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Zusammenfassung

Der sogenannte Submonolagen-Wachstumsmodus stellt eine Alternative zum kon-
ventionellen Stranski-Krastanov-Wachstumsmodus fiir die Herstellung von Quan-
tenpunkten hoher Dichte dar. In bisherigen Untersuchungen zeigten solche Sub-
monolagen-Stapel jedoch nur schwache Lokalisationseigenschaften. Der Einbau von
Sb bietet die Moglichkeit, diese kontrolliert einzustellen.

In dieser Arbeit wurde ein MOCVD-Prozess entwickelt, in dem Sb mittels eines
Pulses von Triethylantimon auf die Wachstumsoberfliche gebracht und im nachfol-
genden Wachstum eingebaut wird. Die resultierenden strukturellen, elektronischen
und optischen Eigenschaften der Submonolagen-Stapel, sowie deren Anwendung als
aktives Medium in direktmodulierten Lasern wurden untersucht.

Entscheidend fiir die Analyse der elektronischen Eigenschaften ist es, den Ein-
bau der Sb-Atome sowohl quantitativ zu erfassen als auch deren relative Position
gegeniiber den In-Atomen auf atomarer Ebene zu bestimmen. Dies ermdoglicht
sowohl eine Beschreibung des Einbauverhaltens mit Hilfe von Absorptionsmodellen
als auch eine theoretische Vorhersage der elektronischen und optischen Eigenschaften
indem die lokale Bandstruktur sowie der Einfluss auf die Elektron- und Loch-
Wellenfunktion simuliert wird.

Ein praferierter Einbau von Sb in In-reichen Bereichen in den Submonolagen-
Stapeln fiihrt hier zu einer Ausdehnung der Elektronen-Wellenfunktion tiber mehrere
dieser Bereiche, wiahrend die Loch-Wellenfunktion starker in einzelnen Bereichen
lokalisiert wird. Zuséatzlich zur daraus resultierenden Verstarkung des elektrischen
Dipolmoments ist hierdurch eine Rotverschiebung der Emissionswellenlénge zu er-
warten.

Diese Vorhersagen konnten durch temperaturabhangige Photolumineszenzmes-
sungen und rdumlich aufgeloste Kathodolumineszenzmessungen bestétigt werden.
Der Einbau von Sb fiihrte zu einer Rotverschiebung der Emission, einer Zunahme

der inhomogenen Verbreiterung der beobachteten Lumineszenz sowie der Intensitat
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von Phonon-Repliken. Zusétzlich zeigten sich einzelne Linien im integralen Emis-
sionsspektrum.

Mittels der Menge an angebotenem Sb, der GaAs-Schichtdicke zwischen den
InAs-Abscheidungen und der Anzahl der Wiederholungen des Wachstumszykluses
konnten die Eigenschaften solcher Schichten zwischen denen einer nur in Wachstums-
richtung, also eindimensionalen, und denen einer dreidimensionalen Lokalisierung
von Ladungstriagern variiert werden.

Da sich die Lumineszenzspektren von Submonolagen-Stapeln hinsichtlich ihrer in-
homogenen Verbreiterung zwischen 10 und 50 nm in einem Wellenldngenbereich von
900 bis 1180 nm gezielt einstellen lassen, konnte der Einfluss dieser Kenngrofie auf
die Lasercharakteristik untersucht werden. Kantenemittierende Laserdioden mit
Submonolagen-Stapeln als aktives Medium zeigen, wie zu erwarten, eine Verbre-
iterung des Gewinnspektrums mit zunehmender Lokalisation in der Submonolagen-
Schicht. Dies hat potentielle Vorteile fiir die Wellenlangenabstimmbarkeit und die
Anwendung in Lasern mit Modenkopplung. Direkt modulierte Laser mit Sub-
monolagen-Stapeln sind gegeniiber Quantenfilm-Strukturen trotz der sehr hohen
Dichte an Lokalisationzentren in ihrer Grenzfrequenz limitiert durch einen reduzierten
optischen Uberlappfaktor und das stark verbreiterte Gewinnspektrum. Um die di-
rekte Modulierbarkeit solcher Laser zu verbessern, sollte die inhomogene Verbre-
iterung etwas verringert werden. Weiterhin muss nach Wegen gesucht werden, den

optischen Uberlapp zwischen optisch gefiithrter Mode und aktiver Schicht zu erhéhen.



Abstract

The so-called submonolayer growth mode poses an alternative to the conventional
Stranski-Krastanov growth for the fabrication of high densities of quantum dots.
Previous investigations, however, showed only weak confinement properties of these
submonolayer stacks. The incorporation of Sb provides the possibility to intention-
ally tune the confinement properties.

In this work a MOCVD process was developed in which a pulse of triethylantimony
leads to a deposition of Sb on the growth surface and its incorporation during the
subsequent growth. The resulting structural, electronic and optical properties of the
submonolayer stacks were investigated, as well as their application as active media
in directly modulated lasers.

To analyze the electronic properties it is substantial to record the incorporation of
Sb atoms quantitatively as well as to determine their position with respect to the In
atoms on the atomic level. This not only enables the modeling of the incorporation
behavior using adsorption models but also provides the possibility to theoretically
predict the electronic and optical properties by simulating the local band structure
and its influence on the electron and hole wave function.

A preferential incorporation of Sb into In-rich regions results in the expansion of
the electron wave function across several of those regions while the hole wave function
is localized more strongly in individual regions. In addition to the resulting increase
of the electric dipole moment, a redshift of the emission wavelength is expected from
this.

These predictions could be confirmed by temperature-dependent photolumines-
cence and spatially resolved cathodoluminescence measurements. The incorporation
of Sb leads to a redshift of the emission, an increase of the inhomogeneous broaden-
ing of the observed luminescence and an increase of the intensity of phonon replicas.
Moreover, individual emission lines were found in the integral spectrum.

Using the amount of supplied Sb, the thickness of the GaAs layer between InAs
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depositions and the number of deposition cycles, the properties of such stacks can
be varied between a localization only in growth direction, i.e. one-dimensional, and
a three-dimensional confinement of charge-carriers.

As the inhomogeneous broadening of the luminescence spectra of submonolayer
stacks can be intentionally tuned between 10 and 50 nm in the wavelength region of
900 to 1180 nm, the influence of this parameter on the laser characteristics could be
investigated. As expected, edge-emitting laser diodes with submonolayer stacks as
active medium showed a broadening of the gain spectrum with increasing localiza-
tion in the submonolayer stack. This broadening may have benefits for the tuning
of emission wavelengths and the application in mode-locked lasers. In contrast to
quantum well structures, the cutoff frequency of directly modulated lasers with sub-
monolayer stacks is limited despite the very high density of localization centers due
to a reduced optical confinement factor, and the strongly broadened gain spectrum.
To improve the direct modulation capabilities of such lasers, the inhomogeneous
broadening needs to be reduced. Moreover, ways to increase the overlap between

optically confined mode and active layer are of interest.
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1 Introduction

Light-emitting semiconductor devices have become an integral part of todays tech-
nology due to the ever increasing areas of application, e.g. in general lighting,
automotive, cutting and welding as well as many more. Using gallium arsenide
(GaAs) as a substrate basis, a large wavelength range in the near-infrared can be
covered, allowing for a multitude of applications. Those include data transmission
via plastic optical fibers [1, 2], photodynamic therapy of cancer [3-5] in the spectral
range from 600 to 800 nm, to pump lasers for Nd:YAG or Nd:YLF lasers at about
808 nm [6-8] and lasers emitting at 850 nm [9-15] as well as 980 nm [16-23] for
short reach optical interconnects. Emission wavelengths up to 1100 nm are also of
interest for optical interconnects [24, 25| as well as for optical coherence tomogra-
phy [26-28]. Operating wavelengths beyond 1100 nm have also been explored for
frequency-conversion to yellow-green emission [29] as well as for data transmission
applications [30, 31]. Even longer wavelengths of 1310 and 1550 nm enable device
operation at the transmission windows of low attenuation in optical fibers [32, 33]
and have been demonstrated as well [34-38].!

All of these applications were made possible by the development of the double
heterostructure and, later, the separate confinement heterostructure (SCH) [39-41].
Quantum wells (QWs) [42-44], which provide electronic and optical confinement,
led to significant improvements in laser performance as it increases the possibilities
to achieve different emission wavelengths by adjusting composition and thickness of
the quantum well and its barriers. With indium gallium arsenide (InGaAs) quantum
wells surrounded by GaAs barriers, the short-wavelength limit at room temperature
is given by the GaAs band gap of 1.42 eV [45, p. 116] while the long-wavelength
limit is imposed by the formation of defects due to the large lattice mismatch (~ 3%
for Ing 4GaAs/GaAs), thus enabling emission between about 870 and 1240 nm [31].

A route towards better device performances is given by quantum dots (QDs),

'The given examples are for an operating temperature of about 300 K.
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promising several advantages compared to quantum wells due to 3D carrier con-
finement. Those include an enhanced temperature stability, increased material gain
and decreased threshold currents [46, 47]. In the In(Ga)As/GaAs material system,
quantum dots are usually fabricated in the Stranski-Krastanov (SK) growth mode
[48, 49]. To utilize this approach, a moderate but sufficiently large difference in lat-
tice constant between the QD material and the substrate, i.e. a large enough strain
has to be present. Provided such strained layer growth can be achieved, QDs may
form because of free-energy minimization of the layer-substrate system. Previous
works have found that the low composition limit lies at about 40% In-content in
metalorganic chemical-vapor deposition (MOCVD) growth [50]. As excess strain-
energy is realased upon QD formation, the spectral range can be extended to longer
wavelengths, without employing additional materials. In(Ga)As quantum dots with
a GaAs cap have been shown to reach emission wavelengths of up to 1320 nm [51—
53]. If an InGaAs cap is used instead, even longer emission of up to 1520 nm has
been realized [54].

Quantum dots have been successfully developed at the Technical University of
Berlin for use as active media in directly modulated lasers [55-57], mode-locked lasers
[58-63], distributed feedback lasers [64], semiconductor optical amplifiers [59, 65—
73], and vertical cavity surface emitting lasers (VCSELSs) [74, 75]. The typical base
length of In(Ga)As/GaAs quantum dots grown in the Stranski-Krastanov growth
mode is 7-26 nm [76-83], limiting the maximum areal density to about 10'°-10'!
cm 2. Therefore, the optical confinement factor of a quantum dot layer is reduced as
compared to that of a quantum well with comparable thickness. This counteracts the
beneficial influence of the increased material gain on the modal gain. Consequently

alternative fabrication methods yielding larger quantum dot densities are of interest.

