm long BA HiBBEE lasers
are presented in Fig. 7.5 (a) in CW mode and at T = 20◦C. For both lasers, no COMDs have
been observed until maximum output power. Rather, output powers are limited by thermal
roll-over. The threshold current and differential quantum efficiency are 970 mA and 72% for
the 3.0 mm long laser, respectively, and 1.44 A and 63% for the 5.0 mm long laser. 3.0 mm
long lasers yield a maximum output power of 8.6 W with a maximum PCE = 41%. PCE is
reduced to 27% at the maximum output power.

5.0 mm long BA lasers deliver 11.9 W output power, which is close to the highest output
power ever reported for single edge-emitting lasers in the 1060 nm wavelength range with
vertical beam divergence ≤ 10◦. The laser provides a maximum PCE of 36%. Previously,
12.4 W multimode power was reported for lasers having SLOC structure [154] with a narrow
vertical beam divergence of 9◦, similar to our HiBBEE lasers (will be discussed below).
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However, the HiBBEE lasers demonstrate more than 33% higher maximum PCE as compared
to the SLOC lasers showing a maximum PCE of 27%. Pikhtin et al. reported BA lasers with
a thin asymmetric waveguide producing even a higher output power of 16 W in 1060 nm
wavelength range, although with a significantly broader vertical divergence of 31◦ [155].

Figure 7.5: (a) Output power-current-voltage characteristics and power conversion efficiency
of 100µm wide BA HiBBEE lasers with 3.0 mm (dashed lines) and 5.0 mm (solid lines) long
cavities in CW mode at T = 20◦C. The laser facets are passivated and HR/AR coated. (b)
Emission spectrum of the 5.0 mm long BA laser at I = 1.7 A.

As shown in Fig. 7.5, the 5.0 mm long laser shows a lower maximum PCE than the
3.0 mm long lasers. However, it is evident from the voltage-current curve that the laser with
longer cavity has a smaller series resistance. This consequently reduces the PCE at a slower
rate with increasing operating current. The PCE is reduced to 23% at the thermal roll-over
point. The 5.0 mm long BA laser provides the designed emission wavelength of 1060 nm at
I = 1.7 A in CW mode, as shown in Fig. 7.5 (b).

In order to demonstrate a comparison of the series resistance, Fig. 7.6 presents voltage-
current curves of 3.0 mm long BA lasers from both PBC-A and HiBBEE structures. Nearly
16% smaller series resistance is observed for HiBBEE lasers as compared to the lasers from
structure PBC-A (70 mΩ vs 83 mΩ).

The measured far-field distributions along the vertical direction of the 3.0 mm long BA
HiBBEE laser in CW mode at T = 20◦C are presented in Fig. 7.7. As depicted in Fig. 7.7 (a),
the laser shows bell-shaped and single-lobed far-field distributions across the whole current
range. Gaussian fits of the measured data points also prove the close proximity of the far-field
profiles to the Gaussian distribution. The FWHM vertical beam divergence angle remains
nearly constant at 9◦ for all operating currents (Fig. 7.7 (b)).

As expected, the BA laser shows multimode behavior in lateral direction, as illustrated
in the inset of Fig. 7.7 (b). The beam divergence angle in lateral direction increases gradually
with increasing driving current. Interestingly, similar divergence angles in both lateral and
vertical directions are observed in the current range 5 to 6 A (Fig. 7.7 (b)). This corresponds
to a CW-mode output power of 4.2 W in a circular beam profile, which is the best value ever
reported for 1060 nm lasers.
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Figure 7.6: Current as a function of voltage of 3.0 mm long BA lasers in CW mode at T =
20◦C.

Figure 7.7: (a) Far-field distributions (symbols) in the vertical direction of the 3.0 mm long BA
HiBBEE laser presented in Fig. 7.5 at different driving currents in CW mode at T = 20◦C.
Solid lines are the Gaussian fits of the corresponding measured data points. (b) Vertical
(square) and lateral (circle) beam divergence angles of the laser as a function of the driving
current. The inset shows the lateral far-field distribution of the laser at I = 5.0 A.

7.2.4 Temperature sensitivity of the performance of broad-area lasers

The effect of temperature on the performance (i.e. output power, PCE and far-field behavior)
of the BA HiBBEE laser is investigated in CW-mode. The output power decreases with
increasing heat sink temperature as shown in Fig. 7.8. The output power decreases from
8.6 W at T = 20◦C to 4.7 W at T = 80◦C. The reasons are the continuous drop of the material
gain, as well as the rise of non-radiative Auger recombination and carrier leakage out of the
active layers as described for the PBC lasers in the previous chapter. The threshold current
increases from 0.97 A to 1.81 A and the differential quantum efficiency decreases from 72%
to 67% with increasing T from 20 to 80◦C. Lower output power results in a lower maximum
PCE of 31% at T = 80◦C.
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Figure 7.8: Output power-current characteristics and power conversion efficiency of the
3.0 mm long BA HiBBEE laser at heat sink temperature 20◦C (solid lines) and 80◦C (dashed
lines) in CW mode.

Figure 7.9: Vertical far-field distributions of the 3.0 mm long BA HiBBEE laser presented in
Figs. 7.5-7.8 at different driving current in CW mode at (a) T = 50◦C and (b) T = 80◦C.
(c) FWHM beam divergence angles as a function of driving current at different heat sink
temperature of 20, 50 and 80◦C.
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The stability of the far-field behavior of the laser emission against temperature variation
is evaluated by measuring the far-field at different heat sink temperatures in CW mode.
Figures 7.9 (a) and (b) illustrate the far-field distributions of the laser in the vertical direction
at T = 50◦C and 80◦C, respectively. Like for T = 20◦C, far-field distributions are single-
lobed and Gaussian-shaped up to the maximum operating current. Beam divergence angles
also remain quite stable against temperature variation as depicted in Fig. 7.9 (c). Although
the divergence angle is smaller at low operating current range for higher temperatures, the
deviation is less than 1◦. This ensures the high robustness of the far-field properties of the
investigated BA HiBBEE structure.

7.2.5 Ridge-waveguide lasers under continuous-wave mode operation

As it has been seen for the PBC lasers that 9µm wide RW lasers provide single-transverse
mode output power until a wide driving current range, RW lasers with a nearly similar ridge
widths of 8µm are processed from the HiBBEE structure as well. The aim is to achieve
single-transverse mode power over whole operating region. The very low internal optical loss
of the structure also has motivated to process lasers with longer cavity. Figure 7.10 shows
the PIV characteristics of one RW laser with 8µm wide and 5.0 mm long cavity at T = 20◦C
in CW mode.

