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Zusammenfassung

Halbleiterlaser stellen die Grundlage für eine zunehmende Vielzahl von Anwen-
dungen dar, die von der Informationsspeicherung und digitalen Kommunikation bis hin zur
Materialbearbeitung reichen. Neuartige Konzepte überwinden bisherige Limitierungen
und erschließen neue Anwendungsgebiete. Viele dieser Anwendungsgebiete verlangen
nach kostengünstigen Bauelementen, die maximale Brillanz und hohe Ausgangsleistungen
oder höchste Geschwindigkeiten erreichen.

Diese Arbeit stellt dar, wie essentielle Leistungsmerkmale von Halbleiterlasern durch
das Design von Nanostrukturen und epitaktischen Wachstumsprozessen maßgeschneidert
werden können. Hierbei wird auf alle Schritte der Laserherstellung eingegangen, vom
Design über das Wachstum der Nanostrukturen mittels metallorganischer Gasphasene-
pitaxie (MOVPE), bis hin zur Herstellung und Charakterisierung kompletter Bauelemente.
Durch die Nutzung industrieller Standards können alle entwickelten Prozesse auch auf die
Massenproduktion übertragen werden.

Gepulster Hochleistungslaserbetrieb bis zu 8 W und eine extrem niedrige Schwell-
stromdichte von nur 66 A/cm2 wird mit Quantenpunkt (QP)-basierten Kantenemittern bei
1.25 µm durch das verbesserte Verständnis des QP-Wachstumsprozesses erreicht. Dieser
neue Wachstumsprozess ermöglicht Kantenemitter bei 1.3 µm für Telekommunikations-
anwendungen auf Basis des etablierten InGaAs/GaAs Materialsystems. Im Zentrum
dieses Fortschritts steht die detaillierte Untersuchung und Optimierung von nahezu allen
Einzelschichten der Laserstruktur. Verschiedene Wellenleiterdesigns werden durch die Ver-
wendung von AlGaAs oder InGaP Mantelschichten und verschiedenen Dotierprofilen
präzise den unterschiedlichen Anforderungen angepasst, entwickelt und realisiert.

Sogenannte vertical external-cavity surface-emitting lasers (VECSEL) ermöglichen
Laserbetrieb im Dauerstrichmodus (CW) mit extrem hoher Leistung, perfekt zirkularsym-
metrischer Strahlqualität und direkten Zugang zur Laserkavität. Das Konzept ist ideal für
eine Vielzahl von Anwendungen, allerdings weisen konventionelle, quantenfilmbasierte
VECSEL im Betrieb stets eine hohe Temperaturabhängigkeit auf. Hier werden erstmals
VECSEL auf Basis von Submonolagenstrukturen und QP mittels MOVPE realisiert. Mit
diesen optisch gepumpten VECSEL wird eine sehr große spektrale Bandbreite von 950 nm
bis 1210 nm abgedeckt, wobei ein extrem temperaturstabiler Betrieb, aufgrund der Nutzung
von QP, und Ausgangsleistungen bis zu 1,4 W CW erreicht werden.

Um die physikalische Limitierung von direkt modulierten, so genannten vertical-cavity
surface-emitting lasers zu überwinden, wird ein neuartiges Design mit einem monolithisch
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integrierten elektro-optischen Modulator realisiert. Das Konzept zielt auf die Reflektivitäts-
modulation des Auskoppelspiegels ab, um Limitierungen durch Ladungsträgertransport zu
umgehen und höchste Modulationsgeschwindigkeiten zu erreichen. Schon erste Prototypen
zeigen Leistungen geeignet für 6 Gb/s schnelle Datenübertragungen. Eine weiterführende
Analyse der Modulationsmechanismen offenbart ein außerordentlich hohes, intrinsisches
Bandbreitenpotential von bis zu 56 GHz.
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Abstract

Semiconductor lasers represent the backbone for an increasing variety of applica-
tions ranging from information storage and communication, to material treatment. Novel
concepts are pushing the limits and are enabling new application areas. Many of these
areas demand low-cost laser devices with high-brilliance and high-power light output or
high-speed performance.

This thesis demonstrates how key performance characteristics of semiconductor lasers
can be tailored using nanostructure design and epitaxial growth. All aspects of laser
fabrication are discussed, from design to growth of nanostructures using metal-organic
vapor-phase epitaxy (MOVPE), to fabrication and characterization of complete devices. By
employing industrial tools, all developed processes are compatible with mass production.

Pulsed high power laser operation up to 8 W and a ultra-low lasing threshold of
66 A/cm2 is achieved with electrically pumped quantum dots (QD)-based edge emitters at
1.25 µm due to an improved understanding of the QD growth process. This novel process
enables 1.3 µm edge emitters for telecom applications in the established InGaAs/GaAs
system. At the heart of these achievements is the careful investigation and optimization of
nearly all layers of the laser device structure. Designs are altered and precisely tuned by
employing AlGaAs or InGaP claddings and varied doping schemes in order to develop
new waveguides to meet different requirements.

High-power vertical external-cavity surface-emitting lasers (VECSELs) promise
continuous-wave (CW) lasing with perfect circular beam quality, plus direct access to the
cavity. While the concept is ideal for a multitude of applications, conventional quantum-
well based systems exhibit problematic temperature sensitivity during operation. Here,
for the first time, VECSELs with sub-monolayer structures and QDs as active layers are
realized by MOVPE. These optically pumped devices cover a wide spectral range from
950 nm to 1210 nm, and achieve excellent temperature-stable CW lasing due to the use of
QDs and CW output powers of up to 1.4 W.

In order to overcome the physical limitations of directly modulated vertical-cavity
surface-emitting lasers, a novel concept with a monolithically integrated electro-optical
modulator is realized. The concept investigates the possibility of modulating the reflectivity
of the top mirror to achieve highest modulation speeds, which are not limited by carrier
transport. First prototypes prove to be suitable for up to 6 Gb/s data transmission. Sub-
sequent in-depth analysis of the modulation mechanisms reveals an outstanding intrinsic
bandwidth potential of up to 56 Ghz.
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Chapter 1

Introduction

Lasers are devices that emit radiation through an amplification process by stimulated
emission of photons. The term laser as an acronym for Light Amplification by Stimulated
Emission of Radiation was first introduced in the 1950s by G. Gould [Gou59], however A.
Schalow and C. Townes had theoretically developed the idea of a laser as an infrared or
optical maser prior to the term being coined [Sch58]. The first successful experimental
demonstration of this principle was the ruby laser in 1960 by T. H. Maiman [Mai60].

Currently a wide variety of different realizations of the laser principle exist. The most
widespread type is the semiconductor laser diode. Commercial use of these semiconductor
lasers at room temperature (RT) in everyday life is made possible by the breakthrough
invention of the double hetero structure (DHS) concept, which saw the Nobel prize awarded
to H. Kroemer and Z. Alferov in 2000 for the theoretical proposal and first experimental
realization [Kro63, Alf69, Alf71]. This fundamental concept is further enhanced by the
introduction of separate confinement heterostructure (SCH) laser designs, which have
significantly improved device performance by separating optical and electrical confinement
within the structure. Cost efficient manufacturing of such SCH-laser designs based on
semiconductor nanostructures only became possible since the 1980s through industrial
scale epitaxial crystal growth. Laser diodes based on these concepts are essential for
present-day global infrastructure such as optical data interconnects, high density optical
storage media such as CD, DVD, and Blu-Ray discs, novel medical applications such as
tumor treatment, high precision measurement systems and material treatment.

In order to satisfy many kinds of applications with diverging requirements several
device concepts evolved. The most common laser designs are based on quantum wells
(QWs) as active light emitting semiconductor nanostructures. Besides QWs, which are
essentially a very thin DHS with an enclosed layer thickness of only a few nanometers, other
nanostructure concepts such as quantum dots (QDs) have been employed as active media
in lasers since the 1990s [Kir94]. QDs are predicted to enable temperature stability, highest
gain and differential gain, as well as lowest threshold current densities [Ara82, Asa86].
Due to the inhomogeneous size distribution of QDs grown in the epitaxially predominant
Stranski-Krastanow (SK) growth mode [Str38], the gain of a single QD layer is distributed
over a wide spectral range. Thus, the narrow peak gain of an individual QW layer is, in
almost all cases, superior to the peak gain of a single QD layer. However, for laser designs
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requiring a perfect match of spectral gain with a narrow cavity resonance the broad QD
gain proves to be a huge advantage. Additionally, QDs from a single material system
such as InGaAs/GaAs are tunable over a wide spectral range while sustaining good
optical quality and gain for laser applications. In order to combine high peak gain and
the intrinsic advantages of the three-dimensional QD confinement within one structure, so
called sub-monolayer (SML) structures were proposed, and were recently used for first
laser applications [Hop07, Ger08b].

The work described here focuses on the development of advanced epitaxial QD growth
processes and the realization of three completely different GaAs based laser design
concepts by metal-organic vapor-phase epitaxy (MOVPE). As a result of the strongly
diverging MOVPE growth process objectives a multitude of challenges are faced, which
are outlined below:

Growth mechanisms of InGaAs SK-QDs are investigated in detail with the goal of long
wavelength lasing around 1.3 µm. The challenge was to develop a SK-QD growth process
employing MOVPE, which provides stacked QDs with sufficient gain for laser applications
at that wavelength. Two key issues needed to be overcome to push high quality InGaAs
QDs towards 1.3 µm: maintenance of a high areal QD density of at least 1010 cm−2, an
increase of total gain via a stacking process for closely grouped QD layers. This minimum
QD density value is based on molecular beam epitaxy (MBE) data, as prior to this work
only MBE grown lasers at this wavelength had been reported [Huf98, Muk99, Lot00].

The only reports of MOVPE grown QD lasers at 1.3 µm emerged recently using a
sophisticated antimony mediated growth process and 5 to 10 QD layers [Gui07, Gui08]. For
the realization of MOVPE grown QD lasers at 1.3 µm the main obstacle is the unintended
blue shift of the QD emission upon overgrowth and annealing. The goal of this research was
the development of a MOVPE process for long wavelength edge-emitting InGaAs-QD
lasers with a complete suppression of any blue shift upon device integration and without
the need for additional mediating materials.

The second device project was aimed at the realization of high-power vertical external-
cavity surface-emitting lasers (VECSELs) based on novel gain material concepts for
emission wavelengths at 940 nm, 1040 nm, and 1220 nm. Existing VECSELs based on
QW gain material suffer from poor temperature stability due to the complex interaction of
gain chip cavity, external cavity, and narrow spectral gain [Kuz99, Tro04]. Here, alternative
QD and SML based VECSEL are developed to overcome this inherent limitation. The
main challenge for MOVPE growth is the development of extremely thick active cavities
including > 10 active layers of either SK-QDs or SML structures to compensate for the
lower peak gain compared to QWs.

In order to overcome the physical modulation-speed limitation of directly-modulated
vertical-cavity surface-emitting lasers (VCSELs), the novel concept of a monolithically-
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integrated electro-optical modulator (EOM) was investigated and fabricated. This EOM
VCSEL requires the ultra-precise alignment of active-cavity and modulator-cavity reso-
nances to < 1 nm within an extensive device design that contains close to 400 individual
layers and has a total thickness of several microns. Additionally, to allow interpretation
of results from such a multi-cavity EOM VCSEL concept, extensive characterization is
required to assess the intrinsic device properties.

Chapters of this work are organized as follows:

Chapter 2 An introduction into the fundamental concepts of semiconductor laser de-
signs and the physical properties of the employed nanostructures is given.

Chapter 3 Employed experimental methods are described with special focus on the
requirements of epitaxial process optimization and the basic QD growth process.

Chapter 4 Long wavelength InGaAs QD growth process optimization for applications
at 1.3 µm is investigated. Notably, the role of the V/III ratio was found to be crucial for
the long-term stability of QD properties during subsequent QD overgrowth and annealing.
Results of MOVPE grown material properties used for device fabrication and limits of
possible doping levels are outlined.

Chapter 5 Experimental results from the developed edge-emitting laser-diodes using the
highly optimized new QD growth process are presented. Complete blue-shift suppression
is achieved for long wavelength QDs. Stacks of QD layers emitting at 1.3 µm are grown
which show complete wavelength stability upon overgrowth or annealing at 615°C and are
used within a laser device.

Chapter 6 For the first time, MOVPE grown VECSELs using SMLs and QDs as active
media are realized. Results of VECSEL for 950 nm, 1040 nm, and 1210 nm emission
wavelengths are presented. QD VECSEL especially benefit from the very broad gain
spectrum, enabling almost perfect temperature stability during operation.

Chapter 7 The realization of an EOM VCSEL for high-speed applications is shown.
An in-depth device characterization is presented along with the growth and optimization
challenges encountered for this ≈ 400 layer dual cavity design. Modeling and measure-
ments reveal existing prototype limitations and predict an intrinsic bandwidth potential of
56 GHz for future devices.





Chapter 2

Semiconductor laser concepts

Fundamentals of GaAs-based laser designs and the investigated (In)(Ga)As gain media
concepts are discussed within this chapter. (Al)GaAs is the material system which is
primarily employed for the infrared spectral range. Due to its versatility and ability to form
dielectric mirrors for vertically emitting devices, (Al)GaAs forms the basis for a wide
range of applications in the near infrared spectrum, and is well-established for industrial
mass production.

2.1 Evolution of semiconductor lasers

Since its inception, some of the main goals behind semiconductor laser development have
been the creation of new designs to achieve reduction of the lasing threshold, increase in
modulation speed, and higher output power. Well known examples in everyday life include
theAlGaAs laser diodes operated in continuous-wave mode (CW) at 780 nm employed for
compact discs, and at 848 nm for laser computer mice. Optical interconnects driving the
Internet rely completely on infrared semiconductor laser technology, and steady demand
exists for higher modulation speeds and more cost-efficient devices. All of these examples
are based on QW active media. In parallel to this quasi standard in today’s industry, more
sophisticated nanostructures such as QDs have been introduced as a step to improving laser
performance and to unlocking new application areas. While the evolution of QD lasers
started In the 1990s, the first QD devices are just now entering the market.

Lithographic techniques and chemical wet etching with subsequent overgrowth were
used to fabricate the first QD lasers. These structures showed pulsed lasing at 77 K with
extremely high jth of 7.6 kA/cm2 [Hir94]. A significant advance in terms of reducing jth
was the use of self organized QD growth in the Stranski-Krastanow growth mode (SK)
[Str38], which allowed for an essential reduction in the defect density within the QD layer.
A 942 nm SK-QD laser using MBE growth was first developed by Kirstaedter et al., and
demonstrated a significantly reduced jth of 120 A/cm2 at 77 K and 950 A/cm2 at RT
[Led94, Kir94]. This breakthrough started a series of reports on improved MBE-grown
SK-QD lasers with jth down to 19 A/cm2, realized with aluminum-oxide confinement
layers and emission wavelength up to 1.3 µm [Les99, Par00]. While the extremely low
threshold characteristics and long wavelength emission around 1.3 µm of these QD lasers
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were predominantly achieved by MBE-grown devices (an overview can be found in
[Kai06]), the first successful MOVPE-based fabrication of SK-QD lasers emerged in 1997
[Hei97b]. Steady development of QD devices in the following years enabled success in
significantly improved MOVPE-based SK-QD laser processes to close the gap to MBE
devices [Kai04, Str06].

2.2 Gain concepts

Besides (Al)GaAs itself, the dominant active material for GaAs-based devices are
InGaAs quantization layers. Electronic states show quantization effects if at least one
dimension of an enclosed nanostructure is reduced to less than the de Broglie wavelength of
the confined charge carrier (electron: λ = h/p ≤ 30nm). Such nanostructures of reduced
dimensionality can be epitaxially grown as thin insertions within a matrix material, e.g.
indium containing material can be grown as pseudomorphically strained layers. Due to
the reduced band gap energy of InGaAs as compared to GaAs, electrical confinement is
easily achieved. In order to fabricate customized active layers different approaches can
be taken. The active layer concepts employed within devices described in this work are
briefly outlined below.

2.2.1 Quantum wells

Physically a QW is realized if a sufficiently thin layer confines charge carriers in the
dimension perpendicular to its surface, while in-plane movements within the layer are
possible. In contrast to bulk material, the density of states changes from a square root to
a step-like function, thus the density of states becomes constant for the energy intervals
between energetic eigenstates. The resulting electronic properties of such a QW can be
tuned by its thickness, and are not solely dependent on material properties, such as is the
case for bulk layers.

The main obstacles for highest QW quality growth are smooth interfaces [Bim92]
and dislocation free layers in heavily strained systems. Nevertheless, growth of QW in
the InGaAs/(Al)GaAs and GaAs/AlGaAs is well-established and understood. QW
energy levels, optical gain, and other properties can be analytically calculated [Mak96].
For positive values (gmaterial ≥ 0), the material gain of a QW can be closely approximated
by a logarithmic function using an empirical gain coefficient g0, pump current-density j,
transparency current-density jtr, and by neglecting saturation and occupation of excited
states [Col95, Bac07].

gmaterial = g0 · ln
j

jtr
(2.1)
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Optical gain of a single QW is often sufficient to reach lasing threshold, whereas for high
power applications or vertical designs multi QW stacks (MQW) can be used as active
media. From the point of view of epitaxial-growth, the number of QWs and the thickness
of the spacers within a MQW are limited only by the total incorporated strain. This
can be partially addressed by the introduction of strain-compensating layers. Thus, the
spectral tuning range of QWs is also mainly limited by strain, as maximum thickness and
lattice mismatch of a grown layer are given by the accumulated elastic energy required for
dislocation formation, and thus relaxation of the grown QW layer.

2.2.2 Quantum dots

QDs confine charge carriers in all three dimensions within the length of the de Broglie
wavelength, and the density of states in QDs is described by a δ-function instead of the
step function of QWs. Consequently, they are often called zero-dimensional structures.
Thus, discrete energy levels comparable to that of a single atom exist for a QD. Using the
density-matrix theory Asada at al. calculated the QD gain and predicted up to ten-fold
higher values for QDs as compared to equivalently thick QWs [Asa86]. However, this
advantage is limited by the fact that the occupied volume of QDs is significantly smaller
than that of a QW. For a very high QD density of 1 × 1011 cm−2 and lateral QD base
area of 100 nm2 the volume is one tenth of an equally high QW. As a consequence, the
overlap with the confined optical field, known as the confinement factor Γ, shrinks. Thus,
the modal gain g is reduced equivalently as it is given by the product of the confinement
factor and the material gain.

g = gmaterial · Γ (2.2)

The gain is also affected by the inhomogeneous broadening of the QD energy spectra to
several tens of meV, caused by the size distribution of the QD ensemble. Consequently,
only a part of the available QDs can contribute to the cavity mode of a laser. Additionally,
finite confinement potentials render the escape of carriers into the barrier possible. An
analytical description of the gain spectrum g(~ω) is discussed by Bimberg et al. based
on the work of Yan et al. and Chuang [Bim98, Yan90, Chu09, Asr01]. Although it is
beyond the scope of the current work, profound overviews on QD properties, applications
and the Stranski-Krastanow (SK) growth mode [Str38] can be found in these books:
[Bim98, Gru02, Bim08]. A theoretical model on the strain driven QD island formation has
been published by Shchukin et al. [Shc95, Shc98a].

Currently, the basic physical mechanisms of the QD 2-D to 3-D transition after reaching
a critical layer thickness of ≈ 1.7 monolayers (MLs) of InAs are understood [Leo94,
Hei98a]. However, epitaxial QD growth processes are not yet able to completely control
for all QD properties, such as emission wavelength and areal density independently of each
other. Thus it is of fundamental interest to advance knowledge on the influence of QD
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(a) (b) (c)

Figure 2.1: Schematic of the lateral coupling of InAs/GaAs SML structures based on calculations
of electron (blue) and hole (red) wave-functions by Dr. Andrei Schliwa. In the vertical plane InAs
islands are separated by 3 ML GaAs, laterally a distance of 2 nm is set. (a) Isolated 10-fold SML
structure. (b) A pair of SML structures shows lateral coupling. (c) Wave functions extend laterally
across the 3x3 SML configuration.

growth parameters on final structural and optical QD properties. During the overgrowth
process QDs become three-dimensional inclusions within the surrounding semiconductor
matrix crystal. But in contrast to QW epitaxy, which shows always a flat growth front, all
QD layer overgrowth processes start with a three dimensionally shaped, and thus rough
surface, which needs to be flattened during spacer growth prior to the following QD layer
being grown. In consequence, advanced growth processes are necessary to deal with this
challenge.

As previously mentioned, the inherent QD size distribution as a result of the self-
organized SK process causes QD layers to show a much broader luminescence when
compared to QWs. Thus, the peak gain per QD layer is lower than for QWs, and QD
stacking is often required. Whereas the broad spectral gain width can be used to provide
a unique advantage for QD-based VECSELs, as is shown in chapter 6. Another intrinsic
advantage of QDs is the very widely accessible spectral range. A single material system
such as InGaAs/GaAs enables the fabrication of lasers for the entire wavelength range
from ≈ 1000 nm up to ≈ 1350 nm by tuning QD growth parameters.

2.2.3 Sub-monolayer structures

In contrast to QWs and QDs, research on SML structures as active media is rather young.
Comprehensive reviews on SML self-organization, optical properties, and applications
have been published by Krestnikov et al. and Ledentsov et al. [Kre01, Led07]. SML
structures consist of a superlattice of SML depositions of low band-gap material separated



2.2 Gain concepts 9

Figure 2.2: (a) and (b) are identical XSTM images, in (b) InAs-rich agglomerations are indicated
by yellow dashed lines as a guide to the eye. Close-view filled-state XSTM images of a 10-fold
SML stack with 0.5 ML InAs and 1.5 ML GaAs spacers per iteration, taken at 110 cleavage
surface using VS = −2.6 V and IT = 60 pA. This work has been published in [Len11].

by few MLs of thick matrix material spacer layers. All iterated SML depositions consist of
less material than is needed to form a complete ML on the surface. Thus, the initial SML
deposition is obliged to form islands where the size of these SML islands is defined by
the minimization of the total energy of the system. While the surface energy component
depends only on the amount of deposited material, the boundary and strain energies depend
on the island size [Shc99, Kre01]. For all subsequently iterated SML depositions the term
Einteractionstrain is additionally applied for the elastic energy resulting from the interaction of
surface islands with buried islands, leading to correlations and anti-correlations within the
SML structure [Shc98b]. While a single SML island is too small to confine an electron,
the close correlation of these InAs islands in the vertical plane upon stacking ultimately
leads to the formation of a three-dimensional structure capable of acting as a QD within
the crystal (cf. schematic figure 2.1).

Theoretical models can explain the physics of SML formation and SML wave-functions,
however, an understanding of epitaxial growth processes and their parameters in controlling
SML optical characteristics is in the early stages. Structural investigations and optical
characterization of MBE-grown InGaAs/GaAs SMLs describe the fabricated structures
as a mixed state of QDs enclosed within a QW showing distinct QD properties, which are
overlapped by the stronger QW luminescence at higher excitation levels [Xu03a, Xu03b].
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MOVPE-grown SML structures described in this work use nominally the same amount
of 0.5 ML InAs per SML deposition cycle as in the cited references, however the optical
properties are dominated by QW-like characteristics. A theoretical assessment predicts an
intended ultra-high SML island density of ≈ 1012 cm−2, and an average distance between
these InAs islands of only 2 nm for this amount of material. This narrow lateral separation
allows for lateral electronic coupling between neighboring SML island stacks, leading to
optical properties at high excitations which are comparable to very rough QWs [Xu06].
A schematic representation based on calculations by Andrei Schliwa is given in figure
depicting the coupling of neighboring SML stacks 2.1. Investigations of our samples by
cross sectional scanning tunneling microscopy (XSTM) confirmed the predicted narrow
separation between adjacent InAs-rich agglomerations as shown in figure 2.2). Individual
SML depositions are not resolved in the XSTM picture of this SML structure due to the
very thin spacing of 1.5 ML GaAs, and the indium segregation in the growth direction.
Detailed results from these SML investigations by XSTM are published in [Len11]. Similar
SML structures are used as active media for the SML VECSELs presented in chapter 6.

2.3 Semiconductor laser basics

All modern SCH-semiconductor laser designs have to achieve both confining photons, and
confining charge carriers according to their respective wavelengths. In order to confine
photons, the typical thickness of a cavity extends to a few hundred nanometers on the
order of ≈ λ/n while electrons require nanostructures with dimensions about one order of
magnitude smaller according to the de-Broglie wavelength λ = h/p. Thus, it is crucial to
position nanostructures at the maximum of the confined optical field for optimum modal
gain (cf. equation 2.2). The lasing threshold is achieved if the modal gain equals the
internal losses αi plus the mirror losses αmirror of the laser. With mirror reflectivity Rx
and cavity length L this can be written as:

g(jth) = αi + αmirror = αi +
1

2L
ln

(
1

R1R2

)
(2.3)

Using equations 2.1 and 2.2 the threshold current-density jth can be written as:

jth = jtr · exp
(
αi

Γg0
+

1

Γg0
· 1

2L
ln

(
1

R1R2

))
(2.4)

The transparency current density is the current density which renders the laser neither
optically absorbing, nor optically amplifying; thus the laser is transparent. To experimen-
tally determine gain values and transparency current density jtr of edge emitters, several
edge-emitters of different lengths were cleaved to enable the measurement of a set of lasers
with different cavity lengths. By interpolating the threshold current density jth values
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of the measured devices to infinite cavity length, the transparency current density can be
directly determined from the following equation 2.4:

jtr =
jth(L =∞)

exp
(
αi

Γg0

) (2.5)

Another important laser parameter is the internal quantum efficiency ηint, which is defined
as the ratio of the internally-emitted photons to electron-hole pairs injected into the p-n
junction of the laser diode. In the experiment, only the out-coupled photons, which are
equivalent to the mirror losses αmirror, can be measured. The ratio of the out-coupled
photons to the injected electron-hole pairs is defined as differential quantum efficiency
ηdiff :

ηdiff = ηint ·
αmirror

αmirror + αi
(2.6)

Experimentally ηdiff is deduced from the linear slope of the optical output power as a
function of the pump current above the lasing threshold:

ηdiff =
∆P

∆I
· e
hν

(2.7)

Measured ηdiff values for lasers with different cavity lengths can then subsequently be
used to determine ηint and αi. Using the equation 2.6 and the definition of the mirror
losses from equation 2.3 1/ηdiff , this can be written as:

1

ηdiff
=

1

ηint
−
(

1

ln(R1R2)
· 2αi
ηint

)
· L (2.8)

Now 1/ηdiff can be drawn as a function of L and linearly fitted, this directly gives for
L = 0 a value for 1/ηint and allows use of the slope to calculate αi.

Aside from using their fundamental physical device properties, semiconductor
lasers can be assigned to two distinct groups:

• Edge-emitting lasers: Light within the cavity propagates parallel to the semicon-
ductor wafer surfaces, and thus also parallel to all epitaxial grown layers. Cleaved
wafer facets are used to reflect and/or couple out laser light. Device cavities of
several mm in length can be fabricated due to light propagation along the active zone
in order to increase total gain.

• Surface-emitting lasers: The cavity axis is perpendicular to the semiconductor
wafer surface and light is coupled out through the epitaxial surface or the bottom of
the wafer. As light propagation is also perpendicular to the active layers, the pumped
active area and the achievable number of grown active layers limit output powers.
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In addition to this fundamental classification, a multitude of application-specific designs
exist to generate appropriate device characteristics. For all theoretical concepts the design
inherently defines the maximal laser properties which are attainable. Subsequently, growth
and processing expertise need to attain the given intrinsic optimum e.g. by achieving
maximum gain, eliminating defects, and providing sufficient cooling. In the following, the
basic characteristics, possibilities, and limits for the fabricated lasers described within this
work are discussed.

2.3.1 Edge-emitting lasers

For all edge-emitting lasers light propagation is in-plane, as epitaxial processes offer
only vertical structuring, additional lateral confinement is required. While the vertical
confinement is realized by epitaxially grown cladding layers with a lower refractive index,
the lateral confinement is set up post-growth by etching stripes into the wafer surface.
In this manner, index guiding in the vertical and lateral directions is achieved (gain
guiding concepts are also possible). However, as the vertical extension of the waveguide
is significantly smaller than the processed lateral extension, the asymmetric beam shape
limits coupling capabilities to optical fibers. A current guiding effect is also realized by
the etching of the top-cladding layer, which is limited by the fact that charge carriers can
still diffuse laterally within the waveguide. By simply using cleaved facets as perfectly
plane-parallel mirrors to form the resonator, no epitaxial or subsequently processed mirrors
are required for laser operation. Many variants of this basic edge-emitter concept exist to
enable specific features, such as single-mode operation by small ridge widths of only a few
microns, or frequency selectivity by a distributed feedback laser design.

Horizontally emitting lasers within this work are solely broad-waveguide edge-emitters.
This simple variant requires a minimized processing effort, enabling fast laser parameter
feedback times (< 2 days) for the development of epitaxial processes as detailed in section
A.5.1. However, these lasers are multimode devices that are not optimized for highest
performance, but instead offer a valuable assessment of the epitaxial process quality. By
cleaving the laser stripes as the last step of processing, different cavity lengths can be easily
created in order to assess relevant characteristic laser parameters.

2.3.2 Surface-emitting lasers

In contrast to horizontally-emitting devices, all vertical-emitting designs require additional
mirrors which are either epitaxially grown or externally mounted, or are added during
processing. The biggest advantage to the vertical concepts is the possibility of a circular
geometry, enabling a higher laser beam quality due to the resulting circular beam shape.
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EOM VCSEL

The very short cavity length of a VCSEL (< 1 µm) limits the modal gain and causes the
mirror losses αmirror to be the dominant optical loss factor (cf. equation 2.3) for the
VCSEL concept. Consequently, VCSELs require mirror reflectivity from both facets well
above 99 %, to enable reasonable threshold current-density levels. Such reflectivity levels
are mostly realized by thick distributed Bragg reflectors (DBRs) with at least 20 pairs in
the AlAs/GaAs system. Optical confinement for VCSEL is achieved by etching a circular
mesa into the epitaxial structure to enable index guiding and charge-carrier confinement.
In order to improve laser characteristics, an oxide aperture layer is often added to confine
the applied current to the mesa center, to reduce leakage currents, and for mode selection.
As electrically pumped VCSEL use, in most cases, a circular top contact surrounding the
output mirror, the maximum output power is limited to milliwatt levels by the area, which
can be homogeneously pumped. As soon as contacts are processed VCSELs can easily be
tested on wafer without any device separation, due to the fact that light is emitted from the
surface.