One such method is the submonolayer (SML) growth mode where cycled deposi-
tion of less than 1 monolayer (ML) indium arsenide (InAs) and a few MLs of GaAs
results in a high density (10'? em™2) of In-rich regions [84, 85]. Semiconductor disk
lasers [86], high power diode lasers [87] and VCSELs [88-91] using InAs/GaAs SML
stacks as active media have been successfully demonstrated. Due to the high den-
sity of localization centers and the moderate localization potential, lateral electronic
coupling results in optical properties best described by as a mixture of 0D and 2D
states [85, 92]. Electronic structure modeling using eight-band k-p theory [93] sug-

gests a delocalization of the electron wave function and hole wave functions localized
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in In-rich regions. Such electronic configuration has therefore been termed heterodi-
mensional and it has been postulated to be beneficial for high speed modulation
[94].

In this thesis, the influence of Sb as an additional atom species during the growth
of InAs/GaAs submonolayer stacks is investigated. As the method of supply, a
TESbD flush prior to each InAs deposition is chosen. After the analysis of structural,
electronic and optical properties, the application of Sb-containing SML stacks as

active media in devices is investigated. The work is structured as follows:

o Chapter 2 starts with the basics of semiconductors and nanostructures. Ad-
ditionally the influence of Sb incorporation on the electronic structure and the
adsorption kinetics of materials during growth is discussed. Finally, the basic

functionality of semiconductor laser diodes is described.

o Chapter 3 describes briefly the experimental methods and processes used for

sample fabrication and characterization.

o Chapter 4 presents theoretical and experimental investigation of the struc-
tural, electronic and optical properties of SML stack with and without Sb by
eight-band k-p simulations, X-ray based measurements, cross-sectional scan-
ning tunneling microscopy (XSTM), as well as photoluminescence (PL) and

cathodoluminescence (CL).

o Chapter 5 deals with the application of SML stacks with Sb as active media in
edge-emitting lasers using the previously obtained knowledge. The static laser
characteristics are determined from L-I measurements on broad-area lasers as
well as gain measurements on narrow-stripe lasers. Additionally, the dynamic

characteristics are investigated by modulation measurements.

e Chapter 6 summarizes the presented results and discusses possibilities for

further research and application.






2 Fundamentals

This chapter provides informations on the background related to the investigations
performed in this work by starting with the basic idea behind semiconductor nanos-
tructures. Afterwards electronic and optical properties of quantum dots and sub-
monolayer stacks are treated. It follows a discussion of the influence of Sb as an
additional atom species during growth of InGaAs layers and Langmuir-type adsorp-
tion models of atomic species are presented. Finally, the characteristics of infrared

laser diodes and their functionality are derived.

2.1 Semiconductor nanostructures

By confining at least one charge carrier type in one or more dimensions, its density

of states changes according to the number of confined dimensions.

psp = % (2 *)3/2@ (2.)

P2D = *> ot ( (2-2)
m* \ /21

pip = L ( ) go 12 (2.3)

Pop = LlLL i (E — E) (2.4)

L, .- is the size of the potential well in the respective direction, m* is the effective
carrier mass, i = h/2x is the reduced Planck constant, E; is the Eigenenergy of the
carrier in the potential well. § and and ¢ are the Heaviside step function, and the
Dirac delta function, respectively.

In literature, two size limits are given, rendering such structures a nanostructure
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or not. The first one is the de Broglie wavelength, which is defined as

ﬁ B 2mh B 2mh
p  V2m*E  3m*kgT

where h and A are the Planck constant and its reduced variant, p is the momentum,

Ap = (2.5)

*

m* is the effective carrier mass again, E = %kBT is the particles energy, kg is the
Boltzmann constant and T is the temperature.

For typical semiconductors, the de Broglie wavelength for electrons is in the range
of 7.3 to 73 nm at 300 K [95, p. 166]. A second definition is based on the exciton
Bohr radius. For I1I-V semiconductors respective values are in the region from 2.9 to
101.7 nm [45, p. 234]. Both are illustrated in Fig. 2.1 for the binary semiconductor

compounds used in this thesis.
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Figure 2.1: de Broglie wavelength for electrons at 300 K (calculated with data for m*
from [96]) and exciton Bohr radius (taken from [45, p. 234])) for selected I1I-V compounds.

If one or more dimensions of the structure are in the region of the two condi-
tions mentioned above, the terms quantum well, quantum wire or quantum dot are

applicable for one, two and three confined dimensions, respectively.

2.2 Growth and properties of quantum dots

Fabrication-wise, epitaxial growth can take place in three different growth modi [49].
Which of those occurs depends on the difference between the lattice constants of

the substrate and the deposited material.
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o In the Frank-van der Merwe growth mode [97], the lattice mismatch is
small and two-dimensional layer growth proceeds up to virtual infinite layer
thickness. Unless the lattice constant of the deposited material is identical
to the lattice constant of the substrate (e.g. GaAs on GaAs or Ing4sGaP on
GaAs), the deposited layer is pseudomorphically strained. Strain generally
imposes an upper thickness limit before the formation of defects. Several
models for the prediction of this critical thickness exist, the most popular being
the models by Matthews and Blakeslee [98] and People and Bean [99]. For
InGaAs grown on GaAs, the maximum composition for which two-dimensional
defect-free strained layer growth has been demonstrated is about 40% [31, 100,
101]

« A second possibility is given by the Stranski-Krastanov growth mode [48]
which occurs for moderate but noticeable differences in lattice constant. Here,
the deposited material initially grows two-dimensional. With increasing layer
thickness, the strain energy increases proportionally. Once a critical layer
thickness is reached, a material redistribution resulting in the formation of
islands is energetically favorable. This growth mode is commonly observed for

In-contents larger than 40%.

o For large differences in lattice constant, growth only happens in the form of
three-dimensional islands. This is called Volmer-Weber growth [102]. This
has been observed in for InAs/GaP quantum dots where the mismatch is 11.4
percent [103]. This growth mode is usually not observed for InGaAs on GaAs
growth.

In the InAs/GaAs material system, the Stranski-Krastanov growth mode is the
most popular way of realizing self-organized quantum dots. The necessary 2D /3D
transition results in a typical size distribution. Quantum dots often take the shape
of a truncated pyramid [79, 81, 104] and base lengths between 7 and 26 nm have
been found by previous works [76-83].

Quantum dots have unique electronic and optical properties, resulting from the
three-dimensional charge carrier localization. As shown in (2.4), the density of
states becomes a delta function, which has been experimentally proven by spatially
resolved cathodoluminescence [105] where spectrally narrow luminescence lines with

widths below 0.15 meV were found within the integral spectrum. The electronic
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properties of pyramidal quantum dots have been theoretically calculated [93, 106,
107], showing different extents for the electron and hole wave functions localized in
the quantum dot according to the different effective masses of electrons and holes.

Due to this difference in spatial charge carrier localization, dipoles are formed by
the electrons and holes localized in the quantum dot (excitons). In polar crystals like
GaAs, this leads to a distortion of the surrounding crystal lattice. Recombination of
the exciton leads to the disappearance of the dipole and thus, the cause of distortion.
The lattice then relaxes by emitting a phonon. This can also be observed indirectly
by luminescence measurements as in case of phonon emission, the energy of the
emitted photon is reduced by the phonon energy and accordingly shifted peaks
appear in the luminescence spectrum. The intensity ratio between these phonon
replicas and the zero-phonon line is a measure for the probability of phonon emission
and is described by a Poisson distribution [108, 200 and 208] [107, 109-111].

I, S"-e’
1, = (2.6)

Here, n is the number of involved phonons and S is the Huang-Rhys factor (HRF)
[112] which is defined by the spatial overlap between the electron and hole wave
functions [107, 113]. For InAs/GaAs quantum dots, Huang-Rhys factors of up to
0.03 have been theoretically and experimentally reported [110, 111].

Various advantages of quantum dots over quantum wells, including an increased
material gain, decreased threshold current and improved temperature stability, have
been theoretically [46, 47] and experimentally [78, 114] shown. Additionally, the
growth as an ensemble of islands instead of fully strained, contiguous layers allows
for a larger local In-content [81, 104]. Thus, smaller transition energies can be
realized and the wavelength range is extended further to the infrared region.

Despite these advantages, quantum dots fabricated by Stranski-Krastanov growth
are subject to some inherent limitations. The self-organized nature of the 2D /3D
transition results in the above-mentioned typical base length. From this, a lower
wavelength limit follows for InGaAs/GaAs quantum dots and room temperature
emission below 1000 nm has rarely been reported [115]. Due to the size restriction,

2. Therefore,

the maximum areal density is also limited to about 10'® — 10 cm™
the maximum achievable modal gain is limited as the optical confinement factor
depends on the areal density. Additionally, self-organized growth leads to a size

and composition distribution of the quantum dots, from which an inhomogeneous
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energy broadening arises. This increases the gain bandwidth but at the same time
further limits the achievable peak gain. Annealing of the quantum dot structures
at sufficiently high temperatures is a tool to reduce the inhomogeneous broadening

but additionally may result in a blueshift of the emission [116, 117].

2.3 Submonolayers

An alternative growth technique attempting to circumvent the density and size
distribution limitations of SK quantum dots is the submonolayer growth mode.

Historically, the development of quantum well lasers with an ever decreasing well
width led to the investigation of ultrathin quantum wells. One of the first publi-
cations dealing with the InAs/GaAs material system and having a well thickness
around 1 ML was published by Gerard et al. [118], who observed excitonic emission
with a small linewidth. Further investigations of ultrahin InAs insertions into GaAs
all showed excitonic emission [119-123] being attributed to the localization of exci-
tons at the InAs insertion. Although they can be considered as quantum dots, the
presence of bound eigenstates in InAs insertions is questionable [124].

Later research focused on stacks of submonolayer which are formed by the the
alternating deposition of nominally less than 1 ML and a few MLs of GaAs. Ver-
tically correlated and anti-correlated ordering of islands is expected, depending on
the spacer layer thickness [125]. XSTM measurements showed high lateral densi-
ties of In-rich regions with a density of around 10'? cm~2 while the lateral size was
about 5 nm (see Fig. 2.2) [84, 85]. Furthermore it was found that In segregates into
subsequent GaAs layers and a segregation coefficient of 0.75+£0.07, corresponding
to a segregation length of 0.9840.32 nm or 3.48+1.13 MLs (GaAs), was determined
[85].

Figure 2.2: Filled-state XSTM image of a submonolayer stack with 5x 0.5 ML InAs and
4 ML GaAs. Taken from [84].
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Electronically, as deduced from eight-band k-p simulations!, a single column of
InAs insertions localizes both electrons and holes (Fig. 2.3a). However, simulations
of a 3x3 configuration of columns of InAs/GaAs SMLs suggest, both electron and
hole wave functions may couple laterally between adjacent submonolayer columns
(Fig. 2.3Db).

(a) (b)

Figure 2.3: Eight-band k-p simulation of electron (blue) and hole (red) wave functions in
10x submonolayer stacks. 0.5 ML thick InAs islands are separated vertically by 3 mono-
layers of GaAs. (a) Simulation of a single column. (b) Simulation of a 3x3 arrangement
with a lateral spacing of 2 nm between the InAs islands. Taken from [126, 127].