Figure 7.10: (a) Output power-current-voltage curve and power conversion efficiency of a
8µm wide and 5.0 mm long RW HiBBEE laser in CW mode at T = 20◦C. The facets of the
laser are passivated and HR/AR coated.

The investigated RW lasers experience mirror damage at output power starting at 2.1-
2.2 W, which is still the highest single-transverse mode output power reported until now
for 1060 nm RW lasers [138, 147]. The output power is 70% higher than the previous best
single-transverse mode power of 1.3 W with vertical beam divergence angle ≤ 10◦ [112]. The
output power can be enhanced to an even higher value with better passivation and mounting
techniques. The lasers provide a maximum PCE of 34%.

The RW lasers provide fundamental mode emission in both transverse lateral and vertical
directions until the maximum investigated operating current, which will be discussed later.
The rather undesirable kinks in the PI curve are originated from beam steering in far-fields
of the fundamental mode [156,157].
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In [156], Chinone et al. reviewed the source of such kinks in the PI curve in case of
a gain-guided laser. The anti-guiding effect originated from the carrier-induced refractive
index variation has not been considered at that time. However, the optical modes in our
RW HiBBEE lasers are additionally guided by the refractive index contrast ∆n between the
ridge and its surroundings. At moderately high currents, reduction of the refractive index at
the center of ridge region due to the injected carriers diminishes ∆n. Therefore, the lasers
can be considered as gain-guided at high current density and the kinks can be explained by
the simulation results presented in [156]. The assumed degradation of the refractive index
at the center of the ridge is indeed supported by experimental results. As illustrated in the
inset (b) of Fig. 7.11 (left), the beam divergence angle decreases at the kink power levels.
The diminished refractive index contrast ∆n induces a reduced confinement of the near-field,
which eventually results in a narrower far-field divergence.

Figure 7.11: (Left) Output power-current (PI) curve from Fig. 7.10 is redrawn. Insets depict
driving current dependence of (a) the emission wavelength λ and (b) the FWHM beam
divergence angles in lateral (circle) and vertical (square) directions within the current range
of 0.3 - 2.2 A. The arrows 1-3 indicate the correspondence between the kinks in the PI curve
and blue shifts of the emission wavelength. (Right) Far-field distributions of the laser in
lateral direction at different driving currents around the kinks in the PI curve. All the
measurements are performed in CW mode at T = 20◦C.

The simulations in [156] show that the gain profile flattens at the kink power levels
because of the spatial hole burning arising from the large optical field intensity in the center
of the ridge. An insignificant asymmetric current distribution in the laser cavity results in a
spatially shifted near-field distribution and thus leads to a change in the propagation direction
of the far-field. A similar phenomenon is confirmed experimentally in our HiBBEE lasers by
the investigated beam steering of the fundamental lateral mode around the kinks as shown
in Fig. 7.11 (right).

As depicted in the inset (a) of Fig. 7.11 (left), the kinks in the PI curve are directly
connected to the blue shift in the emission spectrum.

Far-field distributions of the RW laser are presented in Figs. 7.12 (a)-(d) at different
operating currents up to the current close to the COMD level. The laser delivers a bell-
shaped and single-lobed far-field distribution in both transverse lateral and vertical directions
across the entire investigated driving current range. Like the BA HiBBEE lasers, RW lasers
produce a narrow vertical beam divergence as well. The FWHM vertical beam divergence is
as narrow as 7.3◦ at I = 0.3 A, which rises to a still very low value of 10.3◦ at I = 3.5 A. The
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beam divergence in lateral direction increases from 4.2◦ to 9.0◦ in the same current range.
As shown in Fig. 7.12 (d), the beam profile resembles a nearly circular shape at I = 3.5 A.
The overall widening of the beam divergences with increasing driving current (except the
narrowing of the beam divergences at the kink power levels) is because of the temperature
rise due to Joule heating as explained for the PBC lasers in Chapter 6. The refractive index
contrast between the ridge and its surrounding region becomes larger with increasing power
consumption at higher currents. This leads to a tighter confinement of the optical modes in
both lateral and vertical directions resulting in a broader far-field divergence.

Figure 7.12: Color-scale plot of the far-field distributions of the RW HiBBEE laser at different
driving currents (a) I = 0.3 A, (b) I = 1.6 A, (c) I = 2.6 A and (d) I = 3.5 A at T = 20◦C
in CW mode. The white solid curves are the normalized far-field distributions in lateral and
vertical directions at the center of each plot. Corresponding FWHM beam divergence angles
are displayed in each normalized plots.

Similar to the PBC lasers, the beam quality of the RW HiBBEE lasers is assessed by
measuring the beam quality factor M2. Figure 7.13 (a) shows the measured beam width of
a 8µm wide and 5.0 mm long RW laser along the beam axis at I = 3.5 A in CW mode at
T = 20◦C. To extract the M2, the measured data are fitted to the propagation equation of
the Gaussian beam as depicted in the figure. The extracted M2 are presented in Fig. 7.13 (b)
as a function of driving current. Both lateral and vertical M2 are below 2.1 across the whole
investigated current range. Vertical M2 factors are within 1.4-1.9 for all driving currents. On
the other hand, lateral M2 increases from 1.2 at I = 0.2 A to 2.1 at I = 3.5 A. The increase
of the lateral M2 denoting an increasing discrepancy of the laser emission from the ideal
Gaussian shape is due to the increased contribution of the higher order lateral modes to the
emission resulting from the thermal lensing and spatial hole burning.
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Like the RW lasers from the PBC structures, HiBBEE lasers also feature an ultra-
low astigmatism. Figure 7.13 (b) presents the astigmatism of the RW laser in CW mode at
T = 20◦C illustrating a very low astigmatism of only 2.5µm across the complete operating
range. Notably, the astigmatism value remains nearly constant against the variation of driving
current. Such current-independent small astigmatism with narrow vertical beam divergence
largely simplifies the optical system for practical applications.

The brightness of the laser is calculated from the output power, M2 and squared emission
wavelength according to equation (2.50). It reaches a maximum value of 50 MWcm−2sr−1 at
I = 1.8 A. Due to the increased M2 at higher currents, the brightness marginally decreases
down to 45 MWcm−2sr−1 at I = 3.5 A as illustrated in Fig. 7.14.

