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Summary / Zusammenfassung

Summary
The scope of this work is the fundamental growth, tailoring and characterization of selforganized indium arsenide quantum dots (QDs) and their exploitation as active region
for diode lasers emitting in the 1.55 µm range. This wavelength regime is especially
interesting for long-haul telecommunications as optical fibers made from silica glass
have the lowest optical absorption. Molecular Beam Epitaxy is utilized as fabrication
technique for the quantum dots and laser structures. The results presented in this thesis
depict the first experimental work for which this reactor was used at the University of
Kassel.
Most research in the field of self-organized quantum dots has been conducted in
the InAs/GaAs material system. It can be seen as the model system of self-organized
quantum dots, but is not suitable for the targeted emission wavelength. Light emission
from this system at 1.55 µm is hard to accomplish. To stay as close as possible to
existing processing technology, the In(AlGa)As/InP (100) material system is deployed.
Depending on the epitaxial growth technique and growth parameters this system has the
drawback of producing a wide range of nano species besides quantum dots. Best known
are the elongated quantum dashes (QDash). Such structures are preferentially formed, if
InAs is deposited on InP. This is related to the low lattice-mismatch of 3.2 %, which is
less than half of the value in the InAs/GaAs system. The task of creating round-shaped
and uniform QDs is rendered more complex considering exchange effects of arsenic and
phosphorus as well as anisotropic effects on the surface that do not need to be dealt
with in the InAs/GaAs case. While QDash structures haven been studied fundamentally
as well as in laser structures, they do not represent the theoretical ideal case of a zero-
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dimensional material. Creating round-shaped quantum dots on the InP(100) substrate
remains a challenging task. Details of the self-organization process are still unknown
and the formation of the QDs is not fully understood yet.
In the course of the experimental work a novel growth concept was discovered and
analyzed that eases the fabrication of QDs. It is based on different crystal growth
and ad-atom diffusion processes under supply of different modifications of the arsenic
atmosphere in the MBE reactor. The reactor is equipped with special valved cracking
effusion cells for arsenic and phosphorus. It represents an all-solid source configuration
that does not rely on toxic gas supply. The cracking effusion cell are able to create
different species of arsenic and phosphorus. This constitutes the basis of the growth
concept. With this method round-shaped QD ensembles with superior optical properties
and record-low photoluminescence linewidth were achieved. By systematically varying
the growth parameters and working out a detailed analysis of the experimental data a
range of parameter values, for which the formation of QDs is favored, was found. A
qualitative explanation of the formation characteristics based on the surface migration of
In ad-atoms is developed. Such tailored QDs are finally implemented as active region in a
self-designed diode laser structure. A basic characterization of the static and temperaturedependent properties was carried out. The QD lasers exceed a reference quantum well
laser in terms of inversion conditions and temperature-dependent characteristics. Pulsed
output powers of several hundred milli watt were measured at room temperature.
In particular, the lasers feature a high modal gain that even allowed cw-emission at
room temperature of a processed ridge wave guide device as short as 340 µm with
output powers of 17 mW. Modulation experiments performed at the Israel Institute
of Technology (Technion) showed a complex behavior of the QDs in the laser cavity.
Despite the fact that the laser structure is not fully optimized for a high-speed device,
data transmission capabilities of 15 Gbit s−1 combined with low noise were achieved.
To the best of the author‘s knowledge, this renders the lasers the fastest QD devices
operating at 1.55 µm.
The thesis starts with an introductory chapter that pronounces the advantages of
optical fiber communication in general. Chapter 2 will introduce the fundamental knowledge that is necessary to understand the importance of the active region‘s dimensions
for the performance of a diode laser. The novel growth concept and its experimental
analysis are presented in chapter 3. Chapter 4 finally contains the work on diode lasers.
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Zusammenfassung
Die vorliegende Arbeit behandelt das Wachstum, die Charakterisierung und Optimierung selbst-organisierter Indiumarsenid-Quantenpunkte und ihre Verwendung als aktive
Zone in Diodenlasern mit einer Emissionswellenlänge von 1.55 µm. Dieser Wellenlängenbereich ist insbesondere für die optische Telekommunikation via Glasfaserkabel
wichtig, da hier die Absorption der Fasern minimal ist. Herstellungsverfahren für die
Quantenpunkte und Laserstrukturen ist die Molekularstrahlepitaxie. Der verwendete
Reaktor wurde für diese Arbeit zum ersten mal an der Universität Kassel eingesetzt.
Die Forschung auf dem Gebiet selbst-organisierter Quantenpunkte konzentriert sich
auf das Materialsystem InAs/GaAs, dass als Modellsystem angesehen werden kann.
Lichtemission im angestrebten Wellenlängenbereich kann in diesem System allerdings
nur schwer realisiert werden. Um möglichst kompatibel zur bereits etablierten Prozesstechnologie von Telekommunikationslasern zu sein, kam stattdessen das Materialsystem
In(AlGa)As/InP zum Einsatz. Abhängig vom Herstellungsverfahren und den genauen
Wachstumsparametern entstehen in diesem System neben Quantenpunkten eine ganze
Reihe weiterer Nanospezies. Am besten bekannt sind die langgezogenen sog. Quantendashes. Die Abscheidung von InAs auf InP bringt bevorzugt solche Strukturen hervor.
Dieses komplexe Verhalten hängt mit der geringen Gitterfehlanpassung zusammen,
die ungefähr halb so groß ist wie im Falle von InAs/GaAs. Die Herstellung runder
Quantenpunkte wird durch weitere Effekte wie den Arsen/Phosphor-Austausch oder
anisotrope Oberflächenkinetik weiter erschwert. Für InAs/GaAs sind solche Effekte
unerheblich und müssen nicht weiter berücksichtigt werden. Quantendashes wurden
sowohl grundlegend als auch anwendungsnah in Diodenlasern untersucht. Sie sind
kein streng null-dimensionales System und stellen damit nicht die optimale aktive Zone
dar. Wegen einer Reihe von Gründen bleibt die Herstellung runder Quantenpunkte auf
InP(100) Substraten insgesamt eine Herausforderung, da viele Details des Selbstorganisationsprozesses und der Quantenpunktbildung noch nicht untersucht oder verstanden
sind.
Im Rahmen der experimentellen Tätigkeiten wurde ein neuartiges Wachstumsverfahren, das die Bildung von Quantenpunkten ermöglicht, entdeckt und untersucht. Es
basiert auf unterschiedlichen Kristallwachstums- und Diffusionsprozessen, die durch
verschiedene Modifikationen der Arsenatmosphäre im Molekularstrahlreaktor ausgelöst
werden. Der Reaktor ist mit zwei speziellen Crackerzellen für Arsen und Phosphor
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ausgestattet. Mit ihnen können verschiedene Arsen- und Phosphorspezies erzeugt werden. Auf diese Art konnten nahezu runde Quantenpunkte mit überlegenen optischen
Eigenschaften und niedrigen Linienbreiten der Photolumineszenz erzielt werden. Mit
einer systematischen Änderung der Wachstumsparameter und einer genauen Analyse
der experimentellen Befunde, konnten Parameterbereiche festgestellt werden, unter
denen sich bevorzugt runde Quantenpunkte ausbilden. Eine qualitative Erklärung des
Wachstumsverhaltens auf Basis der Migrationslänge der Indium-Adatome wird entwickelt und mit weiteren Experimenten verifiziert. Maßgeschneiderte Quantenpunkte
wurden schließlich als aktives Material in Diodenlaser eingebettet. Die grundlegenden
Eigenschaften der Laser wurden über Charakterisierungen im statischen Betrieb bei
Raumtemperatur sowie in Abhängigkeit der Umgebungstemperatur ermittelt. Die internen Parameter und das temperaturabhängige Verhalten sind einem zum Vergleich
hergestellten Quantenfilm-Laser in vielerlei Hinsicht überlegen. Im Pulsmodus konnten
Ausgangsleistungen bis zu einigen hundert Milliwatt gemessen werden. Dabei wurde
insbesondere eine hohe modale Verstärkung festgestellt mit der ein nur 340 µm langer
Stegwellenleiter-Laser mit Dauerstrich-Leistungen von 17 mW betrieben werden konnte.
Modulationsexperimente, die am Israel Institute of Technology durchgeführt wurden,
zeigen ein komplexes Verhalten der eingebetteten aktiven Strukturen. Entgegen der Tatsache, dass der Schichtaufbau nicht auf ein gutes Modulationsverhalten hin optimiert ist,
konnten Datenübertragungsraten von 15 Gbit s−1 bei niedrigem Hintergrundrauschen
gemessen werden. Nach bestem Wissen des Autors sind die hier vorgestellten Laser
damit die schnellsten Quantenpunktlaser bei 1.55 µm weltweit.
Die Dissertation beginnt mit einem einführenden Kapitel, dessen Augenmerk allgemein auf der Bedeutung optischer Datenübertragung über Glasfaserverbindungen liegt.
Kapitel 2 führt dann in die Grundlagen ein, die zum Verständnis niedrig-dimensionaler
Materialien und ihres Einflusses auf die Lasereigenschaften notwendig sind. Das Wachstumsverfahren wird in Kapitel 3 detailliert besprochen. Die gewachsenen Laser und
deren Charakterisierung werden schließlich im vierten Kapitel vorgestellt.
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Chapter 1
Introduction

Semiconductor diode lasers are a unique class of lasers. Despite being invented only two
years after the very first ruby laser by Theodore Maiman back in the 1960‘s, the diode
laser‘s breakthrough took more than two decades. Today, they fulfill a wide range of
tasks. Many new applications were realized. In addition, well-known applications, e.g.
material processing, benefited from the introduction of diode laser systems by exploiting
the very properties of laser light.
One of the outstanding features of diode lasers is the possibility do drive them by
an applied electrical current. The current is directly converted to laser light within the
device. This efficient method of operation is a hallmark on its own, since it allows for high
wall-plug efficiencies that stand unrivaled by other laser systems. This is substantiated
by the ongoing replacement of inefficient pumping methods by high power diode lasers.
Such high power lasers provide kilo watts of output power, yet still being hand-held
[1]. Still they preserve high efficiencies of typically 50 %. Other systems, e.g. gas
lasers, tend to much lower values from 0.1 % to 1 % at best. Moreover, the relatively
small dimensions in the range of some µm up to mm per single emitter in combination
with the profound semiconductor processing technology allow for miniaturized and
tailored diode lasers to satisfy the specific needs of any application. Small lasers can
thus be easily manufactured and integrated into today‘s electronic technology and
create novel optoelectronic products. Examples are consumer electronics, optical storage
technologies (CD, DVD and Blu-Ray), metrology, meteorology, just as industrial and
medical applications.
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Among those, optical fiber data communication plays an important role considering
the increasing need for high-speed point-to-point connections and throughput. A typical
local area network (LAN) standard link over copper cable possesses a bandwidth of
1 Gbit s−1 (10 Gbit s−1 in development). Copper does dominate the data communication
market as it is cheaper than fiber installations. Yet, such cables already require a sophisticated shielding to avoid crosstalk and electromagnetic interference from surrounding
electric and electronic infrastructure. The links are restricted to short distances of 100 m.
For metropolitan area networks that span several kilometers this is already insufficient,
let alone wide area networks. Classical data communication via copper wiring is not
sufficient to meet the demands of broad-band internet connections and routinely used
applications, such as video- and audio-streaming.
On the other hand an optical fiber offers the same connection speed, but does not suffer
electromagnetic interference and could be easily installed next to power supply lines.
Moreover, the fiber can transport several wavelengths at the same time and connection
speed. More than one communication channel can be established via the same fiber
without reducing the speed of a single channel. As diode lasers are driven by an applied
current the laser output can as well be modulated via the drive current. With this simple
intensity modulation scheme (On-Off Keying) a straight-forward translation of a digital
data stream from an electrical signal to an optical signal can be carried out [2]. State
of the art telecommunications lasers provide high direct modulation speeds of up to
10 Gbit s−1 . The diode laser, hence, provides light source and modulator within the
same device. System size, complexity and cost of a optoelectronic transceiver module
are effectively lowered. Thus, optical fiber systems become more and more interesting
even for short-distance connections as in server or data storage centers and building
backbones.
Figure 1.1 depicts a plot of the optical absorption in a fused silica fiber versus the
transported wavelength. Three wavelength regimes are used for optical data communication. The standards of optical data communication are defined in IEEE 802.3. For short
distances of up to 100 m the range around 850 nm is used, because cheap GaAs-based
VCSEL systems are commercially available and allow for a bandwidth of up to 10 Gbit s−1
of serialized data (10GBASE-SR standard) [4]. For higher distances of up to 10 km the
optical absorption of the fiber at this wavelength is too high. Either one increases the
optical output power of the laser, a property in which VCSELs are quite restricted, and
lowers the overall efficiency of the system or shifts the emission wavelength. VCSELs or
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Figure 1.1: Attenuation of an optical fiber versus wavelength. Based on [3].

edge emitting DFB lasers operating at 1.3 µm are used and standardized in 10GBASE-LR
for medium-distance links. At this wavelength the fiber has minimum dispersion, which
decreases system complexity as signal regeneration is less demanding. Thus, it is favored
for data communications applications and point-to-point computer or sever connections.
However, for distances of several tens of kilometers the fiber absorption at 1.3 µm is
again too high. Only the wavelength regime around 1.55 µm is qualified, because the
optical absorption in the fiber is minimal (see 10GBASE-ER). Higher data rates, such as
40 Gbit s−1 and 100 Gbit s−1 were recently defined in IEEE 802.3ba for both, short-distance
as well as long-distance ethernet links.
The total bandwidth of a fiber-based system is limited by the laser sources. To further
increase the bandwidth with readily available devices a communication link can be
composed of several channels. I.e., the emission of several lasers at slightly different
wavelengths is multiplexed into one single fiber. A coarse wavelength division multiplexing (CWDM) scheme is defined in 10GBASE-LX4, in which four 1.3 µm lasers are
modulated at 2.5 Gbit s−1 to achieve a total multiplexed data rate of 10 Gbit s−1 . In this
way even less performing diode lasers can be qualified for such systems. Of course,
more than four wavelengths can be multiplexed.
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The obtainable link bandwidth is limited by the width of the fiber windows as depicted
in Fig. 1.1, applied modulation technique and the channel spacing. Dense and ultradense wavelength division multiplexing schemes are already standardized: ITU G.694.1
defines a channel spacing of 25 GHz, what translates to around 0.2 nm at the 1.55 µm
wavelength window [5].
Such standards call for narrow linewidth diode lasers with a low dynamic chirp of
the emission wavelength. Both properties are dependent on the linewidth enhancement
or alpha factor. Current active materials, namely quantum wells (QWs), have values
around 5 and the effective data rate is limited by the crosstalk of different multiplexed
channels. To overcome such limitations novel so called low-dimensional semiconductor
materials, e.g. self-organized quantum dots, are necessary. These materials make use of
quantum mechanical effects and are promising candidates for future broad-band connections. Important operation parameters of a diode laser can be significantly improved as
compared to current QW material. In particular, the alpha factor was repeatedly found
to be below 1 allowing a closer channel spacing or higher modulation rates for each
single laser. Both ways increase the spectral efficiency. Also, signal quality is benefiting
from smaller linewidths and smaller frequency chirp as the chromatic dispersion of
the fiber is less pronounced. Other features, for example lower operation currents and
higher stability against temperature drifts render such QD lasers economically and
ecologically interesting. This work deals with QDs emitting at 1.55 µm for optical data
communication. Historically, InP-based lasers were the first devices emitting in the third
fiber window [6]. Thus, the development of corresponding diode laser fabrication and
processing technology has concentrated on InP materials. QD fabrication on GaAs substrates has grown quite mature and QD lasers are commercially available from different
vendors. The creation and tailoring of such low-dimensional materials on InP substrates
is, however, still not well studied and understood. Their usage as active laser material
still not developed enough. Hence, they are still being object of basic research.
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Chapter 2
Fundamentals
This chapter introduces the necessary fundamentals. It starts with the basic properties of
the used semiconductor materials and their specific growth by Molecular Beam Epitaxy.
The physical principles and general operation of semiconductor lasers as well as the
significance of low-dimensional active materials for their operation will be elaborated.

2.1 III/V Compound Semiconductors
The semiconducting element silicon is the material of choice for low-cost electronic
devices and circuits. While it dominates the world of electronics, it is only of small
use for active optoelectronic components. Silicon is not usable as active material in
semiconductor lasers due to the indirect nature of its bandgap. Further semiconducting
materials can be created in terms of binary, ternary or even quaternary alloys. In
case of III/V compound semiconductors an element of the third period of the PSE,
e.g. indium, gallium and aluminum, is combined with an element of the fifth period
(arsenic, phosphorus). The most famous compound semiconductor is gallium arsenide
(GaAs). Robert Hall and co-workers developed the first working semiconductor laser
diode from GaAs [7]. Together with the other arsenic-based compounds AlAs and InAs
the (InAl)GaAs system poses the best studied semiconductor material system. These
three binary compounds plus their phosphorus-based counterparts GaP, AlP and InP
crystallize in the zinc blend lattice. Site A of the two base atoms is occupied by the
group III material, while site B is occupied by the group V material. In crystallographic
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measures they only differ in their lattice constant.
If one mixes three or four elements, ternary and quaternary compounds are created.
Ternary materials Ax B1−x C are usually formed by two group III elements A and B and
one group V element C. An arbitrary property P can be approximately modeled as
PAx B1−x C = x · PAC + (1 − x ) · PBC

(2.1)

The above equation is known as Vegard‘s Law [8]. Here, PAC and PBC are the corresponding values for property P of the involved binary compounds. Non-linear behavior like
band-bowing is not included in this simple model [9].
In this work InP is used as substrate. In contrast to the case of GaAs and AlAs there
is no second binary material that has a similar lattice constant as InP. For molecular
beam epitaxy it is essential to have materials with similar or equal lattice constant to
enable a strain- and defect-free growth of the semiconductor films. The ternary materials
2.8
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AlAs

P

0.6
0.7

AlSb
In0.523Al0.477As
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Figure 2.1: Plot of bandgap energy Eg versus lattice constant d for arsenic-, phosphorus- and
antimony-based compound semiconductors. The points represent the binary, the lines
the ternary mixtures (solid: direct bandgap, dashed: indirect bandgap) [10]. Picture
based on [11]. The inset shows the conventional unit cell of InP.

In.532 Ga.468 As and In.523 Al.477 As are indispensable to achieve lattice-matched layers on
InP. Optical and electrical confinement, both a prerequisite for diode lasers, cannot be
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properly fulfilled with only the ternaries. To enable so called “bandgap engineering”,
while maintaining lattice-matched conditions, requires the utilization of quaternary
compounds. In this work Inx Aly Ga1−x−y As is deployed. With this combination of
materials all points in the orange triangle in Fig. 2.1 can be reached. Lattice-Matching
restricts the possible values of x and y. This can be modeled by extending Vegard‘s Law
to quaternary materials. Doing so and inserting the lattice constants of the corresponding
binaries yields the following equation for x and y.
x=

0.2154 − 0.0078 · y
0.4050

(2.2)

This allows an engineering of the bandgap in a range of over 800 meV by altering the
Al and Ga fractions in the alloy (compare Fig. 2.1). It is also obvious, why GaAs cannot
be used as substrate. The targeted emission wavelength for the lasers is 1.55 µm. This
wavelength can hardly be reached with known active material based on GaAs. GaInAsN
quantum wells (QW) can be applied as active material, but their epitaxial growth is a
demanding task. On InP unstrained InGaAs quantum wells are already emitting in this
range. This will be further discussed in the section on low-dimensional active materials.

2.2 Molecular Beam Epitaxy
The semiconductor layers that are necessary to form a diode laser must meet certain
requirements. Crystallinity and purity need to be very high to obtain working laser
structures. This can only be achieved by epitaxial crystal growth methods. All test
samples and lasers in this work were fabricated by means of Molecular Beam Epitaxy.
The system is a commercial Veeco/Varian Gen II MOD. In this section the fundamentals
of epitaxy are introduced before the special structures and growth procedures of lasers
and quantum dots (QD) are discussed in particular.
MBE was developed by J. R. Arthur and A. Y. Cho in the Bell Telephone Laboratories
in the 1960s [12, 13, 14]. The term “epitaxy” is a combination of the two Greek words
“epi” meaning “above” and taxis, meaning “adjusting” or “arranging”. It describes
the process of deposition of materials on a substrate in a single-crystalline form. The
growing film can be of the same material as the substrate (homoepitaxy) or composed of
a different material (heteroepitaxy). Besides MBE, Metalorganic Vapor Phase Epitaxy
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(MOVPE) are the two most important and widest spread methods for epitaxial growth.
MBE is based on the evaporation of pure source materials in so called Knudsen effusion
cells. The vapor pressure of the melt is used for growth. The whole process takes
places in ultra-high vacuum (UHV). This increases the purity of the growing crystal by
reducing the incorporation of residual atoms present in the reactor. The vapor in the
effusion cells escapes in form of a beam directed to the heated substrate, because of the
high temperature and pressure inside the cell and the UHV conditions in the reactor
chamber. This enables small growth rates in the range of 1 µm h−1 that are necessary for
single-crystalline growth. The individual beams are initiated and stopped by means
of mechanical shutters in front of each cell. Thus, sharp interfaces between materials
can be achieved and arbitrary combinations of layers can be deposited. The variety
is only limited by the available source materials and substrates. Film thicknesses can
be controlled down to a single monolayer (ML). Uniformity of layer thickness and
composition across a whole wafer is dependent on the geometry of the cells and the
reactor as well as the homogeneity of the beams. Since the cells cannot be mounted
directly in front of the substrate, but need to be tilted, the substrate is usually rotating
during the growth process. For each element one effusion cell is necessary. The distance
Nitrogen-cooled shrouds

RHEED
Substrate holder
(C.A.R)

Effusion cell

Valve to buffer chamber

Shutters
Pyrometer
Sample

Ion Gauge

RHEED screen

Electrical feeds

Figure 2.2: Scheme of an MBE reactor chamber.

from the cell to the substrate needs to be smaller than the mean free path of the molecules
in the beam. For the present MBE system the beam flux pressure needs to be better than
1 × 10−4 mbar to avoid scattering of the individual atoms and molecules in the beam.
The background pressure in the reactor itself has to be maintained at the same level to
prevent scattering of the beam on residual gas species and achieve a clean deposition [15].

8

2.2 Molecular Beam Epitaxy

In practice, the reactor chamber is kept at much smaller background pressures in the
range of 1 × 10−9 mbar to 1 × 10−10 mbar in standby. The background pressure increases
to 1 × 10−8 mbar to 1 × 10−7 mbar during growth due to the effusion from the cells. More
over, MBE reactors are constructed with a double wall. The space between interior and
exterior wall is purged with liquid nitrogen during the whole growth process. Both, high
vacuum and low temperature walls further reduce the influence of the residual species
on the growing film‘s quality.
The used MBE reactor is equipped with effusion cells for indium, gallium, aluminum
as well as with special valved cracking effusion cells for the group V elements arsenic and
phosphorus. Two additional cells contain the dopants silicon (n-doping) and beryllium
(p-doping). The reactor is thus perfectly able to grow all necessary layers for quantum
dots and complete laser structures on both, GaAs and InP substrates.