An earlier investigation using micro-PL and temperature-dependent PL. measure-
ments already pointed out the coexistence of quantum dot and quantum well states
in this system [92]. This was further confirmed by magneto-PL measurements, effec-
tive mass calculations and eight-band k-p simulations which used an In-distribution
more closely reflecting the actual structural properties of the SML stacks as obtained
from XSTM [94]. Here, the simulation was performed assuming spherical In-rich re-
gions embedded into a homogeneous Ing5GaAs quantum well. This investigation
has shown that the electron wave function is delocalized over several over these re-
gions until the local In-content in the QDs reaches about 60%. In contrast, the hole
wave function localizes at a much lower In-content. For this diverging behavior of
the wave functions the electronic configuration was termed heterodimensional and
it was speculated to be beneficial for high-speed operation of laser diodes.

Indeed, InAs/GaAs submonolayer stacks have sucessfully been used in high-speed

!Performed by Dr. Andrei Schliwa.
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VCSELs with modulation speeds of up to 20 Gb/s [89-91]. Further successful ap-
plications include edge-emitting lasers [126—-128], semiconductor disk lasers [86] and
high-power diode lasers [87]. Additionally, the SML stacks were investigated exper-
imentally and theoretically in semiconductor optical amplifiers [129, 130]. However,
an analysis of the performance of SML-based lasers as a function of the degree of

localization has not been presented up to now.

2.4 Changes in electronic configuration due to Sb

The addition of an additional chemical element to the already utilized material com-
bination is a possibility to further tune the sample properties. By using isoelectronic
atoms, i.e. atoms which are of the same group as the main constituting elements,

in sufficient amounts, the band gap and the lattice constant can be tuned.

Lattice mismatch to GaAs
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Figure 2.4: ITI-V material parameters at 0 K as relevant for the investigated SML-stacks.
(a) Bulk band gaps, lattice constants and mismatch to GaAs (drawn with data from [96]).
(b) Band lineups for a 5 nm thick quantum well lattice matched to GaAs (calculated with
the Schroeder program from [50]).

A first estimate of the influence of Sb incorporation into InGaAs can be gained
by considering band gaps and lattice constants of the involved III-V binary ma-
terials (Fig. 2.4a, which additionally shows the lattice mismatch with respect to
GaAs). Mechanically, the incorporation of Sb into GaAs has a very similar effect

as the incorporation of In. The lattice constants of GaSb and InAs differ only by
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about 0.6% (a,as: 6.0583 A, agegy: 6.0959 A [96]), yielding lattice mismatches
of 6.7% (InAs) and 7.2% (GaSb) with respect to GaAs (ageas = 5.6533 A [96]).
Electronically, the decrease in band gap is also very similar until In- or Sb-contents
of about 60%. Assuming a constant In content and thickness, the addition of Sh
to an InGaAs quantum well would result in increased overall strain in the system

while the decreased band gap leads to a further redshift of the emission energy.

The implicit assumption up to this point was an homogeneous distribution of
In and Sb. In a disordered system like a submonolayer stack, however, the local
In and Sb distribution is decisive. As mentioned previously (section 2.3), a large
enough local In content may trigger localization of charge carrier wave functions. A
very basic estimation of the effect of Sb on the charge carrier wave functions can
be performed by considering the band lineups of the constituting binary materials.
They can be theoretically calculated using the model-solid theory as proposed by van
de Walle [131] which is based on fully self-consistent interface calculations. Using
this, the band lineups of quantum wells lattice matched to GaAs can be calculated
(Fig. 2.4b). From the energetic position of the bands of GaSb and InSb to GaAs
and InAs one can expect as well rising energetic positions of the local conduction
and valence bands of ternary and quaternary alloys with increasing Sb content.
Therefore, a decrease of the electron localization and a simultaneous increase of the
hole localization would follow at sites of increased Sb incorporation. A detailed
investigation using eight-band k-p calculations? taking three different incorporation

schemes into account is presented in section 4.1.1 of this thesis.

2.5 Langmuir-type adsorption models

An important aspect for the analysis of the submonolayer growth mode is the be-
havior of atoms reaching the sample surface. As such, they can either be adsorbed
at the surface or desorb from it. A relatively simple framework describing this
behavior was presented by Irving Langmuir in 19163 [132]. Assuming the sample
surface has a finite number of sites per unit area n;,,, incoming atoms can only

adsorb at unoccupied sites n .. while desorption can only take place from occupied

2Performed by Dr. Andrei Schliwa.
3Nobel prize in Chemistry in 1932.
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sites Nygsorpea [133]*

Niotal = N free + Noccupied (27>

The rate of adsorption is controlled by the number of available free sites n e
and the number of atoms supplied by the gas phase which is proportional to the
partial pressure P. In contrast, the rate of desorption is only dependent on the

number occupied sites Nggsorbeq- Thus rate equations for each number of sites can
be established

d ree P +

% = —MNfree : kads Noccupied kdes (28)
dnoccu ie _
TPMI = Nfree P- kads Toccupied * kdes (29)

with k,qs and kges being the respective reaction constants. By combining (2.7)
with (2.9), a dependency for the number of occupied sites on the partial pressure
can be derived. The resulting function is called a Langmuir isotherm and is obtained

: R » Nocoupi
by assuming equilibrium conditions (=eeiet = ().

(ntotal - noccupied) P kads - noccupied . kdes

Nfree
Ntotal * P kads

as 2.10
kdes + P kads ( )

= Noccupied =

An analytical expression for the occupied site density over time can be obtained

by solving (2.9).

Niotal * P kads
o) = L P b

The influence of time and partial pressure on the adsorption behavior is illustrated

(1 — exp(—(kaas - P + kaes) - 1)) (2.11)

in Fig. 2.5. As also seen from (2.11), saturation values for the adsorbed atom density

4The original paper of Langmuir uses the surface coverage instead of the surface density. The
former is simply the ratio of surface density and the maximum possible density. It is assumed

that the surface can be covered by a single layer at maximum. From this follow O,ccupied =
W, Ofree = ¢ =1 — Opccupieds and 1 = O frce + Opccupied - The notation used here is

Ntotal

derived from the paper of Murota et al. [133].
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are determined only by the partial pressure (Fig. 2.5b). Consequently, adsorption
curves as a function of it will always saturate at maximum available site density
(Fig. 2.5a). At sufficiently large partial pressure, the incorporation will reach a
maximum value ny, at comparatively short time scales (Fig. 2.5b). In turn, at
lower pressures, the density of adsorbed atoms will saturate at lower values. For
a given set of adsorption and desorption constants, the main controlling growth

parameter is therefore the partial pressure.
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Figure 2.5: Adsorption behavior according to Langmuir for different times and pressures.
tsqt is chosen sufficiently large to ensure that the time-dependent part has saturated.
Analogous for Pg,;. (a) Density of adsorbed atoms with respect to partial pressure of the
source gas at constant supply times. (b) Time-dependent density of adsorbed atoms at
constant partial pressures.

By assuming that all of the adsorbed atoms are also incorporated during growth,
this model can be used to analyze the atomic incorporation behavior during a flush of
atoms. For such a analysis, the average number of incorporated atoms per unit area
has to be experimentally determined. After the adsorption and desorption constants
are obtained, such a model would be helpful to predict from growth parameters the
incorporation of atoms into a single sheet of islands.

An extended model taking into account an only fractional incorporation of the
adsorbed atoms into the final layer was presented by Murota et al. [133]. Here, the

total number of atoms per unit area is given by

Niotal = MNfree + Nadsorbed T Nreacted (212>
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As before, ny,.. is the density of unoccupied sites while the density of occupied
sites Noceupiea 15 NOW divided into sites with adsorbed atoms nggsorseq and sites where

atoms have reacted and are actually incorporated into the crystal n,eqcteq-
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Figure 2.6: Incorporation behavior according to the model proposed by Murota et al.
[133] for different times and pressures. tsq; and Pgqs are chosen sufficiently large to ensure
that their respective contribution has saturated. (a) Density of incorporated atoms with

respect to partial pressure of the source gas. (b) Time-dependent density of incorporated
atoms.

The governing rate equations are then

dn ree
C;t = _kads P Nfree + kdes * Nadsorbed (213>
dnadsorbed
T = kads - P nfree - kdes * Nadsorbed — kreac * Nadsorbed (214>

dnreacted
/ — kreac * Ibadsorbe 15
+ Nadsorbed (2 )

The analytical solution to (2.15) can be obtained by assuming thermal equilibrium

for the adsorption component [133].

Nreacted = MNtotal * (1 - eXp(_kT -0 t))) (216)
K-P
O=——7—
1+K-P
Here, K is the ratio of the adsorption and desorption constants (K = ';st).
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Fig. 2.6 again shows the interaction between partial pressure and time. Opposed to
the previous model, the additional reaction component now results in a much more
significant influence of supply time on incorporated atom density. When atoms are
adsorbed at the sample surface, they can either desorb again or be incorporated.
As the latter mechanism is assumed to be irreversible, the number of available
sites for adsorption and desorption continuously decreases with advancing time until
eventually all sites are occupied with incorporated atoms (Fig. 2.6b). In case of short
supply times, only a small fraction of the adsorbed atoms may get incorporated,
regardless of partial pressure (Fig. 2.6a). This model is suited to analyze both

pressure and time dependencies of atom incorporation.

2.6 Laser diodes

A simple description of the generation of light from matter is usually derived from
a two-level system (Fig. 2.7). An electron on a higher energy level Ey can radia-
tively recombine via two processes to a lower energy level E;. The first one occurs
spontaneously and is therefore accordingly called spontaneous recombination (Fig.
2.7a). The second process is a stimulated energetic transition of the electron by a
photon of the same energy as the transition energy. Thereby, a second photon of the
same energy and spatial direction is generated (Fig. 2.7b). This process is called
stimulated emission and forms the basis for devices emitting coherent light, called
lasers. The word laser in itself is an acronym and stands for Light Amplification by

Stimulated Emission of Radiation.