In this work a more complex variant of the VCSEL is realized, the EOM VCSEL,
which includes a monolithically integrated modulator within a second cavity. To access the
modulator section, conventional VCSEL processing is altered to realize a third circular
middle contact. The same restrictions and advantages as those mentioned above apply to
the EOM VCSEL design.

VECSEL

In contrast to all other laser designs within this work, VECSEL are usually optically
pumped, and no lateral patterning or processing of the wafer is applied to the structure
post-growth. Instead, the optically-irradiated area defines the actively pumped region
of the laser, thus confining the charge-carrier generation to an almost circular spot. For
optimum performance, this pump spot should match the focus diameter of the external
mirror, which defines the diameter of the laser within the gain chip. In comparison to
VCSEL designs, this VECSEL diameter can be much larger - up to hundreds of microns
- and the active part of the cavity can be extended to more than a micron, depending on
the pump laser absorption characteristics. In consequence, VECSELs enable very high
output-power levels of up to several watts in CW mode. VECSEL limitations are given by
the almost non-existent lateral confinement and the complex setup, requiring an external
pump laser and optical alignment upon mounting the gain chip to an elaborate heat sink. In
contrast to other monolithic designs, this external cavity design enables easy intra-cavity
access e.g. for efficient frequency doubling. Thus, complete VECSELs are much larger
than edge-emitters or VCSELs but offer flexibility, high brilliance and high power.





Chapter 3

Experimental

Metal Organic Vapor Phase Epitaxy (MOVPE) is used within this work for the fabrication
of all samples. Advanced designs require the fabrication of numerous calibration and
optimization test samples in order to assess distinct material parameters and nanostructure
properties preceding the final MOVPE device growth process itself. Particularly, active
layers as QDs require extensive research to elaborate optimal growth parameters. The key
characterization methods and equipment, as well as test-structure designs employed are
briefly described within this chapter.

3.1 Metal Organic Vapor Phase Epitaxy

Commercial MOVPE systems have been available since the 1980s, and are now well estab-
lished as the world’s leading manufacturing technology for semiconductor nanostructures.
The fundamental concept is based on the decomposition of metal-organic or hydride pre-
cursors in vapor-phase within a reactor containing substrates (wafers). Group III and group
V material flows are computer-controlled and piped separately into the reactor to eliminate
premature chemical reactions. Decomposition of precursor molecules within the reactor
involves catalytic and pyrolytic processes in the gas phase and on surfaces. Adsorbed
atoms and molecules diffuse on the substrate surface, and are subsequently integrated into
the semiconductor surface, resulting in precisely controlled epitaxial mono-crystalline
layer growth. Epitaxial layer thicknesses range from a monolayer to several microns and
are reproducible with an accuracy of less than one nanometer, if growth parameters are
properly calibrated and controlled. Nowadays large-scale manufacturing systems offer
capacities of 16x4" or 69x2" substrates simultaneously. MOVPE principles and physics
are described in more detail by Stringfellow [Str99].

Epitaxial growth of all samples in this work is carried out with a commercially available
Aixtron 200/4 horizontal flow quartz glass research reactor system. Possible commercial
reactor configurations range from a single quarter of a 2" wafer up to 3 x 2" or 4" substrates.
Heating up to ≈ 800°C is realized by a 1200 W infrared heater which is replaced during
this work by a custom-built version with improved mirror geometries allowing for ≈ 25%
faster heating times. As heating is indirect, through absorption of incident infrared light by
a carbon susceptor-containing thermocouples, and the substrate is positioned on a separate
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gas-foil rotation wafer mount, all stated temperatures need to be adjusted by the significant
thermal offset of the setup. This offset depends on several parameters such as reactor
configuration, total reactor flow, substrate type and size, and reactor wall coating.
All stated temperatures overestimate the real wafer surface temperature by ≈ 20°C!

Temperature offset calibration is performed at 577°C using aluminum-coated eutectic
silicon substrates as detailed in Section 3.1.2. The effects of substrate size on temperature
offset are detailed in Section 5.2.2. Only commercially available epi-ready 2" GaAs (1 0 0)
substrates with 400 ± 20 µm thickness and no off-cut are used without any pre-epitaxial
preparation. Intentionally doped N+-substrates use silicon as donator for free charge
carrier concentrations of n ≈ 3 · 1018. The whole MOVPE system is modified multiple
times for improvements, maintenance or to meet requirements of research projects. The
MOVPE precursors of the system used during this work are:

Group III
trimethylgallium (TMGa) Ga(CH3)3 2 lines available
trimethylaluminium (TMAl) Al(CH3)3 1 line + 2nd line added recently
trimethylindium (TMIn) In(CH3)3 2 lines available
Group V
tertiarybutylarsine (TBAs) AsH2C(CH3)3 2 lines available
arsine AsH3 1 line, added during this work
tertiarybutylphophine (TBP) PH2C(CH3)3 1 line available
Dopants (one line each)
diethyltellurium (DETe) Te(CH2CH3)2 n-dopant
silane in H2 (1% or 0.02%) SiH4 n-dopant, added during this work
carbon tetrabromide CBr4 p-dopant
dimethylzinc (DMZn) Zn(CH3)2 p-dopant

The carrier gas used for all samples is Pd-diffused H2. For the most recent samples
the Pd-cell purification system is replaced by an equivalent filter-based solution. The
quartz-glass reactor is equipped with a separately purged transparent viewport opening,
providing access for optical characterization of the wafer surface during growth, as detailed
in A.1.1. Programming of all processes is based on commercial Aixtron CACE software.
For debugging and growth parameter calculations, as well as for characterization results
analyses, several custom-made software tools were programmed as detailed in A.1.2.

3.1.1 QD growth process

As the optimization of QD growth processes was extensively studied within this work, the
fundamental QD growth process is discussed in detail here. The employed QD growth
process includes several crucial steps, which significantly influence final QD properties.
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Impact of individual growth parameter changes are discussed in detail in Chapter 4. Table
3.1 depicts all fundamental steps of the QD growth process, including growth interruptions
(GRI) and temperature ramps.

# Growth Description Temperature Comment

1. GRI cool down to TQD to ≈ 515°C temperature stabilization,
arsenic conditioning

2. In(Ga)As QD deposition 515°C ≈ 1.7 ML InAs for
2D - 3D transition required

3. GRI QD formation 515°C optional, without
arsenic stabilization

4. InGaAs strain reducing
layer (SRL)

515°C optional, ≤ 20% indium

5. GaAs low temperature
capping layer

515°C prevents indium loss
during heating

6. GRI (GaAs) heat up to Tspacer to ≈ 615°C growth during heating
is optional

7. GaAs spacer 615°C growth rate up to 2 µm/h

8. GRI annealing 615°C optional

Table 3.1: Employed steps of the QD growth process are listed. This fundamental sequence is used
for all QD growth processes with individually tuned parameters as described in Chapter 4.

A prerequisite for reproducible QD properties is a defect-free crystal surface with a well-
defined arsenic partial pressure and stable temperature conditions within the reactor. Thus,
all preceding growth steps need to achieve the very same wafer surface conditions for each
QD layer. As shown in table 3.1 the first step is a GRI in order to condition reactor and wafer
surface properties. As a result the temperature becomes stable and the arsenic saturation
of surfaces inside the reactor is set. The employed QD material deposition speed is ≈ 0.5
µm/h, which is rather high when compared to other reported QD growth processes [Hei02,
Gui06b]. As 2-D to 3-D transition occurs immediately after reaching the critical layer
thickness, QD formation happens in parallel with the QD material deposition. Information
on the critical layer thickness of ≈ 1.7 ML InAs is detailed within the dissertation of
Frank Heinrichsdorff [Hei98a] and in [Leo94, Kro96b, Bim98]. The process presented
results in a short QD deposition time of only a few seconds, aiming at a decoupling of
material deposition time and subsequent GRI for QD formation. This optional GRI directly
subsequent to the QD material deposition is used as a tuning parameter to produce larger
QDs with a red-shifted spectral emission (cf. Figure 4.3). Further spectral red-shifting can
be realized by an optional SRL, which reduces the lattice mismatch offset to the capping
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material, thus reducing the strain within the QDs (cf. Figure 4.4). Growth of the first
covering layer on top of the QDs stops material redistribution between QDs of different
size, thus QD size increase is halted. In parallel, this first covering layer on top of the
QDs strongly influences QD shape evolution leading to the final QD geometry within the
crystal [Son03, Cos06]. Consequently, the SRL step provides the strongest influence on
final QD properties, depending on its composition and growth parameters (cf. Figure 4.5).
Capping of the QD layer with GaAs before increasing temperature again is essential for
preventing indium flushing at higher temperatures [Sas07, Kum11]. As this capping layer
is grown at the same low temperature as the QDs themselves, it exhibits inferior material
quality which likely contains a higher density of point defects than GaAs fabricated at the
optimum temperature. As detailed in 4.1.2, such imperfect material promotes a spectral
blue-shift of QD emission. To reduce defect densities in the proximity of active QD layers,
the low-temperature capping layer needs to be as thin as possible but as thick as necessary
to prevent QD degradation during heating. Subsequent to heating, spacer material is grown
at a rather high growth rate to minimize the overgrowth time of buried QD layers. A
final annealing GRI step can be used to heal out defects and to smooth the surface, but
it is not obligatory if the QDs already show temperature stable properties and a good
stacking behavior [Kai06, Yan06]. These QD growth process steps can be repeated to
generate stacked QD structures. For stacking, a sufficiently thick high-quality spacer layer
is required to achieve the same flat, strain and defect-free crystal surface as that for the
initial layer. This ensures stable QD properties for subsequent QD layers.

3.1.2 Wafer temperature calibration

Reflectivity of silicon-aluminum eutectic wafers was monitored in-situ during heating
to measure the 577°C eutectic transition point. For highest accuracy, heating speed was
reduced to ≤ 0.1 K/s. Data to calculate the temperature offset was taken at 50 % of initial
reflectivity. Measurements with partially aluminum-coated eutectic substrates (circular
coating at the wafer center ≈ 10 mm in diameter) show more than a 5 K increase in
transition point temperature. This effect can be explained by Kirchhoff’s law of thermal
radiation as detailed in Section 5.2.2. The temperature offsets measured can additionally
vary by ≈ 10 degrees, depending on reactor configurations. Thus, results from temperature
calibrations can offer only an approximation for the absolute wafer temperature. Regarding
epitaxy, such temperature calibrations are essential for the identification of changes after
maintenance work or configuration changes.
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3.2 Optical characterization

Optical measurement methods are standard for the vast majority of samples. Steady-state
PL measurements are used as a principal tool to characterize the quality and properties
of optically-active nanostructures, whereas surface reflectivity data is used to assess pas-
sive device-component parameters such as DBR or cavity position. An overview of the
additional characterization setups employed within this work to analyze specific material
characteristics is given within the appendix A.2. Detailed methods, equipment types, and
data analysis can be found therein.

Photoluminescence

For RT measurements, samples were mounted to a metal heat-sink employing conductive
silver. A closed-cycle helium-cryostat was used for temperature-dependent measurements
(T = 10K - 360K). Optical pumping was performed by a frequency doubled Nd:YVO4 laser
at 532 nm with 0.5 W output power. A prism within the optical path filters fundamental
infrared laser emission. Diameter of the focused spot on the sample is ≈ 50 µm. A set of
neutral density filters enable excitation densities of 0.5 W/cm2 - OD4, 5 W/cm2 - OD3,
50 W/cm2 - OD2, 500 W/cm2 - OD1 and 5 kW/cm2 - OD0. Spectral filtering on the
detection side was carried out by a 50 cm focal length monochromator equipped with a
single 600 lines/mm, 1 µm blaze grating, yielding a linear dispersion of ≈ 3.3 nm/mm.
A Northcoast liquid nitrogen cooled germanium pin-diode detector, coupled to a lock-in
amplifier setup was used for detection.

RT measurements for all optically active samples were carried out at low and at high
excitation densities to identify ground state (GS) luminescence and the convolution of
excited states (ES), wetting layer (WL), and substrate luminescence separately. However,
most samples were measured from OD3 to OD0 using an automated setup routine to
monitor the onset of ES luminescence. To verify that OD3 excitation predominantly shows
GS QD emission, an assessment of the mean exciton population of a QD is conducted.

First, the absorption for a standard PL test sample, as detailed in 3.3, with a single active
layer is calculated. Refractive indices and extinction coefficients are taken from Aspnes et
al. [Asp86]. Reflected intensity is calculated to R ≈ 30% using the transfer matrix method
(cf. A.4) and material data for the pump laser wavelength at 532 nm. Absorption within the
5 nm GaAs capping layer, the 25 nm Al0.7Ga0.3As top barrier layer, and other losses are
neglected for this upper limit approximation. Absorption within the 300 nm thick GaAs
matrix is calculated to 90.9 % of the available light using equation 6.2 and an absorption
coefficient of α ≈ 8µm−1. Thus 3.18 W of the incident pump light are converted to about
8.5 · 1018 s−1 electron hole pairs.
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Figure 3.1: PL test sample with a single QD layer measured at RT at all four excitation densities.
The onsets of multiple ES, WL, and GaAs luminescence become visible at higher excitation levels.

Secondly, the available electron-hole pairs are set in relation with the spontaneous
single exciton recombination time and the QD density. Given a moderate QD density of
1 · 1010 cm−2, the maximum number of supplied electron-hole pairs per QD is estimated
to be 8.5 · 108 s−1. As the GS single exciton lifetime has been reported to be about
τexciton ≈ 1 · 10−9 s, on average less than one exciton populates a QD [Hei97c, Feu08].
Consequently, QD GS emission is dominant for the assumed QD density and photon
lifetime. It should be noted, however, that these two values depend strongly on QD
properties such as QD size. Nevertheless, it can be concluded that if ES emission dominates
already at OD3, the QD density has to be in the range of 109 cm−2 or lower. In contrast, for
a good quality QD layer with a higher QD density of 4 ·1010 cm−2 or more, OD2 excitation
will also mainly show GS luminescence, as the GS will be occupied by an additional
biexciton exhibiting an almost halved τexciton [Feu08]. At OD1, ES QD luminescence
becomes clearly visible for all QD samples, and higher order ES and WL can emerge. For
the even higher OD0 excitation density, a convolution of GS, all ES, WL, and substrate
luminescence is measured. Figure 3.1 shows exemplary RT PL measurements at all four
excitation densities of a PL test sample with a single QD layer. For these QDs close
to 1.3 µm the first ES already emerges at OD2, while GS luminescence still dominates.
OD1 and OD0 data shows the onset of higher order ES, as well as WL and GaAs matrix
emission.
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Thus, PL characterization measurements are a versatile and fast tool to assess QD
properties in terms of spectral width and position, as well as the approximate QD density.
In contrast to the microscopic determination of QD densities, this method is solely based
on optically-active QDs. Thus information about non-radiative defects can be deduced
from low excitation data, whereas maximum optical gain from samples can be concluded
from high excitation measurements. The density of optically-active QDs can be deduced
from the ES state onset. To enable comparable results independently of the active layer
type or number, standardized PL test sample structures were used (cf. Section 3.3).

Further information on semiconductor optics and spectroscopy can be found in the
textbook of C. F. Klingshirn [Kli07]. Details on QD spectroscopy are published by U. W.
Pohl et al. [Poh08b].

Reflectometry

Surface reflectivity measurements were used for DBR and cavity length calibrations of test
structures for vertical emitting devices. An optical spectrum analyzer and a white light
source were both coupled via a 50/50 splitter to the same optical fiber. The apex of the
optical fiber was equipped with a micro lens to focus incident light on the wafer and to
capture reflected light from the surface. Measurements were calibrated with a gold-coated
sample as a 100 % standard. Gold offers the most efficient reflective coating for the infrared
wavelength range with a stable absolute reflectance of > 98 % between 1.0 and 1.3 µm,
whereas towards 0.8 µm reflectance decreases to ≈ 94% (values are for vertical incidence).

3.3 Sample structure design

For calibration of individual parts of complex device structures, convenient test sample
designs are required. Often individual parts or smaller versions of the final device design
are used for this purpose. Thus, separate characterization and tuning of required properties
such as spectral position of mirror reflectivity, cavity resonance, and active layer emission
or charge carrier densities becomes possible. Additionally, sample structures are essential
for MOVPE growth parameter calibrations such as growth rates and material compositions,
and enable the identification of error sources causing defects and surface roughness. All
test sample structures need to be able to be grown quickly for optimization iterations, and
to verify the desired design parameters without the influence of other parts of the final
design. The most important test sample design is the PL test structure, which is discussed
in the following subsection. All designs for other characterization methods are detailed
within the appendix in A.3.
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Figure 3.2: Spacer thickness between barriers and first/last QD layer is constant, but total matrix
thickness varies by stacking of QD layers. OD3 PL increases due to the increased total absorber
volume available for charge carrier generation.

PL test structures

The goal of the test structure design for PL measurements is to allow for direct comparison
of results independently of active medium type or the number of active layers within the
structure. For simple PL measurements it is sufficient to integrate an active layer into an
absorbing matrix crystal. This allows for the generation of charge carriers, which can
diffuse to the active layer and relax into the energetically lower confined states. As the
amount of charge carriers available to the active medium depends directly on the absorbed
pump light within the diffusion length from the active layers, equaling several microns
in undoped GaAs [Cas73], a well-defined absorber volume is required for comparability
between samples. This is ensured by two AlGaAs charge carrier barriers bordering the
absorbing GaAs matrix material containing all active layers. If the distance between these
AlGaAs barriers depends on active layer stacking height, absorption properties are altered,
thus direct PL comparisons are difficult. Regarding low excitation measurements (OD3),
which do not saturate QD GS emission as calculated in Section 3.2, this becomes especially
prominent. Figure 3.2 shows this significant effect. Here OD3 luminescence increase must
be attributed to the sample thickness increase, as the single QD layer does not saturate and
is able to collect all available charge carriers. PL test samples from this work feature active
layers embedded in a standardized 300 nm thick GaAs matrix core. Thus, low excitation
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Figure 3.3: Total matrix thickness is kept constant to 300 nm independently on the number of QD
layers. OD3 PL is almost constant while the OD0 PL increases due to the 3-fold stacking of QD
layers.

OD3 measurements of samples containing differing numbers of active layers show identical
results (cf. 3.3). If such OD3 measurements differ upon stacking, an increased number of
non-radiative defects within the active layer stack can be concluded. The constant absorber
thickness design for PL test samples enables efficient stacking optimization, and helps to
identify and to eliminate defect sources from the QD growth process. For high excitation
(OD0), this constant matrix sample design enables estimations of the increase in ground
state gain achieved by stacking active layers.





Chapter 4

MOVPE processes

This chapter discusses the influence of individual QD growth parameters and stacking
challenges, along with the material quality and doping levels used for laser device growth.
For these investigations numerous test samples are grown on a commercially available
Aixtron 200/4 MOVPE system. Thus all processes are transferable to industrial mass
production systems. The main difference between the employed system and industry
production systems is the horizontal flow 3 times 2 inch reactor, versus large multi-wafer
reactors for growth on dozens of wafers simultaneously. For economic reasons, all samples
of this work are grown with a reactor configuration for either a single 2 inch or a quarter
piece of a 2 inch wafer. Further details of the employed MOVPE system are outlined in
3.1.

4.1 Quantum dot growth

QD growth optimization for laser applications aims at a maximized optical gain for every
individual QD layer. Additionally, stacking optimization is required to generate uniform
QD properties across all active layers. In contrast to QW growth, QD epitaxy needs to deal
with a non-uniform lateral strain distribution due to the three-dimensional character of the
QDs. In particular, the overgrowth of QD layers requires extensive optimization to achieve
a perfectly flat surface for all subsequent layers. Details of the basic steps of the employed
QD growth process sequence are given in 3.1.1

4.1.1 QD optimization close to 1300 nm

InGaAs or InAs QDs in a GaAs matrix with sufficient gain for laser applications are
easily tunable within a spectral emission range from 1050 nm to 1200 nm. To achieve QD
emission close to 1300 nm with high QD areal density, a precise tuning of multiple growth
parameters is needed to create a sufficiently large red shift. Achieving QD emission beyond
1300 nm is possible even with InGaAsQDs in aGaAsmatrix without any special capping
layer, but is linked to a strong reduction in luminescence due to decreased QD density and
increased defect formation [Pas04]. The crucial point, however, is to grow long wavelength
QD layers closely stacked and with high enough optical quality to generate sufficient gain
for laser devices. To assess the optical quality of the QDs and the surrounding matrix

25
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Figure 4.1: PL measurements of test samples with single In0.65Ga0.35As QD layer without SRL.
The variation of the QD deposition temperature shows a PL increase for lower growth temperatures
due to higher QD densities. Decreased PL associated with a strong red shift for higher temperatures
indicates larger QDs and starting cluster formation.

material, standardized PL test samples are grown (cf. 3.3) and characterized using room
temperature PL (cf. 3.2). The GaAs matrix thickness of these PL test structures is already
set to the final waveguide thickness of the target laser structure. To investigate the influence
of individual parameters usually only a single parameter is changed from run-to-run for
the QD optimization process.

QD growth temperature

Early investigations of the QD formation process showed that higher growth temperatures
lead to an increased QD base size, while simultaneously decreasing the QD density [Osh94].
Additionally, an increase in cluster formation with increased temperature was reported by
Steinmetz et al. [Ste97]. Both phenomena are explained by the increased adatom diffusion,
which is described by D ∝ exp(−ED/kT ) with the activation energy ED for surface
diffusion. Kinetic nucleation models show the influence of diffusivity on the QD density
N as N ∝ 1/D [Ven84]. Thus the QD growth temperature can assist in creating lower QD
densities for single QD applications, or to create larger QDs for long wavelength devices.
This correlation can clearly be evidenced by PL measurements, as shown in Figure 4.1.
The change of the nominal reactor temperature from 530°C to 510°C during deposition
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Figure 4.2: Single QD layer test samples with InxGa1−xAs QDs with x = 0.65 and 0.75 and a
strain reducing In0.08Ga0.92As layer. The peak emission wavelength shifts 15 nm with increased
indium content, while the luminescence decreases by 12 %.

and GRI of the QDs results in a 40 nm blue shift accompanied by a three-fold increase
in intensity, which can be attributed to the formation of smaller QDs with a higher areal
density. Regarding the significant spectral broadening and intensity loss from 520°C to
530°C, it can be assumed that this corresponds to the start of dislocation cluster formation.
Nevertheless, changes in growth temperature are not trivial due to cross influence on growth
rate/thickness and V/III ratio, thus growth temperature changes necessitate subsequent
careful parameter changes.

QD composition

The nominal composition of the QD material itself has only a minor influence on the final
QD composition and on the maximal QD emission wavelength (cf. Figures 4.2 and 5.14).
This can be explained by indium redistribution during the QD formation process. While the
indium concentration within the QDs increases, the surrounding material exhibits a reduced
indium concentration [Wal01]. Thus, long wavelength emission around 1300 nm has been
achieved with pure InAs QDs as well as with In0.5Ga0.5As QDs [Muk94, Tat01]. Much
more importantly is the QD capping process, which defines the final properties of the QDs
within the matrix crystal [Gon04, Cos06]. This can be explained by indium-gallium phase
separation during overgrowth with an InGaAs alloy, and by intermixing processes during
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Figure 4.3: Influence of the GRI subsequent to the InGaAs-QD material deposition is investigated.
The GRI is carried out without arsenic surface stabilization before covering the QDs with a GaAs
capping layer. Red shifts with increasing GRI are measured to 22, 16, and 12 nm with almost
constant OD3 peak luminescence.

the capping [Max00, How05]. These effects lead to indium accumulation within QDs,
and QD compositions can differ significantly, depending on growth parameters, from the
initial nominal material compositions [Len02, Lem04, Bim08]. For experiments contained
within this work, InGaAs QDs with 65 % or 75 % indium are employed for all samples
instead of pure InAs QDs, due to better control of the QD growth process with this ternary
material. This enables more control over the QD ripening process using a long GRI step (2
to 3 min), especially for QDs emitting close to 1.3 µm. In contrast, InAs QDs for long
wavelength emission require adapted growth process parameters which often rely on very
slow QD material growth rates and a short or no subsequent GRI, as QD formation already
takes place during the QD material deposition step [Tat01, Par04].

Growth interruption

By using InGaAs QDs with short deposition times (< 10 s), the optional GRI directly
following the deposition of the QD material becomes more important for the QD formation.
This acts as a tuning parameter to control for the evolution of QD properties. The GRI
is usually carried out without any arsenic stabilization of the surface to minimize surface
mobility of indium adatoms, thus improving control of the QD 2-D to 3-D transition.
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During the GRI, exchange processes of indium and gallium atoms take place within the
QD ensemble and the wetting layer (WL). These processes are driven by strain relaxation
to minimize the total energy of the QD layer system.

Initially indium accumulates in the developing QDs originating from the grown
InGaAs layer. The strain energy within the initially thick InGaAs layer is reduced
as transferred indium atoms support the three-dimensional QD formation where strain
relaxation can take place by lattice bending. After this redistribution, the indium is dis-
tributed between a thin WL and the QDs with maximum indium concentration in the
QD apices [Wal01]. This process has been evidenced by several groups with different
techniques, e.g. XRD, HRTEM, STM [Kro96b, Wog97, Gra97].

The GRI can be used as an efficient parameter to tune the emission wavelength, while
keeping the total composition constant, by employing InGaAs QDs. A longer GRI causes
a red shift of the emission wavelength due to the formation of larger QDs, as shown in
Figure 4.3. This effect is based on material redistribution between the QDs via the WL
and is known as ripening. During this ripening process small QDs are dissolved while
larger QDs accumulate material, thus the QD density decreases [Pöt04]. Driven by the
need to minimize the total QD layer energy, the QD size increases towards a theoretically
predicted stable equilibrium [Mol98, Shc99], although experimentally only metastable QD
ensembles are observed. The QD size increase, and corresponding red shift, only works
up to a certain limit that depends on the indium amount within the QDs and the growth
parameters. If the QDs become too large they start to form dislocation clusters which grow
further at the cost of other intact QDs driven by the stronger strain relaxation within these
clusters. A strong indication of this point of dislocation cluster formation is a drop in PL
luminescence as a consequence of a QD material or GRI increase. For the QD structures
presented in this work GRI times ranging from 0 s to 180 s were employed, depending on
the target wavelength.

Strain reducing layer

The most important step of the QD growth process is the capping procedure. During
capping layer growth the QDs gain their final shape and composition. The resulting QD
properties can subsequently only partially be tuned by high temperature annealing [Seg06].
During overgrowth, QD material is redistributed from the top to the sides of the QDs,
resulting in reduced QD height and an elongated QD shape with respect to the initial
uncapped shape [Son03, Cos06]. By tuning the capping layer growth parameters, QD
properties can be changed within a certain range [Pas04]. To tune the emission to longest
wavelengths a strain reducing capping layer (SRL) can be used in this step [Ust99, Tat01].
Such a SRL consists of a thin InGaAs QWs with a lower indium concentration than the
QD material. Usually less than 20 % indium is used in the SRL, since higher content
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Figure 4.4: Influence of a 4 nm In0.08Ga0.92As SRL grown as first capping layer on InGaAs
QDs compared to a QD sample without SRL. The SRL causes a significant red shift from 1190 nm
to 1240 nm while showing increased luminescence.

results in significantly reduced luminescence of the QD layer [Kai06]. The SRL is directly
deposited on the QDs after the GRI. By employing a SRL, an intermediate step in terms of
material strain between the highly strained QDs and the lattice constant defining GaAs is
created. The additional indium close to the QDs reduces the chemical potential gradient,
and consequently leads to the formation of QDs closer to the initial shape of the uncapped
QDs which are higher and larger [Son03]. Such QDs embedded in a SRL show a red
shifted emission (cf. Figure 4.4) [Max00]. An increase of the indium amount within
the SRL leads to an increased QD emission red shift, as shown in Figure 4.5 due to the
formation of larger QDs. Although locally reducing the strain of the QDs, the drawback of
this technique is a total increase in strain within the complete structure. The larger QDs
and increased strain that result makes it increasingly difficult to achieve a strain-free and
perfectly flat surface with excellent crystalline quality upon overgrowth of the QDs. This is
particularly true for devices where multiple QD layers are required such that the stacking
becomes more and more difficult for QDs employing SRL.

V/III ratio

QD formation is driven by a total energy reduction of the system, leading to material
transfer on the surface to the growing QDs. This process is limited by the surface free
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Figure 4.5: An indium content increase from 8 % to 16 % within the SRL causes a significant
red shift of 54 nm to 1312 nm of the In0.65Ga0.35As QDs. This shift is linked to a QD peak
luminescence decrease of ≈ 10 %.

energy of the adatoms, which depends on the arsenic partial pressure within the reactor
[Qia88]. Thus the ratio of the group V to the group III precursor material supplied to the
MOVPE reactor is a key growth parameter that is termed V/III ratio. While this ratio is
a nominal value, the real or surface V/III ratio at the wafer surface can be significantly
different. This is caused by material-specific decomposition rates, which are temperature
dependent and influenced by catalytic effects in the gas phase and on the wafer surface.
Thus the surface V/III ratio is sensitive to the growth temperature. Additionally, nominal
values of AsH3 and TBA-based growth are difficult to compare, due to the completely
different thermal decomposition properties of these precursors (the same applies to PH3

and TBP). Due to the fact that the surface V/III ratio cannot be easily accessed the nominal
V/III ratios for TBAs and TBP are used within this work unless otherwise mentioned.