2.2.1 Growth Process
Upon escaping the effusion cells the molecules in the beams impinge on the substrate
and undergo a series of thermodynamical processes before they are build into the crystal lattice, eventually. Fig. 2.3 summarizes these processes. The small growth rates
(1) Impinging beam

(2) Physisorbtion

(3) Migration

(4) Chemisorption /
Crystallization

(5) Desorption

Substrate
Figure 2.3: Scheme of the individual processes of the molecules on the substrate surface leading
to a crystalline growth.

allow the adsorbed molecules to migrate on the substrate to a proper nucleation site for
growth (positive growth). The so called migration length is a measure of the distance
the molecules can travel on the growing surface before being taken up by an attractive
lattice site. The most attractive sites are those on terraces and step edges on the growing
surface as more chemical bonds to neighboring sites are possible. Hence, the film is
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successively growing monolayer by monolayer. The exact growth mechanism involves
two steps: First, the molecules stick to the surface via weak physisorption, which enables
the migration.
Second, upon reaching a proper lattice site or nucleation point the molecules and
atoms form chemical bonds to the neighboring lattice atoms. A chemisorption state is
reached. As the physisorbed state is only a precursor state, there is no way back from
the chemisorbed state to the much weaker physisorbed state or even re-evaporation
into the reactor vacuum. If a physisorbed atom reaches an already occupied lattice
site (chemisorbed state), it will migrate to another site. This two-step process is the
fundament of single-crystal layers that are achieved with MBE.
The adsorption rate on the surface R ads. can be described by an exponential law. It is
dependent on the degree of coverage Θ and the energy Eads. . Here, Eads. describes the
necessary energy to overcome electrostatic repulsion [15].
R ads. ∝ f ads. (Θ) · e

−

Eads.
kB T

(2.3)

A crucial factor is the temperature of the substrate T. Increasing the temperature beyond
certain limits leads to desorption of the molecules back into the reactor vacuum. They
do not contribute to the growth, but are lost. The desorption temperature of InAs
is for example 520 ◦C [16]. For temperature above, the desorption rate Rdes. grows
exponentially and the actual growth rate shrinks correspondingly.
Rdes. ∝ f des. (Θ) · e

−

Edes.
kB T

(2.4)

On the other hand side, the temperature must not be too low. If so, migration of the
adsorbed molecules is suppressed. The migration length decreases and the probability
of defect incorporation such as vacancies, growth in false lattice sites and elevated
levels of surface roughness increases. For instance, GaAs that is grown at low substrate
temperatures becomes semi-insulating and does not show any kind of optical activity
[17, 18]. For a semiconductor laser such a behavior is not desired.
During the growth process the group V elements are supplied in excess, because in
contrast to the group III elements they do not grow on the substrate alone. Therefore,
the growth is limited by the supply of group III elements to the surface. The growth
rates g AB of binary compounds (group III: A, group V: B) are directly determined by the
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emitted beam fluxes J A of the involved group III effusion cells. The molecular beams can
be blocked and started by means of shutters in front of each cell. This allows for rapid
change of materials and sharp hetero interfaces. The beam flux of each cell is connected
with the cell temperature TA via the Clausius-Clapeyron equation.
g AB ∝ a A ( T ) · J A ( TA ) · √

∆H
CA
− A
· e k B TA
2πm A k B TA

(2.5)

Here, C A is a constant that contains the geometry of the cell, m A the mass of a single
molecule in the beam, ∆H A the enthalpy of evaporation, k B the Boltzmann constant and
a A ( T ) the temperature dependent sticking coefficient. The sticking coefficient describes
how much molecules in the beam do attach to the substrate and thus is the net of
adsorption and desorption. From equation (2.5) one can directly deduce that a change
of the beam flux can only be achieved by varying the cell temperature. For ternary and
quaternary compounds the total growth rate is simply the sum of the growth rates of the
related binary materials.
gtot = ∑ gi
(2.6)
i

The molar fraction of a single element in the alloy is the fraction of its growth rate g j in
the total growth rate.
gj
xj =
(2.7)
∑ i gi
Growth parameters like substrate temperature T, growth rates g and the ratio of group
V excess to group III flux (V/III ratio) have to be chosen appropriately for the desired
application. The V/III ratio has a similar impact on the layer growth as the substrate
temperature. Too high values shorten the migration length of the group III species,
because they can find a bonding partner more easily and the incorporation into the
crystal is faster. However, this can also deteriorate the layer quality as described above.
The desorption of group III species can also be countered by the V/III ratio, which
effectively shifts desorption temperatures [16]. The sticking coefficient a( T ) is also
dependent on the V/III ratio. Too low values on the other hand increase the migration
length, but also the probability of desorption. In addition, metallic droplets of group III
species can liquefy on the substrate surface.
The growth rates are determined by the group III fluxes and the desorption. The V/III
ratio must therefore be determined by the flux of the group V elements. The MBE system
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is equipped with two special valved cracking effusion cells for arsenic and phosphorus.
These cells work in a different manner than the group III effusion cells. The flux is not
controlled by a shutter, but by an adjustable valve. This offers the possibility to rapidly
change the group V fluxes and the V/III ratio when switching from one layer to another
layer. Growth interruptions to wait for heating or cooling of the cell can be avoided.
Layer growth with unstable and varying V/III ratio is prevented. The cells are separated
in two heatable zones. One, the bulk zone, contains the source material. It is melted
and the vapor is guided through the valve into the second zone, the cracking zone. The
vapor is usually composed of tetramers (As4 and P4 ). The cracking zone can be heated
to temperatures as high as 1200 ◦C. Above 800 ◦C the tetramers are cracked into two
dimers (As2 and P2 ). Below 800 ◦C no cracking occurs. The growth can be carried out
with two different species of the group V elements without affecting the other growth
parameters. Both species are incorporated in different ways into the crystal [19, 20]. In
course of the experimental work it was found that the arsenic species has a huge impact
on the morphological and optical properties of the self-organized nano species, namely
quantum dashes and quantum dots. Hence, it is of vital importance for the performance
of the fabricated diode lasers.
The growth process is a monolayer by monolayer growth under correct growth conditions. The preferred growth of the adsorbed molecules on step edges and terraces
leads to a planarization of the layer. A surface roughness of down to a monolayer can be
achieved. This growth mode is known as Frank van-der-Merwe growth. It is used for
all layers with exception of the optically active regions. The fabrication of the quantum
dots studied in this works makes use of the Stranski-Krastanov growth mode. The
monolayer by monolayer growth can only be successful, if the lattice constants of the
substrate and the growing layers are equal or similar as discussed in section 2.1. For the
Stranski-Krastanov mode, lattice-matching is neglected by intention. The lattice constant
of the growing material is not equal to the substrate. It adapts to the substrate‘s one
for a few monolayers and strain energy is accumulated during the growth process. At
a critical thickness dcrit. the strain energy in the layer is minimized by switching from
the two-dimensional layer growth to a three-dimensional island growth. With ongoing
supply of material the lattice constant can relax to its natural value while the size of the
islands is increasing. The growth process will be treated in more detail in section 2.4
about low-dimensional materials.
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2.2.2 Epitaxial Growth of Lattice-Matched Layers
The fundament of epitaxial growth is the likeness of the lattice constants of the substrate
and the deposited layers. This is necessary to prevent the accumulation of mechanical
strain in the growing film. The standard calibration of the group III effusion cells is
carried out by growing alternating layers of AlAs and GaAs and measure the layer
thickness by means of interferometric oscillations on a pyrometer for different cell
temperatures and beam fluxes. Since AlAs and GaAs are lattice-matched by nature,
the calibration can span from very low (several nm/h) to very high growth rates (≈
1000 nm/h). For InAs, however, thick layers cannot be deposited due to the latticemismatch. Therefore, InGaAs multi quantum well (MQW) samples are grown and the
InAs growth rate is determined by the evaluation of the PL emission of the individual
quantum wells. Since the QWs only vary in their thickness, but not in composition, a
calculation of the InAs growth rate is possible. For each In cell temperature (for each
growth rate) a separate MQW sample is necessary. This basic calibration is done on GaAs
substrates. The growth rates are valid for growth on InP as well. This is related to the
sticking coefficient of the group III materials being unity below desorption temperatures
on both types of substrates. Slight differences in the growth rates occur due to the
different lattice constant of GaAs and InP.
However, the most crucial error occurs by extrapolating the InP growth rate from
the InAs calibration. Typical InAs growth rates on GaAs are rather small (100 nm h−1
to 200 nm h−1 ), since the total growth rate is limited to 1.0 µm h−1 to 1.5 µm h−1 by the
geometrical design and layout of the present MBE reactor and the attached effusion
cells. Higher InAs growth rates cannot be realized without introducing too high latticemismatch or increasing the total growth rate beyond the limits of the reactor layout.
The extrapolation of the necessary beam flux and cell temperature for growth of InP
at reasonable growth rates is therefore containing errors. A recalibration of the In cell
for higher growth rates of InP is tricky. Pyrometer oscillations do not occur in homo
epitaxial growth. X-Ray diffraction of homo epitaxial layers does not contain information
about their thickness. One direct method is RHEED, but the oscillations tend to vanish
after some monolayers. An accurate determination of the growth rate over a thick layer
as required in diode lasers is again not possible. Another way is the introduction of an
artificial lattice-mismatch to the InP layer by depositing InAs1−y Py with y > 0.98. This
results in a lattice-mismatch of 0.06 %, which allows for a defect-free growth of thick
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layers, but is enough to resolve the substrate and the InAsP layer in XRD rocking curves.
In this manner, the In cell can be calibrated for high growth rates as well.
In this thesis, the alloys In.532 Ga.468 As, In.523 Al.477 As and In.528 Al.238 Ga.234 As are extensively used for different purposes as will be described in the following sections. The
InP growth rate is fixed at 450 nm/h. The total growth rate for all alloys is ≈ 850 nm/h.
Alloy

Ref. Index

InAs
InP
In.532 Ga.468 As
In.523 Al.477 As
In.528 Al.238 Ga.234 As

3.526
3.146
3.65
3.2499
3.3898

Band Gap (eV)
Growth Rates (nm/h)
10 K 300 K
InAs/InP AlAs GaAs
0.42 0.35
450
1.42 1.34
450
0.81 0.72
450
395.86
1.52 1.45
450
410.42
1.13 1.05
450
202.84 199.43

Table 2.1: Frequently used alloys, respective growth rates, room-temperature bandgaps and
refractive indices at 1550 nm. Bandgaps calculated by Eq. (74) and (75) presented in
[21]. Refractive indices taken from [22].

This gives more freedom when doping the individual layers, because at hetero interfaces
no adaption of the doping cells is necessary in order to keep the doping level. Growth
interruptions are avoided.
To check on the lattice-matching conditions ex-situ high-resolution X-Ray diffraction
is used. The diffracted patterns contain information not only on the lattice constant, but
also on the layer thickness and the crystal. A further optimization of the growth rates is
conducted by growing 500 nm thick layers of the three non-binary alloys in one growth
campaign. By evaluating their XRD rocking curves the composition can be determined
with an accuracy of better than 0.1 %. For the thickness an accuracy of 1 % may be
reached. Knowing the values for both properties in combination with the deposition
time provides the individual growth rates of the related binary compounds. Since the
relation between growth rate and beam flux is linear, a simple linear approximation
is applied to calculate a new set of beam flux values for each alloy. Figure 2.4 shows
the result of this optimization procedure for the quaternary In.528 Al.238 Ga.234 As. Both,
the InP substrate as well as the In.528 Al.238 Ga.234 As layer are visible in the spectrum.
The linewidth of the layer peak amounts to 25 ” and is thus close to the optimum
values reported for this material [23]. The thickness as being determined by the average
distance of the Pendellösung fringes is close to 500 nm. The clear fringe structure is a
direct sign of a well-defined crystalline layer with only little amount of crystal defects.

14

2.3 Semiconductor Diode Lasers

The lattice-mismatch amounts to 0.0096 %, which allows the deposition of several µm
1M
100k
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InP
substrate
InAlGaAs
layer

10k
Fringes

1k
100
10

-400

-200

0

200

400

Angle (’’)

Figure 2.4: XRD rocking curve of the (004) net planes of an InP substrate with 500 nm
In.528 Al.238 Ga.234 As. The lattice-mismatch amounts to 0.0096 %.

thick layers without risking stacking faults or strain accumulation. In this way all
materials are iteratively optimized. Fluctuations of the effusion cells during growth and
day-to-day flux variations will slightly vary the growth rates, of course. Composition
and lattice-constant of the layers vary accordingly. The condition of the beam flux ion
gauge changes over time. All this renders the constant control of the lattice-matching
conditions a necessity.
Throughout this work the term “lattice-matched” refers to a mismatch of less than
500 ppm or 0.05 %. This means the compositional error of each alloy is equal or less than
0.05 %, because of the linear relation between lattice-constant and material composition.

2.3 Semiconductor Diode Lasers
This section deals with the fundamental principals of laser operation. The discussion
leans on semiconductors as active material for obvious reasons.
The term “Laser” is the acronym for “Light Amplification by Stimulated Emission
of Radiation”. Due to the wide spread use of lasers in today‘s technology it has grown
from an acronym to a commonly used noun. The creation of laser emission requires the
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process of stimulated emission of photons in matter. This is the reverse of (stimulated)
absorption. The stimulated emission is characterized by the unique properties of the
created photons. The emission of a photon is triggered by an impinging photon. All
properties that make up a photon, such as direction, energy, phase and polarization are
copied from the impinging photon. This leads to the typical directed beams of lasers and
their small spectral emission range.
In diode lasers, the emission of a photon stems from the recombination of an electron
in the conduction band and a hole in the valence band. In thermal equilibrium the
conduction band is almost empty and the valence band is almost fully occupied by
electrons. No laser action can take place in this situation, since absorption of photons is
the dominating effect. In the light amplifying active medium energy has to be deposited
in such a way that a inversion of the population is achieved. Colloquially spoken the
laser has to be “pumped”. Spontaneously emitted photons are the initial starting point
for lasing. By reflecting these photons forth and back through the inverted active material
stimulated emission events are triggered and lasing can take place. Therefore, a laser
consists of three parts: (a) an external energy pump to build up the population inversion,
(b) an active light amplifying medium, in which the light is created and (c) an optical
resonator. In semiconductor lasers all those components can be realized on the same
chip, which renders them superior to other laser system, e.g. gas lasers, in terms of size
and compactness. The laser process is started by pumping the active material in order to
invert it. Some photons are emitted spontaneously after the lifetime of the lasing level
has been reached. A small fraction β of these photons move parallel to the laser axis and
are reflected forth and back by the resonator. As they pass through the active material,
they trigger several stimulated emission events. The more electrons occupy matching
lasing states, the more events can occur. Again, all these photons are reflected by the
mirrors and again travel through the active material. In this fashion more and more
copies of the original photon with the same energy, direction and phase are generated.
The photons created by stimulated emission contribute to the coherent light of the laser.
In other words, the laser emission arises from the spontaneous emission noise. Without
the feedback provided by the mirrors, spontaneous emission is the dominant effect and
the light emission will be incoherent. This is the mechanism used in LEDs. The energy
of the produced photons is mainly determined by the bandgap h̄ω ≈ Eg of the active
region. Nevertheless for high pump rates not only states around the conduction band
edge, but also higher states will be occupied by electrons and start to contribute to the
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lasing. The gain profile of the semiconductor material will broaden and blue-shift for
higher pump rates. To prevent the active material from absorbing the created light the
inversion has to be maintained. It has to be pumped continuously. A steady-state of
absorption, spontaneous/stimulated emission and out-coupling is reached.
To derive the macroscopic conditions for a population inversion, Einstein‘s coefficients
of radiation are introduced. With the coefficients a rate equation for the carrier density
can be derived [24]:
dn
dnC
= − ACV nC u(ω ) + AVC nV u(ω ) = − V
dt
dt

(2.8)

AVC denotes the rate of stimulated absorption, ACV the rate for stimulated emission,
nC and nV the occupation number of electrons in the conduction band and holes in the
valance band, respectively, and u(ω ) the energy density of the laser light. The indices C
and V label the conduction and valence band. The first term in Eq. (2.8) is the stimulated
emission, which lowers the occupation of the conduction band while the second term
refers to the absorption. Since stimulated emission and absorption are just the reverse of
each other, one can directly state
ACV = AVC
(2.9)
In order to get amplification of the light field u, emission has to exceed absorption.
ACV nC > nV AVC ⇒ nC > nV

(2.10)

The inversion is reached, when more electrons occupy the conduction band than the
valence band so that emission becomes dominant over absorption. Generally, semiconductor lasers are electrically pumped. One just has to apply a voltage U to the laser
diode, which is bigger than the bandgap of the active material.
eU > Eg

(2.11)

For a transition to occur, an electron has to be in the conduction band and a hole in the
valence band. In case of inversion the total transition rate will depend on the number of
electrons in the conduction band and the number of holes in the valence band. If DC ( EC )
and DC ( EV ) are the density of states at the conduction band edge and the valence band
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edge, f C ( EC ) and f C ( EV ) the corresponding quasi Fermi functions, one can write
ACV DC ( EC ) f C ( EC ) DV ( EV ) [1 − f V ( EV )] > AVC DV ( EV ) f V ( EV ) DC ( EC ) [1 − f C ( EC )]
(2.12)
which leads to
f C ( EC ) > f V ( EV )
(2.13)
The quasi Fermi functions are
f C ( EC ) =

1
1+e

f V ( EV ) =

EC − EC
F
kB T

1
1+e

EV − EV
F
kB T

(2.14)

(2.15)

where EFC and EV
F are the quasi Fermi levels in the conduction and valence band. Combining equations (2.13), (2.14) and (2.15) finally provides
EFC − EV
F > EC − EV = Eg

(2.16)

This means that the energy of the laser photons is a bit larger than the bandgap energy.
The epitaxial layer structure is similar to a p-i-n diode. The amplification occurs in
the intrinsic (i) part of the diode. The pump mechanism is a forward-biased electrical
current applied to the diode. The conduction band is flooded with electrons and the
valance band with holes. Both types of carriers relax to the band edges and establish the
population inversion. Thus, a diode laser is a four-level system. The possibility of direct
electrical pumping is another feature unique to diode lasers systems, that contributes
to their compactness and high wall-plug efficiency. When cleaving the laser chips the
two cleaved facets serve as plain mirrors and pose a simple Fabry-Perot resonator. The
light incidents perpendicular to the facets. The high contrast of the refractive index of
semiconductor material (n2 ≈ 3.5) and air (n1 = 1.0) provides reflectivities of R ≈ 31 %
per facet. The not reflected part of the light is coupled out via the mirrors and is the
usable laser light. For the laser system itself the out coupling is a loss mechanism αm .
More loss mechanisms such as free carrier absorption or absorption at crystal defects and
dopants exist and are summarized as internal losses αi . The level of amplification the
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laser delivers is characterized by the gain g. If an amount N0 of photons passes through
an active medium of length L, the increment of photons is equal to e g . The decrement is
equal to e−αi . On both facets reflection occurs and the photons pass the resonator once
again.
N (2L) = R1 R2 N0 · e( g−αi ·)2L
(2.17)
After a full round trip of 2L the number of photons has at least to be equal to the initial
number N0 in order to maintain the laser action. Losses due to out coupling at the
mirrors as well as the internal losses have to be compensated by the gain g. Assuming
equal numbers of photons before and after the round trip leads to an expression for the
mirror losses.
 
1
1
( g−αi ·)2L
R1 R2 · e
≥ 1 ⇔ g ≥ αi + ln
(2.18)
L
R
| {z }
αm

√
where R = R1 R2 .
The case g = αi + αm defines the threshold gain for lasing and is abbreviated with gthr .
Is the gain of the active medium smaller than gthr no laser emission can occur. The level
of gain is dependent on the injected current I and the definition of a threshold current
Ithr or threshold current density Jthr = Ithr /A, where A is the pumped area of the laser,
is convenient.
g( Ithr ) = gthr = αi + αm
(2.19)
The output power P increases linearly for I > Ithr . All injected carriers are recombining
by means of stimulated emission. The fraction of spontaneous emission is constant
above the laser threshold. Furthermore, the transparency current density Jtr is defined.
It corresponds to the level of injection current at which the material absorption is compensated (g( Jtr ) = 0). It marks the level of injection current that is necessary to establish
population inversion in the active medium. The difference of transparency and threshold
current density is the additional current that is necessary to compensate for the losses
αm and αi . A small threshold current is an important operation parameter of a diode
laser. The smaller, the more efficient is the device. In addition, small threshold currents
increase the life time of the laser, since self-heating effects are avoided. A reduction of
the threshold current is an important issue when designing a semiconductor laser.
In contrast to gas lasers the gain of a semiconductor active region is not restricted so
single wavelengths of the interacting atomic or molecular energy levels. It is a rather
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continuous function over a certain wavelength range, due to the band structure of the
semiconductor crystal and the dispersion relation of electrons and holes in the active
region.
Growth axis
n

p
i

EC

n-doped
substrate

- - -

electrons

+

EV

++ + +
+

holes
metal contact

(a)
(g-αi) L

e
R2

R1

(g-αi) 2 L

e

(b)

Figure 2.5: (a) Scheme of the bands (red: Conduction band edge EC , blue: Valence band edge EV )
of a diode laser with double heterostructure design in forward-biasing. The charge
carriers accumulate in the intrinsic part and recombine radiatively. Figure adapted
from [25]. (b) Amplification in the semiconductor chip (red: active medium, black:
cleaved mirror facets). Out coupling occurs at both facets.

A tremendous improvement in the performance is possible by designing the p-i and
i-n interfaces as hetero interfaces (compare Fig. 2.5). The material in the intrinsic part
possesses a smaller bandgap Eg as the surrounding p- and n-regions. This blocks the
charge carriers at the opposite interface and confines them in the intrinsic region. A
drift to the electrical contacts or a thermal escape is effectively prohibited. Population
inversion of the active area is achievable at much lower pump currents. For his ground
breaking idea, Herbert Krömer, the founder of the so called double hetero-structure
(DH), was honored with the noble prize in physics in 2001 [26].
All semiconductor materials applied in this thesis have the property that an increment
of the bandgap leads to a decrement of the refractive index and vice verse. The material
with the smallest bandgap and thus the highest refractive index is the active region.
This leads to total reflection events at the hetero interfaces. In addition to the electrical
confinement of the injected carriers, the double hetero-structure represents a slab waveg-
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uide in direction of the epitaxial axis. Transverse to the epitaxial layers no wave guiding
can occur, since the photons encounter no jump in the refractive index when traveling
parallel to the layers. The DH structure allowed for lasing at room temperature and
constitutes a massive improvement over the first p-n diode lasers of R. Hall that only
worked at cryogenic temperatures [7, 27].

2.3.1 Determination of Important Parameters
After the epitaxial growth of the laser structure, more process steps are necessary to
define a laser cavity. The simplest way is, as said, cleaving of a chip and subsequent
evaporation of electrical contacts in form of stripes. The contact stripes reach across
the whole chip to the cleaved facets on both ends. The area of the surface defines the
volume of the pumped active material. Laser emission can only occur parallel to the
stripe direction. Spontaneously emitted photons traveling perpendicular to the stripes
are absorbed in the unpumped material. This is referred to as "gain guiding" that makes
use of the different imaginary parts of the refractive index in pumped and unpumped
material. Such simple "broad area lasers" are used to quantify basic intrinsic parameters
of the laser structure. The output power P above threshold Ithr can be described by the
following equation [25].

P ( I ) = ηi

αm
αi + α m



h̄ω
( I − Ithr )
q

(2.20)

where ηi is the internal quantum efficiency and quantifies the fraction of the injected
carriers that actually reach the active material. The output power is growing linearly with
the applied drive current. The other properties are usually summarized as differential
quantum efficiency ηd . This is the fraction of the carriers that recombine by stimulated
emission and contribute to the gain. A high value for ηi , but low ηd suggest an efficient
carrier injection, but poor conversion into photons. This can happen, because of a high
internal absorption or weak electrical confinement and high escape rate out of the active
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region.

αm
η d = ηi
αi + α m
P( I ) = ηd ( I − Ithr )
h̄ω
dP
= ηd
dI
q


(2.21)
(2.22)
(2.23)

It is obvious that from the slope dP/dI of the linear characteristic and knowledge of the
emission wavelength the differential quantum efficiency is directly accessible. If one
replaces the mirror losses by equation (2.18) this leads to
1
αi
1
=
·
L
+
ηd
ηi
ηi ln R1

(2.24)

From the measured characteristic of output power versus drive current for different laser
lengths L the internal efficiency and absorption can be derived by means of a linear fit.
With these parameters the modal gain coefficient Γg0 and transparency current density
Jtr can be evaluated from
Jtr Γg2 (αi +ln ( R1 ) L1 )
Jthr =
(2.25)
·e 0
ηi
Applying the natural logarithm provides

ln ( Jthr ) = ln

Jtr
ηi



2
2
+
αi +
ln
Γg0
Γg0

 
1 1
R L

(2.26)

Again, a linear fit of the natural logarithm of the threshold current densities versus
the inverse laser length delivers values for the prospected parameters. For L → ∞
in equation (2.25) the threshold current at infinite length is obtained. It describes the
threshold current density for an infinitely long laser without any mirror losses. In
total, the measured output power versus drive current characteristics and wavelengths
for different laser lengths provide information about intrinsic properties of the laser
structure as well as of the active region itself.
This basic characterization is usually carried out in a pulsed current mode, in which
only rectangular pulses at a low duty cycle are applied to the laser. This is done to
avoid self-heating that would deteriorate the results. The temperature of the laser is
additionally stabilized by a thermo-electric cooler to 20 ◦C. Here, the pulse length is
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500 ns at an repetition rate of 666 Hz what corresponds to a duty cycle of 0.03 %. The
emitted light is collimated and focused by anti-reflection coated lenses to a fast photo
diode that converts the light pulses back to an electrical current. Integration amplifiers
measure and average the drive current, the light pulses and the voltage drop across the
laser diode over 100 ns. The integration window is 350 ns to 450 ns. Data acquisition
and processing is controlled by a LabView software. The amplifier output is averaged
over one second before a measuring point composed of drive current, voltage drop and
output power is taken. This helps to minimize statistical fluctuations from pulse to pulse.

2.4 Low-Dimensional Active Materials
The introduction of quantum wells as active material marks the beginning of the commercial break through of diode lasers [27, 28]. In combination with the idea of the DH
structure by Herbert Krömer [26] laser emission at room temperature and practical drive
currents was possible. A quantum well is nothing else than a thin film of a low bandgap
semiconductor (1 nm to 10 nm) embedded in a higher bandgap semiconductor. The layer
structure forms a potential well for the charge carriers. The thickness of the well has to
be in the range of the de Broglie wavelength of the carriers.
λ= √

h
2m∗ E

(2.27)

where h is Planck‘s constant, m∗ the effective mass of the carrier and E its kinetic energy.
For electrons in GaAs with a kinetic energy equivalent to the thermal energy at room
temperature this leads to λ ≈ 5 nm. Crystalline layers with such thicknesses can be well
realized by epitaxial growth. In this potential well, electrons and holes can only move
parallel to the film, but not perpendicular to it. In this direction their motion is confined.
The well-known parabolic dispersion relation of charge carriers in a semiconductor
crystal changes in case of a quantum well to
h̄2
Ee = EC +
2m∗e




π 2
2
2
nz
+ k x + ky
d


h̄2  π 2
2
2
Eh = EV −
nz
+ k x + ky
2m∗h
d

(2.28)
(2.29)

23

2 Fundamentals

where nz ∈ N is the quantization number, k i the wave vector in axis i, d is the QW or
layer thickness and the indices e and h indicate electrons and holes, respectively. The
emerging quantization effects in this direction significantly alter fundamental physical
properties of the active material, such as the density of states (DOS) D2D , as compared to
the up to now used bulk active regions.
D2D ( E) =

Am∗
πh̄2

∑ U (E − Enz )

(2.30)

nz

A is a constant, En are the allowed energy levels in the confinement direction and U ( x )
is the step function defined as
(
U (x) =

1, x = 0
0, x 6= 0

)
(2.31)

Equation (2.11) has to be changed slightly. The voltage across the diode has now to be
at least as high as the energy difference between the potential well‘s ground states in
conduction and valence band to achieve inversion.
eU = E1CB − E1VB = Eg + ee1 + eh1

(2.32)

where E1X is the energy of the ground state and ex1 is the energy offset between band
edge and ground state. The confinement of carriers in the potential well increases the
transition matrix element for radiative recombination, due to an increased overlap of
the carriers‘ wave functions. In addition to the reduced density of states this is the
basis for the superior performance of quantum well lasers. Figure 2.6 depicts a scheme
of a quantum well with its confined electron and hole states. For simplicity, only the
heavy hole states are shown. By altering the compositions of barrier material and
QW material as well as the thickness, electrical and optical properties of the well can
be tailored to specific needs. For example, a wider well will contain more confined
states, a larger difference in the bandgaps of barrier and well material will increase
the level of confinement, which is important for the behavior of the laser with varying
ambient temperature. Theoretically a complete confinement of the carrier motion in all
three directions constitutes the best solution. An array of active material composed of
small equal boxes with edge lengths below the de Broglie wavelength of the carriers
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εe1
QW Bandgap

εh1

Figure 2.6: Computed eigenenergies (red dashed lines) and the ground states‘ probability distribution |Ψ|2 (blue filled curves) of a quantum well. Please note, the x- and y-scales are
arbitrary.

would be necessary. This array should be completely embedded in material with higher
bandgap to form a full 3-D potential well for the charge carriers. These boxes are called

Bulk
104 °C

Quantum Well
281 °C
Quantum Wire
485 °C

Quantum Dot
∞

(a)

(b)

Figure 2.7: Theoretical effects of low-dimensional materials on (a) the threshold current density
(taken from [29]) and (b) the characteristic temperature T0 of a diode laser (based on
[29]).

quantum dots. The luminescence of such an array consists of single sharp lines. The
photon energies correspond to the energy difference between the confined states in the
conduction band and in the valence band. This special property leads to a dramatic
improvement of all relevant operational parameters of a diode laser.
To properly explain the importance of the active region‘s dimension on laser performance the general expression for the optical material gain gmat ( E) at transition energy E
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is introduced [25].
1
gmat ( E) = C | MT |2 ρr ( E) ( f C ( E) − f V ( E))
|E
{z
}

(2.33)

gmax

To take the homogeneous linewidth Γhom of the involved states into account an integration has to be added to (2.33).
g( E) =

Z

gmat (e)

Γhom /π

( E − e)2 + Γ2hom

de

(2.34)

C is a constant, MT the transition matrix element of the involved states, ρr ( E) the reduced
DOS that expresses the number of possible recombination transitions per unit energy.
MT is the overlap integral of the interacting electron and hole envelope wave functions.
It introduces a polarization dependence of the involved electron/hole states on the polarization of the produced light. The product of these single properties is the maximum gain
gmax ( E). This is a reasonable definition, since the last term ( f C ( E) − f V ( E)) describes
the pumping level and can only assume values in the interval [−1, 1]. From the above
equations it is obvious that gmat ( E) can directly be influenced by the geometry of the
active material.
Since the carrier motion is completely confined within the dot, the allowed energies
are fully discrete in all three dimensions of space. Unlike a quantum well, where discrete
states only arise in the growth direction. This is why quantum dots are also called
“artificial atoms”. From the fully quantized energy levels a delta-function like reduced
DOS is derived. The carriers cannot distribute over a range of energies as in case of a
QW. Also, the localization strengthens the overlap of the carriers‘ wave functions. The
transition matrix element is increased. Model calculations by Asada and co-workers
[29] suggest a reduction of the threshold current by one order of magnitude and ten
times higher material gain of a quantum dot laser as compared to a quantum well
laser (compare Fig. 2.7(a)). The threshold current of a laser increases with the ambient
temperature, because carriers are thermally excited from the confined ground state to
excited states and finally over the barrier potential. The fully discrete nature of the
confined states in a QD decreases the probability for thermal excitation. Carriers stay
within the dot even at elevated temperatures rendering the laser performance more
robust against temperature drifts (see Fig. 2.7(b)).
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Only a fraction of the gain described by equation (2.34) is exploitable in the laser. This
is because a laser photon can only be produced by means of stimulated emission. It is
dependent on the distribution of the light moving through the cavity. Therefore, the
structure of the guided modes of the waveguide has to be considered. This is done by
calculating the fraction Va of the intensity of the mode m that travels through the active
volume divided by the total intensity of the mode Vm .
Γm =

Va
Vm

(2.35)

The product of Γm and g( E) is called “modal gain”. The ground mode of the waveguide
usually has the highest confinement factor due to its shape. It has the highest modal
gain and lases first. For a QW the confinement factor can be expressed as an integration
of the electric field component of the m-th mode that travels along the laser axis. The
integration extends over the QW volume for Va and over the whole space for Vm . Since
it is a closed film, the calculation is straight-forward. This does not hold true in case of a
QD ensemble. Reducing the active region from a closed film to an array of individual
boxes reduces Va , but does almost not affect Vm . The optical confinement factor inevitably
decreases. A QD layer typically has a order of magnitude lower confinement factor than
a QW.
In conclusion, for diode lasers based on bulk active regions the material gain cannot be
altered except by replacing the whole material or its composition. Subsequently lowering
the dimensionality to QWs and finally QDs leads to quantization and confinement effects.
These effects give access to microscopic electronic and optical quantities of the gain
function that allow a real gain engineering by simply altering geometrical properties.
Hence, more degrees of freedom of tailoring the diode laser to specific applications are
obtained. The experimental realization of III/V semiconductor quantum dot ensembles
and the “material gain engineering” are subject of the following section.