E2 ® E2 e
~~~~—hv hy

E; . E,
(a) (b)

Figure 2.7: Radiative emission processes. Redrawn after [134]. (a) Spontaneous emission.
(b) Stimulated emission.
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In modern separate confinement heterostructure lasers light emission occurs in the
active region providing the lowest transition energy and the largest confinement for
charge carriers within the layer structure. The active region commonly consists of

one or more quantum wells or alternatively one or more layers of quantum dots. In
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order for the stimulated emission to become the dominant recombination process, a
certain amount of feedback is necessary. Provided enough modal gain in the active
region, the cleaved facets of an edge-emitting laser have a large enough reflectivity

and provide sufficient feedback to enable transition into the lasing regime.

The performance of a semiconductor laser can be evaluated in terms of a number

of device parameters as discussed in the following.

Internal parameters

A photon passing through a cavity with an inverted active medium can experience

three different mechanisms:

1. The photon can stimulate the emission of another photon (Fig. 2.7b).

2. Internal loss mechanisms (scattering, absorption) destroy the photon as po-

tential photon generator.

3. The photon can escape the cavity via one of the mirrors.

The overall change in intensity of light which completes a round-trip through a

cavity is described by

I
I R13R2 ~exp((T'g(J) —\o;;) -2L) (2.17)
) 1. .

In this equation, Iy and I, are the light intensities before and after the cavity round-
trip, Ri2 is the respective reflectivity of the mirrors which can be calculated using
refractive indexes of semiconductor materials from the Afromowitz model [135], I’
and g(J) are optical confinement factor and material gain provided by the active
region at a given current density, a; are internal losses, and L is the cavity length.
The numbers mark the associated effect as mentioned above.

The onset of lasing is defined as the point where the intensity after a cavity round-
trip is unchanged, i.e. I; = Iy. From this, (2.17) can be rearranged, yielding the

lasing condition
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R Ry - exp ((Fg(J) — ;) - 2L) =1

1 !
Ta(]) = ap 4+ 1 2.1
=Tg(J) =it o7 n<R1R2> (2.18)

Qm

where «,,, are the mirror losses.

With this, the response of a semiconductor laser to any excitation source gets
divided into two regimes, one below and one above the lasing threshold. Both
regimes can usually be clearly distinguished in the dependence of the light power on

the injection current (also known as the L-I curve of a laser, compare Fig. 2.8).
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Figure 2.8: Example of an experimentally measured L-I curve obtained from a measure-
ment of a 100 pm wide broad-area laser at pulsed excitation. Adapted from [136].

From the slope above threshold, the efficiency of the device in converting injected
charge carriers to photons can be extracted. This is the external differential quantum

efficiency and is defined as

B Number of photons _AP-A e
Tlest = Number of charge carriers  h-c¢ Al

(2.19)

AP and Al are respective changes in output power and drive current, h is the
Planck constant, e the elementary charge, A and c¢ are the emission wavelength of
the device and the speed of light, respectively.

To draw conclusions regarding the employed active region, the internal quantum
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efficiency has to be determined. External and internal quantum efficiency are con-
nected by the ratio of the mirror losses to the sum of internal and mirror losses. By
using «,, from (2.18), one obtains [137, 13§]

next - 777, o + U
1 1 ;
Neat Up In (%)

Performing length-dependent L-I measurements therefore enables extraction of »;
and «.

Another parameter of interest is the current density at which the material becomes
transparent, i.e. where the generated light compensates internal losses. Here, the
lasing condition (2.18) can be extended by an empirical relation between material
gain and current density, where g, is the gain parameter at the point of material
transparency, Jg. is the corresponding transparency current density and Jy, is the
threshold current density [139-141].

J
9(Jin) = go - In (nj”) (2.21)
tr

With this, two equivalent ways of obtaining J;. and ['gy are available. In the first
one, the internal losses «; as obtained from length-dependent L-I measurements,
the calculated refractive index, and the laser length are used to calculate the corre-
sponding threshold modal gain. The results are plotted versus measured threshold
current density for each laser length. Afterwards, a fit of (2.21) to the obtained data

points is performed, yielding the parameters in question.

Alternatively, (2.21) helps to rearrange (2.18) which yields

a; + +log (%
Jihr = ﬁexp 105 (7) (2.22)
i Lgo

This allows extraction of I'gy and J;,. from the dependence of threshold current
density on inverse cavity length.

In both cases, the threshold current density can easily be extracted from the inter-
cept of the linear fit above threshold with the x-axis (Fig. 2.8). If the confinement
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factor I' is known, e.g. by calculation from the laser geometry with an effective
index method [142, 143|, gy can be calculated. As this value is inferred from the

measured output power, it is averaged over the whole emission spectrum.

To determine a spectrally resolved gain, another measurement technique is nec-
essary. A simple method was proposed by Hakki and Paoli [144, 145]. Here, high-
resolution optical spectra are recorded for drive currents below threshold. Based on
an analysis of multi beam interference, the gain can then be calculated from the

ratio of the maxima and minima of the longitudinal modes as follows

Gi—iln (\\;_;;DJriln(;) (2.23)

P+ Py
2V;

with r; =

P; is the ith Peak in the longitudinal mode spectrum and V; is the valley. From
this analysis, the net modal gain of each mode I'G; is obtained. A prerequisite for
this technique is the selection of a single lateral mode. This can either be done by
performing the measurement on narrow-stripe lasers which are laterally single-mode

or by using spatial far field filtering [146].

A drawback of this technique is sensitivity to noise if the measured output power
is not sufficient. In such cases, one can alternatively apply a nonlinear least-squares
fitting method to fit each mode individually with an Airy function [147, 148].

¢
(1 — Pra(N))? +4 - Prg(X) - sin? (2 cmeng - L- G — /\io))
with C(\) = C(Xo) +7 - (A — o)
and Prg(A\) = Pra(Ao) + 5 (A — o)

I\ = (2.24)

In this function, C(\) and Prg(A) vary linearly with wavelength to account for an
asymmetry of the mode caused by gain dispersion [148]. By fitting this function to
each individual mode in the optical spectrum, the group index n,, mode wavelength
Ao, mode intensity C, as well as its adjustment parameter v and finally the gain-

reflectivity product Pre and its dispersion parameter 3 is obtained. The net modal
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gain can finally be calculated from the gain-reflectivity product via

1o (Pre
G=7 m(R) (2.25)

Lastly, the internal loss «; can be determined from the long wavelength region of
the obtained gain spectra as the gain is assumed to be negligible there [149].

Through repeated measurements at different drive currents below threshold, the
gain current relation (2.21) can again be used to extract go. With this, the material

gain g,,,; is obtained from

G =Tgmat — @ (2.26)

Another parameter that can be extracted from optical spectra is the group index

either from the fitting of equation 2.24 or directly from mode spacing via
)\2
" T LUAN
It yields the average group velocity v, and the photon lifetime in the cavity 7, by
[150]

(2.27)

B— (2.28)

T, = (2.29)

1
ot En (R}
As a last basic figure of merit, the temperature stability of a laser can be examined.

Here, the change in threshold current with temperature is of interest. It is often

analyzed using the following exponential function

Jine(T) = Jyne(0) - exp (;%) (2.30)

which yields the temperature coefficient T.

Modulation response

All previously extracted parameters are relevant for applying a constant drive cur-

rent to a laser diode. In the field of data transmission, however, the optical response
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of laser diodes to modulated drive currents is of interest.

The most common description for temporal behavior of laser diodes is given by
a set of rate equations, describing the charge carrier density in the SCH region and
the active region (e.g. a quantum well)as well as the photon density in the latter
[151, p. 308].

dNscw _ mi-1 _NSCH+N'VQW

Carrier density in SCH region: 2.31
Y & dt q-Vscu Ts T - Vscn (2:31)
dN N -V N N
Carrier density in QW region: o= W i vy -g- N, (2.32)
dN, N,
Photon density: ditp =Twv,gN, + 'SRy, — =2 (2.33)
Tp
ni -1
———— = Pump current
q-Vscu
N,
“5CH o relaxation from SCH to QW
Ts
N -V
oW escape from QW to SCH
T Vson

N o

— = spontaneous recombination
-

vgg9N,, = stimulated recombination

N
—? = photons leaving the cavity
Tp
Here, 7 is the transport time between SCH and QW, 7, is the thermionic emission
time and 7 is the spontaneous recombination lifetime. Vgw and Vgcp are the
volumes of the QW and SCH region, and [ is the fraction of spontaneous emission
into the mode.

Assuming only a small modulation around a working point and setting

I = 1y + I exp(iwt) (2.34)
N = Ny + Ny exp(iwt) (2.35)
N, = Ny + Ny exp(iwt) (2.36)

enables the derivation of an analytical equation known as the transfer function
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which describes the optical response of the laser with respect to the frequency of

the applied modulation.

f2R 1
H = . 2.37
’ (f)‘ \/( 2 f2)2 {f,;’; \/1 472 f27's2 ( )

Here, f,. is the resonance frequency and ~ is the damping factor. These parameters

are obtained by fitting the transfer function to a measured small-signal response

curve.

By repeating this measurement at several working points, some figures of merit

can be derived from the parameter relation to the drive currents.

The first is the D-factor, which is given by the resonance frequency with respect
to the square root of the current above threshold [152, 153].

fr=D -\I—1Iy (2.38)

D 1 [nl'v, g/0n
o\ gV x

(2.39)

While the transport factor x is assumed to be 1 for simplicity, the internal quan-
tum efficiency from broad area laser measurements, the calculated confinement fac-
tor and group velocity as extracted from optical spectra recorded for the gain mea-

surements enter into the formula to extract the differential gain 99/on.

The second factor to be extracted is the so called K-factor which is defined by the

relation of damping factor and squared resonance frequency [154].

vy=K-fl+ (2.40)
K = dr? <rp + 5’;9) (2.41)
'Ug%

Together with the previously obtained parameters, the gain compression factor

can be determined from this fit.

Lastly, the -3-dB frequency with respect to the square root of the current above
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threshold yields a modulation current efficiency factor (MCEF) [155].

fsap = MCEF - /1 — Iy, (2.42)

Apart from measurements for extracting physical parameters for comparative pur-
poses, the suitability of a laser for data transmission applications can be tested by
performing large-signal experiments.

Here, a working point is chosen again but in contrast to small-signal measure-
ments, the modulation amplitude is significantly larger. For the modulation signal,
a square signal with a pattern as defined by a pseudo-random binary sequence
(PRBS) [156] is used. The resulting optical signal is collected by a detector and
subsequently recorded by a sampling oscilloscope, resulting in a so-called eye dia-
gram. As a simplest quality measure, the presence or absence of data points in the
eye opening is taken, i.e. errors where a distinction between 0 and 1 is not possi-
ble. With increasing modulation speed, the amount of errors increases. The ratio
between wrongly received and total received bits is the bit-error ratio (BER). More

detailed accounts concerning eye diagrams and BER measurements can be found in