Figure 7.13: (a) Measured lateral (circle) and vertical (triangle) beam widths of the RW laser
along the beam axis at I = 3.5 A in CW mode at T = 20◦C. (b) Beam quality factor M2 in
lateral (circle) and vertical (triangle) directions as well as astigmatism (square) of the lasers
as a function of current [151].

Figure 7.14: Brightness of the RW laser in CW mode at T = 20◦C.

7.3 HiBBEE lasers with inhomogeneous ridge-waveguide

As presented above, output power and lateral beam quality of the lasers are defined by the
lateral structure of the lasers. RW lasers having narrow ridges demonstrate very good beam
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quality. However, the output power is limited. Widening of the ridges in the lateral direction
(e.g. in the BA lasers) can produce a high output power. Lasers with wider ridges also have
the advantages of smaller series resistance. However, the poor lateral beam quality of the
lasers with wide ridges restricts their suitability in the high-brightness applications. Thus,
the realization of RW lasers with wide ridges still emitting only single-lateral mode persists
as an extensive research study.

Thresholds of the fundamental and higher order modes are nearly identical in the typical
RW lasers with wide ridges and having no additionally-employed mode-discrimination mech-
anism [158]. Therefore, multiple lateral modes are equally favorable for lasing. The number
of the lasing modes is controlled by the width of the ridge.

Kalosha et al. proposed an approach to improve lateral beam quality of the RW lasers
with wide ridges in [159]. It has been theoretically shown that by introducing inhomogeneities
along the longitudinal direction of a laterally-wide ridge waveguide, the thresholds of the
higher order modes can be made larger than the fundamental mode [158]. Therefore, a
mode discrimination is established among the fundamental and the higher order modes. The
reason is attributed to the increased scattering losses experienced by the higher order modes
in the ridge inhomogeneities during propagation. The inhomogeneities can be introduced by
various types of corrugation [159]. For this work, we have incorporated a triangular-shaped
corrugation in both sides of the ridges. To evaluate the effect of the laterally-modified ridges
on the laser performance, reference lasers without inhomogeneities are also processed.

Figure 7.15 (a) shows an image of the top of a fully-processed RW HiBBEE laser having
a 15µm wide and a typical homogeneous ridge. The lasers have 10µm wide trenches in
both sides of the ridge. Figure 7.15 (b) depicts the investigated corrugated RW laser with
triangular-shaped inhomogeneities in both sides of the ridge. Isosceles triangles with 5µm
long sides have been introduced at a period of 5µm.

Figure 7.15: Image of (a) a reference RW HiBBEE laser with a typical homogeneous ridge,
and (b) a RW HiBBEE laser with a modified ridge having a triangular-shaped irregularities
in both sides of the ridges. Dimensions are indicated in the figure and are not to scale.

Figure 7.16 shows the output power-current characteristics of the reference and corru-
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gated RW HiBBEE lasers in pulsed mode at T = 20◦C. Both the lasers have 2.0 mm long
cavity. The corrugated laser demonstrates higher threshold current and reduced differential
quantum efficiency than the reference laser. This is due to the increased scattering losses in-
curred by the modes in the inhomogeneities while propagating in the longitudinal direction.

Figure 7.16: Output power as a function of driving current of the reference RW HiBBEE laser
(black, solid line) and the RW laser with the triangular-shaped inhomogeneities along the
longitudinal direction (red, dashed line). The measurements are performed in pulsed mode
at T = 20◦C.

Figure 7.17 presents the CW-mode far-field distributions in the lateral direction of the
reference and corrugated HiBBEE lasers at T = 20◦C. The lasers are as-cleaved and not
mounted. Therefore, they are characterized only in low current regime up to 650 mA. The
reference laser yields multimode emission across the whole operating current range, even
starting from the threshold current (Fig. 7.17 (a)). This is typical for RW lasers with ridge
width as large as 15µm. On the other hand, it is clearly evident from Fig. 7.17 (b) that
the corrugations in the ridges discriminate higher order modes and allows only fundamental
lateral mode emission in the low current range ≤ 500 mA. At larger driving current, higher
order modes start appearing in the emission. However, still an improved beam quality is
maintained even at larger driving current in contrast to the reference laser. A better heat
disspation after mounting the lasers could delay the appearance of the higher order lateral
modes and extend the driving current range for single-lateral mode emission.

The effect of corrugated structures on the lateral beam quality is evaluated also by mea-
suring M2 factors. Figure 7.18 shows measured M2 factors in both lateral and vertical direc-
tions. As illustrated in Fig. 7.18 (b), both the reference and the longitudinally-inhomogeneous
RW HiBBEE lasers show nearly identical beam quality in the vertical direction. The vertical
M2 values vary within 1.5-1.8 across the whole investigated current range for both types of the
lasers. Such small M2 factors in the vertical direction are ensured by the fundamental mode
selection of the HiBBEE waveguide discussed in the previous sections. Lateral multimode
emission from the reference RW HiBBEE laser is reflected by the higher M2 ≥ 3.0 all over the
investigated operating current range. In agreement with the far-field distributions, lateral
beam quality of the corrugated structure is significantly improved at lower current range ≤
500 mA. The lateral M2 increases at higher currents due to the emission of multiple-lateral
modes.
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Figure 7.17: Far-field distributions in the lateral direction of (a) the reference RW HiBBEE
laser, and (b) the RW HiBBEE laser with triangular-shaped inhomogeneities. The lasers
have 2.0 mm long cavity and are as-cleaved. The measurements are performed in CW mode
at T = 20◦C.

Figure 7.18: (a) Lateral and (b) vertical beam quality factor M2 of the reference laser (square)
and modified RW HiBBEE laser with triangular-shaped inhomogeneities (circle) in CW mode
at T = 20◦C.

The improvement in the lateral beam quality by incorporating the corrugations is likely to
improve the brightness of the lasers. However, the decrease in differential quantum efficiency
and increase in threshold current can demolish the gain in the improvement of the beam
quality. This study was based on a non-optimized choice of the dimensions of the corrugations.
A further optimization of the length of the sides of the triangles and the repetition of their
insertion could provide a better combination of loss in the output power and improvement in
the beam quality. Therefore, a higher brightness can be achieved.

7.4 Conclusion

A waveguide structure based on a novel HiBBEE concept is presented. The resulting Hi-
BBEE lasers possess all the positive features of PBC lasers, e.g. high output power, narrow
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vertical beam divergence, good beam quality, and low astigmatism. However, they employ a
thinner waveguide in combination with a lower number of interfaces than the successful PBC
lasers (e.g. lasers from structure PBC-A). The thinner waveguide and the lower number of
interfaces make it easier to control the doping profile for achieving a lower internal optical
loss while maintaining a nearly identical or a smaller series resistance. Moreover, thinner
waveguide is preferable for reduced growth complexity and wafer bowing.