2.4.1 Epitaxial Growth of Quantum Dots
The fabrication of quantum dots can be done in different ways. Both, top-down as well
as bottom-up methods have been applied. An example of a top-down approach is the
combination of epitaxial growth and etching. It is necessary to interrupt the growth
after the deposition of a quantum well. Then dry-etching is used to create the quantum
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dot array. In a second growth process the upper part of the laser structure is deposited.
Laser that have been developed by this method, however, show a very high threshold
current density of 7.6 kA cm−2 at cryogenic temperatures of 77 K. This is mainly caused
by crystal defects in the active material that are introduced during the etching and the
second growth step [30].
In this thesis the self-organized growth of quantum dots is used. It makes use of the
Stranski-Krastanov growth mode and represents a bottom-up technique [31]. Intentionally a highly lattice-mismatched material is deposited as active region. The difference
in the lattice constants of substrate and active material is in the range of several percent (InAs/GaAs: 7.2 %). The material initially adapts to the substrate lattice constant
and grows monolayer by monolayer building up strain energy in the process. After a
certain thickness dcrit.1 a transition from the two-dimensional layer growth to a threedimensional island growth occurs as depicted in Fig. 2.8. This islands form the quantum
dots. With ongoing growth the islands grow in size, but their number remains equal. The
lattice-constant can relax and reduces the strain energy while the islands‘ size increases.
Upon overgrowth with a lattice-matched material, to complete the confining potential
well, the lattice constant adapts to the overgrowing material. The dots are therefore
elastically strained. During the 2D/3D transition and the ongoing relaxation of the lattice
constant no defects are incorporated into the dots up to a certain point. This defect-free
growth renders the dots interesting for a vast amount of electronic and optoelectronic
applications. If one continues the deposition of material, the island will grow in size
and the increasing relaxation leads to crystal defects such as dislocations. The optical
properties of the quantum dots are completely destroyed. Hence, in addition to the
lower critical thickness dcrit.1 an upper critical thickness dcrit.2 exists. For d < dcrit.1 no
quantum dots are formed, because the strain energy is too low to initiate the transition.
For d > dcrit.2 the formed dots grow too big and are optically dead due to the defect
incorporation.
It is desirable to have the ground state in the confining potential as far away as
possible from the bandgap of the barrier material. Such a deep confinement reduces the
probability of a thermal escape of the carriers. With increasing height several confined
states are allowed within the potential well. Those additional states can complicate
population inversion. The height of the QD ensemble with respect to the difference
in energy of the bandgaps of dot and barrier material is an important parameter. It
influences the emission wavelength as well as the temperature stability of a diode laser.
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dcrit. 1 < d << dcrit. 2
Island formation
d < dcrit. 1

Mismatched Film

Substrate

(a)

(b)
d > dcrit. 2 >> dcrit. 1
Defect incorporation

(c)

Figure 2.8: Sketch of the strain-induced 2D/3D transition. In (a) the thickness of the layer is
below the critical thickness dcrit.1 . Further supply of lattice-mismatched material leads
to the spontaneous island growth. (b) The lattice constant of the islands relaxes in
the process slowly towards its natural value. The accumulated strain energy can
be steadily reduced in this way. (c) The island sizes have exceeded dcrit.2 and the
relaxation leads to crystal defects.
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The self-organized growth in the Stranksi-Krastanov growth mode is a statistical
process. It cannot be predicted at which locations on the substrate surface quantum dots
will nucleate. Also, all dimensions are subject to statistical fluctuations. The process
can only be controlled by the macroscopic parameters such as substrate temperature,
growth rate and V/III ratio. Thus, the concept of an ensemble is introduced. Due to the
slightly varying dimensions of each dot the energetic positions of the confined states are
slightly varying as well. The above mentioned delta-function like DOS that is valid for
an ensemble of equal dots is smeared out. It has to be replaced by a inhomogeneously
broadened Gaussian curve. Fig. 2.9 demonstrates a AFM scan of an InAs/GaAs QD
ensemble. The labeled QDs have different heights, which leads to differences in the
thickness of the potential wells. For this reason the electron-hole transitions are slightly
different. Each QD of the ensemble has, thus, slightly different homogeneous emission
lines e0 . The sum of all homogeneously broadened lines forms the inhomogeneously

j-th QD
i-th QD

Luminescence intensity

E0

ε0j

ε0 i
ΔE0

Energy

(a)

(b)

Figure 2.9: (a) 0.5 µm x 0.5 µm AFM scan and (b) sketch of the inhomogeneously broadened
ground state luminescence of a QD ensemble. The statistical nature of the growth
process leads to varying dimensions of the created nano structures. The homogeneous
emission lines are positioned at different energies. The ensemble of all homogeneous
emission lines builds the inhomogeneously broadened luminescence with E0 as mean
value and the full width at half maximum ∆E0 (black).

broadened luminescence spectrum (Gaussian curve). The broadening of a single confined
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Size
→ level splitting

Density
→ saturation

Uniformity
→ flat gain profile

g

E

Figure 2.10: Qualitative scheme of "material gain engineering" for a quantum dot ensemble with
two confined states in the potential well. Red and blue curves are the inhomogeneous
luminescence belonging to each transition. The sum of both is displayed in black.
The potential well and eventually the produced material gain can be tailored by
controlling the morphological properties, e.g. size, density and uniformity of the
ensemble.

state, e.g. the ground state, can be modeled as

P( E, σE ) =

1
√

σE 2π

e

−

( E−Eg −ee1 )2
2σ2
E

(2.36)

where σE is the width of the inhomogeneously broadened luminescence. The integral
in equation (2.34) has to be extended by P(e, σE ). Due to the statistical size fluctuations
and the reduced optical confinement factor the modal gain of a QD laser is usually lower
than that of a QW laser. Reducing the size fluctuations is therefore an important issue to
achieve high performance QD-based devices.
The luminescence of a dot ensemble with two transitions is sketched in Fig. 2.10. The
more uniform the ensemble is, the closer the DOS gets to the ideal case of a delta-function
like distribution [29]. For rather non-uniform ensembles the higher linewidth can limit
the achievable modal gain. The gain profile can have a very flat form in the overlap
region of both inhomogeneous transitions. This effect can be exploited to fabricate
QD-based lasers with a very stable emission wavelength against thermal drifts [32, 33].
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This is not possible with a quantum well for example. An as high as possible surface
density is necessary to increase the modal gain. Moreover, saturation effects are shifted
to higher carrier densities and higher output powers. Life time of QD lasers can also be
higher than that of QW lasers. The charge carriers are localized in the quantum dots and
cannot diffuse to the mirrors as in case of a QW. This can help to avoid critical optical
mirror damages (COMD) that cause a complete breakdown of the device.
For high current densities the refractive index of the active region increases due to the
accumulation of carriers. This leads to self-focusing effects of the guided light. The laser
beam is filamented. The power density on the mirrors is increased and cause damage
that leads to COMD. The so called "linewidth enhancement factor" or Henry factor α can
be used as a measure of the filamentation behavior [34, 35]. The exploitation of quantum
dot material as active region allows to reduce the Henry factor, so that filamentation is
shifted to higher drive currents and higher output powers. In total, the range of usable
operation currents is enlarged. Simulations on QD laser structures even found negative
values for α. This equals an active compensation mechanism of the filamentation [36].
The next section will once again deal with the Henry factor as it also determines the
modulation properties of the laser and thus the data transmission speed in optical fiber
links.

2.4.2 High-Speed Lasers
The special properties of quantum dots can be exploited for future optical data- and
telecommunication applications. Today‘s optical systems use optical fibers as transmission medium. The wavelength regime around 1.55 µm is of particular interest for
long-haul communication, because here the fibers have the lowest optical absorption.
The output power of the lasers is modulated with the signal to be transmitted. The
simplest way is an intensity modulation of the laser light that can be achieved by modulating the injection current. This method is known as “On-Off Keying” [2]. The signal
Iac (t) is superimposed on the DC pump current Idc > Ithr . If the signal contains only one
0 · ei2π f t with small modulation depth I 0 << I
frequency Iac (t) = Iac
thr < Idc , one refers
ac
to small signal modulation. The modulation transfer function
H( f ) =
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shows a resonance at f R . One defines f −3dB as the particular frequency at which the
modulated output power has dropped to a level of −3 dB of the unmodulated output
power [25].
1
fR =
2π

s

Γv g a
η ( IDC − Ithr )
qVact i
q
√
f −3dB = 1 + 2 f R

(2.38)
(2.39)
∂g

Here, v g is the group velocity of the modulated resonator mode, a = ∂N the differential
gain, Vact the active volume and q the elementary charge. Figure 2.11 qualitatively shows
the small signal modulation characteristic of a diode laser for different pump currents
Idc .
The resonance frequency usually amounts to several GHz. For higher currents the
resonance shifts to higher frequencies. However, the attenuation γ increases as well. At a
certain point an increment of the drive current and the output power leads to a decrement
of the band width. The maximum bandwidth is determined by the attenuation. Equation
2.38 shows, which parameters influence the modulation characteristics of the laser. An
increased contrast of the pump and threshold current is one possible way, to increase f R .
For reasons of efficiency a small threshold current is always desirable. Differential gain
and internal efficiency shall be rather high, while the active volume should be rather
small. Lasers with short cavities therefore demonstrate higher resonance frequencies.
From this perspective requirements for the QD ensemble can be directly specified: The
dots should possess a high surface density in combination with a small inhomogeneous
linewidth. In this way, each additional charge carrier will be injected into a laser-active
QD. The number of dots NQD increases the number of possible transition pairs and
consequently the reduced DOS. The maximum gain gmax grows and gain saturation
effects are avoided. The influence of the inhomogeneous linewidth on the gain has
already been discussed in section 2.4.1. A high surface density alone is not sufficient,
since a carrier injected into a non-uniform QD ensemble could easily occupy a dot state
that does not support the actual laser wavelength. Hence, the gain at the emission energy
would not benefit from the injected carrier. The differential gain was low. This once again
displays the necessity to control the size fluctuations during QD growth and keep them
as low as possible. Model calculations of QD lasers emitting at 1.3 µm predict a doubling
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Figure 2.11: Calculated modulation transfer function for a diode laser at different output powers
P0 = P( f = 0). For higher unmodulated power levels the bandwidth increases and
the resonance is damped. The dashed line marks a drop of the modulated output
power of −3 dB as compared to the unmodulated one. Values for the parameters of
equation (2.37) are taken from [25].

of the −3 dB frequency at reasonable injection current levels when the inhomogeneous
broadening can be reduced to 10 meV [37].
If the modulated light is subject to data transmission in an optical fiber, the laser‘s
emission wavelength should remain constant. In modern communication systems several communications channels (several wavelengths) are multiplexed and sent through
one fiber. A varying emission would lead to crosstalk between the individual channels.
Today‘s specifications designate a channel spacing of 25 GHz, what translates to 0.2 nm
at 1.55 µm emission wavelength (compare ITU G.694.1 [5]). A stabilization of the emission to < 0.2 nm is a prerequisite for high-speed transmission. A change of the emission
wavelength in static operation, e.g. by self-heating or varying ambient temperature can
be compensated by passive or active cooling. In dynamic operation the modulation
of the injection current leads to a modulation of the effective refractive index of the
device and thus to a modulation of the optical path length in the laser resonator. The
emission wavelength of the modulated mode is modulated, too. This phenomenon is
called “frequency chirp”. The linewidth of the corresponding envelope function of the
chirping laser mode is called “dynamic linewidth”. The chirp caused by a large signal

34

2.4 Low-Dimensional Active Materials

modulation can be quantitatively expressed by the modulated power P [25] as
∆ν(t) =

α 1 dP
4π P dt

(2.40)

For a rectangular modulation current that defines the digital states “0” and “1” in a
simple intensity modulation scheme the maximum chirp occurs at the jumps from
dP(t)
“0” and “1”, because the derivative dt has its highest values here. The chirp can
be counterbalanced by a low difference of the power levels representing the digital
states. However, this requires a low optical absorption and dispersion within the fiber.
Otherwise the transmission distance is restricted or signal refreshment has to be applied.
But the chirp is proportional to the Henry factor α as well. The Henry factor itself is
composed of the ratio of changes of refractive index and gain with the injected carrier
density N.
∂n
4π ∂N
α=−
(2.41)
λ ∂g
∂N

Quantum dot lasers show values for α that are a factor of 5 smaller than for comparable
QW lasers [34, 38]. This is mainly caused by the localization of the carriers inside the
dot potential wells. They demonstrate a smaller level of chirp what favors them for
high-speed optical telecommunication in wavelength division multiplexing systems
[39].
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Chapter 3
Growth and Characterization of InAs/InP
Self-Assembled Nano Structures
In this chapter the first part of the experimental work will be described. First, considerations about the applied semiconductor materials, their alloying and the challenges
of depositing quantum dots on the InP substrate are elaborated. Section 3.2 then deals
with the introduction and analysis of a novel quantum dot growth concept that has been
established throughout this work to overcome those problems.

3.1 Material Considerations
The most important issue of InAs quantum dots grown on InP is the small difference
in the lattice constants of 3.2 %. This value is roughly only half of the value of the well
studied InAs/GaAs case (7.2 %). The exchange of arsenic and phosphorus at the hetero
interface is troublesome, too. For these reasons the controlled growth of round-shaped
quantum dots on InP substrates is a delicate task. While dot structures can be routinely
grown in the InAs/GaAs system, a variety of structures has been reported on InP ranging
from quantum wires to so called quantum dashes and finally quantum dots [40, 41, 42].
In this section the physical problems of growing such dot structures are introduced.
The InP(100) substrate is used throughout the experimental part of this work. It is of
particular interest due to the fact that active materials emitting at 1.55 µm on GaAs(100)
substrate are yet rather difficult to obtain. The necessary thickness of InGaAs quantum
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wells is beyond critical limits. On InP unstrained In.532 Ga.468 As quantum wells are
already emitting in the correct wavelength range. Hence, the developed etching and
processing technology necessary to fabricate complex structures such as DFB gratings
for data communication lasers have historically centered around InP substrates. InAs
quantum dots are able to extend the wavelength range that can be covered with GaAs
substrates, but it is still challenging to achieve structures that show luminescence at
1.55 µm, let alone lasing. The challenge is to shift the second critical thickness dcrit.2
towards higher values to allow for a dislocation free creation of big quantum dots.
Several approaches have been studied to extend the InAs/GaAs quantum dots emission
range to 1550 nm and beyond, including low growth rates [43], growth in InGaAs barrier
material [44], nitrogen and antimony containing barriers [45, 46] and growth on prestrained seed layers [47]. Publications on laser structure report ground state lasing at
1420 nm, which is still over 100 nm away [47].
Another material system that provides QDs at 1.55 µm is the InAsSb/InP system. InSb
has a lattice constant of 6.479 Å with a bandgap of only 0.17 eV. The lattice mismatch
to InP substrates amounts to 10.4 %, which is even higher than for InAs/GaAs. The
formation of round-shaped InSb QDs should therefore be easier accomplished. The
height/width aspect ratio should improve, too. Indeed, In(As)Sb/InP QDs were demonstrated using MOVPE as well as MBE methods [48, 49]. PL emission is normally beyond
1.55 µm and linewidths tend to be around 50 meV to 100 meV comparable to that of
InAs/InP QDashes. Publications on diode lasers with In(As)Sb/InP QDs as active material report on a quite small differential efficiency of only 13 % with low output powers
of only 3 mW [50]. However, the diode lasers demonstrate a low shift of the emission
wavelength with ambient temperature. This indicates a rather flat and low gain profile
[32] that is not desirable for high-speed lasers. In addition, antimonide hetero structures
exhibit a type-II band alignment in which a confining potential well is only formed for
the holes. Electrons are not confined. Thus, the threshold of the diode lasers is extremely
sensitive to temperature drifts.
The exploitation of InAs/InP based quantum dot systems for optical fiber telecommunication and data communication is therefore more straight forward. The material
system Inx Aly Ga1−x−y As is used for the epitaxial growth of the barrier material of the
InAs QDs. This quaternary alloy is needed for bandgap engineering. It is easier to handle
in MBE systems than Inx Ga1−x Asy P1−y , since only one group V element is involved.
Also, the absence of phosphorus in the barriers solves the issue of As/P exchange in
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the growing dot structures. This exchange influences the size fluctuations negatively
[51, 52, 53] and can be explained by the lower bond strength of the In-P bond as compared
to the In-As bond [54].
Figure 3.1 depicts the effects of the exchange reaction. The excess formation of InAs
leads to much bigger coalescent nano structures than growth on InAlGaAs. The inset
shows an AFM scan of such a InAs/InP ensemble. The structures have heights in the
range of 15 nm to 59 nm. The lateral dimensions range from 135 nm to 400 nm. These
high values are the results of the excess InAs formation. Much more InAs originates
from the exchange reaction than from the nominal deposition. Hence, size control of
the structures is very difficult and requires complicated growth techniques [52]. In
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Figure 3.1: Photoluminescence of a InAs/InP QD ensemble in comparison with a InAs/InAlGaAs
ensemble. While the latter presents a clear Gaussian emission line, the first is composed of several peaks. The peak intensity is reduced and the linewidth is increased
by 13 meV. The inset shows a 1 µm × 1 µm AFM image of an uncapped layer.

accordance with the large morphological fluctuations the PL emission is weaker in
intensity as well as higher in linewidth. In addition, it is composed of several peaks
with a asymmetric broadened high energy tail even at a low excitation power density
of 0.83 W cm−2 . This indicates the presence of two ensembles of quantum dots of which
one possesses a relatively large linewidth. The linewidth might be also quite small, but
the broadening occurs due to a saturation of the ground state transition. This is a normal
behavior for quantum wells at high excitation powers, because higher energies of the
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dispersion branches are occupied by carriers (see eq. (2.28)). In the present case it would
be a hint that the big structures do not present a full 3D confinement for the carriers.
For a fast laser, stacking of several dot layers is required to increase the modal as well
as the differential gain. Capping the high InAs/InP QDs requires thick barrier layers
to prevent a direct inter-layer coupling. Thick spacings between the individual active
layers, however, deteriorate the modulation characteristics of a laser. Finally, InAlGaAs
possesses higher conduction band discontinuity that should improve the electronic
confinement in the active region [9]. Basically, it would be possible to apply ternary
compounds only. InAlAs, however, provides a smaller difference in the refractive index
to InP so that wave guiding properties in a laser structure are deteriorated. InGaAs on
the other hand would offer a bad electronic confinement for the dots. An important issue
for the quantum dot structures is the luminescence linewidth. The goal is to minimize
the growth fluctuations in order to achieve a very uniform ensemble with high surface
density. The more quantum dot ground state transitions are equal or at least overlap in
their homogeneous linewidth, the more the ideal delta-function like DOS is approached.

3.1.1 Sample Structure and Growth Process
All grown test samples in this thesis feature the layer structure depicted in Fig. 3.2. Each
sample contains two nominally equal layers of InAs deposited with the same growth
parameters. This structure has the advantage to study both, the morphological and
the optical properties, for the same set of growth parameters. The growth procedure
starts with thermal desorption of remaining oxides on the wafer‘s surface at a temperature of 490 ◦C and a stabilizing atmosphere of phosphorus (P2 ) at 7.5 × 10−5 Torr).
The desorption is maintained for 5 minutes. This is enough to evaporate all remaining oxides on the surface [55]. The substrate temperature is then set to 460 ◦C and a
100 nm thick buffer layer of InP is deposited. This layer planarizes the roughness and
provides a smooth and flat surface for the next layers. The first InAs layer that forms
self-organized nano species is embedded in 50 nm thick barriers of In.528 Al.238 Ga.234 As
on each side. The growth temperature is 490 ◦C. The growth is continued by 50 nm of
InP and In.528 Al.238 Ga.234 As. The second InAs layer remains uncapped. This leaves the
assembled structures accessible for AFM investigations. Both InAs layers are deposited
at the same substrate temperature as the quaternary barriers. The change from barrier
to QD material is executed by just closing and reopening the Al- and Ga-shutters and
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Figure 3.2: (a) Sample structure for basic characterization of the optical and morphological properties of the self-organized InAs structures and cross-sectional TEM image of the buried
QD layer in a test sample. Measurement performed by A. Trampert at Paul-Drude
Institute Berlin. (b) Comparative PL measurement of a QD ensemble with artificial
growth interruption.
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adjusting the V/III ratio. Growth interruptions are avoided. The reason can be seen in
Figure 3.2(b) where PL measurements of a sample grown with the described procedure
and a sample grown with an artificial growth interruption of 30 s are compared. The PL
intensity is clearly stronger and the linewidth slightly smaller for the sample without
growth interruption. This results are in agreement with the findings of other groups [56].
Interruption directly before or after the dot growth are not desirable at all and should be
avoided, if possible.

3.1.2 Realization of Quantum Dots
In the introductory paragraph to this chapter the problems of growing InAs quantum
dots on InP substrates were mentioned. The small lattice-mismatch of dot material
and substrate is the main reason for the complex self-assembly behavior that has been
reported by several groups. Since the isotropic strain induced by the lattice-mismatch is
reduced, anisotropic effects on the surface play a far more vital role in the dot nucleation
than in the InAs/GaAs case. The InAs rather forms elongated structures known as
quantum dashes. Figure 3.3 shows a typical example of this nano species. The depicted

(a)

(b)

Figure 3.3: (a) 1 µm × 1 µm AFM scan of a quantum dash layer consisting of nominally 5 ML
InAs on InAlGaAs/InP(100). (b) 3D view of the AFM scan. The elongated axis is
oriented parallel to the [01̄1] crystal direction.

dashes have a mean height of 3.5 nm. The length varies from 100 nm to several hundred
nm. The distance between them is periodic and amounts to 27 nm.
Garcia et al. studied the local strain states during the InAs deposition under an As4
atmosphere. Parallel to the [011] crystal direction a compressive strain was measured
as expected from the lattice-mismatch. In the perpendicular [01̄1] direction, at which
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the dashes are aligned, the strain was much lower. The applied arsenic tetramers
are cracked into dimers on the growth front upon incorporation into the crystal. The
dimers are oriented along the [01̄1] and distort the chemical bonds. This induces an
additional tensile strain component that nearly compensates the compressive strain
in this direction. The adsorbed In molecules thus encounter an anisotropic surface
with an arsenic termination along the [01̄1]. They do preferentially grow along this
direction. Eventually, the anisotropy in the surface strain leads to the anisotropy of
the self-organization. Quantum dashes have the disadvantage of only confining the
charge carriers in two directions of space. The motion along the elongated axis is
not confined. Dashes rather feature a 2-dimensional confinement. Moreover, the PL
linewidth is typically in the range of 50 meV to 100 meV [56, 57, 42]. Structures with
smaller linewidth have not been reported yet. Linewidth and shape prevent dashes from
exhibiting all the benefits of a 0-dimensional confinement as realized in quantum dots.
Several groups have studied different methods to overcome the dash formation and
create QD ensembles on InP substrates. A possible way is the growth on tilted InP(311)B
wafers [10, 58, 59]. Their surface contains more step edges, which enhances a fast
incorporation and nucleation of the InAs. This kind of wafer is delicate to handle in
process technology, because they cannot be cleaved into rectangles, but triangles. The
usage of the cleaved facets as Fabry-Perot resonator is not straight forward. Another way
is to influence the nucleation directly by the epitaxial parameters substrate temperature
and growth rate [60, 61]. Enzmann and co-workers applied extremely low growth
rates of down to 0.003 ML /s to enhance the QD formation. This value is two order of
magnitude lower than what is used in this work. A rapid change of the InAs growth
rate from the necessary value for the lattice-matched barriers to such an extremely low
rate for the QD growth either requires a long growth interruption or a second indium
effusion cell. The MBE system is equipped with only one indium cell and the negative
effects of growth interruption have already been pointed out.