The V/III ratio has a significant influence on the formation of QDs and their properties
up to a suppression of QD luminescence for extremely high V/III ratios [Hei97a]. The
reduction of QD luminescence for high V/III ratios during QD deposition and GRI can be
explained by the increased formation of large clusters due to the increased surface energies,
and thus the higher mobility of indium adatoms [Leo98]. For InGaAs QDs in a GaAs
matrix, Passaseo et al. showed that a strong shift in the emission wavelength is possible by
changing the V/III ratio for the GaAs capping layer [Pas04]. A similar effect is found for
the V/III ratio of the SRL as shown in Figure 4.6. This series shows that an optimum V/III
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Figure 4.6: PL measurements of samples containing a single InGaAs QD layer covered by
In0.08Ga0.92As SRLs grown at altered V/III ratios. This variation shows an optimum FWHM, red
shift and intensity for a SRL V/III ratio of 2.

ratio exists for the QD capping process. An initial reduction from 5 to 2 resulted in a 14 nm
red shift combined with a 21 % intensity increase of the OD3 luminescence. Additionally,
the reduction of the full width at half maximum (FWHM) from 82 to 72 nm shows that the
QD ensemble became more homogeneous. A further reduction of the V/III ratio from 2 to
1 resulted in a strong 24 nm QD emission blue shift, combined with a WL red shift, and
increase in WL intensity. This finding is attributed to suppression of the indium transport
to the QDs from the SRL during overgrowth, due to the reduced arsenic supply. This led to
the formation of a thicker InGaAs WL exhibiting a red shifted emission, and in smaller
QDs, which are consequently blue shifted.

4.1.2 QD stacking optimization

The maximum density of optically-active QDs limits the optical gain of a single QD layer.
Maximum SK-QD densities up to 1011 1/cm2 can be achieved. Stacking of the QD layers
with uniform properties is required to further increase the gain within a device. InGaAs
QDs are usually embedded into a GaAs matrix which forms the cavity or waveguide. To
use this available volume as efficiently as possible, the GaAs spacer within the QD stack
needs to be as thin as possible while maintaining excellent crystalline quality, ensuring
a perfectly flat and strain-free surface for subsequent QD layers. A PL test structure
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Figure 4.7: PL test samples with 1, 2 or 3 In0.65Ga0.35As QD layers with In0.08Ga0.92As SRL,
GaAs spacer thickness is 45 nm and total matrix thickness is kept constant left: AFM surface
images of the complete PL test structures show increasing roughness. right: Corresponding PL
measurements at high excitation densities show a sub linear increase for more than 2 QD layers.

design with constant GaAs matrix volume as described in 3.3 was employed to assess
the stacking quality of multiple QD layers. Thus a change in the number of embedded
identical QD layers does not affect the measured OD3 PL intensity unless additional
non-radiative defects are incorporated, or the properties of subsequent QD layers change
upon stacking. In contrast, high excitation PL measurements from these PL test samples
show the scalability of the QD growth process, and should ideally show a ground state
luminescence increase proportional to the number of grown QD layers (cf. Figure 3.3).

Stacking height

Effective stacking height of QD layers is limited by the total incorporated strain that
increases with each additional InGaAs QD layer, and the defect formation upon QD
integration into the surrounding GaAs Matrix. A single QD layer with its SRL has a
thickness of about 5 nm with an average indium content of 25 % to 30 %, which is well
below the critical layer thickness of comparable InGaAs QWs [Eke91, Hsu92]. Due to
the inhomogeneous indium distribution within the QD layer, local strain at individual QDs
is increased and defects are more easily formed. This incorporated strain and the defect



34 MOVPE processes

1 . 5 1 . 4 1 . 3 1 . 2 1 . 1 1 0 . 9

8 0 0 9 0 0 1 0 0 0 1 1 0 0 1 2 0 0 1 3 0 0 1 4 0 0

 2  Q D  l a y e r
 3  Q D  l a y e r
 5  Q D  l a y e r

PL
 In

ten
sity

 [a
.u.

]

W a v e l e n g t h  [ n m ]

R T  l o w - e x c i t a t i o n  d e n s i t y
O D 3 :  5  W / c m 2

 E n e r g y  [ e V ]

Figure 4.8: Evolution of low excitation density PL with an increasing number of stacked QD layers
under non-ideal growth conditions. Total matrix thickness is kept constant.

propagation need to be overcome by effective spacer growth in order to achieve a perfectly
flat surface before the deposition of any subsequent QD layer [Sel00]. To reduce the
necessary spacer thickness, strain-compensating mechanisms can be introduced, but these
can act as additional barriers and may cause problems at hetero-interfaces [Nun07, Suz08].
Also completely defect-free QDs create a strain field influencing the surrounding material
which reaches about 25 nm depending on the QD size and composition [Han04a, Han04b].
Additionally, closely stacked QDs can electronically couple altering optical properties
[Yu99]. If the distance to successively grown QD layers is short, the QD formation process
of these layers is influenced by the strain field of buried QDs resulting in vertical correlation
and altered QD properties in subsequent layers [Xie95, Eis99].

The maximum stacking height of QD layers depends primarily on the QD size and
composition, but also on the on the capping process and the spacer growth, which are
essential for the integration of the QDs within the crystal. Thus, optimization of the
stacking process is a key element for efficient devices. Figure 4.7 shows the scalability of
the luminescence at high-excitation density PL by stacking nominal identical QD layers.
The third QD layer already showed a strong sub-linear scaling of the PL, which was
associated by a significant increase in the surface roughness. This is evidenced by AFM
micrographs of the PL test sample surfaces. The topmost QD layer in these samples was
already at a distance of about 70 nm from the surface. Despite this distance, the surface
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Figure 4.9: PL test samples with varied spacer thickness and two In0.65Ga0.35As QD layers with
In0.08Ga0.92As SRL left: AFM test structure surface images show a significant reduction in the
defect density with increased spacer thickness. right: Corresponding PL measurements show the
luminescence increase for varied spacer layers.

defects of the AFM images originate from excessive large QDs or clusters within the active
layers, as evidenced by Gradkowski et al. [Gra10]. Another way to assess defect densities
upon QD stacking is by low-excitation density PL with photo-generated carrier densities
well below QD GS. Figure 4.8 shows such measurements for QD samples emitting at 1.3
µm. Samples with 2 or 3 QD layers showed the same luminescence intensity, whereas the
optical output of the five-fold QD sample drastically decreased. This decline in ground
state PL intensity corresponds to the increased formation of non-radiative defect states in
subsequent QD layers caused by a non-ideal stacking growth process. This reinforces that
the aim of any spacer growth process is to regain a perfectly smooth surface prior to the
growth of a subsequent QD layer.

Spacer growth

Spacer growth is the most critical part of the QD stacking process. However, the first
step of spacer growth is the crucial capping procedure of the previous QD layer, which
defines the integration of these QDs into the matrix crystal. Consequently, the resulting
surface morphology of this capping layer dictates the challenge for subsequent spacer
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growth in order to regain smooth surface quality. The proximity to the QDs requires the
growth of excellent material quality, which is only possible at a sufficiently high growth
temperature around 600°C, whereas QD growth requires a lower temperature around 500°C
[Sel00, Liu04]. Thus, spacer growth needs to include variable temperatures including
controlled heating and cooling steps. To avoid degradation during such temperature
changes, QD layers are capped by a GaAs layer grown at low temperature, and the surface
is commonly stabilized by group V precursor flow to avoid evaporation from the wafer
surface. A stack of uniform, uncoupled QD layers necessitates a minimal spacer thickness
to eliminate any influence in terms of strain or electronic coupling of the initial QD layer
on subsequent layers. This thickness depends on the type of QDs and the growth methods.
MBE usually achieves a flat, defect-free surface with a thinner spacer than MOVPE and
large, highly strained QDs require a thicker spacer than small QDs. Thin spacers lead
to correlated or anti-correlated stacking behavior, which results in increased QD size for
subsequent QD layers and vertical coupling effecting the polarization of the QD emission
[Yu99, Wan04]. A 45 nm spacer proved to be the minimum for the investigated QDs for
applications close to 1.3 µm. Figure 4.9 demonstrates the influence of the spacer thickness
on the PL intensity and the surface quality of the test samples. An increase beyond
45 nm for spacers did not result in further improvements in PL intensity for the samples.
Annealing steps at the spacer growth temperature can help to further improve the surface
morphology [Yan06]. To dissolve overcritical clusters or large QDs, an indium flushing
without arsenic stabilization and only partial capping of the QDs can lead to improved
stacking behavior [Nun05]. Additionally, strain compensating GaP or GaNAs layers
can partially suppress the localized strain field of the QDs and reduce overall strain of the
stacked system to achieve a thinner spacer layer [Nun07, Suz08]. The downside of such
methods is the integration of additional barriers and interfaces with strain compensating
layers, or the non-maximized lateral QD density by the indium flushing method, due to the
unused space previously occupied by large dots and clusters.

Individual QD layer optimization

The aim for QD stack optimization should be to have the same maximized QD quality in
terms of density and homogeneity in every single QD layer. A new method was developed
in this work to achieve this goal, which is the use of individual GRI times for the initial
layer and subsequent layers. This technique takes into account the influence of buried QD
layers and compensates for its influence in the following layer by adapting the GRI. Using
individual GRI times is particularly effective to restrain the effects of larger QDs such
as increased cluster formation in subsequent layers in combination with moderate spacer
dimensions. Figure 4.10 shows three-fold QD stack samples with and without individual
QD GRI. The results demonstrate a 25 % increase in luminescence and a 75 % reduction
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Figure 4.10: Comparison of three-fold In0.65Ga0.35AsQD, In0.08Ga0.92As SRL PL test samples
with constant GRI and individual GRI times and 45 nm GaAs spacer. left: AFM surface images of
the individual GRI sample show a reduction in defect density by 75 % as compared to the sample
with constant GRI times. right: Corresponding PL measurements illustrate a simultaneous increase
in luminescence of 25 % for individual GRI times.

in the surface defect density. This QD stacking optimization method was first presented at
the annual III/V semiconductors epitaxy workshop 2005 [Ger05]. Ultralow threshold laser
devices employing this technique have been fabricated and published by Strittmatter and
Germann et al. [Str06, Ger07].

V/III ratio

As mentioned in 4.1.1 the V/III ratio is an important parameter for QD growth. However
for the epitaxy of bulk layers this growth parameter is often underestimated. Usually a large
V/III is chosen to grow with an arsenic rich c(4× 4)-GaAs surface reconstruction, resulting
in a huge surplus of arsenic. Typical V/III values employing TMGa, TMAl, and TBAs
precursors for GaAs growth and AlAs growth are 15 and 30, respectively. As shown in
previous work, the driving diffusion parameter for group III atoms in the AlGaAs system
is the concentration of triply charged group III vacancies (VIII ) [Dep88]. In contrast to a
monoatomic crystal such as silicon, the concentration of vacancies and other point defects
is not a single value but varies within the narrow compositional range of the GaAs crystal



38 MOVPE processes

8 0 0 9 0 0 1 0 0 0 1 1 0 0 1 2 0 0 1 3 0 0 1 4 0 0

PL
 In

ten
sity

 [a
.u.

]

W a v e l e n g t h  [ n m ]

 V / I I I C a p =  1 5 ,  V / I I I M a t r i x =  4 0
 V / I I I C a p =  2 ,  V / I I I M a t r i x =  1 4

R T

O D 1 :  5 0 0  W / c m 2

a n d
O D 3 :  5  W / c m 2

1 . 5 1 . 4 1 . 3 1 . 2 1 . 1 1 . 0 0 . 9

 

 E n e r g y  [ e V ]

Figure 4.11: Variation of the GaAs matrix V/III ratio grown on top of every QD layer in a
three-fold In0.65Ga0.35As QD, In0.08Ga0.92As SRL PL test sample. The GaAs spacer matrix is
grown in two steps: capping layer at QD growth temperature (520°C) and matrix layer at 615°C.
Reduction of the V/III ratio results in an improved luminescence of the stacked sample.

[Tan91]. This results in a thermal equilibrium of the point defect concentration that is
dependent upon the material’s vapor phase pressures. In an epitaxial reactor, pressure
ratios are given by the V/III ratio, which can be chosen by the operator. Thus V/III ratios
are a handle to influence point defect concentration and VIII -density within the crystal.
Additionally, high V/III ratios lead to arsenic-rich surface reconstructions. In this way
the surface represents a thin layer with the highest possible VIII -density. This becomes
especially important for the growth of strained material where vacancy-driven diffusion
adds up to the strain-driven diffusion. QDs with a locally increased strain within the crystal
are especially vulnerable to this effect, resulting in unintentional indium diffusion out
of the QDs into the surrounding GaAs matrix. This effect was used by Passaseo et al.
[Pas04] to tune the emission wavelength of InGaAs QDs by changing the V/III ratio of
theGaAs capping layer. In Figure 4.11 the V/III ratio of the completeGaAsmatrix grown
on top of every QD layer was changed in a three-fold sample, resulting in an increased
peak luminescence and reduced FWHM from 86 nm to 74 nm. This, in turn, resulted in
a more efficient stacking behavior. These results are attributed to the reduced V/III ratio,
which allows for a better integration of the QDs within the matrix crystal, and reduces
the typical QD ensemble broadening. The question that arises is, at which distance to the
QDs does this effect end? Figure 4.12 shows only the influence of the GaAs matrix V/III
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Figure 4.12: Comparison of three-fold In0.72Ga0.28AsQD, In0.12Ga0.88As SRL PL test samples.
Results of this reduction of theGaAs spacer V/III ratio are a 30 % OD0 peak luminescence increase
and an 8 nm red shift.

ratio used for spacer growth in a three-fold sample structure. This data demonstrates the
important role of the V/III ratio during overgrowth of QD structures. While the FWHM
of both samples differs only slightly, an 8 nm red shift is achieved which is attributed to
the reduced indium inter diffusion, due to a reduced VIII -concentration generated during
growth. Additionally, the reduction of the V/III ratio results in a significant improvement
of the QD stacking quality, as evidenced by the 30 % increase in peak luminescence for the
high excitation density. Note: the employed QDs and SRL already contain an increased
indium content with respect to the samples in Figure 4.11.
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4.2 Doping and material quality

This section gives an overview of typical material qualities used for growth of laser devices
within this work. This means that no record values are reported, which are only achievable
under special conditions for singular samples and do not reflect material characteristics
within complex structures for applications. Instead, realistic material properties are depicted
which are sufficient for the outstanding laser performance of devices demonstrated in the
following Chapters 5, 6 and 7.

Initial structures grown with the employed Aixtron 200/4 system were restricted to
alternative precursors. TBAs as arsenic precursor and TBP as phosphorus precursor are
employed for the group V elements, and CBr4 and DETe are used as p and n dopant sources,
respectively. In contrast to hydride sources, metalorganic sources show a significantly lower
vapor pressure. Thus, they are less hazardous in terms of fires or explosions. Nevertheless,
AsH3 and SiH4 sources are well established in industry and can be advantageous in terms
of cost and material quality. Consequently, a diluted SiH4 source was added in March
2006 to the MOVPE system. Later, in January 2008, the system was extended by an AsH3

line as an alternative to TBAs in order to broaden the experimental possibilities.
Doped and undoped samples were investigated by the van der Pauw method as described

in the Appendix A.2.2 to assess free charge carrier concentrations and mobility. Results of
the most relevant material compositions for the fabricated lasers are shown in Tables 4.1 -
GaAs, 4.2 - Al0.8Ga0.2As and 4.4 - lattice matched In0.48Ga0.52P .

4.2.1 GaAs

As a binary material, growth of GaAs is mostly unproblematic for a wide range of possible
growth parameters (cf. Table 4.1). Growth of GaAs with TBAs already demonstrates
excellent intrinsic values down to background doping levels of n = 2.8 · 1014 cm−3 at
615°C with V/III = 9, which compare well to literature [Che87a, Lum87]. This value
suffers from the poor charge carrier mobility achieved by the sample, indicating a com-
pensation mechanism at low temperatures. An increased growth temperature and V/III
ratio leads to an increase of the free charge carriers and RT mobility. In contrast to TBAs,
AsH3 based growth shows comparable intrinsic doping levels combined with significantly
improved charge carrier mobility for high V/III ratios. Good crystalline quality for both
arsenic precursors is achievable up to growth rates of 2 to 3 µm/h. As AsH3 needs
high temperatures for thermal decomposition, TBAs remains preferential for ultra-low
temperature growth, whereas above 600°C AsH3 can improve material quality and is
simultaneously more cost-effective. Thus, for all samples of this work low temperature
growth around 500°C, e.g. for QD active layers, is always carried out with TBAs. Process
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Np2372
RT int. n = 2.8 · 1014 910 TBAs 9 615°C 0.6

77 K int. n = 3.1 · 1012 4430 TBAs 9 615°C 0.6

Np3973
RT int. n = 2.8 · 1015 2420 TBAs 14 700°C 0.7

77 K int. n = 2.4 · 1015 1080 TBAs 14 700°C 0.7

Np3678
RT int. n = 1.4 · 1015 2940 AsH3 86 700°C 2.2

77 K int. n = 6.3 · 1014 6950 AsH3 86 700°C 2.2

Np4001
RT int. n = 9.5 · 1014 3240 AsH3 154 700°C 2.0

77 K int. n = 2.9 · 1014 45100 AsH3 154 700°C 2.0

Np2017 RT DETe n = 5.5 · 1018 1820 TBAs 15 700°C 2.0

Np3692 RT SiH4 n = 4.9 · 1018 1480 AsH3 206 700°C 1.1

Np2018 RT CBr4 p = 1.0 · 1019 84 TBAs 5 615°C 1.6

Np3688 RT DMZn p = 4.7 · 1018 88 AsH3 175 700°C 1.3

Np3705 RT DMZn p = 1.7 · 1019 60 AsH3 175 700°C 1.3

Table 4.1: Hall-measurements of selectedGaAs samples represent common properties of materials
employed within the realized laser devices. This Table presents values achieved with corresponding
growth parameters. Growth is not especially optimized for record-low intrinsic values. Doped
samples show a smooth surface morphology and are suitable for device fabrication.

parts at growth temperatures of 600°C and above were switched to AsH3 as soon as it was
available.

Initially, DETe was used as a donor source for highly doped n-material. The use of this
alternative precursor results in unproblematic doping up to n ≈ 1 · 1019 cm−3, however
tellurium shows a memory effect which can cause unintentional doping of subsequent
layers and samples [Hou86]. In the case of the employed Aixtron 200/4 system, reactor-
conditioning runs became necessary after the growth of heavily tellurium-doped samples.
As soon as available, tellurium was replaced by SiH4, which allows for similar doping
results up to n ≈ 5 · 1018 cm−3, without the unintended memory effect. Beyond this
level, a further increase of the supplied SiH4 causes a self-compensating effect, preventing
higher doping levels due to silicon’s group IV character. This allows for incorporation on
both group III and group V sites.

CBr4 as a carbon acceptor source shows very good results up to p ≈ 1 · 1019 cm−3

and exhibits a very low diffusivity [Mal88]. In MOCVD CBr4 becomes critical at high
concentration levels due to its etching effects. In consequence material quality is affected,
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resulting in the formation of defects already visible at the wafer surface. DMZn achieved
similar doping levels but needs to be regarded critically due to its high diffusion coefficient
in GaAs [Gös81, vO83]. As described in Section 4.1.2, group V partial pressure, and
thus the V/III ratio, influences VIII formation. Due to the vacancy-driven Zn-diffusion
mechanism, diffusion coefficients depend on group V partial pressure during growth,
heating, and growth interruptions. Additionally, the final Zn-diffusion length within the
crystal relies on material temperature and Zn-concentrations.

4.2.2 AlGaAs

The lattice constant of AlAs is only slightly larger than that of GaAs (≈ 0.1%) [Ada85].
Thus, all ternary AlxGa1−xAs compositions can easily be grown on GaAs substrates up
to a layer thickness of more than one micron. For very thick layers, carbon incorporation
can be used for strain compensation [Maz96]. Carbon incorporation also takes place
intrinsically as high levels of carbon acceptors often originate from the organic part of
metal-organic precursor molecules and are incorporated during growth. The level of this
intrinsic p-doping of nominally undoped layers can be influenced by growth parameters as
the growth temperature and the V/III ratio [Got04]. Additionally, aluminum has a strong
intrinsic affinity to oxygen, which makes it very sensitive for precursor impurities. Thus,
the use of AsH3 with non-optimal quality can lead to increased oxygen incorporation,
depending on the V/III ratio [Kak96], whereas TBAs-based growth shows a V/III ratio that
is almost independent of oxygen concentration [Leu98]. Different growth conditions for
Al0.8Ga0.2As layers employing TBAs and AsH3 were investigated by Hall measurements
and are summarized in Table 4.2.

TBAs-based Al0.8Ga0.2As showed a significantly lower charge carrier concentration
for a growth temperature of 615°C as compared to 700°C. This is in good agreement with
the reported carbon incorporation dependence during growth by Leu et al. [Leu98]. A
variation of the V/III ratio showed only minor influence on the intrinsic doping properties.
The best samples are grown with a fast growth rate of 2.5 µm/h, achieving a low intrinsic
charge carrier level of p = 2.1 ·1016 cm−3, and high charge carrier mobility of 110 cm2/Vs.
Al0.8Ga0.2As growth based on AsH3 produces similar results but allows for a wider

range of growth parameters regarding growth rate and temperature. The best results are
achieved at 700°C, which can most likely be attributed to the more efficient thermal AsH3

decomposition. Thus, the effective V/III ratio on the wafer surface is increased, which
leads to an improved metal-organic radical removal by the larger amount of available
atomic hydrogen. Consequently, reduced growth temperatures require even higher nominal
V/III ratios to realize optimum material quality [Cho98]. This is supported by a sample
with a five-fold increased V/III ratio compared to sample Np4333 (low growth rate at
615°C), which could not be measured with the available Hall setup due to its increased,
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Np2026
RT int. p = 2.2 · 1017 37 TBAs 30 615°C 1.4

77 K int. p = 9.4 · 1015 1010 TBAs 30 615°C 1.4

Np2564
RT int. p = 2.1 · 1016 110 TBAs 30 615°C 2.5

77 K int. p = 1.1 · 1016 900 TBAs 30 615°C 2.5

Np2619
RT int. p = 1.1 · 1018 36 TBAs 29 700°C 2.8

77 K int. p = 4.3 · 1016 490 TBAs 29 700°C 2.8

Np3279
RT int. p = 3.8 · 1016 150 AsH3 235 700°C 2.5

77 K int. p = 5.6 · 1015 310 AsH3 235 700°C 2.5

Np4329
RT int. p = 1.6 · 1017 69 AsH3 235 615°C 2.5

77 K int. p = 1 · 1016 1000 AsH3 235 615°C 2.5

Np4333
RT int. p = 4.7 · 1016 110 AsH3 250 615°C 0.5

77 K int. p = 2.8 · 1016 150 AsH3 250 615°C 0.5

Np2469 RT DETe n = 8.0 · 1018 100 TBAs 28 615°C 1.7

Np2665 RT SiH4 n = 3.2 · 1017 1390 TBAs 29 700°C 2.8

Np2344 RT CBr4 p = 3.2 · 1018 41 TBAs 30 615°C 2.4

Np3713 RT DMZn p = 1.1 · 1018 38 AsH3 134 700°C 1.6

Table 4.2: Hall-measurements of selected Al0.8Ga0.2As samples with the exception of Np3713
which contains 90% aluminum. The table depicts common material properties for doped and
undoped samples with corresponding growth parameters. Doped samples show a smooth surface
morphology and are suitable for device fabrication.

very high resistivity of 10 MΩ, that indicates a further reduction in free charge carriers. As
aluminum is highly sensitive to any impurities, thus a very important factor for material
properties is the quality of the employed precursor sources. The TMAl quality proved to
be especially critical, as usage of material from a different production batch resulted in
significantly increased background doping levels of up to p = 1 · 1018 cm−3 without any
changes in growth parameters.

To grow n-doped AlxGa1−xAs material, the intrinsically available holes need to be
compensated for by a larger amount of free electron charge carriers. Doping with tellurium
allows for very high doping levels up to n ≈ 1 · 1019 cm−3, but there is always the risk of
influencing subsequent layers and samples by its memory effect [Hou86, Sun91]. Undoped
conditioning runs capping all remaining tellurium-containing material within the reactor
are necessary to overcome this effect. With the alternative dopant source, SiH4 maximum
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Figure 4.13: Nomarski surface micrographs of undoped AlGaAs samples grown with identical
parameters except for the group V precursors (615°C, 1 µm/h, 2 µm thick Al0.28Ga0.72As layer, 10
nm GaAs Cap) left: TBAs grown sample with V/III = 21 right: AsH3 grown sample with V/III =
375 showing large pyramidal defects.

doping levels are limited to n < 1 · 1018 cm−3 for high aluminum contents of x = 80%,
due to its self-compensating behavior of the group IV material silicon. For x = 15% up to
n = 2.6 · 1018 cm−3 is achieved.

The intrinsic AlGaAs p-doping behavior, due to its affinity to incorporate carbon, can
be used to realize high p-doping levels by choosing appropriate growth parameters, without
the need for any additional dopant sources. This intrinsic carbon incorporation mainly
depends on the arsenic to group III precursor ratio. A high V/III ratio reduces the intrinsic
carbon concentration, and thus the intrinsic doping level, and vice versa. Extremely low
V/III ratios < 5 can be used to realize charge carrier concentrations up to p > 1 · 1020

cm−3, affecting material properties such as the lattice constant [Fuj99, Got04]. Concerning
the intrinsic carbon incorporation, TBAs proves to be much more effective than AsH3,
as the free hydrogen atoms originating from the AsH3 decomposition are essential for
the removal of the carbon containing methyl groups from the metal-organic precursors.
This agrees with other reports, which indicate that the intrinsic carbon originates from
the TMGa and TMAl molecules and not from TBAs butyl-group [Mas95]. If p doping is
needed and ultra low V/III ratios are not possible due to material quality concerns, CBr4

and DMZn can be used as dopant sources. These precursors yield very high doping levels
up to p = 1 · 1020 cm−3 [Sun91]. By employing such dopant materials, unwanted side
effects such as etching of CBr4 and possible zinc diffusion need to be taken into account.
CBr4 can particularly lead to altered AlGaAs compositions due to its differing influence
on gallium and aluminum incorporation.

Not all AlxGa1−xAs compositions show the same mirror-like surfaces as the afore-
mentioned x = 80% samples. Aluminum concentrations around x ≈ 30% especially tend
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Np4308
RT int. p = 6 · 1017 107 TBAs 21 615°C 1.0

77 K int. p = 9 · 1016 633 TBAs 21 615°C 1.0

Np4310
RT int. p = 3 · 1016 160 AsH3 375 615°C 1.0

77 K int. p = 3 · 1016 230 AsH3 375 615°C 1.0

Table 4.3: Results of Hall-measurements of the nominally undoped samples Np4310 and Np4308
grown with either AsH3 or TBAs, respectively. All other growth parameters are identical (Tgrowth

= 615°C, rgrowth = 1 µm/h, 10 nm GaAs cap) except for the effective surface V/III ratio that
depends on the specific thermal decomposition rates. Corresponding surfaces are depicted in 4.13.

to increased defect formation for thick layers. Defects grow with increasing layer thickness
and show clear faceting. For layers of more than 1 µm the loosely scattered defects grow to
lateral dimensions of several µm on the surface. This phenomenon is observed especially
for AsH3-based growth, despite excellent electrical properties which are comparable with
those found in the literature [Cho98]. In contrast, an identical sample grown with TBAs
shows a smooth surface. Both sample surfaces are compared in Figure 4.13. The origin of
these defects could not be linked to a direct arsenic-precursor contamination.

As a ternary material, AlGaAs needs to form a homogeneous composition without
fluctuations for perfect material quality. Due to the very small lattice constant difference
between AlAs and GaAs, any strain-driven effects are weak. However, literature reports
enhanced decomposition behavior for Al0.3Ga0.7As with aluminum-rich/gallium-rich
superlattice formation on (111) and (110) surfaces [Har98]. The defects found in our
above mentioned Al0.25Ga0.75As samples increase in size but not in number with grow-
ing layer thickness. This fixed number of growing defects indicates a common origin
from the interface of the structure of all large defects, also for thick layers. Additional
experiments showed that defect formation is independent of whether the GaAs buffer
layer is grown with TBAs or AsH3. This indicates that the defects do not originate from
the wafer-surface/GaAs-buffer interface, but from the GaAs/AlGaAs interface. Conse-
quently it can be assumed that the employed TBAs-based process enables for a superior
interface quality compared to AsH3 based growth. Other publications have investigated
the GaAs/AlGaAs interface growth problem in more detail concerning QW quality
[Mun89, Bim92]. The above shown samples are also different regarding their electrical
properties. Both samples are compared in Table 4.3. Differences are most likely related to
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Np2645
RT int. n = 1.4 · 1016 3370 TBP 5 615°C 1.4

77 K int. n = 8.6 · 1015 20800 TBP 5 615°C 1.4

Np2647 RT SiH4 n = 8.1 · 1018 480 TBP 5 615°C 1.4

Np3689 RT DMZn p = 3.9 · 1018 30 TBP 4.4 615°C 1.4

Table 4.4: Results of Hall-measurements of selected In0.49Ga0.51P samples lattice matched to
GaAs substrate. The table depicts achieved values with corresponding growth parameters.

the variant precursors and are not a consequence of defect formation. AsH3-based growth
shows a significantly lower intrinsic hole concentration compared to the TBAs-based
sample. Hall data at 77K indicates compensated material for the AsH3 sample. In this
case, compensation often originates from increased oxygen incorporation, depending on
source material quality [Rus03, Kak96].

4.2.3 InGaP

InGaP can be grown lattice-matched to GaAs. Direct bandgap energy at 300 K is 1.9 eV
for In0.49Ga0.51P , which is about the bandgap energy of Al0.38Ga0.62As [Vur01]. For
lattice-matched material at λ = 1000 nm refractive index is n ≈ 3.22, thus n is equivalent
to Al0.55Ga0.45As, making In0.49Ga0.51P a suitable alternative cladding layer material
for GaAs-based devices [Ada85, Tan86, Kan94]. Additionally, In0.49Ga0.51P is ideal in
the AlGaAs-system as an etchant stopping layer due to its high selectivity for GaAs and
AlGaAs [Lee95, Lee00]. Intrinsic properties show low free electron concentrations of
n = 1.4 · 1016 cm−3 with room temperature carrier mobilities comparable to GaAs. This
qualifies that In0.49Ga0.51P is a good alternative cladding material when compared to
AlGaAs.