BA HiBBEE lasers deliver 11.9 W multimode power in CW mode at T = 20◦C. Although
there are some other lasers producing similar [154] or even higher output power [155] in
1060 nm wavelength range, they either have a significantly lower PCE [154] or a large vertical
beam divergence [155]. The BA HiBBEE lasers also yield a record 4.2 W output emission into
a circular beam profile with 9◦ FWHM beam divergence in both transverse lateral and vertical
directions. The vertical beam divergence angle is found to be independent of operating current
and temperature variations.

8µm wide and 5.0 mm long RW HiBBEE lasers produce the highest ever reported 2.2 W
single transverse mode emission while maintaining very good beam quality in both transverse
directions. The beam profile has been also improved than the PBC lasers. 2.1 W output power
is obtained with a nearly perfect circular beam shape with FWHM beam divergence of ∼
10◦. The investigated RW laser further shows a very low and current-insensitive astigmatism
of only 2.5µm, as compared to operating current dependent several hundreds of microns for
alternative high-brightness tapered lasers [24–26].

An approach to improve the lateral beam quality of the RW lasers with wide ridges has
been investigated. It has been experimentally found that the incorporation of the inhomo-
geneities in the ridge waveguide increases the scattering loss of the higher order modes in
a RW laser. This ensures rejection of the higher order modes from emission and improves
lateral beam quality. By introducing triangular-shaped corrugations in both sides of the ridge
of a 15µm wide RW HiBBEE laser, M2 factors are improved by more than a factor of 2 in the
low current range. Although, the corrugated HiBBEE lasers demonstrate lower differential
quantum efficiency and higher threshold current than the reference laser, an optimization in
the parameters of the corrugated structures is likely to give an overall higher brightness.



Chapter 8

Comparison with State-of-the-Art
High-Power Lasers

This chapter compares the PBC and HiBBEE lasers implemented in this work with state-of-
the-art high-power lasers in the 1060 nm wavelength range.

Tables 8.1 and 8.2 list the electro-optical parameters of the BA and RW lasers in the
1060 nm wavelength range, respectively. Both the lasers reported in literature by various
research groups and available commercially are listed in the tables. The tables include the
parameters obtained in CW mode at room temperature (T ∼ 20◦C).

It can be seen from Tab. 8.1 that the commercially available lasers provide very high
mutlimode power up to 16 W. However, the FWHM vertical beam divergence is always larger
than 30◦. The IOFFE Institute reported 16 W output power with a maximum PCE as high
as 74%, however, with a very large vertical beam divergence of 31◦ [155]. Among the BA
lasers providing ≤ 10◦ vertical beam divergence, the research group at FBH obtained the
highest output power of 12.4 W from a 200µm wide and 8.0 mm long SLOC lasers [154]. Our
100µm wide and 5.0 mm long HiBBEE lasers also produce nearly 12 W power [151], however,
with a 33% higher maximum PCE than the SLOC lasers. Still a higher output power could
be achieved by widening the ridge and enlarging the cavity of the HiBBEE lasers.

As listed in Tab. 8.2, commercially available lasers yield less than 1 W single-transverse
mode power with a large FWHM vertical beam divergence ≥ 28◦. SLOC lasers deliver 1.9 W
single-transverse mode power with 9◦ lateral and 16◦ vertical beam divergence [147]. Our RW
PBC lasers also provide 1.9 W power in single-transverse mode with beam divergence angle
of 9◦ and 14◦ in lateral and vertical directions, respectively [138]. The previously reported
best single-transverse mode power with ≤ 10◦ vertical beam divergence is 1.3 W from SLOC
lasers [112]. Our RW HiBBEE lasers provide nearly 70% higher single-transverse mode
power with 10◦ vertical beam divergence [151]. The output power of the HiBBEE lasers are
limited by COMD effect. A better passivation could provide even a higher single-transverse
mode power. In contrast to the other types of lasers, HiBBEE lasers provide a nearly circular
beam profile.
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Table 8.1: Electro-optical parameters of the BA lasers published by various research groups
(first eight rows) and available commercially (last five rows) in the 1060 nm wavelength range.
Note: ’–’ indicates unavailability of the data in the corresponding paper or company website.

Research group/ Laser FWHMvert Multimode PCEmax PCE Laser
company type power at Pmax dimension

(width
[Reference] (◦) (W) (%) (%) × length)

This thesis HiBBEE 9 11.9 36 23 100 µm
×5.0mm

This thesis HiBBEE 9 8.6 41 30 100 µm
×3.0mm

This thesis PBC 8.2 9.5 40 27 100 µm
×3.0mm

FBH (2011) SLOC 8.6 12.4 27 22 200µm
[154] ×8.0 mm

FBH (2008) SLOC 14 15 52 – 100µm
[160] ×4.0 mm

IOFFE (2015) TWL 2 4.7 – – 50µm
[161] ×1.5 mm

IOFFE (2015) CLOC∗ 22 2.5 – – 50µm
[162] ×1.0 mm

IOFFE (2004) AWG∗∗ 31 16 74 45 100µm
[155] ×3.0 mm

Eagleyard – – 16 – 56 200µm
Photonics (2017) ×4.0 mm

[163]

Innolume – 33 15 – 57 200µm
GmbH (2017) ×–

[164]

Lumics – 30 12 – 42 190µm
GmbH (2017) ×–

[165]

Frankfurt Laser – 38 5 – 40 150µm
Company (2017) ×–

[166]

Axcel – 30 3 – 48 100µm
Photonics (2017) ×–

[167]

*CLOC: coupled large optical cavity, **AWG: asymmetric waveguide



89

Table 8.2: Electro-optical parameters of the RW lasers published by various research groups
(first four rows) and available commercially (last six rows) in the 1060 nm wavelength range.
Note: ’–’ indicates the unavailability of the data in the corresponding paper or company
website.