3.2 Shape Transition induced by Arsenic Species
In this section the observation of a direct impact of the used arsenic species on the
formation characteristics of the InAs material to quantum dashes or quantum dots will
be described and analyzed. Based on first experimental results a qualitative explanation
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that focuses on the indium migration length is elaborated. Further growth runs were
carried out to test this description. The experiments were found to support the presented
qualitative ideas.

3.2.1 Impact on Formation Process
The arsenic cracker cell allows to thermally crack the arsenic tetramers from the vapor
into dimers. Cracking zone temperatures of 800 ◦C and more are necessary. All samples
consist of the described layer structure and were grown entirely with tetramers or dimers.
Figure 3.4(a) shows an AFM scan of the very first sample that was grown in the As2
-mode. In comparison Fig. 3.4(b) shows the As4 counterpart. All growth parameters,
except for the arsenic species, are kept constant. A growth temperature of 490 ◦C and a
V/III ratio of 30 BEP was applied. Values of the V/III ratio will always be given in BEP for
the course of this thesis. For the sake of simplicity the unit is skipped. The presented data
was partially published in [62]. The difference in the obtained structures is visible with
the bare eye. While supply of As4 yields the well known quantum dashes (QDash), the
morphology changes completely in case of As2 -supported growth. Instead of elongated
dashes rather round-shaped dot structures have emerged. They are accompanied by a
background of short dashes. The mean height of the visible structures amounts to 5 nm.
The highest dot-like structures reach 11 nm. The surface density is 2.3 × 1010 cm−2 and
thus relatively low. InAs/GaAs dot densities can reach up to 1 × 1011 cm−2 . Nevertheless,
the density of the dashes in Fig. 3.4(b) is with 2.0 × 1010 cm−2 quite similar. These first
experimental findings hint to a change in the nucleation behavior that has been initiated
by the supplied arsenic dimers.
Since the same arsenic species was used for the whole sample, the change must either
stem from the barrier material on which the dots nucleate or happen during the InAs
deposition itself. In order to distinguish between the two cases, two samples were grown
in which the arsenic species is changed after deposition of the barrier. To do so a growth
interruption has to be introduced. The samples are cooled down to 300 ◦C after the
barrier has been deposited and the cracking zone temperature is changed to create the
corresponding second arsenic modification. The substrate temperature is ramped up
to the QD growth temperature under arsenic stabilization. Only one QD layer was
deposited and remained uncapped. Fig. 3.4(c) and (d) contain the AFM scans of both
these samples. A QD formation is only visible in case of an As2 atmosphere during the
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(a) B-0215

(b) B-0217

(c) B-0242

(d) B-0243

Figure 3.4: Top: 1 µm × 1 µm AFM scans of the uncapped InAs surface layer of a sample grown
in (a) As2 mode and (b) its As4 counterpart (comp. Fig. 3.3). Bottom: 1 µm × 1 µm
AFM scans of samples with different arsenic species for barrier and dot material. (c)
As2 barrier and As4 InAs. (d) As4 barrier and As2 InAs.
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InAs deposition. An As4 -grown barrier does not stimulate the nucleation of roundshaped structures. A pure QDash ensemble is obtained. The influential effect of the As2
atmosphere must therefore happen during the InAs growth. This might be related to
the different mechanisms with which As4 and As2 are incorporated into the crystal. As
already mentioned, only As2 molecules are incorporated into the crystal lattice. After
physisorption to the substrate the As4 molecules thus have to undergo a cracking process,
before they can relax to the chemisorped state. Their contribution to positive growth
therefore requires a two-step chemisorption process. The latter is already in the correct
modification and can directly be incorporated into the lattice [19, 20]. This may greatly
lower the indium migration on the surface. Since the indium grows preferably along the
[01̄1] direction due to the As2 orientation and the anisotropic strain states on the surface
a significantly lower migration length might hinder individual nucleation centers from
coalescing to dash structures. This stimulates the formation of rather round-shaped
structures, namely QDs, eventually. The argument is supported by the much shorter
length of the remaining dash structures. Hence, altering and controlling the group III
kinetics on the surface seems to be a key element to achieve QD ensembles on InP(100)
substrates [63, 61].

3.2.2 Variation of the V/III Ratio
It is a known fact that the migration length of the group III species can also be altered
by the V/III ratio. Considering the obtained results, a further enhancement of the
dot growth and minimization of the dash-like background should be possible. This is
investigated in this section.
The nominal thickness of the InAs and all other growth parameters remain constant.
Only the V/III ratio during the InAs deposition is changed. Up to now the V/III ratio
was 30. The parameter base was extended by growing samples with a V/III of 7.5, 15,
60 and 90 in the As2 growth mode. For the As4 mode only the V/III ratios of 15 and 60
could be obtained. The arsenic cell could not be operated in a way to supply a ratio of
90. The two additional As4 samples show no sign of a structural transition. Both contain
quantum dashes with a mean height of 3.5 nm. Surface density, pitch period and length
are similar to the already known sample. Figure 3.5 shows corresponding AFM images
of the sample series. In the As2 growth mode the V/III ratio has a crucial impact on the
morphology. As expected, the number of dash-like structures decreases with increasing
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(a) B-0226: 7.5

(b) B-0219: 15

(d) B-0220: 60

(f) B-0221: 15

(c) B-0215: 30

(e) B-0223: 90

(g) B-0217: 30

(h) B-0222: 60

Figure 3.5: 1 µm × 1 µm AFM scans of all samples grown with As2 (top/center) and in As4 mode
(bottom). The number below the images labels the used V/III ratio. The lines in (f)
are measurement artifacts and are not related to the sample itself.
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V/III ratio. Shape and size of the QDs is influenced, too. For higher values, the dots are
more round-shaped and have increased in size. This can be quantitatively underlined
by the mean eccentricity that amounts to 0.77 for a V/III ratio of 30 and decreases to
0.45. A higher V/III ratio provides “more round” dots. At the same time the mean
height increases to 4 nm. However, the surface density of the structures reduces to only
1.5 × 1010 cm−2 . Hence, the In migration seems to be so low that the ad atoms are not
even able to nucleate to the attractive spots on the surface at all. For lower V/III ratios
than 30 the dash-like background increases. This can be seen with the bare eye for the
sample with V/III ratio 7.5. A closer look, however, lets one draw the conclusion that
these dashes are rather composed of closely spaced coalescent dots or “smeared out"
dots. It is questionable, if these structures will electronically and optically behave like a
quantum dash.

3.2.3 Basic Optical Properties
So far, only a change in the morphology was presented and a shape transition from
dashes to dots could be induced by changing the arsenic species during the InAs deposition. A first insight into the basic optical properties is provided by photoluminescence
measurements of the samples at 10 K.
Figure 3.6 depicts PL spectra of all presented samples. The excitation laser was set to a
low power density of 0.83 W cm−2 to avoid local heating of the illuminated sample area.
The measured spectra are normalized to sample B-0219, which featured the highest peak
intensity at the time of these experiments. Despite having the same nominal thickness,
the luminescence curves are slightly red-shifted for higher V/III ratios. This can be
attributed to the different dimensions found in the AFM investigations above. Most
important, some of the As2 -grown samples feature a high peak intensity in combination
with a small linewidth. These are the samples grown in the V/III ratio range from 7.5
to 30. The As4 -grown samples that only showed quantum dashes do not feature such
spectra at all. Already the very first comparative samples B-0215 and B-0217 show this
significant difference in linewidth. The linewidth of B-0217 is 54 meV, while it is 33 meV
in its As2 -grown counterpart B-0215. This is a reduction of 40 %. It is worth noting,
none of the As4 samples in this work ever showed a linewidth below 50 meV. In direct
comparison the As2 growth mode enables much smaller linewidths. Sample B-0226 that
was grown afterwards with an V/III ratio of 7.5 even shows a linewidth of 26 meV that
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Figure 3.6: PL measurements at a sample temperature of 10 K and an excitation power density
of 0.83 W cm−2 for (a) all As2 samples and (b) all As4 samples. The peak intensity is
normalized to B-0219 for the sake of simplicity and easier comparison.

is comparable to the best values reported by other groups [64, 65]. Higher V/III ratio
than 30 have a negative impact on the linewidth. The samples with 60 and 90 show
significantly broadened curves that are close to 50 meV. The AFM images show “more
round” QDs, but the size fluctuations between the individual dots of the ensemble seem
to be enlarged. The optical properties deteriorate. In total, one can state the existence
of a range of vales for the growth parameters that allow the nucleation and formation
of dot-like nano structures on the InP substrate. For the V/III ratio the interval can be
quantified from 7.5 to 30.

3.2.4 QD Growth Temperature
In the next step the influence of the growth temperature on the formation of the QDs
is studied. Based on the qualitative theory of indium migration, higher temperatures
should lead to more dash-like structures. For this reason lower growth temperatures
should favor the QD nucleation. The chosen temperatures were 500 ◦C and 515 ◦C.
Corresponding PL measurements at low temperature are presented in Figure 3.7. It can
be clearly seen with the bare eye that increasing growth temperature leads to a shape
transition back to dashes. Already at 500 ◦C the number of dots is lower than for the
previous samples. At 500 ◦C almost no QDs are observable, but the short dashes are
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Figure 3.7: (a) PL measurements at 10 K for samples grown at 500 ◦C (blue line) and 515 ◦C (red
line). The dash-like nano species is dominating for higher growth temperatures.
(b) shows the AFM scans of the dot layer on the surface. The linewidth degrades
continuously. The surface density of structures stays constant.

dominating. The transition to dashes is accompanied by a huge deterioration of the
optical properties. While for 500 ◦C the linewidth is already in the range of As4 -grown
pure dash ensembles, it amounts to nearly 100 meV for the sample grown at 515 ◦C. The
PL emission is asymmetrically broadened. Most probably a saturation of the ground
state transition occurs. In the dash structures carriers can move freely along the dash axis.
The dashes possess a parabolic dispersion branch along this direction. The occupation of
i-th branch leads to the asymmetrically broadened high-energy tail in the PL linewidth.
Again, the total number of nano structures on the surface is similar in both cases. From
these experiments one may conclude that for small linewidth the growth temperature
should be lower than 500 ◦C.
In all grown samples, despite the already achieved state-of-the art linewidth of below
30 meV, structures with a “dashed” character are present. From the PL measurements at
low temperature it cannot be deduced, if both nano species are belonging to the same
ensemble or if two independent ensembles have been formed in the growth process.
However, other groups have reported on the evolution of the structures and a coalescence
of a bi-modal distribution to a uni-modal one with increasing amount of deposited InAs
[66]. Therefore, the growth of selected samples was repeated and the amount of InAs
was incremented to 6 ML. The reference samples B-0219 was repeated (B-0227), due to
the highest peak intensity in PL. Additionally, samples with V/III ratios of 7.5 (B-0229),
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4.0 (B-0230) and also 2.0 (B-0231) were grown to further explore the promising range of
low V/III ratios. AFM images of the uncapped top layers as well as low temperature
PL spectra of these samples are shown in Fig. 3.8 and Fig. 3.9, respectively. The bare

(a) B-0227: 15

(b) B-0229: 7.5

(c) B-0230: 4.0

(d) B-0231: 2.0

Figure 3.8: 1 µm × 1 µm AFM scans of the regrown samples with 6 ML nominal InAs amount.
The caption below each image shows the growth id and the applied V/III ratio.

eye already reveals a more or less pure ensemble of slightly elliptical quantum dots
that have formed in B-0227. There is almost no sign of a second dashed or dash-like
species in the AFM picture. In correspondence with the higher amount of deposited
material the mean height of the dots has increased to 5.5 nm, which is more than for
B-0219 where the 5 ML led to a mean height of 3 nm of the QD ensemble. It is worth
noting that the surface density has increased to 4.1 × 1010 cm−2 . The higher amount of
InAs red-shifts the emission wavelength as expected. The achieved linewidth of 23 meV
marks a record-low linewidth for the InAs/InP quantum dot system [64, 67, 65].
A closer analysis of the height distribution substantiates this picture (see Fig. 3.10).
The heights of the observed nano structures of samples B-0215, B-0217 and the best
sample B-0227 are measured and grouped. The width of each group was set to 1 nm a

51

3 Growth and Characterization of InAs/InP Self-Assembled Nano Structures

1 .2
T = 1 0 K ; P
B -0
B -0
B -0
B -0
B -0

N o r m . In te n s ity (a .u .)

1 .0
0 .8

= 0
2 2
2 2
2 3
2 3
2 1

.8 3 W /c m

2

7
9
0
1
9 R e f.

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

0 .6

0 .7

0 .8

0 .9

1 .0

1 .1

E n e rg y (e V )

Figure 3.9: PL measurements at 10 K for the 6 ML samples. B-0227 possesses the lowest linewidth
reported so far for an InAs/InP based QD ensemble [62].

represented by the bar width in Fig. 3.10. The height distribution of As4 sample B-0217
can be fitted with a single Gaussian curve evidencing the uni-modal nucleation of a
pure QDash ensemble. The FWHM of the height distribution amounts to 1.4 nm. The
As2 -grown counterpart shows a clear bi-modal behavior. Interestingly, the left peak
at 3.0 nm to 3.5 nm corresponds perfectly in terms of linewidth as well as mean height
with the one in B-0217. The right peak at around 8 nm stems from the round-shaped
structures and has a much broader distribution (4.2 nm) than the dashes. The optimized
sample B-0227 features only one peak positioned at a mean height of 5.5 nm and a much
smaller FWHM of only 2.6 nm. Despite the higher nominal amount of deposited material
the mean height is smaller than for sample B-0215. This is a consequence of the much
higher surface density. The smaller fluctuations in height have led to a much sharper
inhomogeneously broadened PL emission.
In total, the up to now purest QD ensemble excels in linewidth, surface density and
peak intensity as compared to the other samples that all contain remaining QDash
structures. If one now lowers the V/III ratio to 7.5 (sample B-0229) all the outstanding
features are immediately lost. Again, dashes appear on the expense of round-shaped
QDs. The number of dashes already amounts to half the total number of visible structures.
This trend is continued and ends in a pure ensemble of short dashes in B-0231, eventually.
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Figure 3.10: Analysis of the height distributions of the observed nano species.

This is fully compatible to the qualitative description of the dash/dot transition based on
the indium migration length. The suppression of the migration due to the different As2
surface chemistry cannot be maintained for such low V/III ratios. The As2 atmosphere
is too thin and the probability for indium of finding a binding partner is low. The mean
height of the dash ensemble is again in the range of 3 nm. It is, thus, very similarly
distributed in height as the As4 -grown dashes. The lateral dimensions are a bit different,
though. The mean width amounts to 20.3 nm and the pitch to 19.6 nm. They are therefore
narrower spaced than all the previous samples consisting of nominally 5 ML InAs. This
is interesting, since the variation of the V/III ratio in the As4 -mode was not able to
deliver any significant structural change. Anyway, the As2 -grown dashes are not very
different in their optical properties than the As4 -grown counterparts as depicted in
Figure 3.9.
In this respect, it has to be noted that with the ongoing shape transition from quantum
dots back to quantum dashes the PL linewidth steadily increases. While B-0227 showed
the best linewidth reported up to now in literature, the linewidth of B-0231 on the other
end is 51 meV and close to that of B-0217 (54 meV). The subsequent reduction of the
arsenic overpressure leads to higher growth fluctuations that manifest themselves in a
higher PL linewidth.
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3.2.5 Polarization-Dependent Photoluminescence Experiments
All optical information of the samples are gathered by normal photoluminescence experiments that are a standard procedure for first investigations. However, as stated the
optical properties stem from the embedded InAs layer while the morphological data
comes from the uncapped top layer. The capping affects the structures in the embedded
layer. Diffusion processes and mass transport following the compositional gradients in
the dot and barrier material might lead to a rearrangement or dilution of the embedded
structure during the ongoing growth procedure. The correlation of both data sets is
not possible in full detail. The idea of polarization-dependent photoluminescence is to
receive information about the morphology of the embedded nano species by an optical
measurement. This is possible due to the fact that the quantum dashes are elongated. The
elongation is the source of a pronounced polarization anisotropy of the emitted PL photons. They are preferably polarized along the [01̄1] crystal direction. For round-shaped
QDs on the other hand there is no shape anisotropy that would lead a polarization
anisotropy. Therefore, polarization-dependent PL is a quick way to allow insight in the
morphological properties of the embedded layer. A direct measurement technique that
can provide such information is high-resolution cross-sectional transmission electron
microscopy (XTEM). Here, an image of the cross-section of the sample is taken by TEM.
However, the INA is not equipped with a TEM. Moreover, sample preparation and
measurement are complicated and time consuming.
Polarization-dependent PL measurements on the other hand are carried out easily.
A polarizing filter is inserted into the path of the PL photons before they enter the
monochromator. The PL samples are cut to have a rectangular shape with the long edge
being parallel to the [011̄] crystal direction. In this way, it is straightforward to align the
quantum dashes and the polarizer. If the PL emission is polarized, two measurements
with the polarizer parallel and perpendicular to the quantum dash elongation should
provide quite different intensities. The degree of polarization φ is then calculated by
φ=

I|| (λ) − I⊥ (λ)
I|| (λ) + I⊥ (λ)
a−1
φ=
a+1

(3.1)
(3.2)

where a = I|| (λ)/I⊥ (λ). One has to ensure that the inherent polarization effects of
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the measurement equipment, e.g. from the monochromator grating, do not interfere
with the polarization originating from the sample. This can be achieved by using
quantum well samples as a calibration standard. They do not show any polarization
effects induced by their morphology, since they are composed of a closed film. Any
discrepancy in the PL intensity for different polarizer positions must therefore stem from
the measurement setup. Figure 3.11 shows a calibration measurement on an InGaAs/InP
multi quantum well sample. The terms "parallel" and "perpendicular" refer to the
alignment of the polarizer with respect to the [011̄] crystal direction as described above.
The peak intensities for both alignments differ by a factor of 2.38. Upon multiplying
the "parallel" spectrum with the calibration function (gray line) the setup polarization
can be fully negated (green dashed line). The calibration factor is multiplied to the QD
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Figure 3.11: PL measurements at room temperature for a multi quantum well sample consisting
of five InGaAs/InP quantum wells for calibration of the PL setup.

spectra that were measured in the “parallel” polarizer configuration to cancel out the
setup polarization. Figure 3.12 shows spectra of three selected samples that showed the
pure dash ensemble (B-0217), a mixture of dashes and dots (B-0215) and the samples
with the rather pure QD ensemble (B-0227). The measurements were carried out at
room temperature. It can be seen that after the calibration factor has been applied still
a significant discrepancy remains between the parallel and perpendicular spectra. The
difference in the intensities translates to a degree of polarization of φQDash = 0.25 for B0217 and is only slightly smaller φmixture = 0.23 in case of the mixed QD/QDash sample.
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Figure 3.12: Calibrated polarization-dependent PL measurements at room temperature (300 K) of
the three different types of ensembles. B-0215: QD/QDash mixture; B-0217: QDash;
B-0227: QD. The dashed lines represent the spectra with the polarizer perpendicular
to the QDash direction.
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Only for the rather dot-like ensemble in B-0227 the degree of polarization is found to be
significantly reduced to φQD = 0.13. This is a first indication that the embedded InAs
layer is as well composed of round-shaped structures and the contribution of dashes is
reduced. Still, the value of 0.13 is higher than expected for a pure quantum dot ensemble.
In the InAs/GaAs case values for φ lower than 0.10 have been reported.
Since such measurements were carried out for the first time in our labs we let the results
verify by Grzegorz Sek of the Wroclaw University of Technology in Poland. They found
the values to be valid. The obvious conclusion is that a number of dashes is nucleating
even under optimized growth conditions and contributes to the photoluminescence
emission. For a DOP of 0.13 theoretical calculations based on 8-band k · p theory lead to
a lateral aspect ratio of around ≈ 1.6. The length of the embedded structures in sample
B-0227 is therefore roughly 50 % larger than the width. From the uncapped top layer
(see Fig. 3.8(a)) mean values for the width and length of 37 nm and 65 nm, respectively,
can be determined. These values provide a lateral aspect ratio of 1.75 that is in good
agreement with the theoretical calculations. Another explanation for the unexpected
degree of polarization might as well be the height of the quantum dots that can heavily
influence the in-plane polarization [68]. This is mainly caused by the mixing of the
heavy-hole and light-hole states in the valence band due to the confinement effects and
is still being researched.

3.3 Expansion of Growth Parameter Range
The basic physics and growth mechanism of the As2 -driven shape transition have been
presented in section 3.2. The grown samples and their morphological and optical data
support the description of the quite different InAs formation upon supply of different
arsenic atmospheres in the MBE reactor. This section now widens the experimental
parameter range, which allows a deeper understanding of the QDash/QD nucleation
and formation. As the V/III ratio has already been studied well, we will on the influence
of the parameters InAs coverage and QD growth temperature. Those were up to now
only varied slightly to verify or falsify the developed qualitative description of altered
indium migration. Here, the focus is on the possibility to tailor certain features of the
QD ensembles, such as the surface density. Small linewidths were already achievable by
carefully choosing the InAs coverage and the V/III ratio. The surface density remained
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more or less constant at around 2 × 1010 cm−2 as described above. However, for diode
lasers exhibiting high modulation speeds the density should be rather in the range of
1 × 1011 cm−2 to increase the available modal gain. Other applications like single dot
spectroscopy or single photon emitters call for a much lower density in the range of
1 × 108 cm−2 to 1 × 109 cm−2 . Therefore, a control of the surface density is an important
issue. The V/III ratio alone seems not to be adequate to control the density over three
orders of magnitude. In the InAs/GaAs dot system the growth temperature is enough
to manage this task [69]. The experimental data of this section was partially published in
[70].

3.3.1 QD Growth Temperature
Table 3.1 summarizes the PL results of the grown samples. The growth temperature was
lowered done to 445 ◦C and increased up to 530 ◦C. Together with the already presented
samples at high temperatures the complete range of usual InAs growth temperatures
is covered. Again, the standard coverage of 5 ML InAs and standard V/III ratio of
30 was used for the QD layers. The growth rate was kept at 450 nm/h. It has to be
noted that the growth temperature is ramped during growth of the quaternary materials
surrounding the QD layers. The 50 nm of In.528 Al.238 Ga.234 As that serve as the buffer
layer for both QDs are entirely grown at the desired QD growth temperature. The cap of
the embedded layer is grown a the usual temperature of 490 ◦C. This might be changing
the properties of the quaternary material slightly and thus alter the dot nucleation. The
obtained morphology and PL spectra do, however, not indicate a significant impact. A
correlation and comparison with the already obtained data, though not the full extent, is
therefore still possible. An alternative was the introduction of a growth interruption at
the barrier/QD interface. As already demonstrated, such a procedure is quite apparently
a much worse option (see Figure 3.2(b)). The sample grown at 530 ◦C features a PL
linewidth of 71 meV, which is lower than for the previous sample. But it is still more
than two times higher than the best results at a growth temperature of 490 ◦C. Also,
the intensity is much lower. The dot size is decreased, though. The eccentricity is
comparable to sample B-0215 (490 ◦C, V/III ratio 30), but the mean lateral width and
length of the structures have decreased by 10 nm each. This corresponds to a blue-shift
in the photoluminescence emission of about 150 meV to 0.942 eV as compared to the
other two samples. This means, the dots feature a comparable shape and density to
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Sample

B-0332
B-0317
B-0318
B-0319
B-0341
B-0342

QD
Growth
Temp. (◦C)

Intensity (a.u.)
Peak
0.74
1.64
1.10
0.64
0.32
0.23

445
467
485
500
515
530

Int.
0.0294
0.0596
0.0472
0.0359
0.0338
0.0201

Peak
(eV)

Energy FWHM
(meV)

0.829
0.808
0.787
0.786
0.824
0.942

35.79
33.82
40.28
52.24
96.83
71.07

Table 3.1: Summary of the low temperature PL results of the samples with varying growth
temperature (measured at T = 10 K, P = 0.83 W cm−2 ). The PL peak intensities are
normalized with respect to the reference sample B-0219.

the ones grown at lower temperature. The difference are the mean dimensions. This
might stem from the elevated growth temperature at which indium desorption effects
play an important role and decrease the mean dimensions. The effect of the shape
transition and the desorption may not be separated clearly. Apparently, an optimum
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Figure 3.13: (a) Graphical representation of the integrated intensity and linewidth in Tab. 3.1. (b)
1 µm x 1 µm AFM image of B-0317.

growth temperature exists at 467 ◦C. The linewidth is lowest and the integrated as well
as peak intensities are highest. AFM scans of the uncapped top layer confirm the dot like
structure of B-0317. Lower temperatures - and lower indium migration - do not provide
any improvement in linewidth, but a heavy degradation of the integrated intensity. This
is compatible with the results of high V/III ratios, where a more dot like formation
at the expense of the optical properties was observed. The structures in B-0317 are
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comparable with B-0227 that showed the lowest linewidth so far. No significant amount
of remaining dashes is visible (Fig. 3.13(b)). However, B-0227 has InAs QD layer with
6 ML nominal thickness and was grown with a different set of parameters (490 ◦C, V/III
ratio 15). It is obvious each amount of InAs coverage requires its own set of optimum
growth parameters.
Another growth campaign was carried out in which the above samples were regrown
under an As4 atmosphere. This growth mode always delivered quantum dashes. It
was already demonstrated that the V/III ratio could not alter their shape in any way. A
variation of the growth temperature was also not able to initiate a shape transition. Even
at the lowest temperature of 445 ◦C no change was observed. The optical properties,
such as the linewidth, behave in the same manner as for the As2 -grown samples. These
samples presented no new insights and are not further discussed.