Doping with silicon allows for high doping levels up to n ≈ 1 · 1019 cm−3 without
visible defect formation. Thus SiH4 is used as dopant precursor for all n− In0.49Ga0.51P

samples. Intrinsic doping or doping with tellurium are not investigated.
Initial experiments with carbon doping did not result in significant hole concentrations.

Therefore DMZn was installed as an alternative p-dopant source showing very good results.
The observed hole concentrations of p > 1 · 1018 cm−3 are comparable to the literature
[Iwa84]. As lattice matched InGaP has similar crystal properties compared to GaAs,
comparable Zn diffusion properties need to also be anticipated. Few reports on diffusion
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Step Thickness or Time Temperature Description

1. variable 700°C GaAs layer growth

2. undefined to 615°C cool down

3. 180 s 615°C temperature stabilization

4. 1 s 615°C As supply closed

5. 1 s 615°C P supply open

6. variable 615°C In0.49Ga0.51P layer growth

7. 1 s 615°C P supply closed

8. 1 s 615°C As supply open

9. 5 nm 615°C GaAs capping layer growth

10. undefined to 700°C heat up

11. variable 700°C further (Al)GaAs growth

Table 4.5: Switching sequence for the employed GaAs/InGaP interface growth process.

of Zn in In0.49Ga0.51P are available [Yoo97, Tak99]. In contrast reports on Zn doping
of the corresponding binary compounds GaP and InP already exist, since high quality
single crystal samples are available [Cha64b, Cha64c, Cha64a, Hoo74]. Van Gurp et al.
reports that Zn solubility in InGaAsP is closer to GaAs than to InP , whereas diffusion
depth is closer to InP than in GaAs [vG88]. In general, Zn diffusion in III-V materials is
described as an interstitial-substitutional mechanism combined with a "kick-out" of group
III atoms [Gös81]. Thus, diffusion coefficients depend on group III vacancy formation
energy Ef (VIII) and the Zn atom migration energy Em(Zn) to move from one group
III site to the next. Both energies are calculated to be larger for InGaP than for GaAs.
Consequently, Zn diffusion should be suppressed [Tak99]. To minimize any vacancy-
driven diffusion effects, optimal material quality is required, without defects and with
ultra-low VIII densities.
For large-scale applications the most common phosphorus precursor is PH3. Within this
work all InGaP layers are grown using the less hazardous TBP as a group V precursor.
Hall measurements of selected characteristic samples are presented in Table 4.4. The most
crucial parameters for all InGaP layers in the GaAs-system are the precisely-controlled
composition, to achieve In0.49Ga0.51P material, along with the growth of high-quality
GaAs/InGaP hetero-interfaces. For such interfaces, a group V precursor exchange is
required. To assure defect-free and sharp hetero-interface growth, an elaborate precursor
switching sequence based on short one second flushing steps was employed. A complete
description of the switching sequence process parameters is given in Table 4.5.





Chapter 5

Edge-emitting quantum dot lasers

From an epitaxial point of view, edge-emitting lasers with a SCH design are a well-
established growth process. However, technological difficulties occur if applications
require specially-designed active layers to extend the accessible spectral range for a distinct
material system or demand ultra-efficient performance. For GaAs-based processes it is
especially demanding to produce long wavelength laser emission at 1.3 µm. To extend
the emission wavelength this far not only is the development of high-density QD growth
processes for sufficient gain required, but also the suppression of any unintended blue shift
during growth of the complete upper half of the edge-emitter design [Leo96]. While lower
growth temperatures reduce QD emission blue shift, the consequence can be degraded
material quality. Thus, the real challenge for efficient low threshold lasers close to 1.3
µm is to maintain a high QD density and excellent material quality, while eliminating any
emission blue shift.

5.1 Broad waveguide lasers

The versatile design of the broad waveguide laser was chosen to approach the goal of
efficient QD lasers at 1.3 µm, enabling fast access to laser characteristics. This becomes
possible by straightforward processing, the so called Schnellprozess, which can be ac-
complished by well-trained people for first characterization results within two working
days. This fast process technology for broad waveguide edge-emitters is detailed in A.5.1.
Thus edge-emitting lasers can serve as excellent fast benchmarking tools for the active QD
section and for the complete device growth process.

All fabricated QD lasers are based on the integration of efficient, thermally stable QD
layers into a complete laser structure. The additional overgrowth process required for a
complete laser structure compared to a PL test sample, and the altered starting conditions
for QD growth by a slightly different surface quality due to additional buried layers,
necessitate a careful growth process optimization for all layers within the laser structure.
For electrical charge carrier injection the edge-emitting lasers are designed as pin-structures.
All edge-emitting lasers in this work were grown on silicon doped GaAs (001) substrates
(n ≈ 6 · 1019 cm−3). Bottom and top cladding need to be sufficiently doped for charge
carrier injection (n or p ≈ 1 · 1018 cm−3), whereas the topmost GaAs contact layer needs

49
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Figure 5.1: Annealing of single PL test sample with three-fold In0.75Ga0.25As QD stack, 40
nm spacer and without SRL. Annealing conditions: 30 min, 100 mbar, H2 carrier gas, 15 l/min,
22 · 10−5 mol/min TBAs flow for surface stabilization. Annealing at 650°C shows almost no effect,
whereas annealing at 700°C causes significant luminescence degradation.

a higher doping level of p ≈ 1 · 1019 cm−3 to enable metal contacts with ohmic instead of
Schottky-diode-like characteristics. If the employed dopant precursors tend to diffuse into
adjacent layers (e. g. Te or Zn) specific doping profiles and growth parameters can become
necessary to avoid dopant incorporation within the waveguide.

Edge-emitters and thermal stability

Overgrowth of a QD layer stack can conventionally be seen as an annealing step which
depends only on temperature and time. This annealing can have a strong influence on QD
properties depending on the type of QDs (i. e. size, indium content, SRL), the spacer
thickness, and stacking number [Tat04]. The change in QD luminescence upon annealing
is caused by Fickian interdiffusion of indium out of the QDs into surrounding indium free
matrix material [Hei98b]. This process results in a reduced density of optically active QDs,
QD ensemble broadening, and an unintended wavelength blue shift due to the reduced
indium content within the QD layer.

To investigate thermal stability of QDs a three-fold-stacked PL sample has been an-
nealed under different conditions. Note that QDs in this PL sample are already overgrown
byGaAs andAlGaAs layers totaling to≈ 150 nm prior to the annealing experiment. Con-
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Figure 5.2: Comparison of PL measurements of the optimized PL test sample, the complete laser
structure, and with laser emission of the processed final device, including each a five-fold QD stack.
Any unintended blue shift is eliminated and lasing mode appears at the GS maximum.

sequently, annealing effects on QDs can only be attributed to segregation effects within the
crystal as QDs are already far from the surface. For this experiment, the TBAs stabilization
flow, pressure, and total reactor flow were kept constant for both annealing temperatures.
Figure 5.1 shows the dependency on annealing temperature, evidenced by a strong blue
shift of 34 nm combined with an integral OD1 luminescence reduction of 10 % at 700°C.
In this case, a temperature reduction to 650°C could completely suppress the blue shift and
luminescence loss of this QD stack, however these QDs include no SRL and were tuned
to a rather short wavelength close to 1.15 µm. For QDs emitting at longer wavelengths
even a temperature reduction to 615°C was insufficient, as will be shown later in Figure
5.16. Consequently, a temperature reduction for subsequent layer growth contributes to
blue shift reduction, but was insufficient for the longest wavelength devices, and it is also a
tradeoff for optimum defect-free material quality if the temperature becomes too low.

Compared to thinner PL test structures, edge-emitting lasers include additional thick
cladding layers to ensure optical confinement within the waveguide with the enclosed
active layers. To minimize the influence of cladding layer growth on QD properties, a high
aluminum content of 80 % was chosen for the AlGaAs claddings. This enabled a large
refractive index contrast between GaAs waveguide and cladding layers. Consequently,
thinner p-claddings of only 700 to 800 nm become possible compared to typical edge-
emitter designs with cladding thicknesses of up to 1300 nm and aluminum contents of
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Figure 5.3: left: Schematic of the grown laser structure employing Al0.8Ga0.2As claddings with
Te and C doping and a five-fold QD stack active region. right: L-I-V curves under pulsed injection
at room temperature.

60 to 40% [Kai04, Tat04, Tat05a]. These thinner p-cladding layers on top of the QD
active region were grown at a reduced temperature of only 615°C at high growth speeds,
from 1.5 µm/h to 2.5 µm/h, to minimize overgrowth time to 30 min, and thus reducing
any possible influence on the buried QD layers. Additionally, a moderate V/III ratio of
28 is chosen for the Al0.8Ga0.2As layers, and the topmost 200 nm GaAs contact layer
is grown with a V/III ratio of 5. Figure 5.2 demonstrates the excellent outcome of this
process, even for longer wavelength QDs around 1250 nm. The additional cladding layer
growth causes no emission wavelength shift of the final laser structure in comparison with
the optimized QDs of the thinner PL test structures. High optical gain from the included
five-fold QD stack enables QD ground state laser emission of the final devices at the
spectral peak luminescence position of the previously grown PL test structure, eliminating
any overgrowth blue shift.

AlGaAs:Te/C edge-emitters

Based on work of [Kai06], QD growth process optimization as detailed in Chapter 4, and
an optimized QD edge-emitter design the above shown blue shift suppression at 1.25 µm
is enabled combined with significantly improved laser device characteristics. The new
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Figure 5.4: Laser emission spectra:
left - close to lasing threshold;
right - at twice the laser threshold cur-
rent density.

growth process enabled 1246 nm lasing with record low jth = 66 A/cm−2. These results
are already published and were presented at ICMOVPE XIII, Japan [Str06, Ger07].

Laser growth of this design is carried out solely by alternative precursors without AsH3.
A schematic of this novel laser design and its characteristic L-I-V curves are presented
in Figure 5.3. Emission spectra around threshold and at twice the threshold are shown
in Figure 5.4. The doped claddings are realized by Al0.8Ga0.2As layers using the afore
described optimized overgrowth process, with a thinner overall design and a low V/III ratio
of 28. In consequence, the overgrowth time could be limited to only 36 min. As shown in
5.2, a complete suppression of emission blue shift upon integration in the complete laser
structure is achieved. The laser design employs a stepped doping scheme with doping
levels reduced by one order of magnitude within 300 nm around the waveguide core,
minimizing optical losses in the claddings. Hereby the probability of Te migration into
the undoped active region is reduced for the bottom Al0.8Ga0.2As : Te cladding. The top
Al0.8Ga0.2As/Al0.8Ga0.2As : C cladding employs CBr4 as carbon source only for the
upper, highly p = 5 ·1018 cm−3 doped part, while the lower part is set to p = 5 ·1017 cm−3

by intrinsic carbon doping. This design compromise allows for sufficient charge carrier
transport while limiting optical losses due to high dopant concentrations.

The undoped GaAs waveguide core encloses five active QD layers separated by 50 nm
GaAs spacers. The growth temperature is raised from 515°C to 615°C after capping the
QD layer with GaAs to achieve optimal GaAs matrix material quality. Capping thickness
is ≈ 7 nm before and ≈ 4 nm during heating. After every heating step the sample is
annealed 30 s at 615°C to flatten the surface before spacer growth. Thus growth of high
quality spacer layers becomes possible without affecting the buried QDs. Total dimension
of the waveguide core is ≈ 300 nm.

A 1246 nm emission wavelength is achieved with In0.65Ga0.35As QDs and a
In0.08Ga0.92As SRL. Stacking quality and optical gain are significantly improved by
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Figure 5.5: An extremely low trans-
parency current density of jtr = 52

A/cm2 is deduced from a set of lasers
with cavity lengths up to 8 mm.
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individual growth interruption times for the QD layers (cf. 4.1.2). A series with 3, 4, and 5
QD layers showed that a five-fold QD stack is required to achieve sufficiently high optical
gain for ground state lasing. The results of this improved laser design surpassed previous
best values for our group with a ten-fold QD laser (jth = 220 A/cm−2, ηint = 74% at
λ = 1243 nm) [Kai04]. Figure 5.5 shows the transparency current density which could be
reduced by 28 % from jtr = 72 A/cm2 to jtr = 52 A/cm2 due to the minimized number
of QD layers. The excellent internal efficiency of close to ηint = 100% is shown in Figure
5.6, whereas internal losses are still significant with αi = 6 cm−1. Optimized graded inter-
faces between core GaAs and cladding Al0.8Ga0.2As layers could likely reduce losses.
Epitaxial problems from GaAs/AlGaAs interfaces have been intensely investigated in the
past for QW structures [Mun89, Bim92]. Another important loss mechanism is free-carrier
scattering by electrons and holes, which is especially relevant due to the high intrinsic car-
bon incorporation of AlGaAs, whereas QD scattering losses are small [Smo01]. Despite

Figure 5.6: Internal efficiency
comes close to 100%, whereas
significant internal losses of αi = 6

cm−1 are measured. Losses are
mainly attributed to optical loss at the
GaAs/AlGaAs cladding interfaces
and free charge carriers.
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Figure 5.7: Up to 8 W optical output
power at 1246 nm in pulsed lasing
operation is achieved. The measured
laser diode is part of a complete mul-
tiple laser bar and not mounted to a
heat sink.

the internal losses, up to 8 W optical output power was achieved in pulsed mode (cf. Figure
5.7), along with an ultra-low threshold current density of jth = 66 A/cm−2. Operation
at 73°C allowed for λ = 1263 nm with jth = 163 A/cm−2. Higher temperatures were
limited by the setup. The epitaxial growth showed an excellent homogeneity on the whole
wafer, enabling up to 8 mm long devices.

AlGaAs:Si/C edge-emitters

To eliminate the memory effect of tellurium doping, a SiH4 line was added to the
MOVPE system as an alternate n-dopant source. As detailed in 4.2, SiH4 is limited
for Al0.8Ga0.2As to lower n-doping levels compared to tellurium. Using TBAs the growth
temperature could be reduced from 700°C to 615°C for the bottom Al0.8Ga0.2As : Si to
minimize carbon incorporation. Despite inferior quality of the employed TMAl source an
n-doping level of n = 2 · 1017 cm−3 was achieved. Due to this lowered doping level, no
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Figure 5.8: Slightly inferior internal
efficiency of ηint = 83% compared
to the tellurium doped device still rep-
resents a very good value.
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Figure 5.9: left: Schematic of the grown laser structure employing Al0.8Ga0.2As claddings with
Si and C doping and a five-fold QD stack active region. right: L-I-V curves under pulsed injection
at room temperature.

stepped doping scheme was employed for the bottom-cladding layer. Additionally, the
cladding layer growth rates were increased from ≈ 1.6 µm/h to ≈ 2.5 µm/h to reduce the
overgrowth time from 36 min to only 25 min while maintaining good material quality.
Precursor efficiency of the cladding layers was improved by reducing the total reactor flow
rate from 15 l/min to 10 l/min, leading to 1.7-fold growth rates. However, characterization
of multiple laser samples across the wafer showed an inferior homogeneity compared to

Figure 5.10: Transparency current
density of jtr = 40 A/cm2 is sig-
nificantly reduced compared to the
tellurium doped device. Giving an
excellent value of jtr = 8 A/cm2 per
QD layer.
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the 15 l/min process. The employed QDs are based on the same process with 15 l/min total
flow as detailed for the AlGaAs : Te/C edge-emitter in 5.1. Increased internal losses of
αi = 8.1 cm−1 were most likely caused by higher intrinsic p-doping of the Al0.8Ga0.2As

layers due to a new replacement TMAl source, while internal efficiency remained very
good with ηint = 83% (cf. Figure 5.8). Laser characteristics and a schematic of the layer
structure are given in Figure 5.9. The device showed laser emission at a similar wave-
length of 1244 nm, and a further reduced threshold current density of jth = 60 A/cm−2

at RT was measured. The transparency current density was significantly reduced to only
jtr = 40 A/cm2 giving an excellent value of jtr = 8 A/cm2 per QD layer (cf. Figure 5.10).

5.1.1 Aluminum-free laser design

Aluminum is a very reactive element which forms Al2O3 oxide in contact with air. All
free Al(Ga)As surfaces of a structure oxidize, preventing further growth on these surfaces
and causing enhanced optical losses in laser waveguides. Narrow waveguide lasers with
Al(Ga)As claddings are required to include additional sidewall passivation, which is
not necessary for InGaP -based devices [Kim04]. Thus aluminum-free structures are
advantageous for edge-emitters but are also a prerequisite for optical amplifiers, which
include a taper process with a second epitaxial growth process on the etched structure. As
an alternative to conventional AlGaAs cladding layers, lattice matched In0.48Ga0.52P

was investigated. The epitaxial challenges include the control of perfectly lattice matched
ternary composition to grow strain-free material on GaAs, realization of sufficiently high
n- and p-doping levels, and most importantly growth of defect-free interfaces, as detailed
previously in Table 4.5.

InGaP:Si/Zn edge-emitters

The basic design of the InGaP : Si/Zn edge-emitters was based on the low threshold
process of the AlGaAs : Si/C lasers. Since carbon-based p-doping is not possible for
In0.48Ga0.52P , zinc from a DMZn source was used instead. All employed intrinsic and
intentional doping levels are detailed in Table 4.4. New insights into the influence of the
V/III ratio on QD properties, as described in Subsection 4.1.2, were used for spacer growth.
Layers following QD deposition were grown by stepwise increased V/III ratios of 2, 4.5,
and 8 to achieve optimum spacer material quality. This enables for 10% closer distance
(45 nm) of stacked QDs, which in consequence improves the confinement factor. To ensure
spectral stability of the buried QDs, all upper layers were grown with a minimum V/III
ratio. Good In0.48Ga0.52P cladding material quality with TBP was achieved at a V/III
ratio of only 6 at 615°C. The final GaAs contact layer was grown with a V/III ratio of 6.
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Figure 5.11: left: Layer structure schematic of the grown aluminum-free laser employing
In0.48Ga0.52P claddings with Si and Zn doping. The five-fold QD stack active region is re-
alized with the optimized thinner spacers. right: L-I-V curves under pulsed injection at room
temperature.

Most of the grown wafer was designed for further processing and overgrowth to realize
QD-based optical amplifiers, and was given to our partners at the Heinrich Hertz Institute.
Only an edge piece was processed employing the Schnellprozess at TU Berlin as edge-
emitters to assess sample quality. The processed lasers showed some inhomogeneities
for lasers with a length of 5 mm or more, which was attributed to their origin from the

Figure 5.12: Losses are reduced
to αi = 4.8 cm−1, indicating
good GaAs/In0.48Ga0.52P inter-
face quality. Longer devices (5 mm
or more) show deviating data, indicat-
ing inhomogeneous material due to
the processed border part of the wafer,
and are excluded from the fit. In con-
sequence, the measurement error is
significant for the internal efficiency
of ηint = 77%± 20%.
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Figure 5.13: Transparency current
density is further reduced to jtr = 35

A/cm2 setting a new record value for
our edge-emitters. Larger devices
are excluded for the fit due to inho-
mogeneities of the processed sample
from the wafer border.

wafer border. A schematic of the design and laser characteristics are given in Figure 5.11.
Nevertheless, fabricated devices from this aluminum-free edge-emitter prototype with
optimized QD stack growth process showed excellent laser performance at 1246 nm, as
detailed in Figures 5.12 and 5.13. Transparency current density was further reduced to only
jtr = 35 A/cm2, compared to AlGaAs-based devices, while internal efficiency could only
be estimated to ηint = 77±20% due to inhomogeneities for longer devices. This improved
ultra-low jtr value is attributed to the beneficial qualities of In0.48Ga0.52P claddings and
the improved QD stacking process. The reduced internal losses of αi = 4.8 cm−1 are
another significant improvement attributed to the superior interface and material quality of
the In0.48Ga0.52P layers. The threshold current density of only jth = 87 A/cm−2 at RT
is a best value when compared to literature for QD-based devices with InGaP claddings
grown by MBE or MOVPE [Yeh02, Kim04, Cha04]. These excellent results were achieved
by an improved closer stacking process and high quality In0.48Ga0.52P cladding growth,
enabling for ground state laser emission.

Based on this initial structure and continuative samples, the collaborative project
OptiDot between the Heinrich Hertz Institute and TU Berlin developed a successful taper
process for QD based optical amplifiers, which is detailed in the diploma-thesis of Gang
Lou.
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Figure 5.14: PL measurements of samples containing a three-fold InGaAs QD stack with 45
nm spacers. QD layers include an In0.08Ga0.92As SRL. QD composition is changed from
In0.65Ga0.35As to In0.75Ga0.25As resulting in a 32 % integral OD0 luminescence loss and
an almost unchanged emission wavelength.

5.2 Laser diodes at 1.3 µm

In order to achieve emission around 1.3 µm an increased indium content for the QD layers
is generally proposed. For structures with a single QD layer this is an effective method to
tune the emission wavelength. Either the QD composition (cf. Figure 4.2) or the indium
content of the SRL can be altered (cf. Figure 4.5). However, stacking of such QD layers
to increase the total gain becomes increasingly difficult and limits the maximum stacking
height due to multiple factors:

• Increased strain per layer promotes the formation of defects such as optically inactive
dislocation clusters.

• Larger dots are formed leading to stronger surface corrugation, rendering the optimal
integration of QDs into the surrounding GaAs matrix more difficult.

• Ripening of larger dots for long wavelength emission leads to a reduced QD density,
reducing the gain per active layer [Pöt04].

• Increased indium content leads to steeper indium gradients, promoting indium
diffusion out of the QD layer.



5.2 Laser diodes at 1.3 µm 61

8 0 0 9 0 0 1 0 0 0 1 1 0 0 1 2 0 0 1 3 0 0 1 4 0 0

PL
 In

ten
sity

 [a
.u.

]

W a v e l e n g t h  [ n m ]

S R L  I n d i u m  c o n t e n t
 8 %
 1 5  %

R T

O D 0 :  5  k W / c m 2

a n d
O D 3 :  5  W / c m 2

1 . 5 1 . 4 1 . 3 1 . 2 1 . 1 1 . 0 0 . 9

 

 E n e r g y  [ e V ]

Figure 5.15: PL measurements of samples containing a three-fold In0.65Ga0.35As QD layer
stack with 45 nm spacers. The SRL composition of the QD layers is varied from In0.08Ga0.92As

to In0.15Ga0.85As, resulting in a strong 44 nm red shift and a 55 % decrease in integral OD0
luminescence.

The negative effects of increased indium content within QD layers are especially visible
for stacked PL samples. Due to the above listed effects all subsequent layers are affected,
resulting in significant PL changes. Figure 5.14 shows the influence of a 10% compo-
sitional change of three-fold stacked long wavelength InGaAs QDs. No change in the
ground state emission wavelength was observed, while integral luminescence decreased
significantly by 32% at the high excitation density. Regarding low excitation density
peak luminescence, the measurement shows a much stronger effect - losing 36% of its
initial luminescence compared to the high excitation density curve with minus 11%. This
indicates an increased formation of saturable defects in the proximity of the active layers
for the higher indium content sample. Figure 5.15 shows the same experiment but for an
indium concentration increase within the SRL from 8% to 15%. Significant 44 nm red shift
of the QD luminescence was observed combined with a dramatic 77% decrease in the inte-
gral luminescence at low excitation density, indicating the increased formation of defects
acting as non-radiative recombination centers. At the high excitation density, luminescence
dropped by 55%, evidencing a strong decrease in the total number of optically-active QDs
within the stacked structure.

This dramatic luminescence reduction in both experiments is explained by the fact that
all above listed problems already apply for the first QD layer, but all subsequently grown
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Figure 5.16: PL measurements of a sample containing a five-fold InGaAs QD stack as it was
grown and annealed. The sample is not optimized for thermal stability and exhibits a ≈ 30 nm blue
shift upon 1 h annealing at 615°C.

QD layers within the stack suffer additionally from the deteriorated surface conditions,
as no strain and defect-free surface was recovered during spacer growth. In consequence,
strain and defects of dislocation clusters propagate in the growth direction, degrading
subsequent QD layers [Gra10]. Thus, all following layers exhibit an inferior optical quality
with less optically active QDs due to a steadily increasing number of dislocation clusters
acting as non-radiative recombination centers. Comparison of high and low excitation PL
measurements from Figures 5.14 and 5.15 show a stronger luminescence decrease for low-
than for high-excitation densities, indicating the enhanced formation of saturable defects
such as point defects within the QD stack for increased indium content. These defects
support indium segregation, reducing thermal stability upon overgrowth and annealing.
Figure 5.16 shows the effect of 1 h annealing at the typical growth temperature of top
cladding layers (615°C) on a 5-fold 1.3 µm QD stack. The achieved long wavelength
emission was lost due to the insufficient thermal stability, resulting in an unintended blue
shift of close to 30 nm. Thus PL data at the desired target wavelength does not indicate
thermal stability. Consequently, required supplementary QD growth process optimization
is crucial to suppress emission blue shift upon overgrowth and annealing.



5.2 Laser diodes at 1.3 µm 63

5.2.1 QD blue shift suppression

Emission blue shift for laser applications needs to be differentiated between two separate
types of origin. One effect is based on insufficient GS gain to achieve lasing threshold,
and thus optimized stacking for sufficiently high modal peak gain is crucial to prevent
for blue shifted ES laser operation. The second more problematic effect is based on
physical changes of the active QD layers due to indium segregation by interdiffusion
processes [Leo96, Bab01]. This indium migration out of the QD layers is mainly governed
by the vacancy density and is supported by the incorporated strain [Khr97, Ryu95]. In
consequence, long wavelength laser applications around 1.3 µm are highly affected due to
the employed higher indium contents and thus higher total strain [Tat05b]. As GS lasing
requires efficiently stacked QD layers with uniform spectral emission, the suppression of
wavelength blue shift upon overgrowth is especially demanding. The overgrowth-based
blue shift can be simulated by annealing experiments or intentionally used to tune QD
emission [Mal97]. Research conducted by other groups to suppress wavelength blue
shift is based on modifying vacancy mobility or inhibiting vacancy-based interdiffusion.
Such experiments showed that dielectric layers applied prior to annealing of a sample
can significantly increase or suppress wavelength blue shift depending on metallurgical
reactions and the generated strain due to differing thermal expansion coefficients at the
interface [Fu03]. A method which is directly integrated into the QD growth process is based
on the use of antimony as a surfactant, either applied on the QD layer or as aGaAsSb buffer
layer [Sun05, Ban10]. By inhibiting interdiffusion of indium into the surrounding matrix
material and influencing adatom mobilities, this method is used to achieve more uniform
QD ensembles and long wavelength emission [Gui06a, Gui06b]. However this method
can cause antimony segregation and introduce additional non-radiative defects, making
additional growth steps necessary to remove superfluous antimony [Gui09]. Nevertheless,
it has been successfully applied to realize laser devices in the 1.3 µm range [Gui07, Gui08].

Opposite to the introduction of additional impurities to deal with the effects of high
vacancy concentrations, our approach aims at the reduction of the vacancy density in
the vicinity of the QD layers at the moment they are formed. In consequence, the low
temperature growth steps necessary for QD formation were intensely investigated to achieve
complete blue shift suppression by perfection of the grown crystal. In a series of growth
experiments we analyzed growth parameters influencing the stability of the QD emission
wavelength and intensity upon stacking and overgrowth. Optimization of stacking quality
was assessed by stacked QD samples with different numbers of active layers in a constant
Matrix volume (cf. Subsection 3.3). Subsequent annealing at overgrowth temperature in
the MOVPE reactor simulates thermal stability during overgrowth.

The main optimized QD parameters for defect reduction based on this analysis are
the deposition times (amount of material) and the V/III ratios of the InGaAs-QD layer,
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Figure 5.17: PL measurements of samples containing a single InGaAs QD layer and a SRL.
QD-material quantity is varied by altering the deposition time tQD in 0.2 s steps. Best data is
measured for tQD = 5.5 s.

InGaAs-SRL and low temperature GaAs (LT-GaAs) capping layer prior to heating.
These layers are of crucial importance for the final optical properties. As a typical example
the variation of the QD deposition time tQD is shown in Figure 5.17. For these large QDs
emitting at 1.3 µm, a tQD change of 0.2 s already results in significant changes in the
FWHM and emission wavelength, while the nominal change of deposited material is only
≈ 0.1 ML. Thus small variations of the employed very low V/III ratios become significant
as growth rates are affected. Consequently, layer thicknesses and compositions change
depending on the V/III ratio. Thus, all these parameters are able to cross-influence one
another, generating a large parameter space with minimal deviation tolerance.

As layer thickness and V/III ratio both show significant effects for the QD growth
process, they need to be optimized with respect to each other. Figure 5.18 demonstrates the
influence of the LT-GaAs cap thickness on PL luminescence. The optimum is found at 4.4
nm cap thickness, where the PL intensity is 10% and 6% higher than for 3.9 and 5.3 nm cap
thickness, respectively. The deviations are significantly larger than the measurement error
of ≈ 2-3%. This distinct optimum is the minimum GaAs coverage over the QDs prior to
heating, in order to prevent indium segregation towards the surface, or the dissolution of
not completely covered QDs during heat up [Nun05]. Larger thicknesses than this required
minimum of the LT-GaAs layer increases the number of non-radiative defects (most likely
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Figure 5.18: PL measurements of samples containing a single InGaAs QD layer and a SRL with
varied LT-GaAs cap dimensions are shown. A LT-GaAs cap thickness of 4.4 nm shows a distinct
maximum of integral luminescence intensity.

vacancies near the QDs). As shown in 4.1.2 the V/III ratio plays an important role during
spacer growth as well due to its influence on group III vacancy formation.