Research group/ Laser Single- FWHM Laser
company type transverse θlat × θvert dimension

[Reference] mode power (width × length)
(W)

This thesis HiBBEE 2.20 9◦ × 10◦ 8 µm×5.0mm

This thesis PBC 1.90 9◦ × 14◦ 9 µm×2.64mm

FBH (2012) SLOC 1.30 6◦ × 9◦ 5µm×3.9 mm
[112]

FBH (2008) SLOC 1.90 9◦ × 16◦ 7µm×6.0 mm
[147]

Innolume – 0.67 – × – –×–
GmbH (2017)

[168]

Lumics – 0.45 – × – –×–
GmbH (2017)

[169]

Roithner LaserTechnik – 0.35 8◦ × 28◦ –×–
GmbH (2017) –

[170]

Axcel – 0.35 8◦ × 28◦ –×–
Photonics (2017)

[171]

Frankfurt Laser – 0.30 8◦ × 28◦ –×–
Company (2017)

[172]

Eagleyard – 0.10 10◦ × 30◦ –× 0.75 mm
Photonics (2017) –

[173]





Chapter 9

Summary and Outlook

The main focus of this thesis was to implement high-power and high-brightness semiconductor
lasers with a nearly circular beam profile. Laser emission in a circular beam profile is ad-
vantageous for practical use, particularly for improving simplicity of focusing and increasing
efficiency of coupling into fibers. However, standard edge-emitting lasers with their charac-
teristic simple vertical waveguide inherently produce highly asymmetric light with very wide
vertical beam divergence. Also, their largely concentrated field density at the laser facets
limits achievable optical power via facet degradation. Vertical extension of the field in the
laser facets obviates both problems. On the one hand, the field spreading in the vertical
direction reduces power density at the facets and increases maximum output power level. On
the other hand, it narrows down the vertical beam divergence, thanks to the inverse relation-
ship between the confinement of the field at the laser facet and beam divergence. Motivated
by this inverse relationship between width of the near-field and divergence of the far-field,
this work focused on the extension of the near-field over a very thick spot area in the vertical
direction.

This thesis implemented two different approaches: PBC and HiBBEE. Both types of
lasers extend the field over a ≥ 10µm wide vertical spot, in contrast to the field extension
over few micron spot width in conventional edge-emitting lasers. Although the approaches
are accessible in any wavelength range by choosing appropriate material system, 1060 nm
emission wavelength is chosen because of its high demands in presently attractive applica-
tions in medicine, pumping solid state and fiber lasers, visible light generation by frequency
conversion, and direct material processing.

Both the investigated PBC and HiBBEE structures utilize a thick vertical waveguide
made from a sequence of layers epitaxially grown on a GaAs substrate by MOVPE. The
epitaxial layers are chosen to spread the optical modes throughout the whole vertical waveg-
uide. To secure fundamental mode emission in the vertical direction, which is critical for
high-brightness applications, a fundamental mode selection criteria is applied while designing
the structures. Two parameters are selected as mode discrimination factors. Vertical con-
finement factors of the higher order modes are designed to be smaller than the fundamental
counterpart. The free carrier absorption losses of the higher order modes are also increased
by shifting their maxima into the highly doped epitaxial layers. The loss inequity is further
enhanced by allowing the higher order modes to leak heavily into the highly-doped substrate.

Before this thesis, the PBC concept had been successfully implemented in several other
wavelength ranges, from 640 nm to 980 nm. 1060 nm PBC lasers were also realized using
a quantum-dot active region. This thesis extends the concept in the 1060 nm range using
InGaAs QWs in the active region.
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The resulting high-power multimode PBC lasers provide nearly 10 W output power in
CW mode at T = 20◦C, which is highest among PBC lasers in all emission wavelength
range. As expected from the concept, COMD effect is completely avoided across the complete
operating range. The lasers yield a very narrow vertical FWHM beam divergence of only
8◦, defined by the chosen vertical PBC waveguide. The divergence angle is found to be
constant over the whole operating current range. RW lasers fabricated from the same vertical
waveguide demonstrate 1.9 W single-transverse mode power under CW operation with 9◦ and
14◦ FWHM beam divergence angle in the lateral and vertical direction, respectively. Their
good beam quality with M2 factors below 1.9 in both transverse directions results in a very
high brightness of over 70 MWcm−2sr−1.

The beam properties of the RW PBC lasers are investigated thoroughly at different
temperatures. At T = 80◦C, the lasers still deliver a high single-transverse mode power of
1.3 W. The lasers maintain their excellent beam quality with M2 ≤ 1.9 and provide a very
small astigmatism with a maximum value of 2µm over their whole operating current range
at all investigated temperatures up to T = 80◦C.

The PBC waveguide has an approximately 15µm thick vertical layer structure with 15
pairs of periodic layers in its n-doped PBC waveguide. The large number of interfaces in
these structures forms a barrier for carrier transport, which together with the large total
thickness gives rise to a high series resistance and limits the maximum PCE to 40%. To
mitigate this shortcoming of the previous PBC waveguide, a second PBC structure with a
thinner 10µm thick PBC waveguide and a reduced 6 pairs of layers has been realized. The
new PBC waveguide shows a significantly reduced series resistance, thus becomes promising
for highly efficient lasers. However, the vertical beam divergence increases by nearly 50%.
The lasers yield unexpected emissions in additional side lobes, reducing the power content in
the desired central lobe.

In the later part of the thesis, it has been found that by eliminating the periodicity in
the PBC layers, a lower number of layer pairs embedded in a thinner waveguide provides
nearly identical vertical beam divergence without losing the advantages of PBC lasers. The
advantage of a thinner waveguide with reduced number of interfaces gives more flexibility
in reducing doping concentration in the epitaxial layer structure, which is beneficial for low
internal optical loss. Low internal loss allows to increase cavity length further, leading to
higher output power and better series resistance.

A 12µm thick HiBBEE waveguide with 9 pairs of layers has been intensively investigated.
BA HiBBEE lasers provide a high multimode output power of 11.9 W with a narrow 9◦ vertical
beam divergence. Although, similar or even higher output powers in the 1060 nm wavelength
range were previously reported by other research groups, these lasers either suffer from a
lower PCE (in case of SLOC devices) or a much wider vertical beam divergence (in case of a
thin asymmetric waveguide).

A record 4.2 W multimode power in a perfectly circular beam profile with 9◦ FWHM
beam divergence in both transverse lateral and vertical directions is obtained at T = 20◦C.
The vertical beam divergence of the BA HiBBEE lasers is shown to be insensitive to operating
current and temperature, up to a maximum investigated heat-sink temperature of 80◦C.