[157] and [158].
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In this chapter, the fabrication and characterization methods employed in this work
are presented. It starts with a short summary of MOCVD with which all samples
in this thesis are fabricated. Afterwards, the methods for the characterization of
structural and optical properties are presented. Finally the processes used for the

fabrication and characterization of laser devices are briefly described.

3.1 Sample fabrication

Metalorganic chemical vapor deposition, is a technique which was first demonstrated
in the 1960s for GaAs [159, 160] and has since then been applied to fabricate an
ever increasing variety of semiconductor materials and layer structures [161-168].
The thermal and catalytic decomposition of precursor molecules and the subsequent
adsorption and incorporation at the surface of a crystalline substrate surface form
the basis for this process. Nowadays it is the most widely used growth technology for
the high-volume fabrication of compound semiconductor devices. Detailed accounts
of the involved processes of as well as possible precursors and materials can be found
in [169-171].

A commercial Aixtron 200/4 machine with a horizontal quartz reactor and an
infrared lamp heater was used to perform the epitaxial growth in this thesis. Stan-
dard conditions are a reactor pressure of 100 mbar at a total flow of 15 sccm with
hydrogen as carrier gas and have been used for all samples. Available group-III
precursors are TMGa, TMIn, and TMAI while group-V sources are TBAs, TESD,
and AsHjs. Doping for lasers structures can be achieved by using SiH,, CBr, and
DMZn.

Exactly oriented n-doped GaAs(001) 2" wafers were used as substrates for nearly
all samples, the exception being doping level calibration samples which were grown

on undoped substrates.
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A thermocouple inside the graphite susceptor measures the reactor temperature.
The actual substrate temperature is about 20° C lower [172]. All temperature values
given in this thesis are nominal values.

A Laytec EpiRAS is employed to monitor and record the sample reflectivity during
an epitaxy. This allows for the detection of potentially developing sample roughness
during a process run as well as the determination of growth rates for sufficiently

thick layers from the Fabry-Pérot oscillations.

GaAs matrix

Sb flush (I ———
—————————A/GBAS
M\InAs

GaAs matrix

Figure 3.1: Basic submonolayer structure, here a 5x SML-stack. The InAs insertions are
marked in red and the TESb flush is indicated in yellow.

With the exception of a few calibration samples for laser structures, all samples
contain one or more submonolayer stacks. In general, the growth starts with a
deoxidation of the samples at 735° C, followed by a GaAs buffer at 700° C. All
subsequent layers up until the SML stacks are also grown at this temperature.

The basis structure of the SML stacks is shown in Fig. 3.1. Growth parameters
which were employed previously to successfully fabricate semiconductor disk lasers
[86] were used as a starting point for this work. A low growth temperature of 520° is
used which corresponds to the usual temperature range around 500° usually used for
the growth of quantum dots [50, 127, 172] to avoid clustering by long range adatom
diffusion [173]. To prevent In/Ga intermixing [86], a low V/III of 2 for InAs and 2.5
for GaAs was used in the SML growth cycle. Low growth rates of 0.044 ML /s and
0.4 ML/s were chosen for InAs and GaAs, respectively. The employed SML tuning
parameters in this thesis were the number of deposition cycles and the GaAs spacer
growth time.

Sb was supplied in the form of a TESD flush prior to each InAs deposition during
which all other sources were disabled. Control of the nominally supplied amount
was given by varying the flush time or partial pressure.

To achieve optimal device performances, cladding layers should feature smooth

surfaces and low point defect densities which is only achieved at sufficiently high
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growth temperatures above 600° C [173]. Consequently, the temperature was in-
creased to 615° after deposition of the SML stack. Higher overgrowth temperatures
were not employed to prevent potential intermixing, which has been shown on quan-

tum dots to cause a blueshift of the emission wavelength [116, 117].

3.2 Sample characterization

3.2.1 X-ray diffraction

The average composition and thickness of the SML stacks was determined from
X-ray diffraction measurements on 5-fold SML/GaAs superlattice structures (Fig.
3.2). For this purpose w-20-scans around the GaAs(004) reflection were performed
using a commercial Panalytical X’pert Pro MRD setup operating with the Cu-Ka
line (1.54 A or 8.04 keV).

GaAs spacer

7x SML stack

GaAs buffer

Figure 3.2: Sample structure for X-ray based measurements.

Data analysis was performed either by employing Panalytical’s X'pert Epitaxy
software or with the python package xrayutilities [174]. It is noted here that the
actual SML stack structure is not resolved by this method. Instead, each single
SML stack appears as a more or less homogeneous InGaAs layer. Consequently,
an InGaAs/GaAs superlattice was assumed for the analysis. From the obtained
thickness and composition of the SML stack, the average thicknesses of the InAs
and GaAs depositions within the stack can be calculated. To resolve the actual SML
structure, X-ray reflectivity (XRR) measurements (see section 3.2.2) were applied

on the same samples.
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An important point in the analysis of quaternary In,Ga;_,As;_,Sb, alloys is the
influence In and Sb of on diffracted X-rays. Two effects need to be considered. The
first one is the similar influence In and Sb have on the lattice constant (section 2.4,
Fig. 2.4a). Within the range of In or Sb content used in this work of about 40%
total content, the difference in lattice constant between Ing4GaAs and GaAsShg 4 is
only about ~ 0.3% (arn, ;caas = 5.815 A, agaassy,, = 5.830 A). Consequently, only
a minor shift of the diffraction angle can be observed when varying the In/Sb ratio.
Secondly, the scattering and structure factors of the constituting have to be taken
into account. The scattering factors have been theoretically calculated by Cromer

and Mann [175] who also provided the following analytical formula.

f (Sin§@)> = ia - exp (—bi : Si”g@)) +o (3.1)

a;, b; and c are fitting coefficients obtained from the simulations in [175], A is

the X-ray wavelength in A and © is the diffraction angle. The angle-dependent
scattering factors have been calculated using the Cu-Ka wavelength and are shown
in Fig. 3.3a. To determine the influence of In and Sb atoms in the diffracted X-
ray intensity, the structure factor of In,GaAs and GaAsSb, needs to be calculated.
For the (004)-reflection of a fce-lattice like GaAs it is defined by the group-III and
group-V scattering factors [176]

S=4x(frr + fv) (3.2)

In the case of ternary materials, (3.2) needs can be modified to include the com-

position

S=dx*(x* fryr+ (1 —2)- fria+ fv) (3.3)

Analogous for mixing on the group-V sublattice. Using (3.3), the structure factors
of In,GaAs and GaAsSb, can be calculated for the GaAs(004) reflection (see Fig.
3.3b), yielding virtually identical results.

Therefore, simulations with a constant In4+Sb content but varying In/Sb ratios
result in very similar diffraction curves (see Fig. 3.4), preventing an unambiguous
determination of the quaternary layer composition. Only the In+Sb content can be

obtained from XRD measurements.
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Figure 3.3: Calculation of (a) the angle-dependent scattering factors for the elements
relevant to the SML growth and (b) the structure factors of involved ternary compounds.
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Figure 3.4: Simulation of X-ray diffraction curves for varying In/Sb ratios at a constant
In+Sb content. The assumed sample structure is a 5-fold superlattice, containing 10 nm
thick In,Gaj_,As1_,Sb, separated by 10 nm GaAs. Curves are vertically shifted for
clarity.

To separate the determined composition into the contributions of In and Sb, an
additional characterization method is necessary. In this thesis, grazing-incidence
X-ray fluorescence (GIXRF) was utilized for this task (see. section 3.2.3).
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3.2.2 X-ray reflectometry

In addition to the scattering by atoms in the crystal lattice, X-rays are also refracted
at interfaces between layers [177] due to the changing electron densities. This effect
can only be observed for comparatively small incidence angles (< 10°) where X-rays
are evanescently coupled into the near-surface layer structure. XRR is capable of
resolving very small layer thicknesses and interface roughnesses and was used here

to analyze the properties for submonolayer stacks [178-181].!

Fig. 3.5a shows the comparison of XRR simulation performed assuming homoge-
neous InGaAs layers and 7x SML stacks of the same average thickness and compo-
sition. Using the submonolayer stack results in the appearance of additional peak
groups around 3° and 6° incidence angle which reflect the internal periodicity of the
SML stack. The intensity of these peaks is strongly dependent on the roughness of
the individual layers. Using the same roughness parameter ¢ for all SML layers, an
average internal roughness of the whole stack can be defined. As is depicted in Fig.
3.5b, the relative intensity of the SML peaks decreases with increasing o. This can

be used as a tool to monitor the development of disorder in the SML stack.

Care has to be taken when fitting such XRR scans. The periodicity of the SML
stack is defined be the distance between InAs or GaAs sheets, meaning the sum of
the average InAs and GaAs thickness. Simulations of SML stacks with identically
total thicknesses but differing InAs/GaAs ratios yield therefore peaks at the same
reflection angles but with differing peak intensities. Therefore, the average com-
position and thickness has to be determined from XRD measurements first before

further analysis of the internal SML stack roughness.
Analysis was again performed using the tool xrayutilities.

Individual submonolayer islands cannot be analyzed by the presented XRD and
XRR techniques as the primary beam size is several orders of magnitude larger.
Consequently, another measurement technique like cross-sectional scanning tunnel-
ing microscopy (XSTM, section 3.2.4) is needed to gain information about the dis-

tribution of In and Sb on the nanometer scale.

!The measurements used in this thesis were performed by Dr. Jiirgen Blising at the Otto-von-
Guericke University in Magdeburg.
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Figure 3.5: Simulation of X-ray reflectivity scans. The assumed sample structures are
identical on average (10 nm Ing2GaAs layers separated by 10 nm GaAs). (a) Influence of
the internal SML structure (b) of the internal roughness.

3.2.3 Grazing-incidence X-ray fluorescence

X-ray fluorescence is based in the ionization of electrons from the inner shells of
atoms. The resulting vacancies are then filled up again with electrons from higher
shells. During this process characteristic X-rays are emitted. At large incidence
angle, X-ray radiation has a large penetration depth (> 1 pm) into the semiconductor
crystal. As the samples investigated here only have a total layer thickness of about
100 nm, the majority of fluorescence signal would originate from the substrate.

For small incidence angles close to the angle of total internal reflection for X-rays,
however, the penetration depth is much lower and the fluorescence signal mainly
originates from the near-surface epitaxial layers. Therefore, GIXRF measurements
[182, 183] were performed? on the samples. For excitation, the Co-Ka line (1.79
A or 6.93 keV) was used and the incidence angle for each sample was set to the first
XRR superlattice fringe (about 0.5°, compare Fig. 3.5a) in order to ensure a defined
positioning of the X-ray standing wave field.

As can be seen from the electronic structure of In and Sb shown in Fig. 3.6, the
atomic transitions of both elements are energetically close to each other. Though
the usual width of the atomic transitions lies in the range of about 10 eV [185], a