3.3.2 InAs Coverage
The variation of the growth temperature suggested the existence of a set of optimum
growth parameters for each amount of InAs coverage. The structures in samples B-0317
and B-0227 were grown with a difference in the QD growth temperature of 23 ◦C. They
possess a comparable morphology, yet the nominal InAs coverage is varied by only one
mono layer. This makes a study of this growth parameter interesting. Moreover, the
emission wavelength may be tuned by simply changing the coverage. In this way, diode
lasers can easily be tailored to address different communication bands in the 1.55 µm
range or even be adapted for 1.30 µm without altering the laser structure itself.
The InAs coverage was varied from 2 ML to 9 ML in steps of 1 ML. For a coverage
of 5 ML sample B-0317 was already available. The growth temperature was set to
467 ◦C. The V/III ratio was 30. This represents the optimum parameter set for 5 ML
coverage. Figure 3.14 shows the morphology of all grown samples. Fig. 3.15 depicts
height histograms. For the sake of simplicity and clarification only AFM images and
histograms of selected samples are presented. The first clear observation is an increment
of the island size with increasing coverage. Since the height of the structures governs
the energetic positions of the confined states within the potential well, this enables the
tuning of the emission wavelength. Two different species of structures can be seen even
at a low coverage of 2 ML. There are largely sized quantum dot structures with heights
from 10 nm to 14 nm and a surface density of 7 × 108 cm−2 . They are accompanied
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(a) B-0348: 2 ML

(b) B-0350: 4 ML

(c) B-0317: 5 ML

(d) B-0351: 6 ML

(e) B-0352: 7 ML

(f) B-0353: 8 ML

(g) B-0355: 9 ML

(h) B-0356: 6 ML

Figure 3.14: 1 µm × 1 µm AFM scans of all samples with varying InAs coverage. B-0356 is a
regrowth of B-0351.
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Figure 3.15: Height histograms of selected samples with varying InAs coverage.

by a background of small features with maximum heights of 5 nm, but much higher
density. It is assumed that this bi-modal morphology arises from an additional surface
effect and is not a strict Stranski-Krastanov transition. If corrugations and surface
roughness are already present on the highly-strained wetting layer, the indium ad atoms
might relax the strain energy by continuing those surface features to well-defined three
dimensional structures [71, 66]. The big quantum dot structures on the other hand
are strictly following the Stranski-Krastanov transition to relax the strain. Bansal et al.
carried out their QD growth at 450 ◦C at which a rough wetting layer may be assumed
[66]. If their explanation for the observed bi-modal distribution holds true, it is able to
explain the increment in PL linewidth for QD growth temperatures below 467 ◦C (see
sample B-0332 in (3.3.1).
This implies that the controlled deposition of quantum dot structures requires a
smooth wetting layer surface to suppress the evolution of the surface features and
enhance the 2D-3D transition via the Stranski-Krastanov growth mode. Hence, the
growth temperatures must not be too low. On the other hand, it must not be too high to
still properly shorten the indium migration along the [01̄1] crystal direction and prevent
the growth of dash structures. Thus, an intermediate growth temperature should provide
the optimum case of a purely uni-modal quantum dot ensemble. This is exactly what
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was found in sample B-0317: A mostly dot like morphology compared with the lowest
linewidth and the highest surface density of all samples in the temperature variation
series (section 3.3.1). Bansal and co-workers further found an additional suppressing
effect for the structures arising from surface features. By increasing the InAs coverage,
the density of such structures decrements. The number of dots increases abruptly. At
some point both families merge to a uni-modal ensemble. A higher coverage should
therefore allow the deposition of almost pure QD ensembles without any remaining
background structures. Also, a higher growth temperature should be applicable. This
matches the observed morphology for all samples with a coverage of 6 ML grown at
490 ◦C, as can be seen in Figures 3.14 (d) and (h). For a coverage above 6 ML there
is no sign of a dashed background, too. The two families of species have completely
merged to a quantum dot ensemble. However, a second dot family consisting of big
QDs emerges. It is unclear, if these structures are just a coalescence or aggregation of
small dots. It may be assumed that they stem from the Stranski-Krastanov transition,
because relaxed islands act as sinks for the migrating ad atoms. This is supported by the
evolution of the surface density. It amounts to 6 × 1010 cm−2 for 6 ML coverage, at which
only a uni-modal QD ensemble is present. This is the highest achieved value yet. From
this point it degrades almost down to the value of the sample with 2 ML coverage. Since
the AFM images only show QDs at high values of coverage, the decrements in surface
density are likely originating from the coalescence of small dots.
A graphical representation of the evolution can be seen in Fig. 3.16(a). Figure 3.16(b)
shows low-temperature PL curves of samples B-0351 and B-0353. Two clearly distinguishable peaks are observed in the emission spectrum. One may attribute the peaks
at low energy to the large dots, while the broad and less intense peaks are caused by
the small dots. The variation of the coverage only influences the position of the “large
dot peak”. The peak separation increases from 46 meV to 127 meV. For the small dots
neither emission energy nor linewidth change. Thus, the PL emission supports the
above conclusion, too. The large dots clearly grow in size, while the small dots are not
significantly affected. Figure 3.16(c) depicts the low-temperature photoluminescence
emission of the samples versus the nominal coverage.
Yang and co-workers also reported on multi-modal PL spectra, but attributed the
occurrence to emission of higher order dot states [65]. However, they do not present
detailed morphology data to strengthen their interpretation. The emission wavelength
shifts from 1200 nm to 1782 nm. The slope of the linear fit amounts to 94.97 nm/ML.
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Figure 3.16: (a) Dot density versus coverage. (b) Low-temperature PL emission of samples B-0351
and B-0353 with 6 ML and 8 ML coverage. (c) Low-temperature PL results of the
samples with varying InAs coverage demonstrating a possible tuning mechanism of
the emission wavelength.

64

3.3 Expansion of Growth Parameter Range

Over 500 nm, corresponding to 403 meV can be covered. B-0355 did not show any
detectable emission. It does not mean that the sample is not emitting, but the applied
InGaAs photo diode has a cut-off at 1800 nm. The PL setup does not feature a detector
for wavelengths above.
Despite the emission wavelength, the linewidth and the intensity evolve in a nonmonotonic way. Sample B-0348 shows a small linewidth of 25 meV, indicating a very
uniform size distribution of the small structures. Since the QD density is rather low,
the small linewidth most probably stems from the surface features. Ongoing coverage
increases the linewidth to up to 43 meV (see 3 ML and 4 ML samples). The evolution of
the surface features and their merging with the quantum dots created via the StranskiKrastanov transition seem to induce higher size fluctuations. The coalescence of both
ensembles is nearly complete in samples B-0317 and B-0351. The linewidth drops once
again to around 33 meV for both samples. It has to be noted that this value refers to
the small dots of sample B-0351. The superior optical properties of a uni-modal QD
ensemble are thus quite evident. One of the earlier samples with a coverage of 6 ML,
B-0227 is plotted in Fig. 3.16(b). In contrast to B-0351, it was grown at 490 ◦C and a V/III
ratio of 15 instead of 30. At this coverage - and presumably also above - a higher indium
migration is necessary to achieve a uni-modal QD ensemble. This becomes even more
evident by comparing the integrated intensities. It only varies by around 14 %. The total
number of emitting structures does, thus, not vary much among these three samples.
The total emitted intensity is just split into two channels due to the two QD ensembles.
Table 3.2 summarizes the PL results.
Sample

B-0348
B-0349
B-0350
B-0317
B-0351
B-0352
B-0353

Coverage (ML)

Intensity (a.u.)

2
3
4
5
6
7
8

Peak
2.23
2.37
1.48
1.63
0.36
0.40
0.20

Int.
0.0616
0.0949
0.0672
0.0596
0.0286
0.0117
0.0245

Peak
(eV)

Energy FWHM (meV)

1.027
0.945
0.846
0.808
0.776 (0.824)
0.723
0.695 (0.823)

25.20
36.06
42.79
33.82
33.12 (90.43)
27.15
27.62 (90.44)

Table 3.2: Summary of the low temperature PL results of the samples with varying growth
temperature (measured at T = 10 K, P = 0.83 W cm−2 ). The PL peak intensities are
normalized with respect to the reference sample B-0219.
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3.3.3 Barrier Strain
Another method to improve the optical properties of the self-organized structures can be
the growth on strained (lattice-mismatched) barrier material. Ulloa and co-workers have
studied the effects of a thin GaAs interlayer on the formation of InAs/InGaAsP/InP
quantum dots. Their main motivation was avoiding the As/P exchange reaction during
the InAs deposition [72]. The insertion of more than 0.5 ML of an GaAs interlayer before
the InAs growth has also an beneficial effect on the dots‘ height/width aspect. This
property is important for the electrical confinement. The ensembles also showed lower
linewidth than without interlayer [73]. The interlayer may not simply stop the As/P
exchange with the InGaAsP barriers, but the strain introduced by the GaAs layer may
reduce the influence of the anisotropic surface features on the QD formation. GaAs is
tensile strained when grown on InP substrates. The lattice-mismatch amounts to 3.7 %.
This should allow the deposition of around 4 ML before leaving the Frank van der Merwe
layer-by-layer growth regime [74]. On the other hand, the GaAs layer also presents a
huge increment in the bandgap and may thus act as a thin tunneling-barrier for the charge
carriers. A tunneling-barrier may well improve the optical properties of the QDs, but
may as well be deteriorating them. The InAlGaAs material system offers the possibility
to tailor the tensile lattice-mismatch yet keeping the bandgap as close as possible to
the barrier material. A series of samples with a 2 nm thick Inx Aly Gaz As interlayer was
grown. The layers were deposited by a sub-monolayer approach using the usual effusion
cell configuration and growth rates of the standard quaternary alloy to avoid growth
interruptions. In this manner a sub-monolayer mixture of In.689 Al.311 As/GaAs with a
total thickness of 0.2 nm was deposited. This is much thinner than a full monolayer of
both materials. The surface coverage achieved by one sub-layer is much smaller than one
and a full intermixing of both materials is achieved. The deposition is repeated 10 times
to reach the targeted total thickness. The composition of the interlayer was varied by
varying the duty cycle of both sub-monolayer components. All other growth parameters,
e.g. InAs coverage and growth temperature, are equal to B-0215. Table 3.3 summarizes
the epitaxial data of the grown samples. The mismatch can be achieved by varying
either the average Al or Ga content. As can bee seen the artificial mismatch is created by
exchanging the In and Ga contents. GaAs has a lower bandgap than AlAs. Hence, the
bandgap can be maintained much better by varying the Ga content instead of Al. The
highest mismatch amounts to 4.8 %, what is already an increment of 50 % as compared

66

3.3 Expansion of Growth Parameter Range

Sample
Composition
Lattice-Constant (Å) Mismatch (%) Bandgap (eV)
B-0190 In.413 Al.187 Ga0.400 As
5.8222
3.9
1.132
B-0191 In.379 Al.171 Ga0.450 As
5.8081
4.1
1.148
B-0192 In.276 Al.124 Ga0.600 As
5.7659
4.8
1.201
Table 3.3: Nominal epitaxial data of the grown interlayers. The composition is the average
composition stemming from the alloying of both sub-monolayer layers. The mismatch
refers to the InAs lattice-constant. Bandgaps calculated by Eq. 75 in [21].

to the InAs/InP mismatch of 3.2 %. Figure 3.17 depicts the low-temperature PL spectra
of the three grown samples. The insets show the corresponding AFM images. There is
1 2 0
2

1 0 0

T = 1 0 K ; 0 .8 3 W /c m
f = -3 ,9 % , E g = 1 .1 3 e V
f = -4 ,1 % , E

In te n s ity (a .u )

f = -4 ,8 % , E

= 1 .1 4 e V
g

g

= 1 .2 0 e V

8 0
6 0
4 0
2 0
0
0 .7 7 5

0 .8 0 0

0 .8 2 5

0 .8 5 0

0 .8 7 5

0 .9 0 0

E n e rg y (e V )

Figure 3.17: Low-temperature PL spectra of the samples with inserted strained layer. The insets
depict AFM scans of the top layer

no clear change visible for the bare eye. This is also confirmed by evaluating the height
distribution for these samples. They are congruent to B-0215 with a peak at 3 nm that is
attributed to the dashed background and a second peak at 8.5 nm, which is caused by the
dash-like structures. The increased strain does not deliver a whatsoever change in the
morphology. The samples‘ optical properties do also not show any improvement. The
linewidth for all three spectra in Fig. 3.17 range from 30 meV to 31 meV. The slight blueshift of the spectra stems from the slightly shifted bandgap of the strained barrier, which
leads to a slightly asymmetric barriers of the potential well. No significant improvement
over sample B-0215 could be obtained for any of the investigated properties. Considering
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the published results on GaAs interlayers the additional strain is apparently not sufficient
to excite any morphological change. Therefore, this approach was not further developed.

3.4 Temperature-Dependent Photoluminescence
Photoluminescence measurements are usually carried out at low temperature to determine the basic properties of the active material without perturbing effects, e.g. phonon
interaction or thermally induced carrier escape. Such interactions lower the emitted
intensity and broaden the linewidth. An evaluation of the intrinsic dot properties is thus
shadowed. Still, measurements at varying ambient temperatures are interesting, since
in most applications the active material is supposed to operate at room temperature.
This section deals with temperature-dependent PL measurements of selected samples
that have been presented in the previous sections. Self-organized quantum dots are
a coupled system of the dot potential itself as well as the wetting layer that acts as a
thin quantum well. Charge carriers can take several paths until they, if at all, reach the
quantum dot states. After photo generation by absorption of the exciting laser light
carriers will diffuse to the individual layers of the epitaxial structure. They will relax
into the confined states of the wetting or quantum dot layer, eventually. Here they will
recombine radiatively. At high ambient temperatures, a thermal escape from the QD
states to the surrounding barriers or the wetting layer states becomes more probable.
If the thermal energy Eth = k B T approaches the energy difference of the wetting layer
states or barrier bandgap and the confined states, carriers are lost and the emission of
the QDs is weakened. It is very likely that larger structures will suffer less degradation
of their optical properties with increasing temperature. This is because of the offset of
the barrier bandgap and the confined states in the potential well being larger for large
structures than for small ones. A higher impact of the ambient temperature on the PL
emission of quantum dashes is expected, since they still possess the parabolic energy
dispersion along the dash elongation axis. Therefore, a much broader energy spectrum
for interaction of the confined carriers with phonons or the thermal background exists.
Figure 3.18 depicts PL spectra of the two very first As2 and As4 counterparts B-0215
and B-0217. The measurements have been carried out in the same campaign to ensure
comparability of the intensities, too. Note, the linewidth values are much higher than
previously demonstrated. This is due to the much higher excitation power density

68

3.4 Temperature-Dependent Photoluminescence
of Pexc. = 96 W cm−2 , which was necessary to obtain a reasonable emission at room
temperature. The decrement in intensity is comparable for both samples. The emission
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Figure 3.18: Temperature-dependent photoluminescence spectra of the first As4 - and As2 - samples. T was varied from 10 K to 300 K in steps of 25 K.

peak red-shifts by 40.1 meV for the As2 -grown sample and by 43.1 meV for the As4
-grown sample. The emission wavelength is thus mainly determined by the bandgap
shrink. Both samples also show a state-filling effect starting at around 75 K to 100 K. A
comparison of the spectra at room temperature is depicted in Fig. 3.19(a). To support the
eye the intensities are normalized and the spectrum of B-0215 is red-shifted by 9.1 meV
in order to match both peaks. Usually the spectrum of B-0215 is 3 times more intense
than B-0217 as can be seen in the inset. It is obvious the state-filling effect is not as severe
for the As2 -sample as for the As4 -sample. Even more interesting is the evolution of
the linewidth with temperature as shown in Fig. 3.19(b). B-0217 shows a nearly linear
increment of the linewidth temperature. At 200 K the slope of the increment is steeper.
B-0215 shows an increment, too. However, it is accompanied by a saturation that leads
to a stable plateau from 150 K to 250 K. For higher temperature it is increasing, again.
At 300 K the linewidth values are 68.5 meV for the As2 -sample and 87.9 meV for the
As4 -sample, respectively. Despite the fact that not a fully round-shaped QD ensembles
has been nucleated in this sample, the optical properties clearly evolve different with
increasing temperature than for a pure uni-modal QDash ensemble. This might be
related to the fact, that the dashes seen in the AFM images of B-0215 are much shorter
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Figure 3.19: (a) Comparison of the spectra at 300 K for B-0215 (blue line) and B-0217 (red line).
Intensities are normalized and spectra are shifted to match the peaks. The inset shows
the unaltered data. (b) Linewidth evolution extracted from the spectra presented in
Fig. 3.18.

than for the As4 -grown dashes in B-0217. This increases the height/width aspect ratio
and therefore the electrical confinement [63]. In case of a diode laser these results show
even a mixed dot/dash active region might boost device performance to some extent.
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Chapter 4
1.55 µm InP-Based QD Lasers
After the growth campaigns of optimized quantum dot samples as well as the introduction and discussion of the arsenic-induced shape transition, this chapter is now dedicated
to diode lasers based on such QD ensembles. First, the layer structure itself and the
underlying growth process will be described. Then first results of test lasers that are
grown to optimize the layer structure and growth process will be presented. Finally, a
full characterization of the static, temperature-dependent as well as dynamic properties
of the QD lasers will be elaborated.

4.1 Laser Structure and Growth Process
The samples for a laser are prepared as described in Section 3.1.1 in chapter 2. Only the
thermal oxide desorption is maintained for 10 min instead of 5 min to remove even small
traces of oxides on the surface. Since the heated surface is stabilized with phosphorus no
As/P exchange reaction can occur. Unlike test samples, the laser structures are grown on
full 2 ” InP(100) wafers. The substrates are doped with sulfur at a level of 5 × 1018 cm−3 .
The structure used by Schwertberger and co-workers served as a template for designing
the lasers [56].
On the substrate a 200 nm thick InP layer is deposited at 460 ◦C and a V/III ratio of
10 to planarize the surface and provide a smooth growth front. The doping level of
the wafer is continued at the beginning and then linearly decreased to 2 × 1018 cm−3 .
To prevent any traces of phosphorus close to the active region, the material is changed
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to In.523 Al.477 As for the next 200 nm. A growth interruption of 30 s is used to allow
an exchange of the phosphorus background in the reactor with arsenic. One could
immediately grow the quaternary In.528 Al.238 Ga.234 As that is used as waveguide, but
this would introduce a couple of disadvantages. Since the InP buffer is quite thin a
part of the wafer will be used as n-doped cladding layer. An immediate change to
In.528 Al.238 Ga.234 As would therefore cause the wave to penetrate deeper into the highly
doped substrate and cause a higher internal absorption. This could be compensated by
enlarging the waveguide layers. However, this is counter productive in terms of the
optical confinement factor as the laser mode would be widely stretched and also in terms
of the electric transport time through the waveguide that is important for the dynamic
properties. A thick waveguide will inevitably prevent any high-speed modulation [25].
Hence, the introduction of In.523 Al.477 As is a good compromise. It certainly possesses
a higher bandgap than InP and the carrier transport could be blocked at the interface,
but it also has a lower refractive index than InP. So it already contributes to the optical
confinement of the light (see 2.1). To avoid any significant carrier blocking the interface is
highly doped at a level of 2 × 1018 cm−3 . A V/III ratio of 15 is used, because Al is known
for its short migration length. A lower V/III ratio might help to reduce Al-induced
lattice vacancies and dislocations. The doping is reduced to 5 × 1017 cm−3 throughout
the first 20 nm and remains at this level for the last 180 nm.
Before the waveguide layers can be grown a growth interruption is introduced. This
is necessary, because the Al cell has to be ramped to achieve the low growth rate for
the quaternary material. The In cell remains unchanged and the Ga cell is already
initially set to the correct growth rate. In this way only one cell needs to be ramped.
The interruption is artificially set to two minutes to allow a stabilization of the Al cell
at its new temperature. The doping level is further reduced to 2 × 1017 cm−3 during the
growth of the first 20 nm. The substrate temperature is kept at 490 ◦C for the complete
growth of the waveguide and the active region. The inner 80 nm on each side of the
active core are undoped. The silicon cell is quickly ramped down to avoid any leaking
dopants in the inner parts of the laser. The beryllium cell is ramped up after the last
active layer has been deposited for the very same reason. The barriers between stacked
active layers are 20 nm thick. This should avoid any strain coupling effects among the
individual QD layers (QDL) and reduce the typical stacking-induced size fluctuations.
The p-doped side of the structure is symmetric to the already grown n-doped part. The
doping levels, though, are a bit lower, because the absorption of beryllium is higher than
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that of silicon. The structure is finalized by 200 nm of highly doped In.532 Ga.468 As that
provides a good ohmic contact. Table 4.1 and summarizes the layer structure. Fig. 4.1
shows a graphical representation.
# Label
0
1

2

3
4

5

6

Substrate
Cladding

Material

InP
InP
In.523 Al.477 As
In.523 Al.477 As
Waveguide In.528 Al.238 Ga.234 As
In.528 Al.238 Ga.234 As
In.528 Al.238 Ga.234 As
Active
QD/QW / In.528 Al.238 Ga.234 As
Waveguide In.528 Al.238 Ga.234 As
In.528 Al.238 Ga.234 As
In.528 Al.238 Ga.234 As
Cladding
In.523 Al.477 As
In.523 Al.477 As
InP
Contact
In.532 Ga.468 As

Thickness (nm)
350 µm
200
20
180
20
80
80
various / 20
80
80
20
180
20
1700
200

Doping (cm−3 )
start
stop
18
5 × 10
2 × 1018
2 × 1018 5 × 1017
5 × 1017
2 × 1017
2 × 1017

2 × 1017
2 × 1017
5 × 1017
1 × 1018
1 × 1018 2 × 1018
2 × 1019

Table 4.1: Epitaxial layer structure of the QD lasers grown in this work. The individual active
layers are separated by 20 nm In.528 Al.238 Ga.234 As.

After unloading the wafer from the reactor it is sliced in quarters. A 10 mm × 11 mm
rectangular piece is cleaved from the middle. On this sample, an aerial contact is applied
to the n-doped substrate side. The layer structure is nickel, germanium, gold, nickel
5 nm each, followed by 200 nm gold. A rapid thermal annealing step is used to alloy
the contact and the InP semiconductor. P-side electric metal contacts in form of parallel
stripes are evaporated by using a hard mask. They consist of 20 nm titanium, 80 nm
platinum and finally 300 nm gold. A laser cavity is now defined by cleaving small bars
perpendicular to the stripe direction. The width of this bar defines the length of the laser
cavity. It usually contains 20 stripes with a width of 100 µm and 20 additional bars with
a width of 50 µm. Each stripe represents a single laser that can be electrically driven by
attaching a probe. Due to the large width, such devices are called “Broad-Area” (BA)
lasers. Since the stripes are spread from one cleaved facet to the other the whole active
material underneath can be homogeneously pumped. The current flows underneath the
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Figure 4.1: Band structure, refractive index and doping profile of the grown diode lasers. The
active region is too thin to be seen in this picture. The y-axis is to scale assuming a
band-offset of dEc /dEg = 0.7 for the band structure.
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stripe only. Thus, the pumped active volume is defined by the width of the stripe and
the cavity length. The pumped stripe is surrounded by unpumped material, which is
highly absorbing. This provides a weak waveguiding lateral to the laser structure via
the change in the imaginary part of the refractive index. One usually refers to “gain
guiding”. Figure 4.2 depicts a sketch of the processed chip and a microscope top view of
a cleaved bar. The BA geometry is the easiest way of fabricating a device from the grown
p-Contact Stripes
Titanium
20 nm
Platinum
80 nm
Gold
300 nm

p
Diode i
n

Fabry-Perot
Resonator

{

n-Contact
Nickel, Germanium,
Gold, Nickel 5 nm (each)
Gold
200 nm

Figure 4.2: Sketch of a broad-area laser chip.

structure. It is commonly used to determine the basic characteristics of the structure and
the active core. Much more elaborate structures exist, e.g. ridge waveguide or buried
heterostructure lasers, but need quite complicated processing steps as compared to the
relatively simple BA lasers. Problems during the fabrication process might influence the
laser performance and the potential of the active material might be shadowed.
Measurements of the output power P versus the pump current I and the voltage drop
U across the diode are usually carried out in a pulsed current mode. This procedure
avoids a self-heating of the devices that would perturb the measured data. The grown
structures are the very first InP-based diode lasers grown at INA. Therefore, several tests
were carried out to ensure a high quality of the measured data and the extrapolated
internal parameters of the lasers. First of all, the drive current I is not completely
restricted to the area underneath the contact. It will spread and widen upon flowing
through the highly doped InGaAs p-contact layer. A larger volume is pumped and
consequently the threshold current Ithr will increase. For the calculation of the threshold
current density Jthr a corrected area has to be taken into account. To quantify such a
correction, a laser chip was processed and measured as described above. Another chip
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of the same wafer was etched to get rid of the p-contact layer. The stripe contacts served
as etch mask. In this fashion the InGaAs layer only remained underneath the contact
stripes, which still allowed a low ohmic resistance and good current injection. The
current spread, however, is almost completely suppressed. Of course, a small amount of
spreading might still occur due to the other layers of the laser structures being doped as
well. The doping levels are much smaller and therefore have a much less crucial impact.
Figure 4.3 shows measurements of the threshold current for different stripe length of
the etched and as-grown lasers. The threshold current of the etched laser is smaller for

Avg. Threshold Current (A)

1.5

1.0

A s -g ro w n L a s e r
E tc h e d L a s e r

0.5
500

1000

1500

2000

Length [µm]

Figure 4.3: Comparison of the threshold current density of an etched versus an as-grown laser
of the same wafer. The threshold currents are reduced by around 20 % for the etched
laser. The solid lines are plots of equation (2.25) using the evaluated values for the
internal parameters.

all cleaved cavity lengths. On average, a reduction of the threshold current by 20 % was
extracted from the measurements. This value is from now on taken into account for each
presented laser.

4.1.1 Laser Growth Tests
The structure in Table 4.1 is the result of several growth tests and simulations in which
other ideas for the layer design, the doping profile and waveguide material were experimentally and theoretically evaluated. In this section these growth tests will be briefly
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reviewed. By discussing the obtained results, the decision for the above presented
structure will become evident.