All three low temperature layers of the QD growth process were optimized regarding
these two parameters in statistically planned experiments using a design-of-experiment
software package1. This is useful due to the cross-influence of the varied parameters
resulting in a complex impact on InGaAs QD composition, layer thickness, and material
quality. Indeed, the analysis of a set of 32 samples yielded an optimized set of parameters
reproducibly giving the highest PL intensity among these samples. These optimum parame-
ters resulted in complete suppression of wavelength blue shift upon annealing of a five-fold
QD stack with ground state luminescence at 1324 nm. Figure 5.19 shows low excitation
density (OD3) PL as grown and annealed from this optimized sample, and for a reference
a non-optimized sample (dashed). This evidences that complete blue shift suppression
is possible for QDs emitting at more than 1.3 µm by low excitation PL optimization to
prevent defect creation in the vicinity of QD layers.

Experiments show that the V/III ratio has an especially important impact on vacancy
formation during growth at low temperature. The question arises whether the effect of V/III
related vacancy formation occurs also during further overgrowth at higher temperature

1Design-Expert® version 7.1.3 by Stat-Ease, Inc.
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Figure 5.19: PL measurements of samples containing five-fold InGaAs QD stacks as grown and
annealed for 1 h at 615°C. Luminescence intensity of both samples was reduced to the same level
upon annealing. solid lines: Sample with optimized parameters for highest OD3 luminescence
shows no wavelength blue shift. dashed lines: Reference sample of Figure 5.16 not optimized for
highest OD3 luminescence shows inferior thermal stability and exhibits a ≈ 30 nm blue shift upon
annealing.

of a QD stack already capped by at least a full 45 nm GaAs spacer layer. To investigate
the influence of the V/III ratio during cladding growth, pieces of the same sample as in
5.1 are annealed at 700°C with TBAs flows differing by a factor of four. Figure 5.20
shows that the lower TBAs flow significantly reduces the emission blue shift at high
temperatures, from 34 nm to only 6 nm. The observed effect is attributed to the formation
of surface vacancies caused by excess arsenic on the surface supporting indium segregation
by vacancy diffusion. This finding supports the model that the indium interdiffusion
is driven by group III vacancies, and that arsenic supply can control the formation of
vacancies at the surface or within the crystal during growth. Additionally, this result
demonstrates the long reach of this effect which, in this case, affects QDs at a distance of
150 nm or more.

In conclusion, optimal integration of QDs and SRL into the surrounding GaAs matrix
crystal is the crucial point in suppressing defect formation. Additionally, spacer growth
needs to achieve a perfectly smooth, strain-free surface after every QD layer to enable
optimal QD growth conditions for subsequent layers. For all subsequent overgrowth layers
the long range of vacancy driven interdiffusion needs to be taken into account by choosing
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Figure 5.20: Identical single PL test sample with three-fold In0.75Ga0.25As QD stack as in 5.1
is annealed with varied TBAs stabilization flows and compared to the grown data. Annealing
conditions in the reactor are: 30 min duration, H2 carrier gas, 15 l/min total flow, 100 mbar pressure
at 700°C reactor temperature. The TBAs reduction by a factor of 4 to 5.4 10−5 mol/min significantly
lowers the blue shift caused by the annealing process compared to high TBAs flow.

appropriate growth temperatures and V/III ratios. These results on blue shift suppression
are published in [Str08a].

5.2.2 Substrate size effects

To economize for expensive GaAs substrates, optimization of QD parameters and other
calibration runs are often carried out on quarter wafers or even smaller substrate pieces. In
our case 2” wafers are split by hand with a scalpel into equal quarter pieces and used on a
custom-built quarter wafer susceptor. This procedure is without problems up to the point
of final device growth runs, which are usually carried out on full 2” wafers. The change
of sample size causes temperature deviations on the wafer surface for nominally identical
process temperatures by altering the temperature offset between susceptor thermocouples
and wafer surface. A direct precise measurement of this offset change by the available
pyrometric in-situ sensor lacks the required accuracy for QD growth processes. This offset
change due to different wafer sizes is triggered by a change in the overall emissivity of
the carbon plate and wafer system. According to Kirchhoff’s law of thermal radiation,
emissivity of a body (or surface) equals its absorptivity in thermal equilibrium. By using a
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Figure 5.21: PL measurements from samples containing a five-fold QD stack grown on different
substrate sizes are shown. The process change from a 1/4 wafer to a full 2” wafer causes a 22
nm blue shift and a decreased OD3 luminescence. A third sample grown with adapted QD and
spacer growth temperatures to compensate for the altered temperature offset shows a slight OD3
luminescence improvement and reduces the blue shift to 14 nm.

larger wafer size a part of the highly absorbing susceptor surface is replaced by the highly
reflective mono crystalline wafer surface. In consequence, the reduced overall emissivity
reduces the temperature offset. This effect was measured with aluminum-silicon eutectic
wafers of different sizes to ≈ 5°C. Thus, the real wafer surface temperature for a full 2”
wafer is increased compared to a quarter wafer for the same set process temperature. This
is an important finding for all highly optimized nanostructure growth processes as QD
formation are particularly well known to be highly temperature sensitive [Hei96].

The influence of wafer size change on optical properties of a highly optimized five-fold
1.3 µm QD stack is shown in Figure 5.21. The sample grown on a full wafer is 22 nm
blue shifted due to the altered growth conditions as compared to the reference, and shows
decreased OD3 luminescence. This decrease is attributed to sub-optimal growth conditions
causing increased formation of non-radiative defects (most likely vacancies) near or within
the QD layer. The measurement at high OD0 excitation shows stronger but blue-shifted
luminescence due to the saturation of non-radiative defects, and most likely a higher QD
density. An additional sample with modified QD and spacer growth temperatures according
to the eutectic measurement results was grown to compensate for the temperature change
during growth. The compensated sample did show a blue shift reduction to 14 nm and a
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Figure 5.22: PL measurements from samples containing a five-fold QD stack grown on different
substrate sizes are shown. Both samples grown on either a 1/4 wafer or a full 2” wafer are measured
as grown and after 1 h annealing at 615°C. Parameters are optimized for the 1/4 wafer process
and show perfect spectral annealing stability. The full wafer sample is 24 nm blue shifted upon
annealing in addition to the 22 nm blue shift of the grown sample.

slight luminescence improvement at OD3 excitation. OD0 measurement however shows
the same characteristics as the initial quarter wafer sample but with added blue shift.

This only partial compensation by adapted growth temperature is attributed to a change
of available decomposed precursor adatoms on the surface. Precursor decomposition rates
rely not only on thermal decomposition, but also on catalytic surface processes. These
are most likely influenced by an altered ratio of available wafer to susceptor surface area
due to differing surface conditions in terms of roughness and available crystalline facets.
In consequence, growth rates and layer thicknesses can be altered. This substrate size
becomes especially visible for highly optimized QD structures in the long wavelength
regime, which are extremely sensitive to any change. Thus, thermal stability upon annealing
and overgrowth was significantly decreased as demonstrated in Figure 5.22.

In conclusion, no simple growth parameter adaptation is possible to compensate for
a change in wafer size. To overcome this issue a QD optimization process needs to be
performed on the same substrate size as for the final device growth runs, otherwise the
additional effort in time and cost for further process adaptation to the final wafer size needs
to be accepted.
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Figure 5.23: left: Schematic of the grown 1.3 µm laser structure employing Al0.8Ga0.2As

claddings with Si and C doping and a highly optimized six-fold QD stack active region to suppress
blue shift upon overgrowth. right: L-I-V curves under pulsed injection at room temperature.

5.2.3 1.3 µm laser design

Realization of the first working InGaAs-QD 1.3 µm edge-emitter without using any
additional materials (e. g. antimony as a surfactant) proves the successful suppression of
the emission blue shift for complete lasers and the feasibility of such devices by MOVPE.
The 1.3 µm edge-emitter design is enabled through the strategic optimization of process
parameters for successful overgrowth of stacked QD structures without unintentional blue
shift (cf. 5.2.1). Additionally, the insight gained on substrate size effects depicts the
necessity for retaining a chosen wafer size for final devices (cf. 5.2.2). Consequently, final
device structures are grown on the same quarter wafer-sized substrates as were used for
process parameter tuning. Processing and mounting employs the same broad waveguide
Schnellprozess as the previously depicted lasers without any high reflection coating for the
facets or individual mounting of the lasers to advanced heat spreaders.

A schematic of the epitaxial design is shown in Figure 5.23. Layer structure and
epitaxial process are based on the AlGaAs : Si/C laser as described in 5.1. Most
significantly, the complete growth process for all layers was transferred from a TBAs-based
to an AsH3-based process, except for the low temperature QD growth at 520°C. Bottom
AlGaAs : Si cladding thickness was reduced to 800 nm, QD layer period was about
5 nm shorter than in the previous design, and a sixth QD layer was added to the active
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Figure 5.24: Laser emission spectra
around 1.3 µm:
left - close to lasing threshold;
right - at 50% above the laser thresh-
old current density.

stack. Relatively low V/III ratios as compared to conventional growth parameters were
used throughout the structure. Use of AsH3 renders direct comparisons to the previous
TBAs-based process difficult. This applies especially to spacer (AsH3/III = 91) and top
cladding (AsH3/III = 247) growth at 615°C. Both claddings are uniformly doped with
either SiH4 or CBr4.

Lasing is achieved at a threshold of jth ≈ 600 A/cm−2. Emission spectra are shown
in Figure 5.24 demonstrating laser emission up to 1293 nm at 30°C for a 2.6 mm device.
The data for a variety of differently sized devices are given in Figures 5.25 and 5.26.
Transparency current density was calculated to jtr = 284 ± 32 A/cm2 based on data
from devices with three different lengths. Precise meaningful data on internal efficiency
and losses is not calculable due to the large variations in 1/ηdiff compared to threshold
values. A rough approximation based solely on cavity lengths of 1.6 mm and 2.3 mm is
ηint ≥ 25%. This wide range of device parameters indicates that an increased number
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Figure 5.25: The transparency cur-
rent density is estimated based on
three data points to an elevated value
of jtr = 284 A/cm2 compared to pre-
vious devices.



72 Edge-emitting quantum dot lasers

Figure 5.26: A meaningful fit to cal-
culate internal efficiency ηint and in-
ternal losses αi is not possible due to
the strong variation in measured re-
sults. A rough approximation based
solely on the best devices with cav-
ity lengths of 1.6 mm and 2.3 mm is
ηint ≥ 25%.
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of defects within the structure were generating losses. In consequence, threshold values
were elevated and especially long devices showed inferior performance, whereas very short
devices did not achieve lasing.

Despite the elevated intrinsic losses this device enabled, for the first time, successful
demonstration of MOVPE grown QD laser emission at 1.3 µm wavelength without any
additional sophisticated techniques, like antimony irradiation. This success is based on
the optimized MOVPE growth process for stacked QDs enabling complete blue shift
suppression.
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5.3 Summary and Outlook

In this work on QD based edge-emitting lasers, individual parameters of the QD deposition
and QD capping process have been systematically studied to improve QD properties and
thermal stability. Variable excitation density PL measurements were strategically used as a
fast characterization tool to individually tune QD properties and to optimize the growth
process for thermal stability. Optimized QD growth processes resulted in significant
improvement of edge-emitter properties and longer wavelength emission up to 1.3 µm.
The understanding and adaptation of individual growth parameters allowed for a complete
suppression of unintentional QD blue shift upon overgrowth.

Key QD growth parameters identified during this research are:

• The long range influence of the V/III ratio on indium interdiffusion out of the QD
layer is based on increased vacancy diffusion.

• Capping layers V/III ratio has a direct strong influence on final QD parameters and
QD annealing stability.

• Final thermal stability of buried QDs and QD stacking efficiency are defined by the
defect density in the vicinity of the QD layer. Through defect-free integration into
the surrounding GaAs matrix material by an optimal QD capping process, emission
blue shift can be completely suppressed.

Based on the improved QD growth processes broad waveguide devices were realized with
ultra-low thresholds. Different dopant materials and doping schemes were investigated and
employed within complete laser devices. Improvements of QD overgrowth stability and
stacking efficiency enabled the realization of the first 1.3 µm QD edge-emitter grown by
MOVPE without any additional mediating materials.

An aluminum-free edge-emitter design was developed with lattice matched InGaP
claddings demonstrating excellent laser performance. Based on this design, a taper process
for QD-based optical amplifiers was developed in cooperation with partners within the
OptiDot project.

Future work should focus on high density QD layers with a reduced homogeneous
broadening to enable further improved laser performance. Additionally, waveguide design
improvements are crucial to reduce internal losses. Lattice matched InGaP should be
further investigated as an AlGaAs alternative.

Completely novel laser designs such as photonic band crystal (PBC) or distributed
feedback (DFB) lasers could benefit from the intrinsically broader gain spectrum of
SK-QDs. PBC lasers are a promising approach toward generating efficient high-power
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and high-brightness laser sources, employing an edge-emitting design with an extended
waveguide forming a one-dimensional photonic crystal [Ket10]. DFB lasers employ an
etched periodic structure, which is subsequently overgrown to achieve high performance
single mode operation. Thus DFB lasers require an oxide-free surface prior to the second
epitaxy which can be realized by InGaP claddings. The broad emission spectra of QD
active structures in DFB lasers enables temperature stable long wavelength operation, and
is likely to be beneficial for high speed mode locking [Tak11].



Chapter 6

High-power vertical external-cavity
surface-emitting lasers

Optically pumped VECSELs, also known as semiconductor disk lasers, are an extremely
flexible design with a unique set of advantages [Kuz99, Has03, Tro04]:

• High output powers up to tens of watts in CW mode.

• Outstanding beam quality with true TEM00 emission.

• Intra-cavity access enables efficient frequency doubling.

These features are achieved by building an extended cavity outside of a semiconductor
gain-chip. Thus, opposite to all other laser concepts in this work, the VECSEL design is
not monolithic and requires multiple separate elements for operation. Usually separate
mirrors define the outer cavity part while the gain-chip defines the other semiconductor
end of the cavity, and can essentially be regarded as a VCSEL without top DBR. In fact,
a VCSEL can be converted to a VECSEL by removing the top DBR [Lot05]. A separate
diode laser focused on the gain-chip surface typically generates optical pumping of the
gain-chip. In consequence, this complex design necessitates careful alignment of all
elements: pump laser, gain-chip, and external cavity mirrors. Employed VECSEL setups
are briefly presented in this Chapter while the focus is on the epitaxial fabrication of the
demanding semiconductor gain-chip structures based on SML and QD active media.

For this versatile VECSEL concept many different design implementations exist. The
minimal setup to realize a VECSEL cavity includes at least one semiconductor gain-
chip and one external mirror, if the latter serves simultaneously as output coupler (OC).
This basic cavity design can be altered to include multiple gain-chips, mirrors, and any
other optically-active elements, and can extend to a total cavity length of more than 1
m [Jac07]. Support for single mode operation and emission wavelength tuning can be
achieved using an intra cavity etalon [Tou07, Fan07a]. The introduction of a semiconductor
saturable absorber mirror within the VECSEL cavity can be used for high speed passive
mode-locking and the generation of short pulses [Asc05, Rut06, Klo08, Ino06, Lag07].
Very efficient second harmonic generation (SHG), up to 27% from pump power to second
harmonic output, can be realized by the introduction of a nonlinear crystal into the VECSEL

75
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cavity [Lee06, Här07]. SHG in cavities can become highly efficient as a result of the high
optical field intensity within the resonator as compared to the external laser beam, and
can attain conversion efficiencies of more than 80% [Ou92, Pas94]. In consequence, the
flexibility of the VECSEL design enables the use of GaAs based nanostructures for high
power, CW applications in the visible wavelength range [Cal09].

VECSEL gain-chips are usually optically pumped for high power operation. This
enables homogenous pumping up to very large diameters of hundreds of microns and
pumping of large active stacks with tens of active layers to maximize optical gain [Bey05,
Kim06, Bey07]. These active layers within the gain-chip are usually positioned as resonant
periodic gain structure (RPG) to maximize the overlap with the optical field intensity.
An integrated DBR on one side and a window layer on the other side typically surround
this RPG. The window layer needs to be transparent to the generated light, and functions
as a barrier to prevent surface recombination of free charge carriers. Power scaling is
achieved by increasing the pump spot size, while total pump power is finally limited by
the finite heat flow in the semiconductor gain-chip [Che10]. Often transparent intra cavity
heat spreaders bonded to the surface and/or substrate removal techniques are employed to
improve gain-chip heat-removal characteristics. Multi gain-chip designs are possible to
further increase optical output power, employing multiple separately pumped beam spots
[Fan06].

All VECSEL device development and growth in this work was carried out as part of the
European NATAL project. Target wavelengths of the NATAL project cover a wide spectral
range, with target wavelengths of 940 nm, 1040 nm, and 1220 nm. These wavelengths were
chosen to enable GaAs-based devices for red, green, and blue lasing by intra-cavity SHG
for wide color gamut projection applications. In parallel to conventional designs based
on QW gain media that were developed by NATAL project partners, VECSEL designs
with novel gain concepts targeting the same emission wavelengths were developed within
this work at TU-Berlin. Conventional QW based VECSELs suffer from poor thermal
stability due to the narrow QW gain spectra, shifting out of resonance with temperature.
In consequence, the pump threshold is increased and differential efficiency is decreased
for higher temperatures [Kuz99, Tro04]. QDs are proposed to be able to overcome this
inherent limitation by using the much broader gain spectrum compared to QW emission.
Another advantage is the wide spectral tuning range of QDs. Additionally, SML structures
were introduced for the first time as VECSEL active media in order to benefit from the
higher peak gain compared to SK QDs.

In this work MOVPE processes for active layer growth, and subsequently for VECSEL
fabrication, were developed for all three target wavelengths. Multiple VECSEL designs had
to be developed to minimize optical losses. Structures with up to ≈ 8 µm total thickness
needed to be grown while maintaining excellent crystal quality, lateral homogeneity, and
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smooth surfaces to enable lasing operation. However the main challenge of this project was
the growth of thick active cavities (1 - 2 µm) including stacks of up to 30 strain-inducing
active layers, while maintaining high optical quality and stable QD properties. Such large
stacks are required to achieve sufficient modal gain, especially for QDs with a reduced
peak gain compared to QWs.

6.1 Device mounting and characterization

Device mounting and characterization of the presented devices was carried out at ORC1

at Tampere University of Technology, Finland as part of a cooperation within the Euro-
pean NATAL project. For initial on-site characterization, a compact VECSEL setup was
developed at TU-Berlin as part of a diploma thesis [Poh08a].

As a vertical emitting, optically pumped device no special processing of the grown
VECSEL gain-chip wafer was necessary. Square pieces with dimensions of a few mil-
limeters were easily cleaved and mounted onto a temperature-controlled copper heat sink.
Efficient heat removal from the wafer surface was realized by transparent intra-cavity heat
spreaders liquid-capillary bonded to the gain-chip surface.

6.1.1 ORC VECSEL setup

A schematic drawing of the employed setup is given in Figure 6.1. No thinning of the
gain-chip wafer or other processing was carried out. A cleaved VECSEL gain-chip piece
of 2.5 × 2.5 mm2 was liquid-capillary bonded to a 250 - 300 µm thick, natural type IIa
diamond heat spreader, and both were clamped together to the water-cooled copper heat
sink. The temperature of the heat sink was set to T=15°C unless otherwise mentioned.
Optical pumping up to 20 W was realized by an 808 nm fiber-coupled diode laser at an
incident angle of 35°. Pump laser light was focused to a pump spot with a diameter of d
= 180 µm and the laser mode size was matched to the pump size. The V-shaped cavity
separates the concave focusing mirror with a radius of curvature (roc) of 200 mm from the
OC. Thus the OC can be easily changed without modifying the alignment. All VECSEL
results in this work, using this setup, were measured by the colleagues J. Rautiainen, M.
Guina, and O.G. Okhotnikov at ORC, Finland.

6.1.2 TU-Berlin VECSEL setup

As part of the diploma work of J. Pohl, a compact VECSEL setup was developed at
TU-Berlin in parallel to the NATAL project and to the development of VECSEL structures.

1Optoelectronics Research Centre, Tampere University of Technology, Korkeakoulunkatu 3, Tampere
33720, Finland
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Figure 6.1: Schematic drawing of the employed VECSEL setup at ORC, Finland. The Setup
employs a V-shaped cavity design with separated OC and focusing mirror. All VECSEL device
results presented were achieved with this setup unless otherwise mentioned. This setup and the
VECSEL development are part of the European NATAL project.

Figure 6.2 shows a schematic of this linear setup design. The base of the copper heat
sink is constantly water cooled. A Peltier element separating this base from the sample
holder allows for accurate temperature control of the gain-chip. Surface heat-spreader and
gain-chip were clamped to the copper sample holder. The second reflector of the linear
cavity is formed by a spherical-concave mirror with roc = 50 mm, serving simultaneously
as OC. Optically pumping up to 4.5 W was performed by an 808 nm fiber-coupled diode
laser at variable incident angles. The optical fiber core with a diameter d = 50 µm was
directly imaged at the sample surface by two lenses with focal lengths of f = 40 mm.
Minimum beam spot diameter was measured to d = 58 µm. This pump spot diameter is
relatively small compared to the above cited literature which uses diameters from d ≈ 100
µm to d ≈ 500 µm. In consequence, high optical pump power densities up to ≈ 170 kW
were achievable, but alignment proved to be more difficult and boundary effects of the
pumped area were more relevant due to the higher boundary/pump-area ratio.

For semiconductor gain-chip heat removal, transparent SiC or diamond intra-cavity
heat spreaders and sample thinning to ≈ 100 µm were investigated. Tests with a SiC heat
spreader liquid-capillary bonded to the gain-chip did not achieve lasing, despite its good
thermal conductivity of κSiC = 490 W

mK . This is attributed to a high background doping
of the employed SiC sample causing increased losses. Successful lasing operation was
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Figure 6.2: Schematic of the VECSEL setup realized by J. Pohl et al. at TU-Berlin in 2008.
Measured pump beam focus diameter is d = 58 µm. The compact design employs a combined
focusing mirror and OC element. Further details are given in the corresponding diploma thesis
[Poh08a].

achieved with a diamond heat spreader bonded in the same way to the wafer. Diamond
offers outstanding characteristics for heat removal directly from the wafer surface with its
inherently excellent thermal conductivity of κdiamond = 1600 W

mK and good transparency
[Lee06, Här06]. Further details on the setup characteristics and alignment methods can be
found in the corresponding diploma thesis J. Pohl [Poh08a].
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Figure 6.3: Transfer matrix simulations of the refractive index and the optical standing wave
pattern of the nonlinear VECSEL design show the overlap of the antinodes with the grouped active
layers.

6.2 Initial nonlinear gain structure design

The nonlinear design comprises a DBR with 35.5 pairs of Al0.98Ga0.02As / Al0.2Ga0.8As

λ/4 layers, yielding a nominal bottom reflectivity of 99.92% and 90 nm spectral width of
the stop band. On top of the DBR, a RPG sub-cavity is grown comprising 10 to 13 active
layers within a GaAs matrix. The structure terminates with an Al0.3Ga0.7As

3
4 λ window

layer with a 10 nm GaAs oxidation protection cap. Grouping active layers at the antinodes
of the optical standing field maximizes the overlap, and thus the confinement factor. To
account for the exponentially decreasing pump light intensity, and to ensure population
inversion for all active layers, the number of active layers per antinode decreased with the
distance from the window layer. A group of 3 active layers was placed at the two top-most
antinodes followed by 2 active layers at the 3rd and 4th antinodes, and a single active layer
for all following standing wave maxima (cf. Figure 6.3). Growth of the whole design was
carried out only by alternative precursors as a single lengthy epitaxial growth run. All
layers were nominally undoped, but AlGaAs notably exhibits a non negligible background
doping level as detailed in Section 4.2.

6.2.1 Active media

Initial investigations were focused on nanostructures producing a maximum gain per active
layer. Two different approaches were chosen for active media of initial devices:

• SML structures as detailed in Section 2.2.3 exhibit a similar peak gain compared to
QW structures. Compared to SK-QDs the FWHM is significantly smaller, entailing
precise spectral alignment with the cavity resonance. Employed SML structures are
tuned for VECSEL operation to use ground state (GS) emission.



6.2 Initial nonlinear gain structure design 81

• Excited state transitions of QD layers grown in the SK growth mode, employing
the highly optimized process as detailed in Chapter 4 were used. Thus, thermal
stability for overgrowth and highest modal gain per layer was assured. SK-QD
emission was tuned to longer wavelengths as compared to the VECSEL cavity
resonance in order to benefit from increased gain per QD layer by using excited state
(ES) transitions.

Ground state emission of SML structures was tuned to 940 nm and 1040 nm peak emis-
sion using measurements of PL test structures. Controlled wavelength shift of the SML
structures was achieved by altering the GaAs spacer thickness, InAs per SML deposi-
tion, and/or number of periods within a single SML structure. As SML tuning to longer
wavelengths beyond 1100 nm proved to be difficult, no such devices were fabricated.

SK-QDs can be more easily tuned to longer emission wavelengths and were chosen for
devices emitting at 1040 nm and 1220 nm. To compensate for the lower peak gain, the
SK-QDs were tuned to a longer emission wavelength than the 1040 nm target wavelength
to benefit from higher gain of ES transitions. In consequence, peak GS emission was
at ≈ 1120 nm to enable emission from the 1st ES at the target wavelength of 1040 nm.
Wavelength shifting was achieved predominantly by altering GRI, SRL, and the capping
procedure, as detailed in Chapter 4.

6.2.2 950 nm SML-VECSEL

Realization of QDs enabling sufficient gain at the target wavelength of 940 nm proved to
be difficult, thus VECSEL devices for this wavelength are solely based on SML structures.
SML emission is tuned to a shorter wavelength emission of ≈ 920 nm at room temperature.
This compensates for the red shift caused by the elevated gain temperature upon laser
operation which can attain ≈ 80°C. Each SML structure consists of five-fold SL of ≈ 0.3
ML of InAs and 1 nm GaAs. The nonlinear RPG incorporated 10 active layers positioned
as two groups of 3 and two groups of 2 SML structures at the antinodes of the optical
standing wave. GaAs spacer thickness within the SML-groups was 30 nm. A schematic
of the whole design is given in Figure 6.4.

Lasing was achieved at 950 nm - close to the target wavelength of 940 nm. Operation
in CW mode up to 500 mW was demonstrated without signs of thermal rollover and
was limited by the available optical pump power. Lasing threshold of 35.4 kW

cm2 and
slope efficiency of only 3.8% were measured with a 1% OC. These values from this
first VECSEL design cannot yet compete with characteristics of established and highly-
optimized conventional QW based VECSELs [Kim07]. The high threshold and low
efficiency of the present device are partially attributed to the 10 nm offset compared to
the design wavelength, but also to the limited pump light absorption within the short gain
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Figure 6.4: left: Schematic of the grown VECSEL design employing 10 active SML structures
within its non-linear RPG section. right: Measured optical input-output data in CW operation
mode at 15°C heat sink temperature.

region of only 2.25× λ, corresponding to 0.6 µm at 940 nm with its 10 active layers. This
results in only ≈ 54% absorbed pump power as is calculated in the following:

The absorption coefficient α of GaAs at the wavelength of the incident pump light
(808 nm) was calculated with extinction coefficient k values taken from the ”Handbook of
Optical Constants of Solids” [Pal97]:

α =
4π · k
λ
≈ 1.3

1

µm
(6.1)

This value is in agreement with the data from Casey et al. [HCC75]. Intensity loss within
the active RPG section of the incident pump power I0 can be calculated with:

I(x) = I0 · e−αx (6.2)

In consequence only about 54% of the applied optical pump power was absorbed within
the RPG section. As the DBR is transparent for the pump light, all excess pump power
was absorbed within the GaAs substrate, causing heating of the gain-chip. Especially for
this relatively short wavelength future designs need to improve pump power absorption
and include a larger number of active layers to improve lasing parameters. Device results
are published in [Ger08a].
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Figure 6.5: left: Schematic of the grown VECSEL design employing 13 active SML structures
within its non-linear RPG section. right: Measured optical input-output data in CW operation
mode at 15°C heat sink temperature.

6.2.3 1040 nm SML-VECSEL

In comparison to the 940 nm SML-VECSEL design, the 1040 nm SML-VECSEL design
includes 3 additional active layers each positioned at individual antinodes. Consequently,
the optical length of the RPG section was increased to 3.75×λ, and in absolute values this
was almost doubled due to the longer λ emission wavelength. This longer absorber section
absorbs ≈ 77% of the incident pump light power. A schematic of the complete gain-chip
structure and the laser characteristics are given in Figure 6.5.

Prior to mounting, characteristics of the SML gain-chip were assessed by PL and surface
reflectivity measurements to ensure error free epitaxial growth of the VECSEL structure.
Resulting PL curves represent a convolution of the DBR reflectivity, the sub-cavity formed
by the DBR and the semiconductor/air interface, and the emission of the SML structures.
The OD0 PL shown in Figure 6.6 is recorded normal to the sample surface at RT (black
line) and at the estimated device operation temperature (OT) (red line). Gain-chip emission
spectrally red shifted 44 nm upon heating to a perfect match with the stop band of the
DBR at estimated OT. Measured reflectivity (dashed line) of the whole gain-chip structure
is in excellent agreement with the simulated reflectivity using the transfer matrix method
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Figure 6.6: solid line: PL measurements of the final gain-chip wafer at RT (black) and at the
estimated VECSEL OT (red). Heating to OT red shifts peak emission by 44 nm, which is defined
by a convolution of the spectral position of the SML emission and the cavity resonance.
dashed line: Reflectivity measurement of the final gain-chip wafer shows the ≈ 80 nm broad stop
band of the DBR.
dotted line: Transfer matrix simulation of the complete gain-chip structure is in good agreement
with the experimental data.

(dotted line). Consequently, PL and reflectivity measurements can be used as a fast quality
check for the epitaxial structure prior to mounting and device operation.