RW HiBBEE lasers deliver a record 2.2 W single-transverse mode power among RW
lasers in the 1060 nm wavelength range, which is nearly 70% higher than previously reported
1.3 W single-transverse mode power with vertical beam divergence below 10◦. The beam
profile also shows an improved symmetry with almost 10◦ FWHM beam divergence in both
transverse directions. The laser emissions preserve a very high beam quality with lateral and
vertical M2 factors ≤ 2 as well as a stable anastigmatic behavior with an astigmatism value of



93

only 2.5µm. Such current-insensitive anastigmatic laser emission significantly simplifies the
optical systems and reduces the system cost in practical applications. This makes the lasers
more preferable than the alternative high-brightness tapered lasers showing highly current
dependent astigmatism of several hundreds of microns.

A novel technique has been investigated to improve the lateral beam quality of the lasers
supporting multiple-lateral modes. The approach is based on increasing the scattering losses
of the higher-order lateral modes by introducing inhomogeneities in the ridge. The reference
RW HiBBEE lasers with a 15µm wide ridge without any inhomogeneity and a 2.0 mm long
cavity yield multi-lateral mode emission. It has been found that by introducing triangular-
shaped corrugations on both sides of the 15µm wide ridge, the higher-order modes can be
discarded from the emission. This results in a single lateral-mode emission in the low current
regime. The lateral M2 factors of the corrugated HiBBEE lasers are improved by more than
a factor of 2 as compared to those of the reference RW lasers in the low current range. A
better heat removal by mounting the lasers is expected to increase the operating current limit
for single-lateral mode emission. The improvement in the lateral beam quality of such broad
RW lasers could be a promising approach to achieve a very high brightness.

Another possible way to increase the operating current range for single-lateral mode emis-
sion of the corrugated RW lasers is to increase the cavity length. The increased cumulative-
scattering losses of the higher-order modes over a longer cavity could enhance the rejection
of the higher-order modes from the emission.

In summary, we can say that the investigated BA PBC and HiBBEE lasers can be widely
used in many high-power applications requiring high output power and no good beam quality.
Because of the combined high power and good beam quality, RW lasers are highly promising
for many demanding high-brightness applications at present. The brightness of the lasers
can be increased further by coherent [174] and/or incoherent [175] combination of the single
lasers, which would even increase the penetration of the RW PBC and HiBBEE lasers into
more applications.





Appendix A

Fabrication Overview

This Appendix describes the process parameters utilized during the fabrication of the broad-
area and ridge-waveguide PBC and HiBBEE lasers in details. Figure A.1 shows schematically
the vertical layer structure with approximate layer thicknesses. Throughout this work, lasers
are processed from quarter of a 2” wafer. Thus, firstly a full 2” wafer is cleaved into quarters.
Afterwards, a sequence of processing steps are conducted onto the quarter pieces as mentioned
in the following sections.

Figure A.1: Schematic drawing of complete vertical layer structure of PBC/HiBBEE lasers.

A.1 Fabrication steps for broad-area PBC lasers

After cleaving the wafer into the quarters, the quarter samples are cleaned in aceton and
isopropanol.

Cleaning

� Cleaning the sample in hot (70◦C) aceton for 5 minute.

� Rinsing off the aceton and the dirt particles with hot (70◦C) isopropanol for 2 minute.

� Drying the sample with nitrogen (N2).

A.1.1 Deposition of SiNx as etch mask

After cleaning the sample, it is covered with SiNx. SiNx is used as a mask for dry etching
during the formation of the ridges (Fig. A.2). The deposition is performed using inductively
coupled plasma-enhanced chemical vapor deposition (IC-PECVD) technique. During the
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removal of the semiconductor during dry etching, SiNx is etched away as well. Therefore, the
thickness of the deposited SiNx is carefully chosen based on the etching rate of the SiNx and
the total time required for achieving the desired ridge height.

� Deposition of 60 nm to 100 nm SiNx (chosen according to the desired ridge height) using
IC-PECVD with following parameters:

Chamber pressure 8 Pa

Chuck temperature 300◦C

ICP power 400 W

Deposition rate 15.88 nm/minute

Figure A.2: Deposition of SiNx.

A.1.2 Lithography for alignment markers and ridge dimensions

Positive photoresist is used to create alignment markers in this step. At the same time, ridge
patterns with desired dimensions are also defined. The regions outside the ridges and markers
are exposed with ultra-violet (UV) light. Resist is then removed from these regions during
subsequent development process. Thus the previously deposited SiNx are covered with resist
only in the region of ridges (Fig. A.3) and markers.

� Pre-spin baking at 120◦C for 300 s.

� Deposition of positive resist MaP 1215 using spin coating at 3000 rpm for 30 s.

� Post-spin backing at 100◦C for 120 s.

� Exposure (@ 6W/cm2) for 14 s in hard contact mode.

� Development with MaD-331 for 100 s.

� Plasma etching to remove residual resist from the exposed and developed regions using
O2 plasma for 180 s at 150 W and 50 Pa.
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Figure A.3: (a) Deposition of positive photoresist and (b) removal of the exposed resist.

A.1.3 Removal of SiNx for ridge formation

SiNx exposed to the air are etched away by reactive ion etching (RIE) to open a window
for etching semiconductors for the formation of ridge (Fig. A.4 (a)). After that the resist is
removed from whole wafer (Fig. A.4 (b)).

� Removal of SiNx by RIE using O2 and CHF3 with the parameters listed below.

O2 1.9 sccm

CHF3 4.0 sccm

Pressure 4 Pa

RF power 70 W

� Flood exposure (@ 6W/cm2) for 60 s without mask.

� Development with MaD-331 for 100 s.

� Plasma etching to remove residual resist from the entire wafer using O2 plasma for 300 s
at 500 W and 12 Pa

Figure A.4: Removal of (a) SiNx by RIE for ridge formation and (b) resist from the top of
the ridge by flood exposure and development.
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A.1.4 Lithography for V-grooves

In order to form two V-shaped grooves, positive resist is deposited over the whole wafer
(Fig. A.5 (a)). The resist is then removed by exposure and development from the region
where the grooves are intended to be located (Fig. A.5 (b)).

� Pre-spin baking at 120◦C for 300 s.

� Deposition of positive photoresist AZ 701 MIR using spin coating at 1500 rpm for 20 s.

� Post-spin backing at 100◦C for 120 s.

� Exposure (@ 6W/cm2) for 40 s in hard contact mode.

� Development with 351B:H2O (1:4) for 18 s.

� Plasma etching to remove residual resist from the exposed and developed regions using
O2 plasma for 180 s at 150 W and 50 Pa.

Figure A.5: (a) Deposition of positive photoresist. (b) Removal of the resist from the exposed
region by development.

A.1.5 Wet chemical etching for V-grooves

The V-grooves are etched by wet chemical etching in a solution of H2SO4, H2O2 and H2O
(Fig. A.6 (a)). Then the resist is removed completely from the sample (Fig. A.6 (b)).