4.1.1.1 Superlattices and Doping Profile

It is well known from GaAs-based devices that the introduction of artificial superlattices can be beneficial for the performance of the devices. Their purpose is to free the
growth front of defects and impurities. Such unwanted obstacles tend to grow preferentially at hetero interfaces. Interfaces of an Al-free and an Al-containing material
are favored in particular. On GaAs substrates such superlattices are easily grown by
switching between GaAs and AlGaAs layers. On InP and due to the restrictions of
the MBE reactor, only In.523 Al.477 As / In.532 Ga.468 As interfaces are appropriate. The
choice of In.528 Al.238 Ga.234 As / In.532 Ga.468 As or In.528 Al.238 Ga.234 As / In.523 Al.477 As is
difficult to handle, because only one set of growth rates can be set at a time. One of
the materials would have to be deposited in a sub mono layer approach to alloy the
wanted composition. The superlattices are placed after the InP buffer and partially
replace the uniform In.523 Al.477 As layer. Two superlattices consisting of 3 periods of
20 nm In.523 Al.477 As / 5 nm In.532 Ga.468 As and 3 periods of 20 nm In.523 Al.477 As / 3 nm
In.532 Ga.468 As were grown. Both superlattices are separated by 30 nm In.523 Al.477 As. The
last 30 nm In.523 Al.477 As consist of In.523 Al.477 As, too. The transition to the quaternary
waveguide material was done by introducing a growth interruption of 8 minutes. To
prevent oxidation of the Al-containing growth front, a 1 nm thick In.532 Ga.468 As sacrificial layer was deposited. This layer should desorb during the interruption time and the
high growth temperature of 490 ◦C. Of course, such a long time is still detrimental for
the surface. In total, the whole growth process is much more delicate upon introduction
of the superlattices. The active core was composed of 5 layer of InAs QDs each having a
nominal thickness of 5 ML.
The P-I measurements did not show any sign of laser action. Only the spontaneous
emission was detected. In addition, the U-I characteristics revealed a quite high onset
voltage of U0 = 2.8 V. This is more than three times higher than the expected value of
0.8 V that is mainly determined by the emission wavelength of the active core. Figure
4.4 shows corresponding U-I curves of three 1 mm long stripes. Moreover, the ohmic
resistance is above 1 Ω, which is also roughly two times higher than for comparable
lasers. This all leads up to the conclusion that the long growth interruption might have
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Figure 4.4: U-I curves of three 1 mm long lasers with incorporated superlattices in comparison
with U-I curves for a laser with the final structure design and increased doping levels.

led to an oxidation of the Al-containing cladding. Also, the small superlattices that form
potential wells act as sinks for the injected carriers. The doping levels might be too
low, too. Since it is hardly possible to avoid the long growth interruption, superlattice
structures were dismissed. The complete layer structure was changed to the final one
depicted in Tab. 4.1. The doping profile was changed. The claddings are doped with
levels of 2 × 1018 cm−3 , which is more than a factor of two higher than the previously
used levels. In addition, the QD layers were replaced by four 6 nm thick unstrained
InGaAs quantum wells to compensate for the increased internal absorption caused by
the high doping levels.
Fig. 4.4 contains three U-I curves of this laser for comparison with the superlattice laser.
As can be seen, both, onset voltage as well as resistance have decreased tremendously.
The offset in current comes from the stripes not being measured from 0 mA on. The
laser produces light power, too. Fig. 4.4(b) depicts the P-I curves corresponding to the
presented U-I curves. The threshold current is around 1.1 A and the emission is centered
at 1450 nm. The slope is decreasing quickly with increasing cavity length. This effect
prevents an accurate extrapolation of the laser‘s internal parameters. Nevertheless, such
low and rapidly vanishing slopes are indicating a high internal absorption that might be
caused by the elevated doping levels. Hence, a third test laser was grown.
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The design is now entirely matching the final one presented in Table 4.1. Lower doping
levels are to reduce the internal absorption. To red-shift the emission wavelength to
1550 nm the active region is composed of 7 nm thick unstrained InGaAs QWs. The QW
number was set to three instead of four, since the modal gain seems to be high enough.
The laser was working well and a full length-dependent P-I characterization was carried
out. Figure 4.5 depicts P-I curves of this laser for different cavity lengths. The slopes
do not decrease quickly with increasing device length, which indicates a much lower
absorption than for the previous growth run. The slope corresponds to 0.135 W A−1
per facet for a 617 µm long device and reduces to 0.053 W A−1 for a 2012 µm long cavity.
Also, the emission wavelength was red-shifted successfully to values slightly below the
targeted wavelength of 1.55 µm. The maximum possible slope amounts to 0.821 W A−1 at
the emission wavelength of the 617 µm long laser. The external differential efficiency is
therefore ηd = 32.9 %. Please note that for a calculation of ηd the complete emission has
to be taken into account. Since only the laser output of one mirror is measured and both
mirrors have equal reflectivities a factor of 2 has to be multiplied. The huge discrepancy is
mainly caused by non-radiative recombination effects, such as Auger recombination, that
become effective loss mechanisms at infrared wavelengths in particular. Further values
for the internal parameters that were evaluated from the P-U-I data are summarized
in Figure 4.5(c). An internal efficiency of 40 % in combination with a moderate internal
absorption of 12 cm−1 is obtained. The modal gain coefficient Γg0 amounts to 37.1 cm−1
per quantum well. The quantum wells possess a much narrower PL linewidth and have
a faster carrier relaxation mechanism than self-organized QDs. Therefore, the produced
material gain is higher.
Additional ex-situ characterization, such as cross-sectional SEM micro graphs and
XRD rocking curves were measured. This structural characterization is thought to
reveal mistakes in the epitaxy, e.g. mis-calibrated effusion cells or other errors in the
recipe. Figure 4.6 depicts the XRD rocking curve of the wafer. It is in an overall good
agreement with simulations of the nominal structure. The appearance of well defined
fringes around the substrate peak points out a highly crystalline material. Only one peak
besides the substrate peak can be observed. The lattice constant slightly differs from
the InP substrate. From this curve alone, it cannot be deduced, which of the materials is
misaligned. However, the resulting lattice-mismatch of only 3 × 10−4 is negligible. The
quantum well laser will serve as reference for comparison with the quantum dot lasers.
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Figure 4.5: (a) Selected P-I curves of the last QW test laser with the final structure design. (b)
Corresponding emission spectra. (c) Plot of the averaged threshold current density
values for each cavity length versus the inverse length. The red line represents a plot
of equation (2.25) with the extracted values for the internal parameters. The numerical
values are listed in the inset.
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Figure 4.6: Plot of the (004) diffraction peak of the InP wafer with the grown laser structure (blue
curve). The red curve is a simulation of the precise layer structure. The angles are
given in seconds.

4.1.1.2 Simulations of Different Wave Guide Materials

In.523 Al.477 As is not the only possible choice for the waveguide material. The layer
structure in Table 4.1 was simulated by Ivo Montrosset and Paolo Bardella from the
Politecnico di Torino, Italy. These simulations provided an important feedback, if the
proposed design is reliable and stable. For comparison another proposed structure, in
which the In.523 Al.477 As is replaced by In.526 Al.390 Ga.084 As is simulated as well. This
compositions matches the bandgap of InP and allows to get rid of the bandgap jump
at the InP/InAlAs interface while still being phosphorus-free. In both cases, three
unstrained In.532 Ga.468 As quantum wells of 7 nm thickness were used to simulate the
active region‘s refractive index. Figure 4.7 shows the field distribution of the waveguides‘
ground modes. The application of a second quaternary material as waveguide only
provides minor advantages. The optical confinement factor was found to be increased to
4.1 % as compared to 3.9 % for the In.523 Al.477 As waveguide. Also, shorter waveguide
layers were simulated, but no dramatic change was found. Theoretically there are
no concerns about a malfunction of the structure. As the optical properties do not
significantly improve by applying a second quaternary material, but would introduce a
higher effort for the epitaxial growth, e.g. a third set of growth rates, temperature ramps
and growth interruptions, the decision fell on In.523 Al.477 As.
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Figure 4.7: Plot of the refractive index profile versus the growth axis. The Gaussian curves are
the corresponding simulations of the electrical field intensity of the ground mode
for the two different waveguide materials (blue curve: In.526 Al.360 Ga.084 As, red curve:
In.523 Al.477 As). The orange lines indicate the different epitaxial layers.

4.2 Basic Characterization of Quantum Dot Lasers
The growth tests carried out have revealed that the epitaxial structures as well as the
MBE reactor are in a good condition. Thus, once again the active region was replaced
with quantum dot layers. In order to achieve room-temperature emission at 1.55 µm
the nominal amount of InAs was set to 4.5 ML. Publications on 1.55 µm quantum dot
/ quantum dash lasers consistently report on a quite small modal gain per dot layer in
the range of 2 cm−1 to 5 cm−1 [58, 75, 59, 76, 77]. If one considers this small modal gain,
then a QD laser will at least need between 3 and 5 layers to compensate for the internal
absorption, let alone the mirror losses. Hence, an internal absorption below 10 cm−1 is
desirable to ensure a properly working device. Taking the test runs into account a stack
of six QD layers was incorporated into the laser structure to ensure a sufficient level of
modal gain. All other growth parameters remained constant.
For the evaluation of the acquired data a program written in LabView by Nikolas Oehl
was applied [78]. The results of this section have partially been published in [78, 79].
Figure 4.8 shows exemplary P-I curves and emission spectra. All measurements were
carried out at an ambient temperature of 20 ◦C controlled by the measurement setup‘s
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Figure 4.8: (a) Selected P-I curves of the first successfully grown InP QD Laser with six active
layers and corresponding emission spectra (b). (c) and (d) depict the results of the
length-dependent evaluation.
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thermoelectric cooler. The laser operates slightly above 1.55 µm. Total output power
levels as high as 450 mW are reached. It is worth noting the P-I curves expose no sign of
limiting effects, such as gain saturation. The output power displayed here is limited by
the maximum applicable current of the measurement setup. The threshold current is
roughly a factor of 2 higher than for the QW reference laser of comparable cavity length.
The shift of the threshold current with increasing length is also much larger. This already
indicates a lower modal gain in comparison to QW lasers. However, there is no severe
decline of the slopes with increasing length. A low level of internal absorption may be
deduced. This assumptions are confirmed by an evaluation of the length-dependent
P-U-I characterization shown in Figure 4.8(c) and (d). The internal efficiency is at the
same level as in the QW reference laser. The internal absorption amounts to 7.8 cm−1 and
thus slightly smaller despite the fact the number of active layers is doubled. This can be
explained by the lower volume of the QD ensembles that have voids in between them
as compared to the QWs that represent a fully “filled” layer. The transparency current
density is 52 A cm−2 . The active material can be inverted quite easily.
In turn, this means that the high threshold currents are most likely caused by the
small modal gain. However, the modal gain coefficient was evaluated to be 60 cm−1 or
10 cm−1 per active layer, respectively. Considering literature reports this is a surprising
result. The produced gain per active layer is a factor of 2 to 3 higher than for comparable
structures of other groups as already stated above.
Several lasers with a varying number of active layers ranging from 3 to 5 were grown
to verify the obtained results of the 6 QDL laser. Apart from that, the growth runs
are completely conforming to the 6 QDL laser. The modal gain is of particular interest
as it play an important role for the modulation characteristics of the lasers (compare
Eq. 2.38). A detailed description and analysis of the results will be set out in the next
paragraphs. Selected P-I curves of all measured cavity lengths are displayed in Figure
4.9. The current was driven up to the maximum possible values of the power supply,
which is 3 A. The total output power of all lasers exceeds several hundred milli watts
with no sign of saturation effects. Even a laser with only 3 active layers is still working
properly. The saturation in the output power of the 3 QDL laser stems from a saturation
of the measuring photo diode. A stronger filter could be inserted into the beam path to
overcome this problem, but would create a very noisy output. The threshold current
is declining with decreasing number of QDLs. This can be attributed to the reduced
amount of active material that has to be pumped. However, the modal gain still allows

84

4.2 Basic Characterization of Quantum Dot Lasers

5 0 0
5 Q D L L
0 .6
0 .8
0 .9
1 .1
1 .1

4 0 0
3 0 0

a s
8
0
9
0
2

P h o to d io d e
S a tu r a tio n

e r
m m
m m
m m
m m

2 0 0
1 0 0
0

1 .0

4 Q D L L
0 .6
0 .7
0 .8
0 .8
0 .9
1 .1

4 0 0

m m

O u tp u t P o w e r (m W )

O u tp u t P o w e r p e r fa c e t (m W )

5 0 0

1 .5

2 .0

2 .5

3 0 0

e r
m m
m m
m m
m m
m m
m m

2 0 0
1 0 0
0

3 .0

a s
6
5
6
8
7
3

1 .0

1 .5

D r iv e C u r r e n t (A )

2 .0

2 .5

3 .0

D r iv e C u r r e n t (A )

(a)

(b)
5 0 0
3 Q D L L
0 .6
0 .7
0 .8
1 .0
1 .1

O u tp u t P o w e r (m W )

4 0 0

a s
7
7
7
3
2

e r
m m

P h o to d io d e
S a tu r a tio n

m m
m m
m m
m m

3 0 0
2 0 0
1 0 0
0

1 .0

1 .5

2 .0

2 .5

3 .0

D r iv e C u r r e n t (A )

(c)

Figure 4.9: Selected P-I curves of all grown QD lasers. Maximum output power limited by the
measurement setup.
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the laser to be driven at high output powers.
The length-dependent evaluation resulted in the following values for the internal
parameters. The high modal gain coefficient was also extracted for the 5, 4 and 3 QDL
QDL #
6
5
4
3

Jtr (A cm−2 ) Jtr /QDL (A cm−2 )
317
53
248
50
155
39
195
65

ηi (%)
31
24
26
48

αi (cm−1 )
7.8
10.6
4.0
18.0

Γg0 (cm−1 )
60
75
41
50

Γg0 /QDL (cm−1 )
10
15
10
16.6

Table 4.2: Summary of the length-dependent P-U-I characterization.

lasers and corresponds to the one found in the 6 QDL laser. The modal gain even exceeds
the value of 10 cm−1 per dot layer. In addition, the internal absorption always stays in
the range of 10 cm−1 and below. It has to be mentioned that during the growth run of
the 3 QDL laser the phosphorus supply depleted while the p-cladding was growing.
The growth was interrupted to prevent the formation of indium metal clusters due to
the lack of phosphorus atmosphere. Instead of finishing the p-cladding, the p-contact
layer, which does not require any phosphorus, was deposited. The contact layer is, thus,
approximately 300 nm closer to the waveguide and active core, which might explain the
high absorption values. On the other hand, the laser disposes of 3 active layers only and
still operates at lower threshold current densities than the other lasers at comparable
cavity length. This is another prove of the structure‘s robustness and the quality of the
active material. The transparency current density is relatively equal among the devices
and comparable to other reported QD lasers in this material system [75, 56, 53].
All lasers possess a relatively low internal efficiency of roughly 30 %. This might be
explained by the InP/InAlAs interface. The increment in the bandgap might enable a
carrier blocking effect. However, the interface is highly doped. The reasons for the low
efficiency could not be clarified fully until the end of this work.

4.2.1 Temperature-Dependent Characteristics
P-I Characteristics at varying ambient temperature allow the determination of important
parameters of the diode lasers. The drift of the emission wavelength and the threshold
current density are of great importance for the operation of the devices. Elevated temperatures lead to a pronounced thermal carrier escape and lower the differential efficiency.
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The probability of absorption processes, e.g. phonon scattering, increases as well. More
current is needed to maintain inversion of the valence and conduction bands. Hence, the
overall performance of the device deteriorates at higher temperatures. Thermal carrier
escape can, however, be compensated or suppressed by a better electrical confinement.
Quantum dots may therefore surpass quantum wells in terms of temperature-stability
due to the fully confined states. No significant increment in the threshold current density
should be measurable until the thermal energy has not reached the energetic difference
of the barrier material‘s bandgap and the lasing QD state. Stable Jthr was indeed reported
by several groups, but only over a limited temperature range at cryogenic levels [80, 58].
This might be attributed to the presence of the wetting layer states, which are closer to the
QD states than the barrier material [81]. The wetting layer also enables a direct electronic
coupling between individual dots. Carrier could use this route and redistribute over the
whole ensemble.
The thermal stability of a laser device does not only allow the study of fundamental
dot properties, but is crucial for many applications, too. For example, a low drift of the
emission wavelength is interesting for high-power pump lasers as the demands for the
cooling system are less critical and the device operation thus less cost-intensive. For
quantum dot lasers it may act as a measure of the material gain and the profile of the
gain function [32]. This will be discussed later in more details. The drift of the threshold
current density is usually modeled as
Jthr ( T ) = J0 · e

− TT

0

(4.1)

The fitting parameter T0 is the so called characteristic temperature. It is an important
property as it describes the incline of Jthr . The higher the value, the more temperaturestable is Jthr . This equation is only a empirical relation [25]. Values for T0 are only
valid over a limited temperature range. The parameter is actually a function of the
temperature itself. The valid fitting ranges are dependent on each laser as will be seen in
the evaluation. Since the thresholds of all lasers are relatively high, the measurements
were partially conducted on the 50 µm broad stripes to overcome the power supply
limitations. A wider temperature-range is accessible.
For an unknown reason the 50 µm broad stripes produce strange looking P-I curves
in most cases. An oscilloscope was used to trace down the origin of this behavior. The
outcoupled light pulses that are detected with a photo diode did have a very noisy and
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distorted shape. The shape of the injected rectangular current pulses was okay. The
neighboring 100 µm broad stripes do not show any deviation from the rectangular shape.
Therefore, the threshold currents are reliable and accurate, but the slopes of these P-I
curves cannot be used for any evaluation. Figure 4.10 depicts a case of well defined P-I
curves at varying ambient temperature for an 50 µm broad and 965 µm long stripes. The
temperature step size is 5 K.
7 0
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Figure 4.10: P-I curves at varying temperature of an selected stripe of the 965 µm long 4 QDL
laser (stripe width: 50 µm).

The curves do still partially deviate from their typical linear form, which is related to
the elevated temperatures. Yet, the threshold current can be clearly determined. The
slopes are quite stable and even at 85 ◦C output powers well above 30 mW are obtained.
At 90 ◦C the slope is much smaller than for the other temperatures and only hardly
recognizable. In total, the threshold current for this particular stripe shifts from 1035 mA
to 2543 mA for a temperature range of 70 K. In this manner, 1.0 mm long stripes from
all QD lasers and the reference QW laser are measured and evaluated. The temperature
was ramped up from 20 ◦C to the highest possible value that still allowed an accurate
determination of the threshold current. The 6 QDL laser showed a reasonable P-I curve
up to 60 ◦C, the 5 QDL up to 80 ◦C, the 4 QDL up to 90 ◦C and the 3 QDL up to 75 ◦C.
The reference laser was measurable to even 95 ◦C.
Figure 4.11 shows a plot of the threshold current density versus temperature. The

88

4.2 Basic Characterization of Quantum Dot Lasers

dashed lines are plots of equation (4.1) using the fitted values for J0 and T0 . The values
of Jthr at 20 ◦C are not in order, because of the mean variations among individual stripes
on one laser bar. For the determination of the characteristic temperature this is anyway
inconsequential. As already noted, the QW reference laser has a much smaller threshold
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Figure 4.11: Threshold current density versus temperature for a single 1.0 mm long stripe of each
grown laser. Dashed lines are fits of equation (4.1).

current density, which is displayed here once again.
The temperature stability in terms of the T0 parameter is, however, the weakest among
all lasers. The QD lasers surpass the QW laser tremendously. In particular they do not
show any breakdown in the measured temperature regime. The QW laser instead suffers
a severe change at 60 ◦C. One might also recognize a kink in the temperature curve for
the 4 QDL laser above 85 ◦C, which would be still 25 ◦C higher as compared to the QW
laser. As the epitaxial structure of all laser is equal the reasons for this difference must
originate within the active region. One may assign this behavior to a better electronic
confinement provided by the dot ensembles. Due to the low T0 value of only 33 K the
QW laser‘s threshold current is increased by a factor of 6 at 95 ◦C as compared to the
threshold at 20 ◦C (≈ 1 kA cm−2 ). It even overtakes the 4 QDL laser. Only the 5 QDL
laser does not completely follow the trend and possesses a T0 value close to the reference.
Still it can be deduced the number of dot layers does not seem to alter the T0 values
significantly.
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The obtained characteristic temperature values for the QD lasers are higher than
published values of other groups [75, 56, 82, 59]. Lelarge et al. published T0 = 100 K
for a QD laser with a DWELL structure as active core [67]. For higher temperatures
the value decreases to 74 K. For a broad-area device they report T0 = 135 K between
−73 ◦C to 25 ◦C [83]. The group does not report on a value for the regime above room
temperature, which is most crucial for applications.
From the P-I curves also the decline of the slope and thus the external differential
efficiency etad can be deduced as a function of temperature. An empirical model similar
to equation (4.1) is applied in the same manor as above.
ηd ( T ) = J1 · e

− TT

(4.2)

1

Values for T1 are rarely published in literature. For this measurement 100 µm stripes
were used, due to the problems described above. Of course, this limits the accessible
temperature range, but is the only way to obtain reliable data. The T1 values drops
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Figure 4.12: Logarithmic differential efficiency versus temperature for 1.0 mm long stripes of
each grown laser (width: 100 µm ). Dashed lines are fits of equation (4.2).

in order of decreasing number of active layers. Yet, the 3 QDL laser features higher
values than the reference QW laser. Also here the QW laser shows a breakdown in the T1
parameter as in case of the T0 parameter. At 75 ◦C the value drops to around 20 K. One
may interpret this results in the following way: etad describes the amount of carriers that
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actually contribute to the laser action. Decreasing slope and differential efficiency are
a measure of the strength of such internal carrier loss mechanisms in the active region.
Since all QD layers are nominally equal to one another and a higher number of QD layers
leads to a slower decline of ηd , one may conclude that thermally escaped carriers are
recaptured and redistributed among the other QD layers. As the number of QD layers
shrinks, so does the effectiveness of such a mechanism. Hence, T1 drops. Both, the 3
QDL and the reference QW laser possess 3 active layers. Yet, the T1 value is around 22 %
higher for the 3 QDL laser. Again, a higher electrical confinement can be concluded.
However, one should not over interpret the data, as the P-I curves tend to get quite noisy
at elevated temperatures, which complicates an accurate determination of the slopes. As
said, a comparison to literature values is not possible, due to a lack of published values.
The next discussed temperature-dependent parameter is the drift of the emission
dλ
wavelength dT
. The shift is highest for the reference laser and subsequently decreases
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Figure 4.13: Emission wavelength versus temperature for a single 1.0 mm long stripe of each
grown laser. Dashed lines are linear fits of the data points.

for the QD lasers with decreasing number of active layers. The values are 0.42 nm K−1 ,
0.40 nm K−1 , 0.35 nm K−1 , 0.22 nm K−1 for the 6, 5, 4 and 3 QDL lasers. These values are
much higher than expected for QD lasers, which in turn allows a deduction of the gain
dλ
profile. Klopf and co-workers have established a connection between the dT
parameter
and the profile of the gain function [32]. The wavelength red-shifts due to the active
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material‘s bandgap shrinking with increasing temperature. Increasing temperature also
increases internal absorption and the threshold gain gthr increases. The only way for the
laser to achieve the necessary threshold gain at equal level of pumping is to blue-shift
the emission wavelength. In both, quantum wells and quantum dots, additional states
are available in the blue regime (excited states in QDs, dispersion relation in QWs).
This blue-shift compensates for the shrinking bandgap. In quantum wells this shift
is usually quite small, because the gain profile is quite steep. Thus, a little blue-shift
dλ
already compensates the additional losses at elevated temperatures. dT
is high. In QD
ensembles, the gain profile is much more flat and the incline much smaller, because of
the inhomogeneous broadening. Especially the range between two states, e.g. ground
state and first excited state, can be rather flat. In total, the wavelength does not change
dλ
much. dT
is small. This effect can be used to minimize the total wavelength shift to the
order of magnitude of the refractive index change [33].
The parameter is a measure of the produced gain in the laser structure. The quantum
well laser produces the highest gain as already found in the basic P-I characterization.
The QD lasers follow this trend. A comparison to literature is tedious as such measurements are seldomly published. For this material system and emission wavelength, no
publication was found.

4.2.2 Influence of Cavity Alignment
In this small section the influence of the alignment of the laser cavity, namely the stripe
direction, with respect to the preferred quantum dash elongation direction [01̄1] will
be briefly discussed. The photoluminescence experiments already gave rise to the
assumption of a rather dash-like morphology of the QD lasers‘ active cores. A simple
experiment to substantiate this suspicion is to rotate the stripe direction parallel to the
dash direction. The shape anisotropy of quantum dashes will lead to a change in the
optical confinement factor and the modal gain Γg0 [25, 56]. Figure 4.14 shows a sketch of
an InP(100) wafer and the 10 mm x 11 mm laser chip that is cut from it. The cavity and
the light propagation is aligned parallel to the dash direction. The electric field vector
that is perpendicular to the direction of propagation thus swings perpendicular to the
dashes. If one rotates the cavity by 90◦ the electric field swings parallel to the dashes,
which increases the optical confinement factor and the modal gain. Such a change should
be easily noticeable in the threshold current densities. If no change can be observed, the
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Figure 4.14: Sketch of the electric field vector swinging parallel or perpendicular to an quantum
dash ensemble.

active material should be primarily composed of rather isotropic shaped structures. The
data presented so far is completely based on lasers with the optimum alignment.
For the 4 QDL and 3 QDL lasers, additional BA lasers with rotated cavity were
processed and measured. Figure 4.15 shows the measured threshold current densities of
the rotated cavities with the optimum ones. In both cases Jthr increases tremendously
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Figure 4.15: Threshold current density versus inverse cavity length for the 4 QDL (a) and 3 QDL
laser (b) with rotated cavity as compared to the optimum cavity.

upon changing the cavity alignment. On average the threshold current density is a
factor of 2 higher for the 4 QDL laser and even more than a factor of 3 for the 3 QDL
laser. Wang et al. quantified equal increments of Jthr upon rotating the cavity [84]. This
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results are evidence for a anisotropic active material. They are in good agreement with
the AFM data of the test samples and the PL data of the active cores. The nominal
amount of 4.5 ML that is necessary to achieve emission at 1.55 µm lies in the range of
the bi-modal QDash / QD distribution (compare Fig. 3.16). Thus, it is obvious that a
round-shaped ensemble cannot be expected within the laser structure. At least it is clear
that the long growth time of a laser structure does not severely perturb the embedded
active region and its optical and morphological properties do not deviate strongly from
the experimental findings presented in chapter 3. For another growth campaign one
should therefore find a way to increase the nominal amount of InAs, yet keeping the
emission wavelength at 1.55 µm. This might be possible by, e.g. increasing the bandgap
of the waveguide material. Such action will in turn deteriorate the optical confinement
and increase the internal absorption.