Laser emission was achieved around 1034 nm, representing an optimum wavelength
to achieve a large color gamut for frequency-doubled green in RGB displays. The lasing
spectrum given in Figure 6.7 shows fringes due to the etalon effect of the diamond
intra-cavity heat spreader. Using 1% outcoupling, a maximum CW output power of
1.4 W, almost without thermal rollover, was observed for a pump power of 20 W. The
sample delivers sufficient gain to enable the use of a 2% OC, resulting in an ≈ 25%
increase in the lasing threshold, and showing similar slope efficiency (cf. Figure 6.5).
The corresponding optical-to-optical conversion efficiency was 7% with 12.4% slope
efficiency. These values approach well those of excellent QW-based devices [Här06].
The higher number of active layers combined with the increased pump light absorption
enabled an almost three-fold increase in maximum output power and a more than three-fold
increase in the slope efficiency, while reducing the lasing threshold from 35.4 to 24.4 kW

cm2
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Figure 6.7: Laser spectrum of the
13-fold SML VECSEL operating at
1.1 W output power with a 1% OC.
Fringes originate from the etalon ef-
fect of the diamond intra-cavity heat
spreader. The spectrum is exemplary
for all devices using this setup (cf.
Figure 6.1).

compared to the thinner SML-VECSELs emitting at 950 nm. These results are published
in [Ger08a, Ger08b].

6.2.4 1040 nm Stranski-Krastanow QD-VECSEL

A first proof-of-principle that QDs were suitable was provided by removing the p-DBR of
a MBE grown QD-VCSEL and thereby converting the structure to a QD-VECSEL by Lott
et al. [Lot05]. In this work, the first MOVPE grown QD-VECSEL is presented. Through
the realization of SML-VECSELs and SK-QD-VECSELs at 1040 nm, a direct comparison
of both gain media types for VECSEL applications becomes possible. Gain-chip design
of the SK-QD device is identical to the SML-based active region. In contrast to the SML
active layers, peak emission of the SK-QDs is tuned to an 80 nm longer wavelength than
the target laser emission. Consequently, the device benefits from higher gain of the 1st ES,
allowing for twice as many possible transitions per QD. Figure 6.8 shows a comparison
of both gain profiles measured with characteristic PL test samples. A dramatic difference
in the spectral gain profile was observed at OD0 high excitation. SML luminescence
exhibited a pronounced gain peak, which significantly shifted upon heating, while the
SK-QD luminescence was spectrally very broad with FWHM ≈ 157 nm at RT, becoming
even broader at OT FWHM ≈ 225 nm. This resulted in an almost flat gain profile formed
by the combined luminescence of GS and ES transitions from the SK-QD ensemble.
For comparison, the two vertical lines point out the spectral position of the VECSEL
RPG subcavity resonance at RT and OT. As SK-QDs are very sensitive to high growth
temperatures and V/III-ratio during overgrowth, the integration of this 13-fold stack is
especially challenging. After the growth of the 35.5-fold DBR, more than 4 h of additional
growth time are required for the complete RPG structure which includes 13 SK-QD layers.
Despite this long-lasting growth process, no blue shift of the SK-QD GS-luminescence
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Figure 6.8: PL measurements of test samples with three-fold active layers either SML-structures
(black) or SK-QDs (red). FWHM is clearly different at both temperatures.
straight lines: Measurements of both structures at RT shows misaligned peak emission of SML-
structures, whereas broad SK-QD emission already matches the sub-cavity resonance.
dotted lines: Measurements at the estimated VECSEL OT. Peak SML emission shifts into reso-
nance while SK-QD emission matches resonance from RT to OT.
vertical lines: Lines indicate the spectral position of the sub-cavity resonance formed by the RPG
section from DBR to semiconductor-surface. Heating from RT to OT causes a red shift of ≈ 5 nm.

was observed. This spectral stability of emission was achieved by employing the improved
growth parameters described in Section 5.2.1.

Measurements from the complete SK-QD gain-chip structure are depicted in Figure 6.9
demonstrating the significant difference in SK-QD compared to SML gain media shown
in Figure 6.6. Peak luminescence of the gain-chip already perfectly matched reflectivity
of the integrated DBR at RT. The observed red shift upon heating to OT was limited to
only 6 nm, and was synchronous to the shift of the DBR stop band. Due to the broad gain
spectrum of the SK-QDs, this shift originated exclusively from the shifted resonance of the
RPG subcavity, and was not defined by the spectral shift of the active medium GS emission.
In consequence, the broad SK-QD gain always matched the RPG resonance condition in a
manner that was largely independent of the gain-chip temperature.

This first MOVPE grown SK-QD VECSEL showed lasing operation precisely at the
target wavelength of 1040 nm. Figure 6.10 shows the device characteristics and depicts a
schematic of the gain-chip structure. A pump power threshold of 24 kW

cm2 with an 1% OC
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Figure 6.9: solid line: PL measurements of the final SK-QD gain-chip wafer at RT and at the
estimated VECSEL OT. Peak PL emission exhibits only a minor shift of 6 nm upon heating
originating from the subcavity resonance shift. dashed line: Reflectivity measurements of the final
gain-chip wafer show the ≈ 80 nm broad stop band of the DBR at RT and at OT. Maximum optical
SK-QD gain matches the resonance of the RPG structure at any chosen temperature.

is similar to the SML-VECSELs at the same wavelength. This implies that GS operation
of QDs would allow for a threshold reduction compared to similar QW devices. Slope
efficiency of 6.7% was moderate compared to the 13-fold SML-VECSELs, but almost
twice as efficient as the 10-fold SML-VECSEL, both operating at GS emission. Limited
efficiency of the QD device is attributed to the existence of WL states and the energetic
proximity to the GaAs matrix, enabling carrier escape at high temperatures. Around twice
the threshold pump power a thermal rollover was observed at close to 0.3 W CW output
power. This thermal limitation is attributed to heating of the whole RPG section, thus
increased kinetic energy of charge carriers. Multiple mechanisms are likely to promote
parasitic losses and/or optical gain reduction. Increased phonon-assisted non-radiative
recombination of charge carriers occurs within the matrix material, causing parasitic
losses and additional heating of the gain-chip. For the shallow confining potential of
InGaAs-QDs within GaAs matrix material, WL and barrier states were assumed to play
an important role for luminescence decrease with increasing temperature [Pol99, Pat99].
For the present device, higher temperatures caused a red shift of active layer emission,
which was significantly stronger than the resonance shift. This leads to a reduced gain
originating from the 1st ES and increased contribution from higher-level ES. Increased
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Figure 6.10: left: Schematic of the grown VECSEL design employing 13 active SK-QD layers
within its non-linear RPG section. right: Measured optical input-output data in CW operation
mode at 15°C heat sink temperature. RPG incident pump light absorption is calculated to ≈ 77%.

kinetic energy from charge carriers enabled transitions of bound electrons from higher
level ES via WL states into the GaAs conduction band. Energy calculations for electronic
properties of In(Ga)As-QDs from Schliwa et al., and experimental determination at RT
of InAs-QD energy levels by Granados et al., indicate an energy offset between WL and
2nd ES of less than 50 meV [Gra05, Sch07]. Measurements at RT of the WL itself show
an energetic distance to the GaAs conduction band of only 55 meV [Gra05]. A complete
model for the SK-QD temperature dependence by thermal excitation of electron-hole pairs
via the WL state to GaAs quenching states is given by Sanguinetti et al. [San99]. In
contrast SML-based structures do not include a WL energetic level, thus the required
energy for bound charge carriers to escape the binding potential is significantly increased
[Xu96].

This conclusion is further supported by PL measurements from the employed SK-QDs
at RT and at estimated OT, which are depicted in Figure 6.11. For OD1 excitation, density
PL curves showed a clear separation between the GaAs band edge and the active layer
luminescence. The measurement at highest excitation density OD0 resulted in a further
increased sample temperature and charge carrier density, causing a continuous density of
states at OT from the GaAs band edge to the SK-QD GS emission. No luminescence dip
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Figure 6.11: solid lines: Threefold SK-QD PL test sample measured at RT (black) and estimated
OT of the VECSEL (red) at OD1 and OD0 high excitation densities.
vertical dashed lines: Indication of the OD1 spectral positions of the GaAs band edge lumines-
cence which red shifts 22 nm upon heating.
At OD0 excitation density theGaAs band edge positions shows 8 nm additional red shift, indicating
heating caused by the increased excitation laser absorption. Peak luminescence of the GaAs band
edge is well separated from active layer emission for all curves except for OD0 excitation density at
OT which shows an almost flat, extremely broad luminescence. This indicates a continuous density
of states from GaAs band edge to the SK-QD GS emission within this sample.

separating the GaAs luminescence was visible for the OD0 measurement at 366K. As the
PL measurement is a convolution of the density of states with the charge carrier density,
the continuous luminescence evidences the possibility of charge carrier transfers from the
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Figure 6.12: Intra-cavity tuning of
the operation wavelength. Tuning
range is limited by the employed
etalon.
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Figure 6.13: main: Input-output
curve of the 13-fold SML-VECSEL
measured at IOP with 60 µm pump
spot diameter. inset: Laser spectrum
shows fringes originating from a 250
µm thick diamond heat spreader.
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QD states to the GaAs matrix. In consequence, electrons needed for the lasing operation
were delocalized from the bound holes within the QDs. Thusly, a momentum offset further
inhibited charge carrier recombination, and thermal rollover upon laser operation was
promoted. Despite the limitations of these first QD-based VECSELs, intrinsic advantages
could already be clearly evidenced from PL measurements. The emission wavelength shift
with temperature was no longer set by the spectral active layer position, but rather defined
by the cavity resonance. Consequently, a more than four-fold reduction in the thermal
shift of 0.075 nm/K was seen, as compared to QW-based structures[Zak05]. Additionally,
the broad spectral gain allows for easy emission wavelength tuning, which was tested by
insertion of a 25 µm thick intra-cavity etalon. Tuning from 1034 nm to 1040 nm was
possible with constant output power levels but was limited by the etalon wavelength (cf.
Figure 6.12). Results obtained using this device have been published in [Str08b, Ger08a].

6.2.5 Temperature dependence and lifetime

As part of the NATAL project the IOP2 performed temperature-dependent and lifetime
measurements of the VECSEL structures grown at TUB. These results were first presented
at CLEO 2008 [Sch08]. The IOP VECSEL setup is very similar to the setup at ORC (V-
shape cavity, roc = 100 mm, 1% OC, 808 nm pump laser, 250 µm diamond heat spreader)
but employs a much smaller 60 µm pump spot diameter (cf. Figure 6.1). As a consequence,
VECSEL characteristics are altered. In particular, a higher pump threshold was required to
achieve lasing. The aforementioned 13-fold SML-VECSEL at 1034 nm was mounted and
measured in Tampere and also at IOP. The results showed a significant increase in threshold

2Institute of Photonics, University of Strathclyde, Wolfson Centre, 106 Rottenrow, Glasgow G4, United
Kingdom
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Figure 6.14: Data is measured at IOP. top: Vertical incidence surface reflectivity and PL measure-
ments at altered heat sink temperatures are shown. Emission shifts with temperature into resonance
of the RPG structure. bottom: Edge facet PL measurements of the same gain-chip show a strong
decrease in intensity at higher temperatures, with gain coming into resonance.

from 24.4 to 44.2 kW
cm2 for the IOP data, and a slightly shorter emission wavelength around

1030 nm was measured (cf. Figure 6.13).
Detailed temperature-dependent measurements of vertical incidence reflectivity and

surface PL from 20°C to 80°C are shown in the upper part of Figure 6.14. This nicely
depicts the shifting of the SML emission into resonance with the RPG structure. This
intended shift into resonance results from the different thermal shifts of the RPG res-
onance (0.06 nm/K) and the SML emission wavelength (0.15 nm/K). In consequence,
VECSEL devices exhibit a distinct optimal OT. The investigated SML-VECSEL emission
wavelength is slightly short of the 1040 nm target wavelength of the RPG design. Thus,
device characteristics cannot represent optimal performance of the SML active medium.
Additional to the surface emission and reflectivity, the measured decreasing edge emission
of the gain-chip is shown for comparison in the lower part of Figure 6.14. This decrease of
luminescence intensity is based on lowered PL of the SMLs at higher temperatures, and
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Figure 6.15: Data is measured at IOP. left: VECSEL optical output power degradation at different
pump powers is recorded over time. right: Surface PL without cavity resonator at 7.1 W pump
power shows an exponential intensity decrease. Output stabilizes at ≈ 25% of the initial intensity.

on the increasing cavity effect close to the RPG resonance, which increasingly directed
towards vertical light emission.

All devices employing the described nonlinear design showed degradation during
laser operation already within the ORC setup. At IOP, degradation of the 13-fold SML-
VECSELs was investigated in more detail. The left part of Figure 6.15 shows the nor-
malized output intensities of the device within the laser setup at different pump powers.
The extremely high intra-cavity optical power intensities within the VECSEL setup during
lasing caused strong effects on the output power over time. Initial intensity decreased
rapidly (within minutes) to about 5%. Below lasing threshold at 0.8 W pump power,
a much slower and less significant degradation was observed. Laser operation ceased
after several minutes and could not be recovered from the same pump spot after a break,
which caused the sample to cool down. This effect represents permanent damage due to
degradation of the structure upon laser operation. On the right side of Figure 6.15 the
PL intensity over time is shown. This data was recorded without the cavity resonance
condition, thus the sample was not exposed to the very high intra-cavity intensities upon
laser operation. PL emission at the highest achievable pump power of ≈ 250 kW/cm2

(equates to 7.1 W incident pump power) decreased too, but much slower (within hours) and
stabilized after≈ 6 hours close to 25% of the initial output intensity. Data from the lifetime
investigations suggests that degradation of device performance was due to a deterioration
of the gain-chip cavity causing increased losses. Among many known semiconductor
laser degradation mechanisms, which are mainly located in the proximity of the active
layers [Mon81], or due to surface degradation such as excitation enhanced oxidation of
GaAs [Suz77], the present results are attributed to increased defect formation within the
AlGaAs window and DBR layers. The gain-chip surface was protected by the bonded
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diamond heat spreader, and QD and SML active layer degradation would be required to
affect both VECSEL types simultaneously. Such active layer degradation is not observed
for other laser types based on the same active media growth processes. Opposite to active
layers, the growth of the AlGaAs layers was identical for all investigated VECSELs and
incorporated a relatively high amount of carbon due to the TBAs-based process. This
can lead to background doping levels up to p = 1.1 · 1018 (cf. Table 4.2). Degradation
of similar, but intentionally doped VCSEL p-DBRs was investigated in more detail by
cathodo-luminescence, electro-luminescence, and electron-micrograph measurements, and
has been reported in the literature [Che95, Her95, Che96]. These publications report
recombination-enhanced defect reactions within the p-DBR due to band-tail absorption via
carbon acceptor levels. Carbon acceptors in AlGaAs exhibit binding energies around 30
meV [Mas83], allow for minority charge carrier generation in the current band by photon
absorption. In consequence, high photon densities can cause significant minority carrier
populations and thus promote defect propagation. Such effects are predominant in p-doped
material due to the approximately three times higher absorption coefficient of acceptors
compared to donors. Similar effects are suspected for the presented devices, as they are
also exposed to the extremely high intra-cavity photon densities of the laser operation, plus
the additional absorption of the 808 nm pump light which is close to the AlGaAs band
gap energy. As DBR quality is especially crucial for low loss devices such as VECSELs, a
slight reduction in the gain-chip reflectivity can cease any laser operation. In consequence,
improved growth processes and designs need to take into account absorption in general,
and unintentional high doping levels of the DBR in particular.
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6.3 Long wavelength gain structure design

Long wavelength emission beyond 1.2 µm was not achieved with SML structures, and
ES operation of SK-QDs would require GS emission close to 1.3 µm, which is difficult
to achieve for stacks with 10 or more active layers and a high areal QD density. Thus, a
novel design concept was developed to target SK-QD GS emission at 1220 nm. Changes
were aimed at loss reduction, while increasing pump light absorption and number of active
layers in order to compensate for the inferior gain compared to the 1040 nm ES design. In
parallel, the limited lifetime due to DBR degradation was addressed. Changes compared to
the initial nonlinear gain structure design described in Section 6.2 are:

• Exchange of the TBAs precursor to an arsine-based growth process for all layers
except for the QD deposition to reduce unintentional carbon p-doping by about one
order of magnitude, cf. 4.2.

• Improved gain by increasing the number of active QD layers within the RPG to 21
or 30. Groups of three active layers are positioned at all antinodes of the optical
standing wave.

• Usage of an optimized and highly stackable SK-QD growth process with GS emis-
sion at 1220 nm, including advances described in Sections 4.1 and 5.2.

• Elimination of the absorbing GaAs oxidation cap layer and the thick λ/2 AlGaAs
charge carrier barrier by replacing both with a single, thin, lattice matched InGaP
capping layer.

• DBR thickness was increased to 37.5 λ/4-pairs and employed a nominal com-
position of Al0.2Ga0.8As compared to Al0.3Ga0.7As for the high index material.
Consequently, the refractive index offset and layer number increase promote DBR
reflectivity, thus losses to the substrate were reduced.

These changes resulted in improved DBR parameters yielding nominal reflectivity of
99.96 %. Absorption of the incident power was further increased due to the longer target
wavelength of 1220 nm and the 5.25 × λ thick RPG section of the 30 QD layer device.
For 7 × 3 active layers and 10 × 3 absorption of light within the RPG section, which
is not reflected at the wafer or diamond surface, was calculated to ≈ 83% and ≈ 91%,
respectively.

6.3.1 1210 nm Stranski-Krastanow QD-VECSEL

In contrast to growth of the initial nonlinear design, the epitaxial growth process of the
1210 nm QD-VECSEL gain-chips was changed to a two-step process to economize cost
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Figure 6.16: left: Schematic of the grown VECSEL design employing 21 active SK-QD layers
within its RPG section. right: Measured optical input-output data in CW operation at 15°C heat
sink temperature. RPG incident pump light absorption is ≈ 83%.

and time for the development of different structures. The DBR part was grown on a full 2
inch wafer and capped by 100 nm GaAs. This growth run was completely carried out at
nominal 700°C, employing only arsine as group V precursor. Subsequently, the wafer was
cleaved into quarters and each piece was individually overgrown, employing a series of
varied RPG designs. Thus, both devices with 21 or 30 active layers presented within this
Chapter incorporate the very same DBR and were grown on the identical wafer. For device
operation, the ORC VECSEL setup was slightly altered as compared to Figure 6.1. Optical
pumping was realized by a fiber-coupled diode laser delivering up to 50 W CW power at
790 nm, incident at 35° to the surface normal. Diamond heat spreader thickness was 267
µm and a high reflectivity OC mirror was used with 99.8 % nominal reflectivity.

For the first device employing the long wavelength design, the same number of standing
wave antinodes within its RPG structure were chosen as for the devices operating at 1040
nm (Sections 6.2.3 and 6.2.4), but now 3 QD layers were placed at each antinode. Based
on data from similar QDs in edge-emitters, which require a transparency current density
per QD layer of ≈ 10 A/cm2, the necessary incident optical pump power density for
inversion of the 21-fold QD stack is estimated to < 1 kW/cm2 [Ger07]. A schematic of
the gain-chip structure is given in Figure 6.16, depicting the device characteristics with
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Figure 6.17: 21-fold SK-QD VECSEL operating at 1210 nm with a CW output power of 170 mW.
left and right: Measured transverse beam profiles in two orthogonal directions with corresponding
Gaussian fit. inset: Spatial intensity profile measured with CCD-camera.

a very low threshold of only 2.4 kW/cm2. This excellent threshold value is partially due
to the employed high reflectivity OC, but was only achieved through the use of QD GS
emission. Other reported values for GaInNAs or GaAsSb QW-based devices in this
wavelength regime are higher, despite sophisticated technologies such as substrate removal
and/or double-band DBR design [Ger03, Die07]. In contrast, the data presented here were
measured without any processing. The as grown wafer was cleaved and directly mounted
to the setup as shown in Figure 6.1. Thus, heat dissipation through the bottom of the
gain-chip is additionally attenuated by the ≈ 400 µm thick GaAs : Si wafer. Maximum
CW output power achieves close to 300 mW. Limitation by thermal rollover is attributed
to the increased ultra-high intra-cavity power-densities caused by the employed 0.2 %
OC. Results almost achieved lasing threshold with 1 % light outcoupling indicating that
increased performance should be possible with an intermediate 0.5 % OC, which was not
available at time of the measurements.

Beam quality demonstrates excellent TEM00 emission as expected for this kind of
device. Beam cross-sectional data is shown in Figure 6.17, depicting the Gaussian intensity
profile for the fundamental mode. Similar beam shapes were measured for all other
VECSEL devices in this Chapter, and also for the nonlinear design.

To further investigate the optimal number of active layers, a second version of the
linear design was grown on the same wafer, employing 10 × 3 active QD layers. A
schematic drawing and the characteristic input-output data are shown in Figure 6.18. This
thicker device showed a slightly inferior performance in terms of differential efficiency
and threshold, combined with an earlier thermal rollover, limiting CW output to about 200
mW. These changes are attributed to the high number of active layers, which were most
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Figure 6.18: left: Schematic of the grown VECSEL design employing 30 active SK-QD layers
within its RPG section. right: Measured optical input-output data in CW operation at 15°C heat
sink temperature. The 5.25× λ active RPG section absorbs ≈ 91% of the incident pump light.

likely at the limit of homogenous pumping within this setup. Comparing both devices, the
nominal absorption of pump light due to the thicker cavity increased by only 8 %, while
the number of QD layers increased by 43 %. Thus the additional 9 active layers needed
to achieve inversion with only 8 % of the available pump power. In consequence, future
QD-based VECSELs could be improved through a design attributing more equally the
absorbed pump power to the individual QD layers. In other words, usage of a similarly
thick RPG structure to absorb the incident light while distributing a smaller number of
active layers throughout GaAs matrix should lead to superior performance.

6.3.2 Temperature stability

Aside from the intrinsic advantages of the VECSEL concept, temperature stable perfor-
mance is crucial for all applications. Upon operation, gain-chip temperature can attain
values around 80°C. Thus, device designs try to include estimated thermal effects and
packaging or mounting concepts aim at temperature stabilization to perfectly match the
target temperature for all operational conditions. All VECSEL concepts, including a
resonant sub-cavity which enhances the effective gain, suffer from a relatively high sen-
sitivity to operating temperature changes [Kuz99, Tro04]. Such conventional QW-based
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Figure 6.19: 1210 nm 21-fold SK-QD VECSEL operation at a series of different heat sink
temperatures is shown. left: Input-output power curves at altered temperatures depict the extremely
stable performance. right: Emission spectra measured at medium pump power level of 30 kW/cm2

evidence the very stable emission wavelength upon temperature changes.

VECSELs operating close to the target wavelength of 1220 nm face additional difficulties
upon growth due to the employed highly strained QWs, and exhibit strong temperature-
dependent characteristics limiting optimum laser performance to a narrow temperature
window [Ger03, Hop04]. This sensitivity is caused by the diverging thermal shifts of the
involved components. The relatively narrow spectral emission of QW active layers shows
a fast shifting behavior of ≈ 0.4 nm/K while the sharp sub-cavity resonance of the semi-
conductor RPG cavity only shifts with ≈ 0.1 nm/K [Zak05, Die07]. This about fourfold
faster shift of the gain medium needs to be accounted for prior to growth to achieve gain

Figure 6.20: 1210 nm 21-fold SK-
QD VECSEL operating at constant
medium pump power level but altered
heat sink temperatures. top: Differ-
ential efficiencies of the device bot-
tom: threshold pump power levels at
a series of operating temperatures.
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Figure 6.21: 1210 nm 21-fold SK-QD VECSEL operating at constant heat sink temperature of
15°C but altered pump power levels. left: Laser operation emission spectra reveal a perfectly stable
emission wavelength over the full output power range. right: PL measurements carried out at TU
Berlin (cf. 6.1.2) depict spectrally stable emission at all applied pump power levels.

and resonance matching. Consequently, only one distinct operating temperature allows
for optimal performance, making devices vulnerable to external temperature changes. A
deviation from this optimum temperature results in strongly inferior differential efficiencies,
and altered threshold values [Ger03, Smi04, Kim06, Fan07b]. Additionally, the VECSEL
emission wavelength can shift strongly upon temperature changes [Kon07, Rau08]. As the
incident optical pump power is altered to change the output-power level, the heat input is
also altered. This necessitates strict temperature management upon operation, and drives
costs for packaged devices.

As depicted in Figure 6.8, SK-QDs offer simultaneous gain for a very broad spectral
range as a result of the inhomogeneous broadening of QD ensembles in combination with
luminescence from ES transitions at high pump levels. Consequently, a constant gain
and sub-cavity resonance matching is given for a wide range of temperatures, despite
the fact that the QD GS luminescence exhibits a similar temperature shifting behavior
as QW structures. This led to extremely temperature stable operations for the fabricated
QD based VECSEL devices, which show almost perfectly stable parameters for a wide
range of temperatures and pump powers. Measurements in Figure 6.19 depict that no
wavelength shift is observed and that input-output power characteristics remain unchanged
upon changes of the heat sink temperature. The changes in differential efficiency and
threshold pump power usually observed for QW-based devices upon temperature changes
were not present for the developed SK-QD based VECSELs, as evidenced in Figure
6.20. Investigations on pump power effects while the heat sink is kept constant at 15°C
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Np2871 nonlin. 950 10×SML GS 1 9.0 35.4 3.8 0.5

Np2862 nonlin. 1034 13×SML GS 1 or 2 6.2 24.4 12.4 1.4

Np2859 nonlin. 1040 13×SK ES 1 6.5 24.0 6.1 0.3

Np3174 linear 1210 21×SK GS 0.2 0.62 2.4 1.6 0.3

Np3196 linear 1210 30×SK GS 0.2 0.76 3.0 1.4 0.2

Table 6.1: Developed and realized VECSELs at TU-Berlin within the NATAL project. Pump spot
diameter for all devices is d = 180 µm. Gain-chip heat sink is set to 15°C

are shown in Figure 6.21. This data showed stable emission wavelength upon the full
range of attainable output powers with pump powers ranging from 30 to 190 kW/cm2.
Only a minor shift of ≈ 0.06 nm/K, caused by the sub-cavity resonance temperature
dependence was measured. Also, PL studies carried out at TUB show that emission
wavelength remained stable for all available pump powers. Thus, the emission wavelength
was no longer dependent on the shift of the active layers and was solely linked to the
sub-cavity resonance. This means that spectrally broad gain of QD active layers solves
common temperature problems such as emission wavelength stability, and heavily affects
lasing characteristics. Nevertheless, good heat dissipation remains advisable for optimum
QD device performance, as maximum gain decreases with raised gain-chip temperature.
Despite the lower peak gain per active layer, these findings clearly depict the advantages
of QD based VECSELs for industrial applications, which demand emission wavelength
stability and constant performance within a wide range of temperatures. Results of these
devices were published in [Ger08c, Ger08a].
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6.4 Conclusions

Summary Realization of MOVPE grown SK-QD and SML based VECSEL devices
evidenced clear advantages of QD-based gain media for this type of laser devices. Em-
ploying the spectrally broad gain of highly optimized, stacked SK-QD layers solved one
of the biggest challenges of the VECSEL concept, the temperature sensitivity. Spectral
QD gain matching with the semiconductor gain-chip resonance was assured for a wide
temperature range. Maximum achieved device CW output power of ≈ 0.3 W at 1210 nm
was already suitable for frequency up-conversion, as demonstrated by a similar QW-based
device [Här07].

An overview of all realized VECSELs is given in Table 6.1, depicting device design and
performance characteristics. Up to 1.4 W CW output at 1034 nm and 12.4 % differential
efficiency is realized with the SML concept. Linearly designed QD-VECSEL showed
reduced efficiencies, which are partly attributed to a non-optimal setup, including an
OC with too high reflectivity. Nevertheless, ultra-low threshold of only 2.4 kW/cm2 is
achieved at 1210 nm wavelength by GS emission of highly optimized and stacked SK-QD
active layers, and maximum CW output power of 300 mW equals the previously reported
ES QD-VECSEL performance at 1040 nm wavelength.

Key design and growth parameters of this research are:

• Spectrally broad QD gain allows for a cavity resonance defined emission wavelength
eliminating the conceptual strong VECSEL temperature sensitivity.

• MOVPE processes for stacks of up to 30 QD layers within a low-loss design were
developed. Thus complete pump light absorption, large gain, and minimized losses
enable reliable GS QD-VECSEL operation beyond wavelength of 1.2 µm.

• First SML based VECSELs prove similar in performance to QW based devices.

• Lattice matched InGaP was introduced as an alternative window layer material elim-
inating the need for a pump light absorbing AlGaAs barrier plus GaAs oxidation
cap combination.

• The accelerated device degradation mechanism was identified as decreasing DBR
quality due to acceptor enhanced defect formation as a consequence of the strong
carbon background doping of TBAs grown AlGaAs layers.

A two-step growth process realizes growth economies with separate epitaxial runs for
DBR and RPG structure growth, eliminating the need for time-consuming and cost-driven
regrowth of multi-microns thick DBR structures for every new sample.
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Outlook Future devices need to focus on different aspects for optimum performance:
Efficient available pump light usage, gain optimization and pump power balancing,

advanced processing and mounting for maximized thermal dissipation. Such design
improvements will lead to even higher output power in the multi watt range. Advances
towards higher output powers for QD-based VECSELs were recently reported through
work by other groups [But09, Rau10, Alb11].

Pump light injection can be improved by usage of antireflection coating at the gain-
chip surface in order to maximize the total efficiency. Only a fraction of the incident
pump light is absorbed within the RPG, and can consequently generate charge carriers.
Pump power that has not been absorbed adds to the total heat generation and directly
reduces device efficiency. The need for thick absorbing matrix layers can be reduced by
employing double stop band DBR designs that reflect the emission as well as the pump light
wavelength [Här01, Ger03]. Such double stop band DBR designs additionally improve
pump homogeneity within the active layer stack. Thus pump power balancing is supported,
which aims at evenly distributed charge carriers to all active layers. Further pump balancing
can be achieved by pump power dividing barrier layers, and/or a non-linear distribution
of active layers as employed for the initial design. Maximum gain is achieved by an
optimal overlap of the optical standing wave with the active layers. To improve this optical
confinement-factor, close stacking by strain compensation is possible. Additionally, field
strength within the RPG sub-cavity can be increased by adding DBR layers on the window
side of the RPG structure. Besides the transparent intra-cavity heat spreaders as employed
in this work, thermal energy dissipation can be improved by advanced processing, which
not only involves wafer thinning but complete substrate liftoff. This can further improve
VECSEL characteristics as performance of devices relies strongly on the optical quality of
such intra-cavity elements [Kim06, Kim07]. Use of QD based VECSEL could enable a
wider spectral tuning range as that of complex multi-chip setups based on QWs [Fan07a].