distinction of individual emission lines is not possible due to the resolution of the

measurement setup.

2Also by Dr. Jiirgen Blising at the Otto-von-Guericke University in Magdeburg.
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Figure 3.6: Electronic structure of In and Sb, drawn with data from [184]. Solid lines are
allowed and dashed lines are forbidden transistions according to the quantum mechanical
selection rules. K level is omitted for clarity.

Fig. 3.7 shows a typical GIXRF spectrum with indicators of different sources of
X-ray fluorescence. All recorded peaks are significantly broader than the aforemen-
tioned linewidth. An estimation of the setup resolution can be gained by taking
the brightest line in the energy region of In and Sb atoms (3 - 5 keV) which consist
only of the In-Lal and -La2 lines [186] and fitting a double gaussian with fixed
energetic positions and a shared width to it (not shown here). From such fit an
FWHM of ~110 meV was obtained which represents in a first approximation the

setup resolution.

To determine the In/Sb ratio, the GIXRF signal needs to be separated into the
In and Sb contributions. As will be described further in section 4.1.2, this can be

achieved using reference samples.
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Figure 3.7: GIXRF spectrum obtained from a 5-fold superlattice consisting of 7x
InAsSb/GaAs SML stacks separated by GaAs and a TESb supply of 27.92 pmol per
flush.

3.2.4 Cross-sectional scanning tunneling microscopy

To map the local atom distribution of a given sample, XSTM measurements® can
be performed. A fine tip is brought close to the (cleaved) sample surface. Between
both, a tunneling current with an exponential dependence on the distance between
tip and surface flows. Several mechanisms define the observed contrast.

Firstly, the polarity between tip and sample determines whether the group-III
or the group-V sublattice is observed during a measurement. An image taken at
positive sample voltage is called empty-state image as the electrons tunnel from the
electron-filled tip into the empty states of the sample. Vice versa, in a measurement
taken at negative sample voltage tunneling occurs from the filled sample states to
the empty tip. This is called a filled-state image [187]. As the empty-states of
a II1-V semiconductor sample are located at the positions of the group-III atoms
(dangling cation bonds) whereas the filled states are located at the group-V atoms,
empty-state and filled-state images can be used to image the group-IlI and group-V
sublattice, respectively [188].

The local band gap of the images sample yields a material contrast as the second
influence. Materials with a lower band gap provide more states available for the

tunneling process, thus appearing brighter in the recorded image [188].

3Performed by Zeno Diemer, Christopher Prohl, and Dr. Andrea Lenz at the TU Berlin.
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Lastly, cleaving of a sample containing strained layer structures results in the
structural relaxation by surface buckling. This is not only the case for a complete
structure, e.g. a strained quantum well or quantum dot, but also for individual
atoms, allowing for the determination of atom positions [188].

For XSTM measurements, the surface to be investigated is uncovered by cleaving.
As steps can form at strained layers during this process, samples for this investi-
gation usually contain the same layers multiple times to increase the chances of
obtaining a clean and step-free surface at the regions of interest. Additionally the
samples are thinned down to a thickness of about 100 pm prior to cleaving. Two
dedicated samples comprised of several SML stacks samples were grown (Fig. 3.8).
Additionally a thick GaAs cap layer to prevent the tip from slipping off the sample
surface and an AlGaAs marker layer were grown on top of the SML stacks. Substrate

and cap are doped to enable biasing of the sample.

AlGaAs marker layer
GaAs

AlGaAs marker layer
o GaAs

3-fold
4x SML stack

— —=— = 4x SML stack

GaAs buffer GaAs buffer
(a) First sample. (b) Second sample.

Figure 3.8: Sample structures for the XSTM measurements. Only the layers analyzed in
this thesis are depicted.

3.2.5 Photoluminescence

The optical and electronic properties of semiconductors can be probed by spectro-
scopic techniques. Using light with a sufficiently large energy (usually larger than
the largest band gap of the investigated material system), free charge carriers can
be generated. Before recombining, these relax into the available states of lower en-
ergy which are defined by the material and structure of the investigated sample. As
SML stacks are best described by a mixture of QW and QD states [85, 92, 94, 127],

an analysis of recorded lineshapes needs to consider potential contributions from
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all states present in the system. This is further explored in section 4.2.1. A more
extensive overview of luminescence properties and measurements can be found in
[189] and [190].

In this thesis, samples for photoluminescence (PL) measurements consist of a

GaAs matrix with a single embedded SML stack as well as enclosing lower and
upper AlGaAs diffusion barriers (Fig. 3.9).

GaAs cap
AlGaAs barrier

GaAs matrix
— == SMLstack
GaAs matrix

AlGaAs barrier
GaAs buffer

Figure 3.9: Sample structure for PL. measurements.

The samples are either mounted on a metal heatsink for room temperature mea-
surements or in a closed-cycle helium cryostat for temperature-dependent measure-
ments down to ~10 K. Optical excitation is done via a blue 440 nm (2.82 V) laser
diode or a green 532 nm (2.33 €V) DPSS laser, both being above the band gap of
GaAs (1.52 eV at 0 K [96]). The light emitted from the sample is spectrally selected
by a monochromator and detected by an InGaAs or a Si diode connected to a lock-in

amplifier. All measurements are corrected with the system characteristics.

In addition to the setup resolution of about 0.5 nm, the excitation spot diameter
is about 35 pm for both lasers, which corresponds to an area of 1073 cm?. This
means that in samples with quantum dots a large number of them will be poten-
tially excited. Even in samples with a low quantum dot density of 108 cm~2, 10°
quantum dots contribute to the luminescence signal. Thus, the appearance of single
emission lines in the integral spectrum is highly unlikely. As the expected density in
submonolayers is four orders of magnitude larger (10 cm™2, see section 2.3), even
more localization centers are located in the area of the excitation spot and emit
light. To resolve single lines, a technique with a better spatial resolution is needed.

In this thesis, cathodoluminescence (CL) was employed (section 3.2.6).
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3.2.6 Cathodoluminescence

Another method to excite the samples is the use of an electron beam. In contrast to
photoluminescence, a vacuum environment is mandatory. The advantage of cathodo-
luminescence? is the small diameter of the excitation spot which lies in the region of
1 pm (depending on diffusion and energy transfer processes). The lateral resolution
can be further enhanced by using a shadow mask, an electron-transparent metal film
with small apertures (~ 100 - 200 nm). Thereby, the light emitting surface area is
reduced and the lateral resolution is enhanced further. For the smallest holes, the
emitting surface area is ~3-107® cm?, thus drastically decreasing the number of lo-
calization centers contributing to the luminescence compared to PL measurements.
A detailed description of the cathodoluminescence setup can be found in [191] and

with additional information about the shadow masks in [192].

3.3 Laser fabrication and characterization

3.3.1 Processing of edge emitting lasers

Laser structures (see Fig. 3.10) were grown on Si-doped GaAs(001) wafers and
consisted of a single SML stack which was embedded into the center of a 600 nm
wide Alg15GaAs waveguide. 2 um thick n- and p-doped Alyo5GaAs layers were
used for bottom and top cladding. A highly p-doped GaAs layer served as a current
spreading layer.

/Ti/Pt/Au (p-contact) — —
— GaAs:Zn (contact layer)

BCB——mMmMmm™m™ ™ —
SiN
Alg.25GaAs:C (upper cladding)
__—Alp.15GaAs:un (upper waveguide)
= ———SML stack in GaAs (active region)

~——Alp.15GaAs:un (lower waveguide)—

GaAs:Si (substrate and buffer)
T ——Ni/AuGe/Au (n-contact)

Figure 3.10: Schematic laser structures. (left) Broad area and (right) narrow stripe
edge-emitters. The layer thicknesses and growth temperatures can be found in table 3.1

4The measurements in this thesis were performed by Manuel Gschrey and Dr. Sven Rodt at the
TU Berlin.
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Table 3.1: Growth parameters for the laser structures
growth
Layer thickness material temperature
contact layer 200 nm GaAs:C 570° C
upper cladding 2000 nm Alyo5GaAs:C  615° C
upper waveguide 300 nm Aly15GaAs:un 615° C
interlayer 6.5 nm GaAs:un  520° C
SML stack 8.1or 25 nm InAsun (+TESb flush)/GaAs:un  520° C
interlayer 6.5 nm GaAs:un  700° C
lower waveguide 300 nm Aly15GaAs:un  700° C
lower cladding 2000 nm Aly25GaAs:Si 700° C
buffer layer 300 nm GaAs:Si 700° C
substrate GaAs:Si

The fabrication of broad-area lasers was done using a wet chemical process as

detailed below:

1. Definition of the top contact metalization area using a negative UV photoresist

(100 pm ridge width)

2. Deposition of a Ti/Pt/Au top p-contact and lift-off

3. Definition of the laser ridges by removing the p-GaAs contact layer with a
1:8:100 HySO4:H5045:H50 etching solution

4. Lapping of the sample backside to about 130 pm thickness

5. Deposition and annealing of a Ni/AuGe/Au backside n-contact

6. Cleaving into laser bars of the desired laser lengths

In contrast, the narrow-stripe lasers were fabricated by dry etching in an induc-

tively coupled plasma reactive-ion etching (ICP-RIE) process:

1. Definition of the ridge area using positive UV photoresist

2. Etching of the ridge waveguides until about 300 nm above the active region
(about 2.2 pm etch depth, 3.3 pm ridge width) using ICP-RIE

3. Deposition of 200 nm SiN
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4. Opening of SiN areas next to the ridges for the n-contact metalization using

a positive resist UV lithography and RIE etching
5. Etching of the n-contact area (about 2.8 pm etch depth) with ICP-RIE

6. Lithography with a negative UV photoresist for and deposition of Ni/AuGe/Au

n-contact
7. Planarization using BCB
8. Removal of BCB and SiN from the top of the ridge waveguides
9. Deposition of Ti/Pt/Au metal stack for the p-contact
10. Removal of the BCB from the n-contact
11. Lapping of the sample backside to about 110 pm thickness

12. Cleaving into laser bars of desired laser lengths

3.3.2 Characterization of broad-area lasers

To extract the internal parameters as described in section 2.6, L-I measurements
were performed on lasers with different lengths.

The laser bars were put on a copper heatsink which also provides the backside
contact while the top contact is probed by needle contact probes. Lasers were driven
in pulsed mode with pulses of 800 ns length and 1 kHz repetition frequency to avoid
self-heating effects. The emitted light was collected by a optical multimeter directly
placed in front of one facet. A more detailed description of the setup can be found
in [193] and [194].

3.3.3 Characterization of narrow-stripe lasers

For the characterization of the narrow-stripe lasers, laser bars with a width (laser
length) of 700 pm were mounted on a copper block which could be attached to the
heatsink.

For gain measurements, both n- and p-contact were connected to a dc current
source via needle probers and a tapered fiber attached to an optical spectrum ana-

lyzer (OSA) was used to record high-resolution spectra.
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For dynamic measurements, needle probes were replaced by a high-frequency
probe head. Additionally, the fiber was now attached to a single-mode 45 GHz pho-
todetector and a vector network analyzer to measure small-signal response curves.

For large-signal operation, direct modulation signals with a non-return-to-zero
pseudo-random binary sequence of 2°-1 bit length were provided by a bit pattern
generator. On the detection side, a custom made 28-GHz limiting photoreceiver