4.2.3 Photoluminescence of the Active Layers
In this section photoluminescence measurements of the active layers in the lasers will
be presented and discussed. As in case of the test samples presented in chapter 3, the
particular attention is payed to the linewidth and number of visible PL peaks in order
to determine a uni- or bi-modal morphology of the active cores. The excitation power
densities have to be increased to overcome the absorption of the p-doped InP cladding
and the InGaAs p-contact. For all lasers a density of 0.83 W cm−2 that was routinely used
in chapter 3 does not provide any detectable PL emission.
Figure 4.16(a) shows the PL spectrum of the QW reference laser. The emission at
800 meV is coming from the InGaAs p-contact. The quantum wells are emitting at
900 meV. The FWHM is 8 meV and thus quite small [23]. A well crystalline and defectfree growth can be derived from the QW emission. Both peaks develop linearly with
increasing excitation power density. The emission of the p-contact is caused by the
Fermi-Level being pinned within the conduction band. Moreover, it emits in the range
where the quantum dot emission is expected. To avoid interference and/or a shadowing
of the QD emission, the layer is etched dry-chemically. A comparison of an as-grown PL
sample and an etched PL sample can be seen in Fig. 4.16(b). For the as-grown sample,
only the p-contact is visible in the PL spectrum. The FWHM is comparable to that of the
reference laser. After etching this layer the QDs are detectable. Despite the rather high
excitation density of 155 W cm−2 no reasonable QD emission is observed in the as-grown
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Figure 4.16: (a) Photoluminescence spectra of the reference laser at various excitation power
densities. (b) Spectra of an etched an as-grown sample of the 6 QDL laser. The
intensity of the InAs QDs (black line) is magnified by a factor of 10 for the sake of
visibility.

case. Even the QW emission in the reference laser is quite weak.
Figure 4.17(a) depicts PL spectra of the etched 6 QDL laser sample with varying
excitation power. The peak at 1.36 µm is related to the doped InP. The QD emission
of all laser samples is generally very weak. The intensity does not grow linearly with
increasing excitation power. It only grows up to Pexc. = 52 W cm−2 , then degrades and
vanishes completely at the highest power density of 375 W cm−2 If one takes a closer look
at the spectra measured at low power densities, there is a broad shoulder at the red tail.
This cannot originate from a state-filling effect. The emission can be separated into two
overlapping Gaussian peaks with 28 meV and 49 meV for the right and left hand peak.
Taking the results of chapter 3 into account, the higher linewidth peak may be related to a
quantum dash ensemble, while the low linewidth peak stems from quantum dots grown
via the Stranski-Krastanov transition. Since the nominal thickness of 4.5 ML InAs that
have been deposited per QD layer is below the found border for a uni-modal growth of
the nano species, this results are in very good agreement with the experimental findings
of the test samples.
Another reason for a deteriorated growth might be the long overall growth time of
the laser structure. After deposition of the active layers, the InP p-cladding takes nearly
4 h. Diffusion processes might dilute a QD ensemble and create a rather QDash like
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Figure 4.17: (a) PL spectra of the 6 QDL laser at various excitation powers. (b) Peak fitting
showing a bi-modal behavior.

one. However, the growth temperatures stay well below 500 ◦C, so the impact on the
post-growth features cannot be very large. The stacking process might also influence the
formation. It is well known that thin barriers between individual QD layers lead to a
strain-coupling effect. The dots of all layers grown after the first one will preferentially
nucleate at the dot positions of the first layer. A vertical alignment is achieved. The dots
grow bigger in size than for the previous layer and thus increase the linewidth of the
whole stack [56, 85]. This effect might also explain the red tail of the presented PL curve.
These measurements alone, however, do not allow a verification or falsification.
PL spectra of the other lasers are plotted in Figure 4.18(a), (b) and (c). Please note the
intensity scales have been normalized with respect to the visibility of each spectrum.
The intensity scales of the different plots cannot be compared to one another. A direct
comparison can be seen in Fig. 4.18(d). As for the 6 QDL laser the 5 and 4 QDL lasers
do not follow a linear behavior with increasing excitation. The highest excitation power
always provides the weakest peak intensity. The 3 QDL laser is the only exception.
Nevertheless, all lasers show an asymmetric broadening on the blue side of the PL
emission for the highest excitation of 375 W cm−2 . This may be attributed to a state-filling
effect. No asymmetry can be observed for the lowest excitation of 52 W cm−2 at which the
6 QDL laser showed a clear red tail. All three spectra measured at this excitation power
can be fitted very well with a single Gaussian. This is an indication that the red tail is
caused by the size dispersion due to the stacking of the layers rather than a formation
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Figure 4.18: (a), (b) and (c): PL spectra of the 5, 4 and 3 QDL laser at various excitation powers.
The intensities are not comparable among the plots. Grey lines are Gaussian fits
of the spectra measured at Pexc. = 52 W cm−2 . (d) Comparison of the spectra at
Pexc. = 52 W cm−2
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of two ensembles. The linewidths are rather high, which can partially be explained by
the excitation power density. It is one order of magnitude larger as compared to the PL
measurements in chapter 3. Thus, an observation of small linewidths cannot be expected.
Also, no statement on the spectra originating from dashes or rather from dots can be
made.
Considering the high linewidth and the gathered morphology data, a uni-modal
quantum dash ensemble has to be assumed. This is very surprising for the fact that there
is no literature report on quantum dash lasers with such well defined and reproducible
high values of the modal gain. As already pointed out, published reports on QD lasers
fall short of expectations in this respect.
Temperature-dependent PL measurements were carried out, too. Such spectra are
important as the evolution of the PL emission with temperature might provide a better understanding of the electrical confinement. The excitation was kept constant at
10 W cm−2 to allow for a better comparison among the different lasers. This excitation
power still provided a reasonable wide temperature range for the experiments, yet it
is low enough to prevent a self-heating of the excited sample spot. The 6 QDL laser
could only be measured up to 40 K, the 5 QDL and 4 QDL laser were measurable up to
230 K and 180 K, respectively. No spectra were taken from the 3 QDL laser. Figure 4.19
exemplarily depicts the measured spectra of the 4 QDL laser. The power is necessary
to obtain a reasonable emission at elevated temperature. The peak intensity decreases
with increasing temperature, which is mainly caused by the increasing probability for
non-radiative recombination processes. In addition, scattering processes with phonons
lead to an increment of the linewidth. The red-shift of the peak is caused by the shrinking
bandgap of the InAs material of which the active region consists. At 190 K no emission
was detectable with the applied measurement configuration.
From the individual spectra the decline of the peak intensity as well as the FWHM
increment can be evaluated. The results can be seen in Figure 4.20. In terms of the
linewidth the lasers behave quite equal and demonstrate an almost stable temperature
evolution up to around 80 K. The 6 QDL laser, however, shows an steeply increasing
linewidth. Also, the peak intensity evolves more or less in the same fashion for the 5 and
4 QDL laser. For both the intensity drops much slower as compared to the QW reference
or the 6 QDL laser.
Interpreting these results, an improved electrical confinement may be attributed to
the QD lasers in general. Though presenting a superior characteristic temperature, the
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Figure 4.19: Temperature-dependent PL spectra of the 4 QDL laser. All spectra measured at a
constant excitation power density of 10 W cm−2 .
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Figure 4.20: Temperature versus (a) linewidth and (b) peak intensity of the 3 QD lasers and the
reference QW laser. The intensities values are normalized to the value at 10 K for
each laser.
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deviation of the 6 QDL laser from the other QD lasers in the temperature-dependent PL
experiments cannot be explained straight forward. Of course, the charge carriers take
different paths in case of optical excitation as compared to electrical pumping (compare
T0 measurements). Additional effects like band bending due to the applied electric
field may play an important role. Maybe the p-contact layer was not etched completely,
absorbs the excitation light and effectively lowers the excitation power density. The only
literature resource for comparing the obtained results can be found in [65]. Spectra up to
240 K were measured. Comparability is tough, though, as the paper does not contain the
applied excitation power density. The dots are not composed of pure InAs, too, but of a
sub monolayer InAs/InAlGaAs alloy.

4.2.4 Atom Probe Tomography of the 4 QDL Laser
Atom Probe Tomography investigations are a complex method to analyze the material
composition and distribution of a given sample with a resolution down to 0.5 nm in
all three dimensions of space. With this technique a complete 3-dimensional profile of
the active core in the lasers can be measured. The resolution is around one order of
magnitude better than smallest size features of the QD/QDash structures inside the laser.
These measurements were carried out by the group of Dr. Lutz Wilde at the Fraunhofer
Center for Nanoelectronic Technologies in Dresden.
A sample with the shape of a tip is milled with, e.g. an Focused Ion Beam (FIB) system.
An electric field is applied to the tip that almost reaches the ionization threshold. Now
individual ions are field evaporated from the sample by either increasing the voltage
or by a pulsed laser. A two dimensional detector provides the spatial information of
the impinging ions from the sample. A time-of-flight secondary ion mass spectrometer
(TOF-SIMS) is applied to determine the composition. In fact, the setup is sensible to the
charge/mass ratio. Ablated ions with the same charge/mass ratio cannot be separated
by the detector. This occurs for the given materials in case of the arsenic molecules
As2 2+ and As+ . However, both can be clearly identified as arsenic. To the best of the
author‘s knowledge no overlap with ions from other elements are to be expected. The
tip is cooled to cryogenic temperatures and the whole setup is built in an UHV vacuum
chamber to minimize background noise and increase the resolution. Figure 4.21 depicts
the milled tip before (left) and after (middle) the experiment was conducted. The Figure
shows that material is really ablated and the tip wears off in the process of measurement.
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Figure 4.21: SEM micrographs of the prepared tip before (left) and after the APT measurements
(middle). The right picture depicts a 3 dimensional view of the measurement results.

The idea of applying this measurement technique is to get a better understanding of
the active core. As stated above, it is interesting that the lasers demonstrate contradicting
features that do not allow a clear determination of the active region‘s morphology. Taking
the morphological data of the test samples into account, e.g. coalescing dot structures
that form short dashes, other techniques, such as XTEM, are not sufficient as they do not
provide any compositional information. APT can clearly resolve individual structures
and their features. A drawback of the setup is the small view field of only 175 nm.
Therefore, one has to be careful with interpreting and extrapolating the results as the
amount of measured structures is not statistically relevant for the whole ensemble.
The right hand side picture of Fig. 4.21 depicts the measured ions from the tip. All
four quantum dot layers are present. Please note, the concentration is the ratio of the
amount of one measured specimen to the total amount of measured ions. The calculated
numbers are thus different from the epitaxial composition where only the group III
specimen are considered.
From the fitted curves the barrier material is composed of In.564 Al.251 Ga.185 As. The
indium content deviates by 4 % and the gallium content by 5 % from the nominal composition. This is not necessarily related to an epitaxial problem during the growth,
but can as well be attributed to the APT measurement itself. To enable a high spatial
resolution the applied electric field was rather high. This allows the use of low power
laser pulses for ionization. The crystal lattice does not heat up and vibrate. Spatial
resolution is improved as the atoms remain in their equilibrium positions. However,
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Figure 4.22: Depth profile of the tip showing the 4 active QD layers. The lines are Gaussian fits of
the data and a linear fit for the arsenic data, respectively.

the high electric field can lead to an ionization without an impinging laser pulse. Such
ions cannot be correctly identified and are either lost or assigned to a wrong species. A
fraction of the missing gallium might have been lost due to this process. The QD layers
themselves are nearly fully composed of InAs. A fraction of 13 % Al and 11.1 % Ga is
found at the 4 peaks. Intermixing and diffusion effects during growth have caused a
slight dilution of the nominal pure InAs QDs. This behavior is expected. In fact, the
presence of Al in the active material may even be beneficial for the lasing characteristics
as Al-containing quantum dots are known to exhibit higher modal gain. In addition, the
depth profiles showed no trace of phosphorus, which was a goal of the applied material
system and layer structure and consolidates the growth procedure. Traces of the dopants
or contaminants, such as oxygen, where also not found.
From the measured data a 3-dimensional view of the material distribution can be
extrapolated and thus the morphology of the active layers can be made visible. This
is shown in Figure 4.23. Al and Ga are more or less equally distributed across the
whole view field. At the positions of the active structures, their amount is reduced
as already seen in the depth profiles. Still, in the dot layers there are no significant
fluctuations of Al and Ga concentrations. This is different for the In concentration. Of
course, the concentration is much higher in the active layers than in the barriers. The
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(a) Indium

(b) Aluminium

(c) Gallium

Figure 4.23: (a, b, c) Resolved dash-like structures in the 4 active layers and the distribution of the
detected In, Al and Ga atoms. The black circles mark spots of high In concentration
inside the dash structures. The high amount of Ga at the upper right corner of
the view field is owed to a FIB processing damage during sample preparation. (d)
Spatially resolved material composition of one QDash.
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overall morphology depicts short dash-like active layers rather than dot-like ones.

Figure 4.24: Spatially resolved material composition of a single QDash showing local accumulation spots of indium along the dash axis.

Yet it is interesting, how the In is distributed along the dashes. For the major part of
the dash the In concentration ranges from 35 % to 40 %. But across the dash spots with a
In concentration of around 50 % exist, which is rather pure InAs. This means that despite
the overall dash-like morphology localized potential wells exist. These findings can be
related to the AFM images of the As2 -grown short dashes of chapter 3. Those structures
seemed to be composed of closely spaced coalescent quantum dots or quantum dots
that have been “smeared” due to the In migration along the [01̄1] crystal direction. The
obtained APT results now subsequently confirm this interpretation of the AFM pictures.
This also explains the found polarization of the PL spectra. The localized wells are
surrounded by shallow barriers and the wave functions of the individual confined states
might overlap, which in turn leads to a reasonable polarization. On the other hand, the
existence of localized states explains why the measured modal gain is higher than for
QDash lasers.
A detailed analysis of the APT data was carried out by the group of Lutz Wilde that
eventually verified this picture to some extent. More structures that could act as localized
potential wells where found. However, due to the restricted view field not the complete
sample let alone the complete wafer piece was investigated. The total examined volume
is not sufficient to allow any statement about the influence of these structures on the
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optical properties of the whole QD/QDash ensemble. Taking the other experiments that
average over the whole ensemble into account a mixed QD/QDash active region is the
most probable candidate as it explains all measurement results.

4.3 Ridge Waveguide Lasers
In applications, lasers are usually driven in cw mode. For telecommunication applications the threshold currents of the lasers have to be lowered to reasonable values in the
range of several milli watts to tens of milli watts. Low injection currents are required to
reduce the thermal as well as carrier load of the devices that may lead to self-heating
and plasma-induced changes of the refractive index. This can be done by fabricating
Ridge Waveguide (RWG) lasers from the grown wafers. The ridges have a width of only
some µm and thus the pumped active volume is reduced tremendously as compared to
the broad area devices that were studied up to now.
The next step in producing a telecommunication device is the fabrication of a DFB
laser to obtain single-mode emission. The European project “DeLight” that funded this
work, is based on the idea of a surface-defined grating rather than an embedded grating
close to the active region. This historical procedure is critical in terms of device yield as
it requires two growth steps. A surface-defined grating on the other hand is based on a
post-growth fabrication process, which renders a second growth step obsolete. The basic
structures is a RWG laser. Both, index- and gain-coupled gratings can now be realized
by either metal gratings next to the ridge [86] or by etching a grating into the ridge itself,
thus creating an air/semiconductor grating [87].
The overall performance of the 4 QDL laser made it the perfect candidate for a first
RWG process.

4.3.1 Static Characteristics
The working principle of the cw measurement setup is the same as in case of the pulsed
setup. One slight difference is the measurement of the light output power. Since no
short pulses need to be read out, the setup is provided with an 2 ” integration sphere for
determination of the light power. The sphere is designed with respect to divergent beams
and is equipped with an InGaAs detector calibrated to NIST standards. This assures
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a reliable and proper measurement of the emitted power. The maximum applicable
current is restricted to 500 mA.
The ridges are defined by subsequent optical lithography and dry-etching steps. Once
the ridge structures are defined, BCB is used to planarize the surface. This is necessary to
evaporate the electrical contacts. Both contacts are equal in composition as in case of the
BA lasers. Two additional processing steps are conducted, before the n-contact is applied:
The ridges are too small to be accessed by attaching a needle. Therefore, the p-contact
stripes are much broader than the ridges. Parts of them are electroplated with gold
to increase their thickness and make them more resistant. The current injecting probe
is attached on the electroplated parts. The substrate is polished and thinned down to
130 µm. The heat transport is optimized in this way as the distance of the laser structure
to the heat sink is much smaller than in case of an unpolished substrate. The whole
process is carried out on a 10 mm x 11 mm large chip sliced from the wafer. The ridges
and stripe contacts spread across the whole chip parallel to the 10 mm long edge. In this
fashion RWG lasers of different cavity length can be defined by cleaving bars from the
chip. Figure 4.25 depicts a SEM micrograph of an etched ridge and a top view of the
fully processed RWG chip taken with an optical microscope.
Ridge

2 - 5 µm
1.8 µm
Electroplated Gold

Figure 4.25: Left: SEM micrograph of an etched ridge. Right: Optical microscope image of the
fully processed chip (top side view).

In a first run ridges with a width of 4 µm were fabricated from the 4 QDL wafer. Figure
4.26(a) and (b) show plots of P-I and U-I curves for each cut cavity length. Cavities
from 433 µm to 1712 µm have been measured. The facets were left as-cleaved. The
threshold currents are in the range of 90 mA to 150 mA. The highest measured output
power amounts to 18 mW for a 524 µm long device. For shorter devices the output
power saturates at a level of 7 mW and 9 mW, respectively. Both such devices are shorter
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Figure 4.26: (a) P-I curves and (b) U-I of the 4 QDL RWG lasers. The dashed lines are linear fits of
the U-I curves to determine the ohmic resistance and the voltage drop.

than 500 µm. The induced thermal load for such small areas is much bigger than for
a long laser. At a distinct level of current injection self-heating increases the internal
absorption faster than the modal gain. Thus, higher pump levels result in a saturation
and eventually a decrement of the output power. This effect is commonly referred to as
“thermal roll-over”.
However, the mirror losses at a device length of 433 µm and 466 µm correspond to
27.8 cm−1 and 25.8 cm−1 . If one considers the internal absorption of αi = 4 cm−1 as
determined during the characterization of the BA lasers, the total losses amount to
31.8 cm−1 and 29.8 cm−1 , respectively. Assuming the modal gain coefficient of 40 cm−1 a
valid measure of the gain, both cavities already operate close to the limit of the achievable
modal gain. Hence, the thermal roll-over is not surprising.
The U-I characteristics reveal a voltage drop of around 1 V for all devices. This is
slightly higher than expected at an emission wavelength around 1.55 µm. Also, lasers
shorter than 756 µm tend to have a high ohmic resistance in the range of 3 Ω. Devices
above this length all show roughly half the resistance. This is schematically depicted
with the two linear fits (dashed lines) in Fig. 4.26(b) that enclose the other U-I curves.
Maybe the BCB was not fully planar or spots on the ridges were still covered when
the contacts were evaporated. However, this should affect all cavities and not only
the short ones. Most probably, problems during the cleaving process occurred for the
short devices as they are delicate to cut and to handle. For example, damaging the
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facets while cleaving the laser bars increases the mirror losses. The additional losses
need to be compensated by higher levels of pumping. The threshold current increases.
A length-dependent characterization as carried out in case of the BA lasers is, thus,
problematic as one compares devices with different macroscopic features.
Nevertheless, Figure 4.27(a) depicts spectra corresponding to the above P-I and UI curves as well as the evaluation of the internal parameters. The internal efficiency
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Figure 4.27: (a) Spectra corresponding to the P-I curves of Fig. 4.26. (b) Threshold Current Density
versus inverse cavity length for all measured bars including the length-dependent
evaluation (red color). For comparison the BA laser evaluation is plotted as well
(blue color).

is smaller than for the BA laser as is the internal absorption. This might result from
replacing a huge portion of the p-doped InP by BCB. The light has to pass through less
absorptive material. The modal gain coefficient is found to be 46.7 cm−1 and agrees well
with the value for the BA lasers. The comparison of the threshold current densities
reveals values that are a factor of 2 higher than for the BA laser. The measured current is
of course the complete current flowing through the device including the fraction that is
lost due to leakage. In addition, the maximum applicable current was limited to around
230 mA, which is roughly half the setup‘s capability. For higher drive currents the contact
broke and no current could flow. In many devices this behavior could be reproduced.
This hints at problems in the complete RWG process chain. Still, as the linear P-I curves
show the laser works well and no sign of gain saturation was found. The modal gain
was once again shown to be on a high level exceeding values of published literature. The
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active material might therefore very well be capable of exhibiting much higher output
powers.
4.3.1.1 Preparation for Dynamic Measurements

For dynamic measurements, e.g. small and large signal modulation capabilities, further
processing of the lasers is necessary. For such measurements the injection current is
modulated with several GHz of frequency. Thus, the current is injected not directly
through the electroplated contact pads, but through a special contact pad made of
alumina that is better suited for this purpose and provides impedance matching.
The connection of the alumina pad to the laser contact is provided by bond wires. For
this process selected devices are separated from the RWG laser bars. In this form the area
of the laser is rather small, which induces self-heating problems. To avoid this the single
lasers are soldered onto copper heat sinks. The alumina pad is soldered next to the laser.
The thermal load can now be spread through the heat sink. As can be seen in Figure
4.28 the laser performance can even be improved by the heat sink as compared to the
bar. Copper has a much better thermal conductivity (401 W m−1 K−1 ) than the InP wafer
(68 W m−1 K−1 ), so the heat can be transported much better. The laser shows the best P-I
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Figure 4.28: Comparison of the same 756 µm long RWG device on the bar level, separated and
mounted onto the heat sink. Dashed lines are linear fits of the P-I values slightly
above threshold.
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characteristic in its mounted form. The threshold current is slightly better than on the
bar and the slope is steeper. The threshold current is increased by 20 mA and the slope
is much lower when the laser is separated. Also, the P-I curve is bend directly above
threshold, while it is linear for the bar and mounted form, which is indicated by the linear
fits that were calculated for the data points slightly above threshold. The differential
efficiencies determined from the slopes amount to 35.0 % for the mounted version, 30.2 %
for the bar and 21.4 % for the separated laser. This mounted device was also used for
an evaluation of the characteristic temperature. Again, this parameter can differ greatly
from the pulsed characterization due to the constant current and thermal load. Indeed,
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Figure 4.29: Evaluation of the characteristic temperature for a mounted 974 µm long RWG device.

the characteristic temperature has decreased to only 54.2 K in the range from 20 ◦C to
55 ◦C. The threshold current at 60 ◦C is higher than the applicable drive current. The
value is in the range of other reported characteristic temperatures in literature [56, 59].

4.3.2 Spectral Behavior
During the experiments presented above an interesting spectral behavior of the lasers
was found that allows more insight into the active material itself. Here, spectra taken at
different temperature and drive currents will be presented and discussed. The spectra
were taken of a mounted 974 µm long RWG laser.
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Figure 4.30: Spectra of a mounted 974 µm long RWG laser. (a) Drive current at 110 mA, (b)
130 mA, (c) 190 mA and (d) 130 mA and 220 mA in comparison.
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First of all, spectra at room temperature are depicted in Figure 4.30. Slightly above
threshold this device emits at 1597 nm. For a drive current of 130 mA the central wavelength is still 1597 nm, but is accompanied by a second peak at 1442 nm. This additional
emission is quite weak and only 13 dB above the noise level (−80 dB). The main peak,
however, is 52 dB above the noise level and thus 4 orders of magnitude more intense. The
difference in wavelength of both peaks corresponds to 83.5 meV. This is in the range of
the typical difference between ground state and excited state transitions. The additional
peak might therefore be attributed to an excited state. However, the data obtained up
to now hints at short quantum dashes as active region. Emission from excited states of
quantum dashes has never been observed in literature. An emission from the wetting
layer is another explanation, but very unlikely. The wetting layer transition is expected
to be at around 1350 nm, which is far away from the observed peak positions. Lasing of
the wetting layer may therefore be almost excluded [88, 89].
For higher drive currents the peaks split into two peaks each. Eventually, at a drive
current of 220 mA, which roughly corresponds to 2Ithr , four clear peaks are visible in the
spectrum. Considering the morphology and PL data a straight forward interpretation has
these peaks originating from the bi-modal distribution of the active nano species. At a
certain level of pumping, both such ensembles are inverted and start lasing. However, the
second ensemble starts lasing on both, the ground state and the excited state transition, at
the same pump level. This is very unlikely as the excited state usually has a much higher
threshold due to its double degeneracy as compared to the ground state. Moreover,
losses should be high, if the ground state is yet not fully saturated. The two main peaks
are separated by ∆E1 = 7.3 meV, while it is ∆E2 = 10.3 meV for the side peak pair. This
is within the homogeneous linewidth of a single dot at room temperature [90]. Different
parts of one ensemble might lase independently from one another.
If one increases the ambient temperature, the peaks begin to vanish (compare Fig.
4.31). At 45 ◦C the additional peaks do not become visible for drive currents below
210 mA. At 20 ◦C the two peaks are almost separated at this drive current. At 50 ◦C and
for the highest applicable drive current of 220 mA only the main peak is visible. No
trace of an additional emission can be found. They were anyway quite weak regardless
of temperature and drive current. One may conclude that the transition from which
this emission originated was just slightly above threshold at 20 ◦C. The increased level
of losses was therefore larger than the gain given by the drive current. Again, the
experimental findings do not allow for a clear decision whether or not the spectrum

112

4.3 Ridge Waveguide Lasers
-20

Intensity (dBm)

-30
-40

4 QDL RWG
L = 0.974 mm
45 °C, 190 mA
45 °C, 210 mA
50 °C, 220 mA

-50
-60
-70
-80
1200

1300

1400

1500

1600

1700

Wavelength (nm)

Figure 4.31: Exemplary emission spectra at elevated temperatures. The additional peaks disappear and cannot be provoked even at higher drive currents.

stems of a bi-modal distribution and/or excited states. Other measurement techniques,
such as photo-reflectance and model calculation that fully calculate the confined states
are necessary to get a better understanding of this active material.