� Preparation of the etchant solution of H2SO4, H2O2 and H2O at a ratio of 1:8:1.

� Allowing the solution to cool for 30 minutes.

� Determination of the etching rate by etching V-grooves onto at least 3 test samples.

� Etching of 2-5µm deep V-grooves by sinking the samples in the solution.

� Flood exposure (@ 6W/cm2) for 60 s without mask.

� Development with 351B:H2O (1:4) for 100 s.

� Plasma etching to remove residual resist from the entire wafer using O2 plasma for 300 s
at 500 W and 12 Pa.
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Figure A.6: Removal of (a) semiconductor layers through the active region by wet chemical
etching and (b) resist by flood exposure and development.

A.1.6 Dry etching for ridge formation using ICP-RIE

p-doped contact layer and part of the p-doped cladding layer are etched away using ICP-RIE
(Fig. A.7).

� Etching of the contact layer and p-doped cladding layer using ICP-RIE with following
parameters.

Cl2 1.3 sccm

BCl3 4.3 sccm

Ar 1.1 sccm

Pressure 0.08 Pa

RF power 24.5 W

ICP power 100 W

Figure A.7: Removal of p-doped contact layer and part of the p-doped cladding layer for
ridge formation by ICP-RIE.

A.1.7 Deposition of SiNx for the definition of contact window

The complete wafer is covered with SiNx layer (Fig. A.8). The dielectric layer is used to
prevent current flow through the region outside the ridge. The deposition is performed using
IC-PECVD technique.

� Deposition of 100 nm SiNx using IC-PECVD with following parameters:

Chamber pressure 8 Pa
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Chuck temperature 300◦C

ICP power 400 W

Deposition rate 15.88 nm/minute

Figure A.8: Deposition of SiNx dielectric layer over the wafer as a current blocking layer.

A.1.8 Lithography for removing SiNx for creating contact window

To remove SiNx from the top of the ridge to create a window for current flow, positive
photoresist is deposited over the wafer (Fig. A.9 (a)). With exposure and development, only
the resist from the top of the ridge is removed (Fig. A.9 (b)).

� Pre-spin baking at 120◦C for 300 s.

� Deposition of positive resist MaP 1215 using spin coating at 3000 rpm for 30 s.

� Post-spin backing at 100◦C for 120 s.

� Exposure (@ 6W/cm2) for 14 s in hard contact mode.

� Development with MaD-331 for 100 s.

� Plasma etching to remove residual resist from the exposed and developed regions using
O2-plasma for 180 s at 150 W and 50 Pa.

Figure A.9: (a) Deposition of positive photoresist over the sample. (b) Removal of the resist
from the top of the ridge by exposure and development.
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A.1.9 Removal of SiNx from top of the ridge for current flow

SiNx only from top of the ridge is etched away by RIE process (Fig. A.10 (a)). Subsequently,
the resist is removed by flood exposure and development (Fig. A.10 (b)).

� Removal of SiNx from the exposed regions using RIE with following parameters:

O2 1.9 sccm

CHF3 4.0 sccm

Pressure 4 Pa

RF power 70 W

� Flood exposure (@ 6W/cm2) for 60 s without mask.

� Development with MaD-331 for 100 s.

� Plasma etching to remove residual resist from the entire wafer using O2 plasma for 300 s
at 500 W and 12 Pa.

Figure A.10: (a) Etching of SiNx from top of the ridges by RIE. (b) Removal of the resist by
flood exposure and development.

A.1.10 Lithography for p-contact formation

Negative photoresist is used for their capability of producing tilted side walls preferable for
lift-off process (Fig. A.11 (a)). Resist is exposed in the region from where the metals are
expected to be removed. The unexposed resist is removed from the regions where the contact
needs to be formed (Fig. A.11 (b)).

� Pre-spin baking at 130◦C for 300 s.

� Deposition of negative photoresist MaN 1440 using spin coating at 3000 rpm for 30 s.

� Post-spin backing at 90◦C for 300 s.

� Exposure (@ 6W/cm2) for 33 s in hard contact mode.

� Development with MaD-533s for 90 s.

� Plasma etching to remove residual resist using O2 plasma for 180 s at 150 W and 50 Pa.
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Figure A.11: (a) Covering the sample with a negative photoresist. (b) Removal of the resist
from top of the ridge.

A.1.11 Evaporation of p-contact metals

Ti-Pt-Au metals are evaporated onto the sample in an electron beam evaporator
(Fig. A.12 (a)). Before putting the wafer inside the evaporation chamber, a HCl dip pro-
cess is performed to remove the undesired surface oxides.

Metal deposition

� HCl-dip for 60 s in a solution of HCl and H2O (at a ratio of 1:4) to remove the oxide.

� Loading the sample inside an electron beam evaporator.

� Evaporation of the metals (30 nm Ti, 70 nm Pt and 400 nm Au).

Figure A.12: (a) Deposition of p-contact metals using an electron beam deposition system.
(b) Lifting off the metals from the undesired regions.

Lift-off

The metals from the undesired region are removed by a lift-off process (Fig. A.12 (b)).

� Lift-off in hot (100◦C) N-Methyl-2-Pyrrolidon for 600 s to remove the metals from the
unwanted regions.

� If necessary, using a syringe to improve the lift-off.
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� Cleaning the sample in hot (70◦C) aceton for 300 s and in hot (70◦C) isopropanol for
120 s.

A.1.12 Lithography for p-contact bondpads

A similar lithography step described in Section A.1.10 is conducted to deposit a negative
resist and to open a window for deposition of the bondpads (Fig. A.13).

� Pre-spin baking at 130◦C for 300 s.

� Deposition of negative photoresist MaN 1440 using spin coating at 3000 rpm for 30 s.

� Post-spin backing at 90◦C for 300 s.

� Exposure (@ 6W/cm2) for 33 s in hard contact mode.

� Development with MaD-533s for 90 s.

� Plasma etching to remove residual resist using O2 plasma for 180 s at 150 W and 50 Pa.

Figure A.13: Opening a window for evaporation of bondpads by (a) deposition of negative
photoresist and (b) subsequent removal of the resist from top of the ridge.

A.1.13 Evaporation of p-contact bondpads

Ti-Au metals are deposited onto the sample using electron beam evaporator (Fig. A.14 (a)).
After finishing the deposition of the metals, metals from the undesired regions are removed
(Fig. A.14 (b)).