was used in combination with a 80 GSa/s realtime oscilloscope for acquisition of eye
diagrams and an error analyzer for the measurement of error ratios.

More in detail descriptions of the measurements and setups can be found in [157].






4 High density QD ensembles by
Sb-assisted submonolayer growth

In the first part of this chapter, the influence of an TESb flush on structural, elec-
tronic and optical properties of InAs/GaAs submonolayer stacks is investigated.
With the help of eight-band k-p simulations [93], yielding different extensions of the
electron and hole wave functions, the way Sb atoms get incorporated was analyzed.
The average incorporation of Sb was obtained from XRD and GIXRF measure-
ments applying a model based on Langmuir-type adsorption [132, 133] to describe
the incorporation behaviour. XRR and XSTM measurements allowed for the de-
termination of microscopic changes introduced by the TESb flush and the position
of Sb atoms relative to In-rich regions in the SML stack. Optical and electronic
properties as presented in the second part were probed using low-temperature and
temperature-dependent photoluminescence, as well as low-temperature cathodolu-
minescence measurements. Two existing lineshape models [195, 196] were combined
to include 0D and 2D contributions as well as longitudinal optical (LO) phonon repli-
cas in the analysis of low-temperature PL spectra. Three different tuning parameters
(Sb supply, GaAs spacer between the InAs sheets, and number of deposition cycles
i.e. total stack thickness) were investigated with respect to localization properties.
The obtained knowledge was then used to specifically tune emission properties of

the SML stacks as demonstrated in the last section.

4.1 Sb incorporation into InAs/GaAs-SML stacks

4.1.1 Electronic properties of SML stacks in the presence of Sb

As the basic structure of InAs/GaAs submonolayer stacks has previously been de-

termined to be an InGaAs quantum well with regions of increased In content [85,



42 4 High density QD ensembles by Sh-assisted submonolayer growth

127], the simulation structure consisted of an 8.5 nm thick Ing;5GaAs quantum
well with spherical quantum dot regions with sinusoidal In composition profile. A
peak In content of 35% was assumed as input for eight-band k-p simulations [93].
The spacing between quantum dot regions was 13.6 nm, giving a QD density of
5.4-101 em~2.

|13.6 nmI
>
35%
I Eloc: 62 meV
> Eloc: 15 meV
0
o 3
5 ~ —
g A
(3D i AE: 1.362 eV
— %
% —
(U]
Eloc: 18 meV
15%
1 Eloc: 60 meV
(b)

10 nm 10 nm
(c) (d)

Figure 4.1: Settings and results of the simulation without Sb. Dashed white circles mark
In-rich QD regions. (a) Assumed In distribution. (b) Schematic band alignment. (c)
Electron wave function. (d) Hole wave function.

Additionally a gaussian composition profile was assumed over the whole simula-
tion area, resulting in the central quantum dot region having the largest In content
(see Fig. 4.1a), thus keeping the wave functions in the center of the simulation area.

A schematic band alignment of the simulated structure is presented in Fig. 4.1b,
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showing the ground states of electrons and holes in the Ing15GaAs QW with lo-
calization energies of 62 and 60 meV with respect to the surrounding GaAs bulk
material. For electron and hole eigenstates in the quantum dot regions, energetic
separations to the QW of 15 and 18 meV are found, respectively. The calculated
transition energy is 1.362 eV.

Both wave functions are mainly localized in the central quantum dot region, with
the electron wave function being more extended to adjacent quantum dot regions due
to its smaller localization energy (Figs. 4.1c and 4.1d). This difference in localization
was termed "heterodimensionality" in [94]. A Huang-Rhys factor of 0.005 could be
calculated from the overlap integral of the wave functions.

Three Sb incorporation behaviors are conceivable:

o Incorporation preferentially at In-rich regions
o Incorporation preferentially between In-rich regions

« Homogeneous distribution throughout the SML stack
All three options were considered through the eight-band k-p simulations theo-

retically by varying the local Sb content in steps of 5%. Possible influences on the
basic structure, e.g. growth rate variations leading to varying layer thicknesses or
modified atom surface mobilities resulting in different quantum dot dimensions were

not taken into consideration.

Sb incorporation into QDs

Sb incorporation into QD regions (Fig. 4.2a) leads to shift of the local conduction
band edge to larger energies, thereby decreasing the offset between the electronic
eigenstate of the QD region and the surrounding quantum well. The local valence
band edge is also shifted to larger energies, leading to an increased offset (Fig. 4.2b).
For the largest simulated local Sb content of 20%, the localization energy for elec-
trons is decreased from 15 meV to 6 meV while it is increased from 18 to 154 meV for
holes. Consequently the electron wave function delocalizes from the central quan-
tum dot and extends over a larger area (Fig. 4.2¢). Simultaneously the hole wave
function is stronger localized as compared to the case without Sb (Fig. 4.2d). A
redshift of the emission is to be expected due to the reduction of transition energy
by 127 meV to 1.235 eV. Finally, the decreased wave function overlap results in an

increase of the dipole moment and increases the Huang-Rhys factor to 0.076.
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Figure 4.2: Settings and results of the simulation with Sb incorporated into QD regions
(marked by dashed white circles). (a) Assumed Sb distribution and (b) schematic band
alignment. (c) Electron and (d) hole wave function.

Sb incorporation outside QDs

The second possibility is a preferential incorporation of Sb between QD regions
(see Fig. 4.3a) which would lead to formation of additional potential steps in the
quantum well (Fig. 4.3b) with a hole localization energy of 114 meV. As this is
significantly larger than the 18 meV of the central quantum dot region (compare Fig.
4.1b), the hole wave function delocalizes from the QD region to the new potential
steps (Fig. 4.3d). As the electron wave function is still located in the central
quantum dot, the overall band alignment changes to a type-II arrangement. As
in the previous incorporation case, a redshift would be expected as the transition

energy decreases to 1.268 eV at 20% local Sb content. An increase of the dipole
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moment and the Huang-Rhys factor to 0.018 is found here.
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Figure 4.3: Settings and results of the simulation with Sb incorporated between QD
regions (dashed white circles) (a) Assumed Sb distribution. (b) Schematic band alignment.
Wave function of (c) electrons and (d) holes.

Homogeneous incorporation into the SML stack

The last possibility of Sb incorporation is a distribution without preference with
respect to the QD regions in the SML stack. Here, the simulation was only per-
formed until 10% Sb content as the quantum well forms a type-II band alignment
with respect to GaAs for larger Sb contents. In this configuration, both the lo-
cal conduction and the valence band are shifted to larger energies with respect to
the surrounding barrier material (Fig. 4.4a). Consequently the extension of the

wave functions remains nearly unchanged, aside from a slight delocalization of the
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hole wave function (Figs. 4.4b and 4.4c). This incorporation scheme yields the
largest redshift of 140 meV at only 10% Sb content. The increased overlap of the
wave functions leads to a nearly vanishing dipole moment and Huang-Rhys factor
of 0.001.

¢ Eloc: 49 meV

Eloc: 15 meV

AE: 1.224 eV

GaAs: 1.517 eV

Eloc: 18 meV

Eloc: 60 meV

10 nm

(b)

Figure 4.4: Results of the simulation with Sb evenly incorporated throughout the SML
stack. Dashed white circles mark the QD regions as defined by In-rich regions. (a)
Schematic band alignment. (b) Electron wave function. (c) Hole wave function.

In conclusion, while all three incorporation schemes lead to a redshift of the emis-
sion, the effects on the charge carrier wave functions differ significantly. Which of
the three cases is present when using an TESDb flush prior to the InAs deposition was
be determined experimentally by examination of the structural and optical proper-
ties (see sections 4.1.3 and 4.2). The transition energies and Huang-Rhys factors for

all simulated Sb contents are summarized in Fig. 4.5.
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Figure 4.5: (a) Transition energies and (b) Huang-Rhys factor as obtained from eight-
band k-p simulations for the three incorporation schemes.

4.1.2 Determination of the average Sb incorporation

5-fold superlattices containing 7x InAs/GaAs SML stacks grown with increasing
TESb supplies and separated by GaAs spacers were investigated to determine the
average composition. XRD scans in w — 20 geometry around the GaAs(004) peak
yielded the total thickness of the SML stack and the In4+Sb composition. In super-
lattices with otherwise identical growth parameters, an addition of TESD results in a
reduced thickness of the SML stack. This growth rate reduction is further adressed
in section 4.1.3.

Two sample series using different approaches to control the Sb amount were in-
vestigated. In the first one, the TESD flush time was held constant at 3 s, while the
molar flow rate was varied between 0.44 pmol/min and 8.72 pmol/min, correspond-
ing to 6.5-107° to 1.3-107% mbar partial pressure or a total TESb supply of 0.02
to 0.44 umol. For the second approach, the TESb partial pressure in the reactor
was held constant at 1.3-1072 mbar, whereas the flush time was varied between 6
and 192 s, yielding a total TESb supply of 0.87 to 27.92 umol. A reference sample
without Sb was grown for each sample series. The resulting XRD data can be fitted
assuming a 5-fold InGaAs/GaAs superlattice (see Fig. 4.6) with one InGaAs layer
representing one 7x SML stack. To separate the determined average composition
into In and Sb-related contents, the In/Sb ratio needs to be determined.

For this, GIXRF measurements were performed on the samples. The incidence

angle was set to the first superlattice fringe (located at about 0.5°) appearing in XRR
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Figure 4.6: XRD scans (black lines) and simulations (red lines). (a) Variation of the
partial pressure from 6.5-1075 to 1.3-1073 mbar during a constant TESb flush time of 3 s.
(b) Adjustment of the TESb supply by varying the flush time from 6 to 192 s at a constant
partial pressure of 1.3-10~3 mbar. The shift of the satellite peaks to smaller angles in (a)
is due to a growth rate reduction upon TESb addition. It has been compensated in (b)
by adjusting the GaAs growth time accordingly. The measurements are vertically shifted
to improve visibility.

measurements for each sample to ensure a defined position of the standing wave field.
As shown in Fig. 4.7a, the resulting data was normalized to the brightest In peak at
~3.28 keV, consisting of the In-Lay line (3.28694 keV) and In-Lay line (3.27929 keV)
[186]. To separate the signals into In and Sb contributions, the fluorescence from
the respective InAs/GaAs reference sample was subtracted from the measurements
of the Sh-containing samples (Fig. 4.7b). To ensure that the resulting data contains
information from Sb only, a further comparison to the signal from a GaSb sample
(blue dashed line in Fig. 4.7b) was made. Finally, by integrating the data between
3.59532 and 4.2367 keV (lowest Sb and highest In-related emission lines), taking
into account the about 10% larger photoabsorption cross section of Sb for Co-Ka
excitation (In: 6.43-10 barns/atom, Sb: 7.23-10* barns/atom [197]), the In/Sb
ratio was obtained by comparison with the integrated intensities of the reference
samples of known stoichiometry. As the considered signals are energetically close
to each other, the system characteristic (detector, window transmission etc.) was
assumed to be constant. A maximum Sb incorporation of 5.8% is found for the used

parameter set (see Fig. 4.8).

In order to further analyze the incorporation behavior of Sb into the SML stacks,