4.3.3 Short-Cavity RWG Lasers
The shortest cavity for which lasing was observed yet is 433 µm long (see 4.26). This
device already operated close to the achievable gain as predicted by comparing the total
losses with the evaluated modal gain coefficient. Still, it should be possible to obtain
even shorter working devices. For telecommunication lasers short devices are favorable.
∂g
The modulation properties are improved, since the differential gain ∂n is higher and the
photon-life time in the cavity τp shorter. As the first RWG process revealed problems in
the processing steps, a second RWG chip was fabricated. The chip schematic was altered
and allows now for the fabrication of different ridge widths on the same chip. First of all,
an about 1.0 mm long bar was sliced from the chip to compare its performance to the old
process. As can be seen in Figure 4.32 the second run was successful in terms of laser
performance. The threshold currents for about 1.0 mm short devices is 25 mA lower. Yet,
slope efficiencies are equal.
An only 340 µm broad bar was cleaved from this new chip. At room temperature the
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Figure 4.32: Comparison of two 991 µm long RWG devices and one 974 µm long device of the
first RWG run.

devices on this bar did not show any emission under cw current injection. The total losses
at this cavity length with as-cleaved facets amount to 39 cm−1 . Since the bar is very short
a low thermal load might already be enough to prevent any onset of lasing action. The
bar was put into the pulsed characterization setup to avoid self-heating. Figure 4.33(a)
depicts the P-I curves of this measurement. Please note the output power is not accurate,
since the photo diode is not calibrated for RWG lasers. The threshold currents of most
devices are closely packed in the range from 60 mA to 80 mA. Directly above threshold
half of the lasers demonstrate a thermal roll-over behavior. Some of them show a linear
P-I characteristic up to 2 mW to 3 mW. Another way to achieve lasing in cw mode is to
cool the laser below room temperature via the setup‘s thermo-electric cooler. The brazen
table on which the laser is placed could be cooled down to 12 ◦C. Lower temperature
were not reachable due to condensing humidity. The slightly lower temperature is,
however, sufficient to achieve lasing of ridges with different width. Output powers as
high as 16 mW were obtained, before being saturated by thermal roll-over.
Another way to reduce the total losses in the cavity is to temper one or both facets
of the laser with an high-reflective (HR) coating. Such coatings are based on a periodic
multi-layer stack of two or more materials having different refractive indices. The
working principle is similar to distributed bragg reflector (DBR) mirrors. The absorption
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Figure 4.33: (a) Pulsed and (b) cw P-I curves at 12 ◦C for a 340 µm long RWG bar cut from the
second process. The collapsed points are artifacts of the integration sphere.

of the materials should be αc = 0 to not introduce additional losses. Dielectric materials
are usually applied. At each low-index / high-index interface a portion of the light is
reflected. The layer thickness is determined in such a way that all the individual reflected
beams interfere constructively. Period thicknesses are therefore a quarter of the design
wavelength, which is 1550 nm in this case. Artificial mirrors can be tailored for almost
any wavelength range at which the applied materials are transparent and loss less. For
the present case the HR coating is composed of a two-fold stack of Si / SiO2 layers
having a thickness of 110 nm and 254 nm, respectively. This layer sequence is deposited
onto one of the cleaved facets of the whole 340 µm laser bar by an Ion Beam Deposition
system. Si is directly sputtered from a target, while gaseous oxygen is injected into the
system to create the SiO2 layers. To make sure no deposition takes place at the electric
contacts the bar is completely clamped horizontally. Only the facet to be coated is free
and facing the sputtered beam.
Figure 4.34 shows P-I plots of selected devices of the coated bar. The coating indeed
improved the characteristics tremendously. P-U-I measurements were conducted at
room temperature in cw-mode, which was not possible with the as-cleaved facets. The
output power ratio of the as-cleaved facet to the HR facet is 19 . Assuming a loss less
coating an reflectivity of R ≈ 0.9 can be deduced. This is three times the value of the
as-cleaved facet. All devices show a threshold current in the range of 35 mA to 40 mA
which is roughly half the current needed to pump the laser in its as-cleaved form under
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Figure 4.34: CW output power of selected lasers from the coated 340 µm bar. Red and blue curves
are P-I and U-I characteristic of the best laser. Grey curves depict the emission of the
coated and uncoated facet of another laser.

pulsed as well as cooled conditions. Output powers of several milli watts are achieved
for all RWGs. This values of course differ because of the different ridge widths. The
best stripe even showed an output power of 17 mW before thermal roll-over sets in. The
differential efficiency amounts to 26 %.
Figure 4.35 shows corresponding emission spectra for this device. The central wavelength is 1555.38 nm slightly above threshold and shifts to 1572.55 nm at 4Ithr. . The
emission is blue-shifted as compared to the 1.0 mm long devices. Also, at the higher
drive current an emission just arising from the background noise can be spotted at
1420 nm. This is most probably the additional peak of unknown origin that has been
extensively discussed above. The peak was not visible at all for the uncoated laser under
both pulsed excitation and lowered temperature conditions. However, the peak is much
weaker than it was in cases of the 1.0 mm long RWGs. It seems that the total losses have
been adequately compensated to allow an inversion of the participating confined states
at reasonable drive currents.

4.3.4 Modulation Experiments
Several well working devices were sent to David Gready and Gadi Eisenstein at the
Israel Institute of Technology (Technion). They conducted the dynamic measurements
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that will be briefly presented in this section. A 756 µm mounted RWG device from the
first fabrication process and a coated 340 µm long device from the second process were
investigated (compare Fig. 4.28).
Small signal responses are usually presented as in Figure 2.11. The modulated output
power is normalized to the unmodulated output power and plotted versus the modulation frequency. Large signal responses are usually presented in a different way. A
pseudo-random bit stream in form of a rectangular current is superimposed on the DC
pump current. The modulated output is detected and plotted versus time. The inverse
bit stream is transmitted as well and the detected signal is laid over the first one. This
causes the typical “eye-like” patterns. If the laser can follow the modulation properly,
the eyes are “open”, meaning a well-defined difference of the power levels. Figure 4.36
shows the measured small and large signal modulation responses.
Both lasers present a heavily damped small signal modulation bandwidth. f −3dB
is hardly reaching 5 GHz, while the resonance frequency is in the range of 9.5 GHz.
The increment in drive current from 200 mA to 230 mA already lowers the bandwidth.
The same is true for the short RWG laser. The bandwidth is highest at 100 mA drive
current and decreases for higher pumping. This shows that the dynamics are fully
dominated by the damping that is caused by the electron transport in the thick quaternary
waveguide layers [25]. This effectively lowers the differential gain in the device as well
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as increments the differential carrier lifetime. Both developments are contradicting with
a high modulation frequency. The high damping was confirmed by simulations based
on a spatially resolved model [91]. Publications on the modulation bandwidth of QD
and QDash lasers predict rather high values for f −3dB of up to 20 GHz as extracted from
measurements of the relative intensity noise [67, 59]. However, published bandwidth
values are similar to the results achieved here [92, 59, 93].
Despite the small bandwidth, the measured data transmission rates are surprisingly
high. Open-Eye diagrams at 14.5 Gbit s−1 and 15 Gbit s−1 , respectively, at an On/Off ratio
of 4 dB have been achieved. The large signal response is, however, inconsistent with
the modulation bandwidth: To create a rectangular current pattern, several individual
frequencies have to be added up (compare the Fourier series of a rectangular pulse). The
individual frequency components for such large data rates are higher than the measured
−3 dB-bandwidth. Their response is heavily damped. Hence, the modulated output
should greatly deviate from an rectangular pattern. A similar behavior of the small
signal bandwidth and the large signal data rates was presented by Tanaka et al. for an
1.3 µm InAs/GaAs-based QD laser. 25 Gbit s−1 with an f −3dB bandwidth of only 11 GHz
were demonstrated [94]. The observed discrepancy might be attributed to non-linear
effects inside the active material. However, no publications examining this behavior are
available at the moment. These results were partially published in [95].

119

Bibliography
[1] F. Bachmann, P. Loosen, and R. Poprawe (editors): High Power Diode Lasers: Technology and Applications.
Springer, 2007.
[2] Harry J. R. Dutton: Understanding Optical Communications. IBM Redbooks, 1998.
[3] Cisco Systems Inc.: Fiber Types in Gigabit Optical Communications, 2008.
[4] O. Ziemann, H. Poisel, M. Luber, M. Bloos, and A. Bachmann: Optical data communication over short
distances. Laser+Photonik, 4(4):36–41, 2005.
[5] ITU-T: ITU-T G.694.1. Technical report, International Telecommunication Union, Genf, 2002.
[6] J. J. Hsieh: Room-temperature operation of GaInAsP/InP double-heterostructure diode lasers emitting at 1.1
µm. Applied Physics Letters, 28(5):283, 1976.
[7] R. Hall, G. Fenner, J. Kingsley, T. Soltys, and R. Carlson: Coherent Light Emission From GaAs Junctions.
Physical Review Letters, 9(9):366–368, 1962.
[8] L. Vegard: Die Konstitution der Mischkristalle und die Raumfüllung der Atome. Zeitschrift für Physik,
5(1):17–26, January 1921.
[9] S. Adachi: Material parameters of In x Ga1− x Asy P1−y and related binaries. Journal of Applied Physics,
53(12):8775, 1982.
[10] Y. Li: Two-dimensional ordering of self-assembled InAs quantum dots grown on (311)B InP substrate. Journal
of Crystal Growth, 219(1-2):17–21, 2000.
[11] E. F. Schubert: Light-Emitting Diodes. Cambridge Univ. Press, 2nd edition, 2007.
[12] A. Y. Cho: Morphology of Epitaxial Growth of GaAs by a Molecular Beam Method: The Observation of Surface
Structures. Journal of Applied Physics, 41(7):2780, 1970.
[13] J. R. Arthur: Interaction of Ga and As2 Molecular Beams with GaAs Surfaces. Journal of Applied Physics,
39(8):4032, 1968.
[14] A. Y. Cho and J. R. Arthur: Molecular beam epitaxy. Progress in Solid State Chemistry, 10:157–191,
1975.
[15] M. A. Hermann and H. Sitter: Molecular Beam Epitaxy: Fundamentals and Current Status. Springer,
1996.

121

Bibliography

[16] C. Heyn and W. Hansen: Desorption of InAs quantum dots. Journal of Crystal Growth, 251(1-4):218–222,
2003.
[17] M. R. Melloch, N. Otsuka, J. M. Woodall, A. C. Warren, and J. L. Freeouf: Formation of arsenic precipitates
in GaAs buffer layers grown by molecular beam epitaxy at low substrate temperatures. Applied Physics
Letters, 57(15):1531, 1990.
[18] A. Shen, H. Ohno, Y. Horikoshi, S. P. Guo, Y. Ohno, and F. Matsukura: Low-temperature GaAs grown
by molecular-beam epitaxy under high As overpressure: a reflection high-energy electron diffraction study.
Applied Surface Science, 130-132(1-2):382–386, 1998.
[19] C. Foxon and B. Joyce: Interaction kinetics of As4 and Ga on (100) GaAs surfaces using a modulated
molecular beam technique. Surface Science, 50(2):434–450, 1975.
[20] J. H. Neave, P. K. Larsen, J. F. van der Veen, P. J. Dobson, and B. A. Joyce: Effect of arsenic species (As2
or As4 ) on the crystallographic and electronic structure of MBE-grown GaAs(001) reconstructed surfaces.
Surface Science, 133:267–278, 1983.
[21] E. H. Li: Material parameters of InGaAsP and InAlGaAs systems for use in quantum well structures at low
and room temperatures. Physica E: Low-dimensional Systems and Nanostructures, 5(4):215–273, 2000.
[22] http://www.luxpop.com.
[23] J. P. Reithmaier, S. Hausser, H. P. Meier, and M. Walter: Growth studies of (Al,Ga,In)As on InP by
molecular beam epitaxy. Journal of Crystal Growth, 127(1-4):755–758, 1993.
[24] Christian Gilfert: High Power 1060 nm Quantum Dot Lasers, 2008.
[25] L. A. Coldren and S. W. Corzine: Diode Lasers and Photonic Integrated Circuits. John Wiley & Sons, Inc.,
1995.
[26] Herbert Krömer: Nobel Lecture: Quasielectric fields and band offsets: teaching electrons new tricks. Reviews
of Modern Physics, 73(3):783–793, 2001.
[27] Z. Alferov: Nobel Lecture: The double heterostructure concept and its applications in physics, electronics, and
technology. Reviews of Modern Physics, 73(3):767–782, 2001.
[28] N. Holonyak, R. M. Kolbas, R. D. Dupuis, and P. D. Dapkus: Quantum-well heterostructure lasers. IEEE
Journal of Quantum Electronics, 16(2):170–186, 1980.
[29] M. Asada, Y. Miyamoto, and Y. Suematsu: Gain and the threshold of three-dimensional quantum-box lasers.
IEEE Journal of Quantum Electronics, 22(9):1915–1921, 1986.
[30] H. Hirayama, K. Matsunaga, M. Asada, and Y Suematsu: Lasing action of Ga0.67 In0.33 As/GaInAsP/InP
tensile-strained quantum-box laser. Electronics Letters, 30(2):142, 1994.
[31] I. N. Stranski and L. Krastanow: Zur Theorie der orientierten Ausscheidung von Ionenkristallen aufeinander.
Monatshefte für Chemie, 71(1):351–364, 1937.
[32] F. Klopf, S. Deubert, J. P. Reithmaier, and A. Forchel: Correlation between the gain profile and the
temperature-induced shift in wavelength of quantum-dot lasers. Applied Physics Letters, 81(2):217, 2002.

122

Bibliography

[33] E. M. Pavelescu, C. Gilfert, J. P. Reithmaier, A. Martín-Mínguez, and I. Esquivias: GaInAs/(Al)GaAs
quantum-dot lasers with high wavelength stability. Semiconductor Science and Technology, 23(8):85022,
2008.
[34] T.C. Newell, D.J. Bossert, a. Stintz, B. Fuchs, K.J. Malloy, and L.F. Lester: Gain and linewidth enhancement
factor in InAs quantum-dot laserdiodes. IEEE Photonics Technology Letters, 11(12):1527–1529, 1999.
[35] Todd Steiner (editor): Semiconductor Nanostructures for Optoelectronic Applications. Artech House
Publishers, 2004.
[36] P. M. Smowton, E. J. Pearce, H. C. Schneider, W. W. Chow, and M. Hopkinson: Filamentation and
linewidth enhancement factor in InGaAs quantum dot lasers. Applied Physics Letters, 81(17):3251–3253,
2002.
[37] D.G. Deppe, H. Huang, and O.B. Shchekin: Modulation characteristics of quantum-dot lasers: the influence
of p-type doping and the electronic density of states on obtaining high speed. IEEE Journal of Quantum
Electronics, 38(12):1587–1593, 2002.
[38] JJ. Stohs, D. J. Bossert, D. J. Gallant, and S. R. J. Brueck: Gain, refractive index change, and linewidth
enhancement factor in broad-area GaAs and InGaAs quantum-well lasers. IEEE Journal of Quantum
Electronics, 37(11):1449–1459, 2001.
[39] H. Saito, K. Nishi, A. Kamei, and S. Sugou: Low Chirp Observed in Directly Modulated Quantum Dot
Lasers. IEEE Photonics Technology Letters, 12(10):1298–1300, 2000.
[40] R. Schwertberger, D. Gold, J. P. Reithmaier, and A. Forchel: Long-Wavelength InP-Based Quantum-Dash
Lasers. IEEE Photonics Technology Letters, 14(6):735–737, 2002.
[41] Jin Soo Kim, Jin Hong Lee, Sung Ui Hong, Won Seok Han, Ho Sang Kwack, and Dae Kon Oh:
Effects of a thin InGaAs layer on InAs quantum dots embedded in InAl(Ga)As. Applied Physics Letters,
83(18):3785–3787, 2003.
[42] J. Brault, M. Gendry, G. Grenet, G. Hollinger, J. Olivares, B. Salem, T. Benyattou, and G. Bremond:
Surface effects on shape, self-organization and photoluminescence of InAs Islands grown on InAlAs/InP(001).
Journal of Applied Physics, 92(1):506, 2002.
[43] P. B. Joyce, T. J. Krzyzewski, G. R. Bell, T. S. Jones, E. C. Le Ru, and R. Murray: Optimizing the growth
of 1.3 µm inas/gaas quantum dots. Phys. Rev. B, 64:235317, 2001.
[44] Jun Tatebayashi, Masao Nishioka, and Yasuhiko Arakawa: Over 1.5 µm light emission from InAs
quantum dots embedded in InGaAs strain-reducing layer grown by metalorganic chemical vapor deposition.
Applied Physics Letters, 78(22):3469, 2001.
[45] M. Richter, B. Damilano, J. Y. Duboz, J. Massies, and A. D. Wieck: Long wavelength emitting
inas/ga0.85 in0.15 n x as1− x quantum dots on gaas substrate. Applied Physics Letters, 88(23):231902, 2006.
[46] D. Guimard, S. Tsukamoto, M. Nishioka, and Y. Arakawa: 1.55 µm emission from InAs/GaAs quantum
dots grown by metal organic chemical vapor deposition via antimony incorporation. Applied Physics Letters,
89(8):083116, 2006.

123

Bibliography

[47] M. A. Majid, D. T. D. Childs, H. Shahid, S. Chen, K. Kennedy, R. J. Airey, R. A. Hogg, E. Clarke, P.
Howe, P. D. Spencer, and R. Murray: Toward 1550-nm gaas-based lasers using inas/gaas quantum dot
bilayers. IEEE Journal of Selected Topics in Quantum Electronics, 7(5):1334–1342, 2011.
[48] T. Utzmeier, P. A. Postigo, J. Tamayo, R. Garcia, and F. Briones: Transition from self-organized InSb
quantum-dots to quantum dashes. Applied Physics Letters, 69(18):2674–2676, 1996.
[49] Yueming Qiu and David Uhl: Self-assembled InAsSb quantum dots on (001) InP substrates. Applied
Physics Letters, 84(9):1510, 2004.
[50] Yueming Qiu, David Uhl, and Sam Keo: Room-temperature continuous-wave operation of inassb quantumdot lasers near 2 µm based on (001) inp substrate. Applied Physics Letters, 84(2):263–265, 2004.
[51] Sukho Yoon, Youngboo Moon, Tae Wan Lee, Euijoon Yoon, and Young Dong Kim: Effects of As/P
exchange reaction on the formation of InAs/InP quantum dots. Applied Physics Letters, 74(14):2029, 1999.
[52] C. Paranthoen, N. Bertru, O. Dehaese, A. Le Corre, S. Loualiche, B. Lambert, and G. Patriarche: Height
dispersion control of InAs/InP quantum dots emitting at 1.55 µm. Applied Physics Letters, 78(12):1751–
1753, 2001.
[53] D. Zhou, R. Piron, M. Dontabactouny, O. Dehaese, F. Grillot, T. Batte, K. Tavernier, J. Even, and S.
Loualiche: Low threshold current density of InAs quantum dash laser on InP (100) through optimizing double
cap technique. Applied Physics Letters, 94(8):081107, 2009.
[54] R. Nötzel, S. Anantathanasarn, R. P. J. van Veldhoven, F. W. M. van Otten, T. J. Eijkemans, A. Trampert,
B. Satpati, Y. Barbarin, E. a. J. M. Bente, Y. S. Oei, T. de Vries, E. J. Geluk, B. Smalbrugge, M. K. Smit, and
J.H. Wolter: Self Assembled InAs/InP Quantum Dots for Telecom Applications in the 1.55 µm Wavelength
Range: Wavelength Tuning, Stacking,Polarization Control, and Lasing. Japanese Journal of Applied
Physics, 45(8B):6544–6549, 2006.
[55] R. Averbeck, H. Riechert, H. Schlotterer, and G. Weimann: Oxide desorption from InP under stabilizing
pressures of P2 or As4 . Applied Physics Letters, 59(14):1732, 1991.
[56] R. Schwertberger: Epitaxie von InAs-Quanten-Dash-Strukturen auf InP und ihre Anwendung in Telekommunikationslasern. PhD thesis, University of Würzburg, 2005.
[57] A. Stintz, T. J. Rotter, and K. J. Malloy: Formation of quantum wires and quantum dots on buffer layers
grown on InP substrates. Journal of Crystal Growth, 255(3-4):266–272, 2003.
[58] H. Saito, K. Nishi, and S. Sugou: Ground-state lasing at room temperature in long-wavelength InAs
quantum-dot lasers on InP(311)B substrates. Applied Physics Letters, 78(3):267, 2001.
[59] A. Martinez, K. Merghem, S. Bouchoule, G. Moreau, A. Ramdane, J. G. Provost, F. Alexandre, F.
Grillot, O. Dehaese, R. Piron, and S. Loualiche: Dynamic properties of InAs/InP (311)B quantum dot
Fabry-Perot lasers emitting at 1.52 µm. Applied Physics Letters, 93(2):21101, 2008.
[60] E. Dupuy, G. Xu, P. Regreny, Y. Robach, M. Gendry, G. Patriarche, N. Chauvin, C. Bru-Chevallier,
D. Morris, N. Pauc, Others, V Aimez, and D Drouin: Influence of surface reconstructions on the shape of
InAs quantum dots grown on InP (001). In IPRM, pages 1–3. IEEE, 2008.

124

Bibliography

[61] R. Enzmann, M. Bareiß, D. Baierl, N. Hauke, G. Böhm, R. Meyer, J. Finley, and M. C. Amann: Design
and realization of low density InAs quantum dots on AlGaInAs lattice matched to InP(001). Journal of
Crystal Growth, 312(16-17):2300–2304, 2010.
[62] C. Gilfert, E. M. Pavelescu, and J. P. Reithmaier: Influence of the As2 /As4 growth modes on the formation
of quantum dot like InAs islands grown on InAlGaAs/InP (100). Applied Physics Letters, 96(19):191903,
2010.
[63] Jin Soo Kim, Jin Hong Lee, Sung Ui Hong, Ho Sang Kwack, Byung Seok Choi, and Dae Kon Oh:
Well-defined excited states of self-assembled InAs/InAlGaAs quantum dots on InP (001). Applied Physics
Letters, 87(5):053102, 2005.
[64] Q. Gong: Continuous wavelength tuning of InAs quantum dots on InP (100) and (311)A substrates by
chemical-beam epitaxy. Physica E: Low-dimensional Systems and Nanostructures, 23(3-4):435–441,
2004.
[65] Youngsin Yang, Byounggu Jo, Jaesu Kim, Cheul Ro Lee, Jin Soo Kim, Dae Kon Oh, Jong Su Kim, and
Jae Young Leem: Optical stability of shape-engineered InAs/InAlGaAs quantum dots. Journal of Applied
Physics, 105(5):53510, 2009.
[66] B. Bhavtosh, M. R. Gokhale, A. Bhattacharya, and B.M. Arora: InAs/InP quantum dots with bimodal size
distribution: Two evolutionpathways. Journal of Applied Physics, 101(9):094303, 2007.
[67] F. Lelarge, B. Rousseau, F. Martin, F. Poingt, L. le Gouezigou, O. le Gouezigou, F. Pommereau, A.
Accard, and F. Van-Dijk: Optimization of Tunneling-Injection InAs/InP (100) Quantum Dashes Lasers for
High-Speed Optoelectronic Devices. In 2007 IEEE 19th International Conference on Indium Phosphide &
Related Materials, volume 18, pages 274–277. Ieee, 2007.
[68] A. Musial, P. Kaczmarkiewicz, G. Sek, P. Podemski, P. Machnikowski, J. Misiewicz, S. Hein, S. Höfling,
and A. Forchel: Carrier trapping and luminescence polarization in quantum dashes. Physical Review B,
85(3):1–11, January 2012.
[69] A. Gushterov, L. Lingys, and J. P. Reithmaier: Control of dot geometry and photoluminescence linewidth of
InGaAs/GaAs quantum dots by growth conditions. Journal of Crystal Growth, 311(7):1783–1786, 2009.
[70] Matusala Yacob: Growth and Characterization of Indium Arsenide Quantum dots on Indium Phosphide
substrate, 2010.
[71] D. Leonard, K. Pond, and P. M. Petroff: Critical layer thickness for self-assembled inas islands on gaas.
Phys. Rev. B, 50:11687–11692, 1994.
[72] J. M. Ulloa, I. W. D. Drouzas, P. M. Koenraad, D. J. Mowbray, M. J. Steer, H. Y. Liu, and M. Hopkinson:
Suppression of InAs/GaAs quantum dot decomposition by the incorporation of a GaAsSb capping layer.
Applied Physics Letters, 90(21):213105, 2007.
[73] Q. Gong, R. Nözel, P. J. van Veldhoven, T. J. Eijkemans, and J. H. Wolter: Wavelength tuning of InAs
quantum dots grown on InP (100) by chemical-beam epitaxy. Applied Physics Letters, 84(2):275, 2004.

125

Bibliography

[74] I. Daruka and A. L. Barabási: Dislocation-Free Island Formation in Heteroepitaxial Growth: A Study at
Equilibrium. Physical Review Letters, 79:3708–3711, 1997.
[75] P. Caroff, C. Paranthoen, C. Platz, O. Dehaese, H. Folliot, N. Bertru, C. Labbé, R. Piron, E. Homeyer,
a. Le Corre, and S. Loualiche: High-gain and low-threshold InAs quantum-dot lasers on InP. Applied
Physics Letters, 87(24):243107, 2005.
[76] K. Merghem, A. Akrout, A. Martinez, G. Aubin, A. Ramdane, F. Lelarge, and G. H. Duan: Pulse
generation at 346 GHz using a passively mode locked quantum-dash-based laser at 1.55 µm. Applied Physics
Letters, 94(2):21107, 2009.
[77] D. Franke, M. Moehrle, A. Sigmund, H. Kuenzel, U. W. Pohl, and D. Bimberg: Improved threshold
of buried heterostructure InAs/GaInAsP quantum dot lasers. Journal of Applied Physics, 109(8):083104,
2011.
[78] N. Oehl: Wachstum und Charakterisierung von InAs/InAlGaAs/InP Quantenpunktlasern für den 1,5 µm
Spektralbereich. Master’s thesis, Univerisät Kassel, 2011.
[79] C. Gilfert, V. Ivanov, N. Oehl, M. Yacob, and J. P. Reithmaier: High gain 1.55 µm diode lasers based on
InAs quantum dot like active regions. Applied Physics Letters, 98(20):201102, 2011.
[80] N. Kirstädter, N. N. Ledentsov, M. Grundmann, D. Bimberg, V. M. Ustinov, S. S. Ruvimov, M.
V. Maximov, P. S. Kopev, Z. I. Alferov, U. Richter, P. Werner, U. Gösele, and J. Heydenreich: Low
threshold, large To injection laser emission from (InGa)As quantum dots. Electronics Letters, 30(17):1416,
1994.
[81] F. Schäfer, J. P. Reithmaier, and A. Forchel: High-performance GaInAs/GaAs quantum-dot lasers based on
a single active layer. Applied Physics Letters, 74(20):2915, 1999.
[82] F. Lelarge, B. Rousseau, B. Dagens, F. Poingt, F. Pommereau, and A. Accard: Room temperature
continuous-wave operation of buried ridge stripe lasers using InAs-InP (100) quantum dots as active core.
IEEE Photonics Technology Letters, 17(7):1369–1371, 2005.
[83] Jin Soo Kim, Jin Hong Lee, Sung Ui Hong, Won Seok Han, Ho Sang Kwack, Chul Wook Lee, and
Dae Kon Oh: Long-wavelength laser based on self-assembled InAs quantum dots in InAlGaAs on InP (001).
Applied Physics Letters, 85(6):1033, 2004.
[84] R.H. Wang, A. Stintz, P.M. Varangis, T.C. Newell, H. Li, K.J. Malloy, and L.F. Lester: Room-temperature
operation of InAs quantum-dash lasers on InP (001). IEEE Photonics Technology Letters, 13(8):767–769,
2001.
[85] Jin Soo Kim, Jin Hong Lee, Sung Ui Hong, Ho sang Kwack, Byung Seok Choi, Dae Kon Oh, and
Based Inp: InAs-InAlGaAs quantum dot DFB lasers based on InP (001). IEEE Photonics Technology
Letters, 18(4):595–597, 2006.
[86] M. Müller, F. Klopf, M. Kamp, J.P. Reithmaier, and A. Forchel: Wide range tunable laterally coupled
distributed-feedback lasers based on InGaAs-GaAs quantum dots. IEEE Photonics Technology Letters,
14(9):1246–1248, 2002.

126

[87] K. Mathwig, W. Kaiser, A. Somers, J. P. Reithmaier, A. Forchel, K. Ohira, S. M. Ullah, and S. Arai: DFB
Lasers With Deeply Etched Vertical Grating Based on InAs–InP Quantum-Dash Structures. IEEE Photonics
Technology Letters, 19(5):264–266, 2007.
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