Chapter 7

Electro-optically modulated
vertical-cavity surface-emitting lasers

Modern day fast growing data communications rely on optical links via fiber optic cables
[Cam06]. Growth of the worldwide internet protocol (IP) traffic will proceed at a compound
annual growth rate (CAGR) of 34 %, and is expected to quadruple from 2009 to 2014, as
shown in Figure 7.1. This growth is mainly driven by consumers, which account for 87 %
of the total IP data volume and outpace the total IP traffic growth rate by 36 % CAGR.

Figure 7.1: Diagram shows the projected growth of the global IP traffic. Consumer demand is
overwhelmingly driving the global IP data volume. Source: Cisco Visual Networking Index, 2010,
"Hyperconnectivity and the Approaching Zettabyte Era".

Lasers with external modulators are used for long-distance connections to send signals
at the highest data rates, in the range of 40 Gbit/s. Such optical transmitter units usually
consume some tens of watts of electric power and are not suitable for the highly-integrated
and low-cost consumer products which are on the verge of reaching everybody’s homes.
For shorter optical interconnects with moderate data rates in the range of 5 to 10 Gbit/s,
direct-modulated VCSELs are used. On the research level, repetition rates of up to 20
GHz have been reached using direct modulation [Blo09], but these devices are not yet

103
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commercially available. Further speed increases prove to be demanding due to the fact
that the modulation speed increase of conventional current-modulated VCSELs requires
a roughly quadratic increase in the VCSEL current density j for linear repetition rate fr
increase.

fr =
1

2π

√
1

τnτph

j − jth
jth − j0

(7.1)

This conventional approach to higher repetition frequencies can lead to accelerated
device degradation caused by the very high but necessary drive currents [Wes09]. In this
work a monolithically integrated concept was investigated to overcome the need for separate
modulators at highest speeds while maintaining the established VCSEL technology.

The presented integrated concept was realized by employing an electro-optic modulator
(EOM) based on the quantum confined Stark effect (QCSE) integrated into a VCSEL
structure. The VCSEL section is driven in CW mode, while the EOM section is integrated
into the top DBR to change the out-coupling efficiency of this compound-cavity laser
system. Simulations and concept design for this device were first presented by Shchukin et
al. [Shc08]. The whole EOM VCSEL device can be grown by a single epitaxial growth run
and employs the same established processing and mounting technologies as conventional
current-modulated VCSELs. In consequence, this novel monolithic EOM VCSEL approach
aims at low-cost but ultra-fast transmitter components suitable for consumer applications.

7.1 Electro-optical modulator

The goal of an EOM is to effectively change the optical characteristics of a medium such as
the refractive index using an externally applied electric field. External optical modulation
by an EOM concept was already demonstrated in 1988 using a relatively thick external
modulator medium with an 82-fold GaAs QW stack [Lee88]. To create a monolithic
device, the EOM needs to be shrunken to fit into a VCSEL design while maintaining its
modulating capability.

7.1.1 Quantum confined Stark effect

Analogous to the conventional Stark effect, which describes the influence of an electric
field on the emission lines of atoms and molecules, the QCSE explains the influence of an
electric field on quantum confined charge carriers. This quantum confinement is realized
for carriers in a semiconductor QW system. In contrast to an electric field applied to
bulk semiconductors, which basically gives a broadening of the band-edge absorption
explained by the Franz-Keldysh effect, the QCSE requires quantum confinement of charge
carriers within semiconductor nanostructures. This QCSE was first proposed and studied
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Figure 7.2: Schematic depiction of the influence of an applied field F on the refractive index
change ∆n via the QCSE on QW structures based on presentation of [Shc08].

by Miller et al. [Mil84, Mil85]. They observed broadening and large red shifts of the
exciton absorption peak of QWs in an electric field perpendicular to the semiconductor
layers. This reduction of the exciton energy is caused by the tilt of the band structure due
to the applied field. In consequence, the energetic distance between the bound QW hole
and electron states is lowered, as shown in Figure 7.2. As the excitonic peak shifts, the
absorption for a distinct spectral position is altered, and by Kramers-Kronig relation the
effective refractive index is changed as well. The presented device uses this refractive
index change to alter the out-coupling efficiency of the VCSEL section.

7.1.2 Modulator design

The efficient design of an EOM aims at a maximized refractive index change by a minimal
applied electrical field change dn/dE. In parallel, the design needs to avoid absorption
within the EOM section. Lee et al. already identified two operating regimes for their
external EOM: first, a narrow spectral region adjacent to the exciton peak exhibiting large
refractive index and large absorption changes; and second, a broader spectral region at a 10
to 25 nm longer wavelength with respect to the absorption peak [Lee88]. The first system
shows the more important effects, but optical modulation would also be based largely on
absorptive effects, while for the second region dispersive effects can be dominant and a
high transparency for the lasing wavelength is achievable.

The presented design focuses on the second regime, thus the lasing wavelength is tuned
to an about 15 nm longer wavelength when compared to the modulator QWs within the
EOM section. Investigated test EOM samples showed a maximum refractive index change
of ∆n ≈ 0.01 employing a five-fold GaAs/Al0.2Ga0.8As QW stack. This multi quantum
well (MQW) modulator is placed in a second cavity within the top DBR of the VCSEL
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Figure 7.3: Modulation principle
of the EOM VCSEL: The exciton
absorption peak is shifted due to
the QCSE by applying an electric
field; In consequence, the refrac-
tive index is altered too; The EOM
cavity resonance dip can be shifted
out of resonance with the VCSEL
cavity; Compared to the resonance
position the light transmission is
significantly changed. Figure from
presentation of ref. [Shc08].

structure to enhance its effect. In consequence, the refractive index change caused by the
QCSE shifts the resonance dip of the cavity, and thus modulates the out-coupling efficiency
of the laser. The principle of the concept is shown in Figure 7.3. Inserting the EOM part
into a cavity results in enhanced optical field strength at the position of the modulator
MQW and consequently enhances the modulating strength.

7.2 Monolithically integrated EOM VCSEL design

Design considerations for this EOM VCSEL prototype aimed at a fully operational proof-
of-principle device at the relevant short-range optical-interconnect wavelength of 945 nm.
The design includes three DBR parts enclosing two cavities. A 37.5-fold bottom n-DBR
and middle p-DBR form the active VCSEL cavity; a middle p-DBR and top 10-fold
n-DBR enclose the EOM cavity. The middle p-DBR consists of 30.5 + 8-pairs separated
by a lattice matched InGaP etchant-stop layer adjacent to a GaAs : p+ contact layer
placed within a λ/4 layer of this DBR. This layer combination was subsequently used
to define a metallic middle contact separating EOM and VCSEL sections of the device.
All other DBR parts defining both cavities consist of Al0.9Ga0.1As and Al0.15Ga0.85As

λ/4 layers employing linearly graded interfaces. These graded layers were grown with
doubled doping levels compared to the fixed composition layers to facilitate charge carrier
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Figure 7.4: Figure shows the schematic cross-section and a drawing of the processed EOM
VCSELs. The larger VCSEL section at the bottom is operated in the CW mode while modulated
voltage is applied to the top EOM section to modulate the light output.

transport at the numerous interfaces. Doping of the DBRs was performed with SiH4 and
DMZn, as detailed in 4.2. A conventional one-λ cavity design with a four-fold MQW
GaAs/Al0.2Ga0.8As gain-medium was chosen for the VCSEL section. For the target
lasing wavelength of 845nm the active QW-emission was set to≈ 835nm at RT to account
for device heating upon operation. Adjacent to the active cavity, an aluminum-oxide
current-aperture was formed by post-growth oxidation of AlGaAs-gradings bordering
an Al0.98Ga0.02As layer. This aperture layer was included within the first middle DBR
period. The modulator cavity was based on the same layer structure but included a five-fold
MQW GaAs/Al0.2Ga0.8As EOM-medium with the GS transition at higher energy to
avoid absorption. A schematic of the complete device structure is given in Figure 7.4.

To ensure automatic matching of both cavities within the device, both cavities were
designed to have nominally the exact same optical length. This was realized for the four-
fold MQW VCSEL cavity and the five-fold MQW EOM cavity by adapting QW and barrier
thicknesses to form an equal optical length in total. The complete structure totals to about
400 layers and is very demanding in terms of growth accuracy and homogeneity.

7.2.1 Calibrations and growth

Epitaxial growth of this demanding EOM VCSEL design required an extensive amount
of calibration and fine tuning samples to align both cavities and DBR properties, as well
as to set a large variety of precise material compositions, all combined with a multitude
of different doping levels. All parts of the EOM VCSEL were calibrated individually by
specially designed test structures e.g. a single cavity within a reduced number of DBR
layers to set the resonance dip position within the DBR stop band range. PL investigations
for the optically active test samples and XRD measurements for lattice matching and
compositional settings were carried out. Doping levels for n- and p-doped layers were
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Figure 7.5: Reflectivity of two nominally identical 9.5-fold DBR test structures. The sole difference
is doping. They are either p-doped with Zn, or n-doped with Si. Spectral difference of the stop-band
position is measured to 3 nm.

tuned to values between 5 · 1017 to 4 · 1018 and verified by Hall measurements. All
layers could be tuned within this range except for the Al0.9Ga0.1As : Si which maxes
out around n = 7 · 1017 due to the self-compensating behavior of the group IV element
silicon. Transfer-matrix method simulations were employed to analyze surface reflectivity
measurements of DBR and cavity test samples. For the simulation, an intermediate layer
with an averaged constant composition approximated graded layers with good accuracy.

Reflectivity measurements show that growth rates were altered depending on the em-
ployed dopant source. Thus stop band positions of the p-DBR and n-DBR varied for
identical growth parameters and needed to be tuned separately to the same spectral position
(cf. Figure 7.5). In consequence, the resonance dips of the n-i-p VCSEL cavity with
adjacent aperture layer and the p-i-n EOM cavity in proximity to the InGaP/GaAs : p+

etch-stop/contact layer did not show the intended automatic matching and were tuned
separately to the same spectral position. Figure 7.6 part (a) shows the very good accuracy
of less than one nanometer of the spectral resonance dip positioning of EOM (red) and
VCSEL (green) cavity resonances. Based on these test samples the final EOM VCSEL
structure (black) was grown showing an overall resonance in between the separately cal-
ibrated positions. EOM and VCSEL cavity test samples were simulated separately and
layer-model parameters were tuned to match dip positions to investigate run-to-run growth
stability, cf. 7.6 part (b). Subsequently, the whole EOM VCSEL layer assembly was
simulated employing the very same, unchanged layer-model parameters as for the test
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Figure 7.6: (a) Reflectivity measurements show the resonance dip positions of EOM and VCSEL
cavity test samples. Spectral positioning accuracy of both cavities is achieved within 1 nm. The
resonance dip of the final complete EOM VCSEL structure based on the shown calibration samples
is positioned in between the test sample resonances.
(b) Transfer-matrix simulations of the test samples are tuned to the measured resonance-dip
positions. Layer-model parameters of these test sample simulations are used without changes to
simulate the whole EOM VCSEL structure. This complete layer model shows perfect matching
of the simulated dip position with the measured value, without any additional model parameter
modifications.
dashed lines: Guides for the eye are shown at the measured dip positions.

sample simulations. Comparison of the measured and the simulated EOM VCSEL dip
positions illustrates a perfect spectral match. The sole difference was based on the depth
of the resonance dip, which was attributed to the simplified model employing a constant
imaginary part value of the refractive index for all layers with band edge energies beyond
the calculated wavelength. These results demonstrate the excellent predictability and accu-
racy of the MOVPE growth technology, also for high precision growth runs with several
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Figure 7.7: black: Refractive index pattern of the grown structure. Graded DBR interfaces are
approximated for simulation by intermediate layers with constant refractive index levels. Positions
of the VCSEL cavity, EOM cavity, and contact layer are indicated.
red: Optical field-intensity wavepattern of the VCSEL cavity resonance wavelength. Simulation
is based on the transfer matrix method with a constant absorption approximation included for all
layers beyond the band edge of the calculated wavelength. Nanostructure effects are not included.

hundreds of layers, and evidences the accuracy of the optimization process based on small,
individually optimized test structures in combination with transfer matrix simulations.

Optical field-intensity wave-pattern was simulated with the aforementioned transfer
matrix method to verify the overall design. The result for 845 nm is shown in combination
with the refractive index pattern of the whole grown structure in Figure 7.7. Simulation was
carried out without including gain parameters. Maximum field intensity was predicted for
the VCSEL cavity, while significant field strength was observed in the EOM part, enabling
output power modulation.

The final device was grown by a single arsine-based MOVPE growth run at 700°C
for the entire monolithic EOM VCSEL structure. Growth temperature was lowered to
615°C only for the deposition of the lattice matched InGaP etchant-stop layer, employing
the previously described switching procedure (cf. Table 4.5). After switching back from
TBP to arsine, the InGaP layer was covered with 5 nm GaAs prior to heating up again
to resume DBR growth. Growth was finalized by a GaAs : n+ contact layer serving
as oxidation protection. Epitaxy on 2 inch GaAs : Si (1 0 0) substrates yielded good
uniformity across the whole wafer and a smooth surface quality.

7.2.2 Processing and characterization

Standard lithography and dry etching techniques were employed to process the EOM
VCSELs with varying double-mesa diameters from 25 to 36 µm and 45 to 56 µm for EOM
and VCSEL sections, respectively. All processing for this device was performed by my
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Figure 7.8: Surface reflectivity measurement of the unprocessed EOM VCSEL wafer is shown.
The joined EOM + VCSEL resonance dip is precisely positioned within the DBR stop band. FWHM
of the dip is less than 2 nm.

former colleague Alex Mutig as described in [Hop07]. Selective oxidation of the Al-rich
aperture layer was done using optimized conditions as described in ref. [Hai02]. Upon
oxidation, the volume of the aperture layer is reduced between 6.7% and 13%, depending
on the aluminum content [Cho97]. Consequently, the design needed to deal with significant
strain at the interfaces to the adjacent GaAs layers. To avoid interlayer delamination or
fracture, graded AlGaAs layers were grown enclosing the aperture layer. Three ohmic
contacts were formed for device operation, bottom and middle contact for the VCSEL part,
middle and top contact for the EOM part. The bottom contact is formed on the underside of
the thinned substrate, while middle and top contacts are circular contacts on the respective
mesas (cf. Figure 7.4).

For device operation, the EOM VCSELs were mounted onto a copper heat sink and
operated at RT as detailed in [Blo09]. In parallel to the optical output power of the laser,
the electric photocurrent generated within the EOM section was recorded. This measured
current was due to unintended photo absorption of the lasing wavelength.

7.3 EOM VCSEL results

Initial characterization prior to processing included surface microscopy and reflectivity
measurements. Surface reflectivity is given in Figure 7.8, evidencing the precise positioning
of the joined resonance dip of VCSEL plus EOM cavity within the DBR stop band. The
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Figure 7.9: black squares: RT small signal modulation measurement shows an optical bandwidth
of about 3 GHz for a device with 25 µm EOM-mesa diameter.
red line: Fit curve showing a 3 dB bandwidth of ≈ 3 GHz.
inset: Eye diagram at 6 Gbit/s, eyes are fairly open up to 10 Gbit/s, average output power is ≈ 1
mW at 1 V modulation voltage applied to the EOM section.

shape of the dip is without any significant tendencies to splitting, proving the precise
matching of both cavities.

7.3.1 High speed operation

As the device is targeted for high-speed operations, the optical bandwidth of the EOM
VCSEL is an important factor for applications. Thus, initial characterization focused on
dynamic modulation behaviors of the novel device design. All dynamic measurements
were carried out with constant current applied to the VCSEL section, while modulation
was solely done via EOM voltage variation. Small signal modulation experiments showed
a 3 dB bandwidth of ≈ 3 GHz. Open 6 Gbit/s eye diagrams at RT were measured with
an EOM modulation voltage of 1 V, and yielding an average output power of ≈ 1 mW
(cf. Figure 7.9). These dynamic characteristics of the prototype EOM VCSEL device
were lower than expected for the EOM concept. The bandwidth limitation is attributed to
electrical parasitic effects, especially within the EOM section, which includes no oxide
aperture and additionally suffers from increased absorption of the laser wavelength by
the EOM QWs upon modulation. The electro-optic effect itself is fast but relies on the
field strength at the EOM QW stack. Photo generated carriers within the EOM cavity will
counteract the applied field and limit modulation properties.
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Figure 7.10: solid lines: P-I curves at varied EOM voltages show the static EOM VCSEL charac-
teristics of a device with 36 µm EOM-mesa diameter. 7.7 mW maximum output power is achieved
with disconnected EOM section. Modulation upon voltage change from the monolithically inte-
grated EOM section is clearly evidenced.
dashed lines: Measured EOM photocurrent due to absorption within the modulator section is
shown for comparison.

7.3.2 Static modulation

Static measurements were carried out to investigate the behaviors of the VCSEL and
EOM sections. Figure 7.10 shows characteristic P-I graphs for a variety of reverse bias
levels applied to the EOM section, dashed lines additionally indicate the corresponding
photocurrents generated within the EOM section. This photocurrent was increased at higher
VCSEL drive currents, indicating enhanced absorption of the lasing wavelength within
the modulator section. Highest optical output power of up to 7.7 mW was achieved with
disconnected EOM section. This maximum output is attributed to transparency of the EOM
section by saturation with photo-generated charge-carriers. A modulation amplitude of the
optical output of more than 3 dB was achieved for a change of the EOM reverse bias from
0 V to -2 V. Simultaneously the generated photocurrent increased, indicating enhanced
absorption within the EOM section. Thus, the modulation is at least partially based on
absorption modulation, which is not intended for this type of device. A quantitative analysis
of the modulation mechanisms is given in the following Section 7.3.3. The spikes visible
in all P-I graphs and shifting with EOM voltage to higher VCSEL currents indicate some
special working points which were investigated in more detail in Subsection 7.3.4.



114 Electro-optically modulated vertical-cavity surface-emitting lasers

Figure 7.11: Temperature influence on
the modulation behavior is shown for 25°C
and 85°C operation.
solid lines: P-I-curves at 0 V and -2 V
EOM voltage show significant modulation
for both temperatures.
dashed lines: Extinction ratio is calcu-
lated for both temperatures demonstrating
improved modulation amplitude at higher
temperature.
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As thermal stability is crucial for real world commercial devices, one should allow for

operating temperatures as high as 85°C. Modulation behavior of the EOM VCSELs at
RT and high temperature is shown in Figure 7.11. Measurements demonstrate that the 3
dB extinction ratio at RT was slightly improved for operation at 85°C to ≈ 4 dB and was
accessible over a wider drive current range of the VCSEL section. This finding is probably
due to an improved matching of both cavities at the elevated device temperature. At both
temperatures the maximum extinction ratio was achieved around 16 mA VCSEL drive
current, indicating a potential working point for modulation.

7.3.3 Limitation analysis

The ratio of electro-optic effect-based and absorption-based modulation within the EOM
section was quantified in order to investigate the optical bandwidth limitations. Part (a)
of Figure 7.12 shows P-I graphs and photocurrent curves of Figure 7.10 around the main
modulation working point at 16 mA VCSEL current. The 0 V data (green) was taken as
reference state while the -2 V EOM voltage data (black) was interpreted as modulated
state. In part (b) the difference between both states was calculated for photocurrent and
output-power data. The dashed line represents the measured EOM photocurrent change
∆IEOM , while the solid line is the change of the optical output power ∆P converted to
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Figure 7.12: (a) Part of the data of Figure
7.10 is shown around a possible working
point position with maximum extinction
ratio.
(b) Differences of the data in (a) are cal-
culated to plot the EOM photocurrent
change ∆IEOM and the theoretical max-
imum photocurrent change for 100 % ab-
sorption ∆Ioptical(λ).
solid lines: Data is based on measure-
ments of the optical output power.
dashed lines: Data is based on the mea-
sured EOM photocurrent due to absorption
within the modulator section.

the corresponding theoretical maximum photocurrent difference ∆Ioptical(λ) according to
equation 7.2.

∆Ioptical(λ) = ∆P
λ

h c
e (7.2)

Absorption-based modulation is represented by ∆IEOM , while ∆Ioptical(λ) corre-
sponds to the total modulation amplitude of the optical output. Thus ∆Ioptical(λ) can be
taken as an equivalent to a theoretical 100 % absorption-based modulation at wavelength λ.
By calculating the ratio of both curves in part (b) of Figure 7.12 the percentage of the total
modulation based on the electro-optic effect can be plotted. This percentage is plotted
for different EOM voltages in Figure 7.13. A reverse bias of -2 V applied to the EOM
section shows an almost flat, VCSEL drive current-independent behavior with close to 30 %
electro-optic effect-based modulation. Higher EOM reverse voltages showed an increasing
electro-optic effect-based modulation for higher VCSEL drive currents. This analysis
shows that modulation for most working points is predominantly based on absorption. Thus,
the EOM section acts mainly as an externally triggered absorption modulator. However,
a relevant fraction of the modulation amplitude can already be attributed to the intended
electro-optic effect-based modulation. Consequently, the relatively high field-strength
change of≈ 87 kV/cm (calculated for -2 V) required to achieve a 3 dB modulation depth is
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Figure 7.13: Percentage of the total mo-
dulation amplitude (including absorption)
which is attributed to the electro-optic ef-
fect. Data is calculated from part (b) of
Figure 7.12 for -2 V and from equiva-
lent data for -3 V and -4 V EOM voltage.
For higher reverse bias, EOM voltage per-
centage values increase with increasing
VCSEL drive currents.
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mainly attributed to the need to shift the QW absorption peak in and out of absorption, as
comparable field-strength values have been reported to enable the required energetic shift
of a GaAs QW [Len90]. As the ratio of absorption-driven modulation to electro-optic
effect-based depends on VCSEL drive current, efficient dynamic operation of an EOM
VCSEL relies on the chosen working point as well as on the ability of future device designs
to avoid EOM absorption, and thus parasitic effects within the modulator.

7.3.4 Resonant electro-optic modulation

Small spikes in the optical output power curves were already observed in Figure 7.10.
Such unconventional P-I curve features were not only observed for this rather large device
with an EOM-mesa diameter of 36 µm, but also for other device sizes. Figure 7.14 shows
more detailed P-I data measured with a shorter step width from a device with smaller
28 µm EOM-mesa diameter. Sharp maxima occurred for all applied EOM voltages and
shifted for this device size to higher VCSEL drive currents with increased EOM reverse
biases. This strong and very sharp second maximum is attributed to the fulfillment of
the resonance condition of this compound cavity system of the EOM VCSEL device.
This data demonstrates the significance of resonant coupling to efficiently change device
output power. Investigations of our devices show that these resonance spikes can shift
with increased EOM voltages, either to higher or to lower VCSEL drive current values
depending on mesa sizes. Shchukin et al. reported a similar but much broader resonance
feature for a comparable MBE grown EOM VCSEL, which occurs before the first output
maximum of the device is reached [Shc08]. Whether the resonance feature appears before
or after the VCSEL maximum depends most likely on the offset between VCSEL and
EOM resonance positions. For a compound cavity system consisting of a laser diode
coupled to an external feedback mirror, a comparable resonance feature is reported by
Lang et al. [Lan80]. However, due to the smaller total dimensions of the present EOM
VCSEL coupled-cavity system, only a single resonance peak can be observed in contrast
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Figure 7.14: To identify the origin of the spikes observed in Figure 7.10 another device with
smaller EOM-mesa diameter of 28 µm was investigated by measurements with a smaller step width.
For higher VCSEL drive currents above 5 mA, sharp output power peaks are observed.
solid lines: Optical P-I characteristics with different voltages applied to the EOM section.
dashed lines: Corresponding photocurrent due to absorption within the EOM section.
dotted lines: Guides for the eye to allow identification of the position of data in Figure 7.15.

to multiple amplitude undulations for larger changes in the reported external feedback
system.
As shown in Figure 7.6 the VCSEL cavity resonance of our device was positioned at
a slightly shorter wavelength than the EOM cavity resonance. With an increase in the
VCSEL drive current, the VCSEL cavity shifts spectrally towards the resonance due to a
growing operating temperature within the VCSEL section of the device. This resonance
position depends on the applied EOM reverse bias, and shifts with an increase of the EOM
reverse bias to lower (cf. Figure 7.10) or higher (cf. Figure 7.14) VCSEL drive currents,
depending on whether the refractive index change ∆n has a positive or negative value
upon modulation. The sign of ∆n depends on the offset between lasing wavelength and
spectral absorption peak position of the modulating MQW section. As for our offset design,
the EOM regime of region II described in Figure 1 of reference [Lee88] applies, both
signs of ∆n are possible. This spectral laser-modulator offset depends on the temperature
gradient between both cavities of the device, and can be altered by different device sizes,
which alter the thermal properties. Consequently, the resonance position of this compound
cavity system upon EOM modulation is moved to lower or higher VCSEL drive currents
depending on device dimensions, geometry, and mounting.
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Figure 7.15: top: Measured EOM photocurrent. middle: Measured optical output power.
bottom: Calculated total VCSEL section power loss Ptot (EOM absorption + optical output).
Curves for different drive currents of the VCSEL section are plotted. 5.0 mA shows a flat Ptot

behavior, while 6.0 mA and 6.2 mA drive currents show distinct resonance onset upon EOM voltage
change doubling Ptot. At these resonance points, simultaneous increase of optical output power
and EOM photocurrent is observed.

To further investigate properties of this resonance, constant VCSEL drive currents as
indicated in Figure 7.14 were chosen to measure photocurrent and output power dependent
on the applied EOM voltage (cf. Figure 7.15). For 5 mA VCSEL drive current, the
measured photocurrent increased with an increase of the EOM reverse bias, and optical
output power decreased in parallel almost monotonically, indicating mainly absorption-
driven modulation. In contrast, measurements at 6.0 mA and 6.2 mA showed a distinct onset
simultaneously for photocurrent and output power, indicating fulfillment of the resonance
condition by an electro-optic effect induced shift of the modulator cavity resonance.
Total VCSEL section output power (Ptot), which is equivalent to total mirror losses of
a conventional VCSEL, was calculated by adding the power that is equivalent to the
photocurrent and the optical output power. The resulting Ptot graphs showed an almost flat
behavior for the 5.0 mA drive current, while for higher VCSEL drive currents Ptot almost
doubled within an ultra low EOM voltage increase of less than 100 mV. In consequence,
efficient modulation of the device is only possible if a working point is chosen such
that EOM voltage changes can switch the device from a resonance to an off-resonance
state, and not as initially investigated in Section 7.3.1 by altering mainly the absorption
characteristic. This EOM resonance modulation (ERM) cannot be explained by any
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Figure 7.16: Spectrally resolved modes of EOM VCSELs at RT are shown. Drive current of
VCSEL section was kept constant for all curves at 6.2 mA while EOM voltage was varied. An
EOM voltage increase from -2.9 V to -3.0 V yields significant amplitude changes for modes 1 and
2 of 27 dB and 20 dB, respectively, and causes all modes to slightly shift by ≤ 0.5 nm. (Data was
measured using a slightly different setup as compared to Figure 7.15 to resolve individual modes.)

absorption modulation, and is directly related to modulation of the EOM cavity by usage
of the electro-optic effect.

ERM was further investigated by measuring the behavior of individual modes upon
resonance onset of this multi-mode device. Figure 7.16 shows spectrally resolved optical
modes of the EOM VCSEL at varied EOM voltages. For an EOM bias change from -2.9 V
to -3.0 V, a clear onset of higher order modes 1 and 2 was observed, while the fundamental
mode 0 and mode 3 remained almost unchanged in intensity. All modes shifted only
slightly, by less than 0.5 nm to shorter wavelengths. Thus total optical output increase
upon ERM is driven by modes 1 and 2, which show modulation amplitudes of 27 dB and
20 dB, respectively. Limiting the output to these strongly modulated modes would result
in a very strong output power modulation through minimal modulation voltage change.

Small signal operation and eye diagram shown in Figure 7.9 evidenced strong parasitic
limitation to about 3 GHz of this EOM VCSEL prototype using a conventional, non-
resonant working point. In contrast to conventional current modulated devices, the small
signal transfer function of devices relying on photon lifetime (τp) modulation decreases
with 1/ω instead of 1/ω2 [Avr93]. Thus the EOM VCSEL concept should enable higher
modulation bandwidths. But direct small signal modulation measurements (S21) ensuring
ERM showed a similarly limited bandwidth of 3 GHz, indicating a parasitic limitation
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Figure 7.17: Equivalent-circuit diagram (ECD) of a characteristic device is shown. EOM section
parameters are modeled like a reverse-biased PIN-diode with split elements for p- and n-space-
charge regions, and for the EOM-QW absorbing and refractive index changing characteristics. By
fitting this ECD to the S11 parameter data, parasitic device characteristics are assessed with high
accuracy (cf. Figure 7.18).

of this prototype design. In order to assess the fundamental intrinsic bandwidth of the
device and its concept, device parasitic need to be deconvoluted from data. Measurement
of the device voltage reflection coefficient (S11) with ERM conditions allows for modeling
of device characteristics by an equivalent-circuit diagram (ECD). Figure 7.17 shows
the resulting ECD which enabled precise fitting of the collected S11 data. This ECD
model includes the EOM section as a reverse-biased PIN-diode. In the ECD, this diode
is split into the diode capacitance of the space-charge regions of p- and n-side (Cdiode)
and an additional EOM-QW capacitance (CQW ), representing the photocurrent generating
behavior. Each of these capacitors has a leakage resistance represented by Rdiode and
RQW , respectively. Additional required lumped elements of the ECD are a spreading
resistance Rspread, a contact resistance Rcontact, and a pad capacitance Cpad. The results
of fitting for these lumped elements of the ECD for different EOM voltages are given in
Table 7.1.