Metal deposition

� HCl-dip for 60 s in a solution of HCl and H2O (at a ratio of 1:4) to remove the oxide.

� Loading the sample inside an electron beam evaporator.

� Evaporation of the metals (30 nm Ti and 400 nm Au).



104 CHAPTER A Fabrication Overview

Lift-off

� Lift-off in hot (100◦C) N-Methyl-2-Pyrrolidon for 600 s to remove the metals from the
unwanted regions.

� If necessary, using a syringe to improve the lift-off.

� Cleaning the sample in hot (70◦C) aceton for 300 s and isopropanol for 120 s.

Figure A.14: (a) Evaporation of metals for bondpads using an electron beam deposition
system and (b) lifting off the metals from the undesired regions.

A.1.14 Substrate thinning

� In order to facilitate cleaving the wafer into laser bars and single emitters, the approx-
imately 350µm thick substrate is thinned down to ∼ 100µm via mechanical lapping
(Fig. A.15).

Figure A.15: (a) Thinning of the substrate by mechanical lapping. (b) Evaporation of the
n-contact metals in a thermal evaporator.

A.1.15 Evaporation of n-contact metals

Since the metals for n-contact is deposited over the entire back surface of the wafer, no
lithography is necessary. Ni-AuGe-Au contact metals are deposited in a thermal evaporator
(Fig. A.15). Finally, the contact metals are annealed at 400◦C for 3 minutes.
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� HCl-dip for 60 s in a solution of HCl and H2O (at a ratio of 1:4) to remove the oxide.

� Loading the sample inside a thermal evaporator.

� Evaporation of the metals (30 nm Ni, 80 nm AuGe and 400 nm Au). The ratio of Au
and Ge in AuGe is 88:12.

� Thermal annealing at 400◦C for 180 s.
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I would like to remember all of my friends and seniors for always being with me and for
encouraging me to pursue my goal.

Finally, special thanks and appreciations to my beloved parents, my dear siblings Md.
Javed Ali and Siffina Akter, and my uncle Md. Shahinur Rahman for their love and support.




	Title Page
	Kurzfassung
	Abstract
	List of Publications
	Contents
	Chapter 1: Introduction and Motivation
	1.1 Organization of the Thesis

	Chapter 2: Semiconductor Diode Lasers
	2.1 Radiative band-to-band transitions in semiconductors
	2.2 Basic features of semiconductor diode lasers
	2.2.1 Gain medium, population inversion and gain mechanism
	2.2.2 Optical resonator
	2.2.3 Vertical confinement and waveguiding
	2.2.4 Lateral confinement and waveguiding

	2.3 Diode laser characteristics
	2.3.1 Threshold gain and longitudinal mode
	2.3.2 Optical confinement factor
	2.3.3 Threshold current density
	2.3.4 Optical output power and efficiencies
	2.3.5 Temperature dependence of laser characteristics
	2.3.6 Beam properties
	2.3.7 High power operation


	Chapter 3: Approaches for High Output Power and Narrow Vertical Beam Divergence
	3.1 Lasers with thin active layer
	3.2 Lasers with mode expansion layers
	3.2.1 Low refractive index layers
	3.2.2 High refractive-index layers
	3.2.3 Multiple high-index layers

	3.3 Leaky-wave and tilted-wave lasers
	3.4 Lasers with large optical cavity
	3.5 Photonic band crystal lasers
	3.6 High-brightness vertical broad-area edge-emitting lasers

	Chapter 4: Fabrication of High-Power and High-Brightness Diode Lasers
	4.1 Overall fabrication processes for the realization of BA PBC lasers
	4.2 Laser mounting for high power operation
	4.3 Fabrication of RW PBC lasers, BA and RW HiBBEElasers

	Chapter 5: Diode Laser Measurement Techniques and Experimental Setups
	5.1 Characterization of diode lasers
	5.1.1 Output power-current-voltage characteristic
	5.1.2 Emission spectra

	5.2 Measurement of laser beam parameters in CW mode
	5.2.1 Far-field distributions
	5.2.2 Beam quality factor M2 and astigmatism


	Chapter 6: Characterization of Photonic Band Crystal Lasers
	6.1 Introduction
	6.2 Investigated PBC laser structures
	6.3 PBC waveguide with 15 pairs of layers (structure PBC-A)
	6.3.1 Layer structure
	6.3.2 Pulsed-mode characterization of broad-area lasers
	6.3.3 Broad-area lasers under continuous-wave-mode operation
	6.3.4 Ridge-waveguide lasers under continuous-wave mode operation
	6.3.5 Temperature sensitivity of the laser performances

	6.4 PBC waveguide with 6 pairs of layers (structure PBC-B)
	6.4.1 Layer structure
	6.4.2 Pulsed mode characterization of broad-area lasers
	6.4.3 Broad-area lasers under continuous-wave mode operation

	6.5 Conclusion

	Chapter 7: Characterization of High-Brightness Vertical Broad-Area Edge-Emitting Lasers
	7.1 Introduction
	7.2 Investigated HiBBEE laser structure
	7.2.1 Device fabrication
	7.2.2 Pulsed mode characterization of broad area lasers
	7.2.3 Continuous-wave mode characterization of broad area lasers
	7.2.4 Temperature sensitivity of the performance of broad-area lasers
	7.2.5 Ridge-waveguide lasers under continuous-wave mode operation

	7.3 HiBBEE lasers with inhomogeneous ridge-waveguide
	7.4 Conclusion

	Chapter 8: Comparison with State-of-the-Art High-Power Lasers
	Chapter 9: Summary and Outlook
	Appendix A: Fabrication Overview
	A.1 Fabrication steps for broad-area PBC lasers
	A.1.1 Deposition of SiNx as etch mask
	A.1.2 Lithography for alignment markers and ridge dimensions
	A.1.3 Removal of SiNx for ridge formation
	A.1.4 Lithography for V-grooves
	A.1.5 Wet chemical etching for V-grooves
	A.1.6 Dry etching for ridge formation using ICP-RIE
	A.1.7 Deposition of SiNx for the definition of contact window
	A.1.8 Lithography for removing SiNx for creating contact window
	A.1.9 Removal of SiNx from top of the ridge for current flow
	A.1.10 Lithography for p-contact formation
	A.1.11 Evaporation of p-contact metals
	A.1.12 Lithography for p-contact bondpads
	A.1.13 Evaporation of p-contact bondpads
	A.1.14 Substrate thinning
	A.1.15 Evaporation of n-contact metals


	Bibliography
	Acknowledgement