As expected, the outer parasitic network values Rspread, Rcontact, and Cpad remained
nearly constant upon EOM bias variations. In contrast, the inner values showed clear trends.
Space-charge capacitance Cdiode decreased consistently with wider depleted regions, while
the corresponding resistance Rdiode increased significantly. As a result of the absorption-
based photocurrent generation of the EOM QWs, the corresponding leakage becomes

UEOM CQW RQW Cdiode Rdiode Rspread Rcontact Cpad
2.8 V 55 fF 1040 Ω 177 fF 6.5 kΩ 309 Ω 35.9 Ω 55.4 fF
3.0 V 56 fF 940 Ω 176 fF 8.1 kΩ 308 Ω 35.9 Ω 55.3 fF
3.2 V 60 fF 650 Ω 173 fF 10.0 kΩ 302 Ω 35.9 Ω 55.4 fF

Table 7.1: ECD S11 fitting values of parasitic network as depicted in Figure 7.17. EOM VCSEL
data for different EOM voltages is taken at RT with a VCSEL drive current of 6.2 mA.
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Figure 7.18: Device S11 data and the matching fit according to ECD in 7.17 are shown. Use of
this equivalent-circuit with the EOM section represented as a reverse-biased PIN-diode and split
capacitances Cdiode and CQW allows for an excellent full range fit from 0 to 40 GHz, including the
S-shape kink at the low frequency end. Thus, device parasitic are unveiled and can be deconvoluted
to assess its intrinsic bandwidth.
inset: Smith-chart representation of measured S11 data.

more dominant, thus resistance RQW decreases. In parallel the CQW increase is related
to the altered refractive index and the enhanced heating by photo absorption. A fit for
2.8 V EOM reverse bias with this data is shown in Figure 7.18. The measured S11 data
matches perfectly over the full setup-limited frequency range up to 40 GHz, including the
important S-curved kink on the low frequency side. All changes in the equivalent circuit
parameters accurately reflect EOM voltage changes. Consequently, the now quantified,
clearly limiting, parasitic device response can be deconvoluted from ERM S21 small signal
modulation data to uncover the intrinsic device performance. In Figure 7.19 this intrinsic
S21 data is shown. A fit employing equation 7.3 as detailed in references [vE07, vE08]
reveals the intrinsic potential of the device:

S21(ω) ∝ 1

τp0
· ω2

0τp + jω

ω2
0 − ω2 + jωγ

(7.3)

As measured data is noise limited around 30 GHz, only data points up to this value are
included in the fit. The fitted intrinsic device speed yields a photon-lifetime τp0 of 4.1
ps, a resonance-frequency ω0 of 2π·27 GHz, and a damping-coefficient γ of 1.5·1011 s−1

at the ERM point of 6.2 mA and 2.8 V. Thus, the intrinsic bandwidth of the fabricated
EOM VCSELs is predicted to be ≈ 56 GHz, as shown in Figure 7.19. This high intrinsic
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Figure 7.19: Intrinsic bandwidth of EOM VCSELs at RT is assessed by S21 data fitting based
on equation 7.3. Drive current of the VCSEL section is 6.2 mA, EOM voltage is 2.8 V. S21-
measurement is hitting the noise-floor at ≈ 30 GHz. Thus, the data fit region is limited to < 30 GHz.
Electrical device parasitic are deconvoluted from the measured data. Bandwidth of the device is
strongly limited by parasitic, but intrinsic bandwidth in ERM regime is predicted to be ≈ 56 GHz.

bandwidth evidences the potential of the monolithic EOM VCSEL concept, while the
overshoot is typical for intra-cavity loss-modulated VCSELs [vE08]. Future device designs
need to incorporate a well-tailored parasitic response to flatten out this characteristic
overshoot without limiting device bandwidth, to achieve optimal high-speed performance.

For the present device this high intrinsic speed potential is reduced not only by
absorption-induced parasitic current within the modulator, but also by high Cdiode ca-
pacitance as disclosed by the ECD 7.17. Opposite to conventional current modulated lasers
that exhibit similar confinement factors and resonance frequencies, and tend to saturate
around 20-30 GHz, the EOM VCSEL concept is far from its intrinsic optimum speed.
To unlock the apparent very high intrinsic performance, future device generations will
require multiple design changes, such as absorption and capacitance reduction as well as
high-speed processing.

The EOM VCSEL results are published in [Ger10] and the ERM analysis was recently
submitted to Optics Express [Ger12].
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7.4 Conclusions

Summary This work demonstrates the realization and characterization of the novel
EOM VCSEL concept which monolithically integrates an electro-optic effect-based modu-
lator within a VCSEL device. Individual optimization and simulation of all relevant parts
based on separate test samples allows for accurate parameter tuning and prediction of all
relevant optical EOM VCSEL characteristics. Transfer-matrix method-based simulations
are used as a reliable tool for cavity resonance positioning and DBR tuning of this complex
structure, which includes close to 400 layers. The precise tuning of both cavity resonances
is crucial for device operation. Fundamental insight was gained with regards to EOM
behavior, explaining the optical bandwidth limitation by quantifying electro-optic effect
and absorption-based modulation. A resonance working point was identified allowing for
much stronger EOM resonance modulation (ERM) triggered by an ultra-low modulation
voltage change of less than 100 mV.
Key issues identified during this research for future EOM VCSEL devices are:

• Non-negligible absorption within the modulator section causes significant charge
carrier generation.

• Parasitic currents within the EOM section need to be addressed to improve device
performance.

• ERM demonstrates the strong potential for electro-optic effect-based modulation of
resonant cavity coupling.

• Operating parameters for the optimal device working point are crucial for efficient
modulation.

• ERM is driven by the modulation of only two out of four different modes.

• EOM VCSEL S-parameter analysis for this design shows a very high intrinsic
bandwidth potential of 56 GHz.

The very demanding high-precision growth process of EOM VCSELs can be divided
into optimization of individual small subsections to efficiently optimize all process param-
eters. Transfer-matrix method-based simulations allow for growth parameter analysis and
for an accurate prediction of the spectral resonance position of a coupled cavity system.

Outlook Middle contact layer and cap layer consist of GaAs, causing absorption for
the target lasing wavelength. Future designs could employ solely lattice matched InGaP ,
reducing the problem of losses and device heating. This use of the non-oxidizing InGaP
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is epitaxially demonstrated for the VECSEL design in Chapter 6.3, but could necessitate
some adaptation of the employed processing steps.

To assess the intrinsic high-speed potential of the EOM VCSEL concept, future designs
need to address the present parasitic limitations. Absorption within the modulator can be
reduced by choosing a larger spectral offset between active and modulator QWs. Significant
EOM capacitance reduction is possible by a thicker EOM-cavity design combined with
smaller EOM-mesa diameters and an EOM-aperture layer to reduce the effective Cdiode
diameter. Such design changes could lead to an increased modulation voltage requirement
that could be addressed by an increased number of EOM QWs to maintain a sufficient
refractive index change.

Another important design criterion is the number of DBR pairs separating both cavities
with respect to the top-most DBR thickness, and thus the confinement of the EOM cavity.
These parameters are crucial for the coupling behavior of ERM operation and regulate the
effective modulation and absorption strength of the EOM-QW. This needs to be taken into
account to precisely tailor modulation behavior and parasitic characteristic to ensure an
optimal flat broadband response. Additionally, temperature-dependent characterization
could be used to fine-tune the resonance offset between both cavities post growth, and
consequently to define the ERM working point.

The employed, and more robust, processing approach is not suitable for maximum
modulation speed. Single mode devices are required to completely assess the potential of
ERM. A reduction of EOM-mesa diameters could further reduce the modulator capaci-
tance. Additionally, optimized processing and device mounting with minimized contact
capacitances and impedance matching are required for highest modulation speeds. Future
designs need to include well-tailored device parasitic to flatten out the intrinsic overshoot
for midrange frequencies, and to ensure a flat broadband response.

Beyond these direct improvements, future optimization of the EOM section requires
further investigations on the modulating behavior of the MQW system, novel design
approaches, or advanced modulation concepts. Particularly coupled compared to uncoupled
QW systems could be advantageous. Additionally, type II hetero junctions separating holes
and electrons could prove to be most efficient. A completely different design approach
already mentioned in [Shc08] eliminates the need for a second cavity by positioning
the VCSEL emission wavelength at the edge of the DBR stop band. However, this
DBR stop band modulation could be technically demanding and would require extensive
epitaxial process and design optimization. Another important concept is the simultaneous
modulation of j and τph, as theoretically predicted by Avrutin et al. [Avr93]. This could
be realized by a coupled frequency-dependent modulation of VCSEL-section current and
EOM voltage.
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The EOM VCSEL concept offers a new mechanism for generating high-speed devices
by eliminating the requirement for direct modulation. By using established growth and
processing technologies, this novel concept is compatible with large-scale manufacturing
processes. MOVPE growth demonstrated the feasibility of this demanding design, while
proving the excellent epitaxial growth stability for hundreds of layers. The presented
ultra-low voltage EOM modulation enables fabrication of cost-efficient systems using
established CMOS driver circuits. Future EOM VCSELs can potentially outperform any
conventional direct modulated devices, which are inherently limited by the required drive
current density.





Chapter 8

Summary and Outlook

Summary MOVPE of long wavelength InGaAs/GaAs QDs emitting around 1.3 µm
was systematically studied. Growth processes for three completely different laser concepts
based on QWs, QDs, and SMLs were developed and devices were realized. In the course of
this work about 2500 different MOVPE samples were grown, measured, and characterized.
Among these were:

• Multiple QD lasers with AlGaAs and InGaP designs that exhibited record low
thresholds and emission wavelengths up to 1.3 µm.

• First MOVPE grown SML and QD-based VECSELs, emitting at 950 nm, 1040 nm,
and 1210 nm were fabricated. High-power, high-brilliance output and excellent
temperature stability were demonstrated.

• Realization of the novel EOM VCSEL concept based on a QW double-cavity design
unveiled an ultra-high intrinsic bandwidth potential surpassing direct modulated
VCSEL.

For the systematic study of QD growth and QD stacking processes for long wavelength
applications, a standardized PL test structure design with constant excitation volume was
adopted. Multiple computer-based tools were implemented to deal with the substantial
number of samples.

Based on an existing InGaAs/GaAs QD growth process, the influence of individual
growth parameters on the QD luminescence characteristic was studied in detail, and the QD
growth process was developed further. A series of PL test samples revealed the important
role of the V/III ratio during overgrowth of QDs. A strong influence of the V/III ratio on
QD properties was determined. Reduced V/III ratios improved the integration of QDs into
the GaAs matrix crystal, enabling a reduced FWHM, longer emission wavelength, and
a significantly improved QD stacking ability. The improved QD properties are attributed
to a reduction of point defects in the proximity of the QD layer. In consequence, the
vacancy-driven indium segregation was suppressed. Effects of the V/III ratio on QD
properties were found not only for QD deposition and the capping process itself, but also
for all layers deposited subsequent to a QD layer. This finding is explained by a group three
vacancy rich growth surface for high arsenic partial pressures, leading to enhanced indium
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segregation out of the QDs. Through these improvements of the QD growth process, the
successful complete suppression of QD emission blue shift upon overgrowth and annealing
was achieved, even for long wavelength QDs at 1.3 µm [Str08a].

Edge-emitting lasers based on this advanced QD growth process were fabricated, achiev-
ing ultra-low threshold values of only 66 A/cm2 at 1.25 µm [Str06, Ger07]. Additional
to the conventional AlGaAs-based design, a completely aluminum-free design based on
lattice matched InGaP cladding was developed and realized, achieving an extremely low
transparency-current density of only 35 A/cm2 at the same wavelength.

Complete suppression of any unintended blue shift during QD stacking and cladding
growth enabled the realization of one of the first MOVPE grown 1.3 µm QD lasers. In
contrast to other reports, the presented growth process was carried out without the need for
additional surfactant materials such as antimony, and was solely based on a systematically
improved QD growth process.

Using MOVPE the first SML-based and the first QD-based optically pumped VECSELs
were designed and fabricated. SML GS emission was used for the generation of VECSELs
emitting at 0.95 µm and 1.04 µm, with CW output powers reaching up to 1.4 W [Ger08b].
QD ES transitions were employed to realize a QD VECSEL design at the same 1.04 µm
wavelength [Str08b]. A low-loss design was developed to enable GS QD lasing at 1.21 µm,
achieving an ultra-low threshold value of only 2.4 kW/cm2. Use of the very broad QD
gain spectrum enabled an extremely temperature stable VECSEL performance, clearly
evidencing the advantage of QD gain media for this laser type [Ger08a, Ger08c].

The novel concept of a VCSEL with a monolithically integrated electro-optic modulator
was realized as a twin cavity QW design. Close to 400 total layers resulted in a device
thickness of 12 µm, while the resonance wavelength offset between both cavities has been
kept to less than 1 nm. This very demanding epitaxial design was fabricated by a single
MOVPE growth run, and shows lasing up to ≈ 8 mW output power [Ger10]. An in-depth
analysis disclosed a resonance working point enabling 27 dB modulation of an individual
mode by an ultra-low voltage change of less than 100 mV. While modulation bandwidth of
this prototype design was limited by parasitic to 3 GHz, a very high intrinsic bandwidth
potential of 56 GHz could be revealed by ensuring EOM resonance modulation. This
finding evidences the huge potential of the EOM VCSEL concept for future ultra-high-
speed devices.

Outlook Nowadays the majority of semiconductor photonic devices rely on QWs as
active nanostructures. Since all applications have a unique set of requirements, individual
epitaxial designs are required. Thus QW active media are often not the optimum choice
for all kinds of devices. Future highly optimized semiconductor laser concepts require not
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only advanced structural designs, but also tailor-made active media solutions to achieve
maximum performance.

As presented in this work QDs, which are already entering the mass market, offer
clear advantages. These include thermal stability for distinct device designs such as
VECSEL. Similar advantages as those for QD VECSEL can be anticipated for all other
laser concepts which through their design have an already fixed and predefined emission
wavelength, and will consequently benefit from the spectrally broad QD emission e.g. DFB
lasers. Compared to QW-based VECSELs, research on the QD-based variant is rather
new. Emerging reports can already show further improvements on QD-based VECSEL
devices [But09, Rau10, Alb11]. Future advancements need to target two areas: Firstly,
improvement of the active QD gain media by closer stacking of dozens of layers with
highest QD densities, including possible strain compensation; and, secondly, advancing the
VECSEL design itself, e.g. by improved pump power balancing through use of a double
stop band DBR, or improving heat removal by advanced processing such as substrate
removal.

Besides QWs and QDs, a better understanding of SML growth and physics could
close the gap between QW and QD characteristics to enable tailor-made optimum op-
tical properties for all photonic device applications. Advanced SML growth processes
would need to reduce lateral coupling by controlling island sizes and distribution, while
maintaining vertical correlation. Lateral charge carrier confinement can be supported by
choosing matrix materials with larger band gap energies than GaAs, such as AlGaAs or
InGaP . Thus, investigations for future SML MOVPE growth processes should not be
restricted to the InAs/GaAs approach, but rather be open-minded towards other material
combinations. This includes surface mobility mediating substances such as antimony,
which could improve control of the InAs-island formation.

Novel innovative concepts such as EOM VCSELs can overcome physical limits of
conventional direct modulated VCSELs, thereby pushing modulation speed to new limits.
This research revealed multiple possibilities for developing the EOM VCSEL concept
further. Limitations of the present design, such as absorbing layers and strong parasitic
effects need to be eliminated. For this purpose, absorbing GaAs can be replaced by lattice
matched InGaP , and the EOM capacitance can be significantly reduced by introducing
an aperture layer, increasing the cavity length, and reducing the EOM mesa diameter.
Spectral offset of EOM QWs should be increased to reduce losses, while enabling an
increased number of modulator QWs. High-speed compatible processing is indispensable
including impedance matching, minimized contact capacitances, and single mode operation.
Advanced EOM VCSEL designs could include type II or coupled QW systems to boost
the attainable EOM effect. Sophisticated driving concepts could target the simultaneous
modulation of j and τph for ultimate performance [Avr93].





Appendix A

Additional Methods

A.1 MOVPE growth

A.1.1 In-situ control

Process control is performed by the commercially available optical in-situ sensor Laytec
EpiRAS which is upgraded for most recent samples by the TT-option (an additional pyro-
metric sensor). This sensor system is based on a white light source (xenon arc lamp) and a
free-air light path to the wafer, and back to a monochromator/detector unit (280 - 800 nm).
Light is reflected twice at the wafer surface; on its way to a concave anti-wobbling mirror
with focal point on the wafer surface, and on its way back to the monochromator. Thus the
variable light path directly compensates for any tilted reflection or defocusing caused by
wobbling of the rotating wafer mount.

Reflectance anisotropy spectroscopy

Reflectance anisotropy spectroscopy (RAS) uses linearly polarized light to measure
anisotropy between the main crystal axes. As the substrate rotates within the reactor
all possible angles between polarization direction and crystal axes are measured. Due to
the cubic crystal geometry of GaAs bulk material it is isotropic for RAS, whereas the
anisotropic signal originates solely from the non-isotropic surface reconstruction. The
employed RAS system is based on an photoelastic-modulator configuration as detailed
in [Asp88]. For most samples, time resolution is crucial, thus detection wavelength is
set to 2.65 eV instead of measuring full spectra through the whole monochromator range.
The chosen energy is related to the arsenic dimer which is part of the GaAs surface
reconstruction and is especially sensitive to the deposition of InAs monolayers required
for QD growth [Ste97].

Reflectometry

Reflectometry uses the same signal as RAS. Due to the absorption characteristics of the
AlxGax−1As-system the signal can originate from several layers close to the surface
at once. Thus Fabry-Pérot oscillations are observed at hetero interfaces which can be
used to calculate the current epitaxial growth rate. In addition to surface sensitive RAS
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measurements, reflectometry is used for all growth runs to monitor growth progress, to
analyze process errors, and to check in-situ surface roughness.

Pyrometry

In order to gain direct access to the wafer surface temperature the EpiRAS system was
recently upgraded with a pyrometry system. This system uses the same light path but
employs an additional LED light source for a reflectivity measurement at 950 nm. Data
is corrected for emissivity by calculating the difference between true wafer emission and
emission from a perfect black body. Thus, correct wafer temperature measurements are
possible independently of possible hetero interface multi reflections and actual growth
temperature. When properly calibrated, this system allows for a more precise wafer
surface temperature control without the intrinsic temperature offset of the MOVPE system.
Calibration is carried out by monitoring the silicon-aluminum eutectic transition point at
577°C. At QD growth temperatures around 500°C the signal is weak, thus accuracy is
reduced to ≈ 5°C, while at higher growth temperatures (600°C and above) an accuracy
of ≈ 1°C is achieved. By adding the pyrometric sensor to the MOVPE system, run-
to-run temperature control is achieved, eliminating the need for individual temperature
calibrations in most cases.

A.1.2 Process design tools

Besides the employed commercial Aixtron CACE operating software for the MOVPE
system, multiple tools were developed to facilitate epitaxy-process programming and to
minimize sources of error. These tools were calibrated to allow for an accurate prediction
of final layer structures and layer thickness. Such layer assembly calculations are based
solely on parameters of the employed precursors, such as source flows, pressures and
temperatures, as well as the reactor temperature, total flow value, and deposition time.

Schätzer

The Schätzer is an Excel-based tool enabling calculations of growth rate and layer thickness,
as well as ternary material composition and V/III ratio. Results are based on growth
parameters, source material constants, and calibrated growth efficiencies of the employed
precursors. Schätzer significantly simplifies programming of complex epitaxial layer
assemblies and minimizes growth rate and compositional calculation errors.

Previewer

The Previewer-tool was initially scripted by André Strittmatter as a standalone application.
This tool is based on a parser for Aixtron epitaxy-process files and uses the same formulas
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as the Schätzer tool to directly calculate layer parameters and to plot all informations on
the whole layer structure, including growth relevant parameters such as total flow or V/III
ratio. Additionally, Previewer enables one to go step-by-step through the epitaxy-process
file for debugging and analysis. Previewer was recently integrated into the Online lab-book
by David Quandt, Jan-Hindrik Schulze, and André Strittmatter. This allows for the direct
integrated display of layer structures within the online database.

Online lab-book

Based on the need for a comprehensive compilation of all growth-relevant data and all
characterization results, combined with the possibility of a universal search engine, the
idea of an online lab book was developed. The basic idea, requirements, and the initial
implementation were developed for several years by the author and coded by Jürgen Brandt
as part of a student research work. Programming of the actual completely redesigned
version was mainly conducted by Jan-Hindrik Schulze and David Quandt. The online
lab-book is entirely web browser-based, employing a MySQL database and PHP written
dynamic content. As previously mentioned, the Previewer is now directly integrated.
Image files for data such as atomic force microscope (AFM) or Nomarski micrographs can
be uploaded. An import filter for ASCII data from PL and in-situ measurements exists, and
data curves can be directly plotted, magnified and compared within the web browser using
JavaScript. LabVIEW-based measurement setups such as Hall characterization or PL can
directly upload results into the database. All maintenance entries or growth runs are tagged
according to their needs to allow for a comprehensive search within the whole database.
Sample search attributes include indicators such as project, growth series, or wafer batch
number, to easily identify interrelationships. Due to its universal concept the online lab-
book is easily extendable for additional data sources and new project requirements. As a
work-in-progress, novel features are continuously being added while two MOVPE systems
steadily produce new input data.

A.2 Sample characterization

A.2.1 Microscopic characterization

Surface characterization often indicates growth- or wafer-related problems. As the di-
mensions of crystalline defects can increase to a macroscopic scale during growth they
become visible during optical microscopy. This effect enables differential interference
contrast microscopy (Nomarski microscope), which is very sensitive to surface roughness,
to uncover epitaxial growth or wafer problems. Thus the employed Carl Zeiss universal
polarization-microscope was used to quickly check post-growth epitaxial layer quality.
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To assess sample properties on a lateral nanometer scale, a variety of other non-optical
microscope techniques are available.

Atomic force microscopy

Atomic force microscope (AFM) measurements allow for height resolutions up to individual
atomic layers, whereas lateral resolution is limited by the tip radius of ≈ 20 nm. Thus QD
shape representation is always a convolution of QD geometry, employed SiN tip-shape, and
the physical interaction mechanisms between both. QD geometry changes during capping
and GRI, which is inevitable while cooling down from growth temperature. Consequently,
AFM measurements are not used to investigate changes in QD shape, but are instead
employed to precisely characterize surface quality and to quantify QD densities.

Scanning electron microscopy

A commercially available Zeiss Ultra 55 scanning electron microscope (SEM) was used to
investigate surface defects and complex structures in a cross-sectional view. The maximum
attainable resolutions of the employed system are 1.0 nm at 15 kV or 1.7 nm at 1 kV. SEM
micrographs assisted in tracing back surface defects to the epilayer-wafer interface. In this
manner, imperfect wafer charges with defects or contamination not visible prior to growth
were identified. Additionally, growth homogeneity was investigated for DBR structures
and final devices were crosschecked for vertical structure and growth quality.

A.2.2 Volume-crystal characterization

Growth parameter calibrations and impurity tracing require the measurement of multiple
layers and thick structures (> 100 nm). Crystal quality is further investigated and quantified
by intrinsic charge carrier concentration and mobility measurements.

X-ray diffraction

For XRD measurements, a commercially available Philips X’pert Pro MRD setup was
employed. An hybrid 4-bounce germanium-monochromator reduced radiation of the X-ray
source to the Kα1-line and a Ge (2 2 0) channel-cut collimator was used on the analyzer
side. All XRD test samples were measured with omega-2-theta scans of the GaAs (0 0 4)
reflex and subsequently fitted with the commercial PANalytical X’pert epitaxy software.
The fitting routine was based on a solver for Takagi-Taupin equations of the dynamic
scattering theory [Tak62, Tau64, Tak69].

Measurements of ternary layers are used to tune compositions, which is especially
important to achieve lattice matching of InGaP onGaAs. SL samples as described in A.3
are grown and measured to calibrate epitaxial growth rates. As stacked active QD layers
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also represent a SL structure, the QD period in such structures can be determined with high
accuracy. More detailed insight into XRD methodology and XRD QD-measurements is
given by Krost et al. [Kro96a, Kro96b].

Charge carrier measurements

Doping levels and electron mobilities are measured using the Hall effect employing the L. J.
van der Pauw-method [vdP59]. Samples as described in A.3 are prepared for doping level
characterization and standard material characterization of electronic properties. As this
measurement relies on resistivity measurements of the manually soldered ohmic contacts,
metal contact size and quality influence the measurement error (≈ 20 %). Additionally, the
measurement range is limited by the resolution of the voltmeter and the range of the current
source to a sample resistivity of < 107 Ω. Thus, very low doping levels can be out of the
range of this measurement method. The setup includes a magnet with a magnetic field
strength of 0.42 T and the possibility for measurements at 77 K through the use of liquid
nitrogen. CV-measurements are used to cross-check results of selected samples or for
samples on doped substrates. Characteristics of doped multi-layer samples are determined
using a commercial Bio-Rad PN4300PC etch-CV profiler.

Secondary ion mass spectroscopy

Vertical resolution of secondary ion mass spectroscopy (SIMS) is systematically limited to
≈ 5 nm which is insufficient for investigations of nanostructures such as QWs and QDs. In
contrast, the impurity detection limit of≈ 105 up to 10 ppb is excellent. Thus SIMS is used
to investigate unintended dopant diffusion in complex device structures. The employed
system is a commercial Atomika SIMS-6500 system equipped with oxygen, argon, and
cesium ion-sources. Depending on the investigated elements, either O+

2 or Cs+ ions with
accelerations energies between 6 keV and 13 keV are used. Further information on the
physics of SIMS can be found in the following textbooks [Mc’75, Brü80, Che87b].

A.3 Sample structure designs

XRD test structures

X-ray diffraction (XRD) measurements are used for compositional and growth rate calibra-
tions. Ternary compositions are calibrated by test samples with bulk semiconductor layers
while growth rate information is determined from superlattice (SL) structures. Such SL test
samples consist usually, but not necessarily, of two alternating epitaxial layers e.g. stacked
QD layers can be measured to directly determine the period of active layers. As already
described in 3.1.1, a QD growth process such as this consists of numerous growth steps at
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varying temperatures. Calibration of the growth rates for all layers separately is costly and
time-consuming, while direct measurement of the whole QD stack results in more accurate
active layer period values by including all intermediary growth steps at once.

Hall test structures

Test samples for Hall measurements using the L. J. van der Pauw-method [vdP59] are
bulk layers of one to three microns with constant doping levels. Aluminum-containing
samples are capped by an undoped GaAs layer ≈ 15 nm thick to prevent oxidation of the
surface. Prior to measurement, ≈ 1 cm2 pieces are cleaved and small indium contacts are
soldered manually near the corners. Samples are subsequently annealed for about 15 min
at ≈ 400°C on a hot plate to generate ohmic contacts.

Other test structures

For DBR and cavity resonance calibrations, test samples with reduced period numbers are
grown to measure surface reflectivity. Subsequent transfer matrix simulations are used to
tune growth parameters.

For AFM investigations, samples are cleaved to ≈ 1 cm2 pieces and bonded with
conductive silver to equivalently large metal plates. This enables mounting on the magnetic
sample holder of the AFM. For QD density investigations, special AFM test samples are
grown. The QD layer within these samples is covered by only a few nanometers of GaAs
to conserve QDs during cooling of the reactor.

A.4 Transfer matrix simulation

Commercial Wolfram Mathematica software was used to compute simulations of com-
plex layer designs employing the transfer matrix method [Bor00]. Algorithms initially
implemented by André Strittmatter were used to calculate reflection spectra and optical
standing wave pattern from an input layer stack. The resulting calculations were used to
tune DBR and cavity properties or to calculate 1-dimensional optical field distributions in
waveguides. The fitting of simulation model values to optical reflection data was used as a
fast and accurate characterization tool for test samples and complete device structures.

A.5 Processing and device characterization

All electrically pumped laser devices were processed and characterized on-site. Initial
characterization was done directly post-growth by PL and/or reflectivity measurements.
Processing and characterization of edge emitters was carried out by Kristijan Posilovic and
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Thorsten Kettler. Electro-optically modulated vertical emitters were processed by Alex
Mutig using standard lithography techniques as detailed in [Hop07]. Device performance
measurements were performed by Alexey Nadtochiy and Sergey Blokhin.

A.5.1 Edge-emitter fast-process

The edge-emitter Schnellprozess (fast-process) was employed to produce ultra-fast results
for the first feedback with regards to material and process quality. Using this Schnellprozess,
the first laser parameters can already be made available on the 2nd day post-growth. This
is achieved through a minimized number of processing steps to fabricate broad-area laser-
diodes. Results from such devices allow for fast feedback on growth quality and device
design. Processing steps of this Schnellprozess are outlined in the following:

• Using standard photolithographic techniques ohmic Ti/Pt/Au p-contacts are estab-
lished on the wafer surface by electron-beam evaporation (width 100 µm).

• Broad-area mesa-stripes are wet-chemically etched using the already defined metallic
p-contacts as a masking layer.

• Wafer lapping is carried out to thin the structure to a total thickness of about 100 µm
to 150 µm.

• Metallization of the entire underside of the wafer is done with Ni/Au0.88Ge0.12/Au
using a thermal evaporator to establish an ohmic n-contact.

• Groups of lasers with lengths ranging from 0.3 mm up to 8 mm are cleaved. To speed
up the process, laser bars of 5 or 10 edge-emitters are directly measured without
individually separating devices or sophisticated mounting techniques.

A more detailed description of the Schnellprozess can be found in [Rib02, Ket10]. All
edge-emitter results depicted within this work are fabricated employing this Schnellprozess.

A.5.2 Edge emitter characterization

For device characterization, cleaved laser bars are fixed on a gold-plated copper block
used as an n-contact. Individual lasers are addressed using a golden needle as a p-contact.
A pulsed current source with 2 A at 80 Ohm is used. Pulse widths range from 300 ns
to 800 ns at repetition rates of 1 kHz. Detection is carried out by an Ulbricht sphere
including independent photo diodes with separate spectral filters. The two independent
photo currents enable simultaneous monitoring of lasing power and wavelength. As an
alternative, a fiber-coupled optical spectrum analyzer is used.
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