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Figure 4.7: Results from the GIXRF measurements with In and Sb transitions marked
in blue and green, respectively. (a) Normalized signals from both sample series. (b) Cal-
culated Sb related signal. The blue dashed line is the signal from a GaSb sample.

adsorption models were employed. For this, the average number of incorporated
Sb atoms was calculated from measured Sb content, stack thickness and number of
deposition cycles for a base area of one square cm. Neglecting desorption processes
during growth the number of incorporated atoms was assumed to be identical to
the number of atoms adsorbed on the wafer surface after the flush. Using the atom
density of the GaAs(001) surface (6.26-10'* cm™?), a maximum Sb surface coverage

2 (see

of 23% was determined, corresponding to a surface density of 1.47-10* cm™
Fig. 4.9b). Therefore multilayer adsorption models (e.g. the BET model [198]) were
not considered and the behavior was modeled using a Langmuir-type adsorption

model (see section 2.5).

In the "constant-flush-time" sample series (Fig. 4.9a), the amount of incorporated
Sb atoms saturates at around 6-10'3 cm =2 atoms or 10% surface coverage while the
number of Sb atoms increases slowly for the "constant-TESb-supply" sample series
without showing saturation. Fitting the analytical equation of a simple Langmuir
adsorption process (equation 2.11) to the data obtained from "constant-flush-time"
samples yields a reasonably good fit. At longer flush times however, no agreement
between the calculated data and the model fit could be obtained.

Using the model with a reaction component (equation 2.16) resulted in a very
similar fit for "constant-flush-time" samples and yielded a slightly better fit to the

data from "constant-TESb-supply" samples as it allows for the incorporation of the
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Figure 4.8: Extracted Sb content.

offset between both sample series via the reaction time component. However, it still

fails to account for the slow increase of incorporated Sb atoms with flush time.

Therefore the model was extended with a second reaction component. The total

number of sites is then described by

Ntotal = N fast + Nsiow
= Nfree, fast + NTESH, fast + NSy, fast

+ Nfree, slow + NTESH, slow + Nsp, slow

This leads to the rate equations fast

dn t
Dlifree, fast Nfree, fast - Presy - Kads
dt
+ NrEss, fast Kdes

dnrgesy fast
T = Nfree, fast " PTESb ) kads

— NTESY, fast Kdes — kr, fast * VT ESY, fast

dngy, fast i
dt = Ry, fast - NTESbH, fast

and the slow component
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dnfree7 slow

= — Nfree, slow * PTESb ' kads
dt
+ NTESH, slow * kdes (46)
dnTESb, slow 2
= Nfree, slow * L'TESH * kads
dt
— NTESY, slow * kdes - kr, slow * NTESY, slow (47)
dnSb slow
T = kr, slow * MTESH, slow (48)

Note that the adsorption constant was taken as identical for the fast and the slow
case. This is justified assuming reaction components are occurring during the InAs

and GaAs growth. Thus the adsorbed atoms show the same behavior. Then, the
analytical solution is given by

nsy = nfast : (1 — €Xp <_kr, fast * @ : t))

+ (ntotal — nfast) : (1 — €xD <_kr, slow * @ : t)) (49)
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Figure 4.9: Incorporated Sb atoms with respect to the varied growth parameter. Solid
lines are fits to the respective Langmuir-type adsorption model. (a) Variation of the TESb

molar flow at a constant flush time. (b) Variation of the TESb flush time at a constant
molar flow.

A simultaneous fit of both the short and long term behavior was now possible,
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accounting for the saturating behavior of the samples with constant flush time and
the slow increase of the samples with constant partial pressure (Fig. 4.9). In the
fitting of the model to the experimental data, the parameter n;,, can be treated
in two different ways. The first way takes n;, as a free parameter, which leads
to the fitting parameters in the left column of table 4.1. As no saturation of the
incorporated Sb atoms is experimentally observed, this leads to very large errors
for X, siow and ngyq. Alternatively, assuming formation of a single monolayer of Sb
only at maximum coverage, e.g. a surface coverage of 100 %, where ny.,; equals the
atom density of the GaAs(001) surface (6.26-10* cm™2) the fitting parameters in

the right column of table 4.1 were obtained.

Table 4.1: Results from fitting the adsorption model

Results
Fit parameter 1y, free Nyorq fixed
K (4052 4 809) mbar~! (4024 4 784) mbar~!
Ky fast (0.42 + 0.05) s~1 (0.43 + 0.05) s~1
Ky siow (5.3 & 357.7)-1075s71 (6.5 &£ 0.6)-107* s™1
Dfast (9.3 + 0.4)-10"% cm™2 (9.3 + 0.2)-10'% cm™2
Nyotal (6.2 + 411.4)-10" cm ™2

While the results for the slow reaction constant differ significantly, depending on
the fitting method, they are not contradictory. In both cases the fast and slow
reaction constants differ by several orders of magnitude (a factor of 8400 with free
and a factor of 662 with fixed nyyq ). The fast process must be directly connected
to the TESD supply, since the region of low Sb supply can also be fitted with the
simpler models, whereas the slow process could be rooted in a parasitic saturation
effect at reactor walls. Therefore, short flush times are necessary in order to avoid
these parasitic effects. This would, however, also limit the maximum amount of

incorporated Sb.

With the developed model, the Sb amount in a given sample can be extrapolated
from its growth parameters, as long as the In+Sb content and the total SML stack
thickness are known. For a different sets of growth parameters (e.g. growth temper-
atures, molar flow rates, reactor pressures etc.), a recalibration of the model may be

necessary.
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Figure 4.10: Evolution of the SML growth rates with the Sb supply for both sample
series. (a) InAsSb and (c) GaAsSb growth rate vs TESD partial pressure. (b) InAsSb and
(d) GaAsSb growth rate vs flush time.
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4.1.3 Structural changes and local Sb distribution

As previously mentioned in section 4.1.2; the total thickness of InAs/GaAs SML
stacks decreases upon the introduction of a TESb flush. Using thicknesses, In+Sb
composition, and In/Sb ratio as previously obtained from XRD and GIXRF mea-
surements, the average InAsSb and GaAsSb growth rate can be calculated. In the
sample series with low TESb supply, i.e. "constant-flush-time", the InAsSb growth
rate was reduced by approximately 14% (from 0.011 nm/s to 0.009 nm/s) while the
GaAsSb growth rate was reduced by about 37% (to 0.056 nm/s from 0.088 nm/s).
Although TESb was supplied prior to InAs deposition, the effect on the growth rate
was more pronounced for the GaAs deposition. The "constant-TESb-supply" sample
series showed the growth rate reductions equalize at large supplies. Here the InAsSb
growth rate was reduced from 0.011 nm/s to 0.007 nm/s (about 48%) whereas the
the GaAsSb growth rate was reduced from 0.097 nm/s to 0.046 nm/s, i.e. by 52%.
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Figure 4.11: XRR scans (black) and fits (red) for the sample series with varying GaAs
spacer. The topmost measurement is obtained from the reference sample without TESb
supply. (a) 6.98 and (b) 13.96 pmol TESb supply. Scans are vertically shifted for clarity.

As all XRD measurements can be fitted assuming a homogeneous InGaAs layer
instead of the actual SML stack, no indications of structural changes apart from
the growth rate reduction could be deduced, even for the highest amount of TESb
supply. To gain more insight, XRR was used as it is sensitive to interface roughness.
As the vertical structural coupling of the InAsSb islands is controlled by the spacer
thickness between them, two sample series were fabricated. The layer structure is

the same as before with a 5-fold superlattice containing 7x InAs/GaAs SML stacks
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separated by GaAs spacers. Starting from an InAs/GaAs reference sample, two
TESD supply levels (6.98 and 13.96 nmol) were investigated. In each sample series,
the spacer growth time was varied from 10 s to 20 s in steps of 2 s.! Figs. 4.11a
and 4.11b show the obtained XRR scans with their respective fits from both sample
series.

A group of distinct peaks appears between 4° and 5° incidence angle in the refer-
ence sample and shifts to larger angles as the spacer thickness decreases. For samples
with short spacer growth times, these peaks disappear. They can be attributed to
the internal SML structure (compare Fig. 3.5a).

Moreover, a number of small peaks is found over almost the whole measurement
range, reflecting the average 5-fold InGaAs/GaAs superlattice.

Lastly, a very broad peak ranging from about 2° to 4° incidence angle is overlaid

with the previous signals, stemming from a thin (~ 1 nm) oxide layer on top of each

sample.
Table 4.2: Results from XRR fits
Spacer

TESb supply (pmol) growth time (s) thickness (nm) roughness (nm)
0 10 0.88 + 0.11 0.25

6.98 10 0.44 + 0.11 0.25

6.98 12 0.50 £ 0.11 0.25

6.98 14 0.56 = 0.11 0.25

6.98 16 0.65 4+ 0.08 0.22

6.98 18 0.77 + 0.06 0.25

6.98 20 0.83 £ 0.11 0.20

13.96 10 0.44 £ 0.11 0.23

13.96 12 0.48 £ 0.08 0.26

13.96 14 0.54 £+ 0.08 0.21

13.96 16 0.59 4+ 0.08 0.20

13.96 18 0.68 £+ 0.08 0.23

13.96 20 0.77 £ 0.08 0.25

To fit XRR scans, XRD measurements were performed first to obtain the average

thickness of the single InAs and GaAs sheets. The results were then used in the

'For an analysis of the optical properties, PL samples with the same growth parameters but
containing only a single SML stack were grown as well (see section 4.2.3).
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simulation of the XRR scans. For spacer thicknesses below 1.75 ML the signals
originating from the SML stack were not resolved anymore. However, simulations
yielded a nearly constant roughness of 0.20 - 0.26 for all samples. The disappearance
of the SML-related peaks is caused by the limited dynamic range of the measurement
setup at larger angles. Additionally local structural changes may not be resolvable

by this technique due to its spatially averaging nature.

Local In and Sb distribution

For the determination of the local In and Sb distribution, a 3-fold 4x InAs/GaAs
SML stack with 13.96 pmol TESb supply and a single 4x InAs/GaAs SML stack
with the same TESb supply were investigated by XSTM.

(a) (b)

Figure 4.12: XSTM images of a 3-fold 4x InAs/GaAs SML stack with 13.96 pmol TESb
supply. (a) Empty-state image, taken at a sample voltage of +2.4 V and a tunneling
current of 40 pA. In-rich regions are highlighted by yellow dotted lines. (b) Empty-state
image, taken at a sample voltage of -1.8 V and a tunneling current of 40 pA. Single Sb
atoms are marked as pink solid circles.

Empty-state images of the 3-fold superlattice reveal In-rich regions with a width
of about 3.4 nm and 2x10'? cm ™ areal density (Fig. 4.12a). InAs/GaAs SMLs have
previously shown In-rich regions with a width of around 5 nm at the same density
[85]. Analyzing the local lattice constant, a segregation coefficient of 0.68 + 0.05 was
found for SML grown with TESb supply, as opposed to 0.75 £ 0.07 without TESb
[84, 85]. The positions of incorporated Sb atoms can be determined by analyzing
filled-state images (Fig. 4.12b). Here, a slight clustering tendency was seen, thus

disfavoring an even Sb incorporation throughout the SML stack.
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For determination of the Sb atom position with respect to the In-rich regions, a
filled- and an empty-state image of the single 4x SML stack were taken. The position
of the Sb atoms was determined from the empty-state image and then overlaid with
the filled-state image. This revealed Sb atoms are preferably incorporated in or at
the border of the In-rich regions (Fig. 4.13). Therefore, addition of TESb should
not change the type-I band alignment of the InAs/GaAs SMLs.

=In agglomerations

Figure 4.13: Empty-state XSTM image, taken at +2.5 V sample voltage and 40 pA
tunneling current. In-rich regions are marked by yellow dotted lines. The positions of
Sb atoms (red circles) have been determined from an filled-state image taken at the same
sample position with -2.2 V sample voltage and 40 pA tunneling current.

4.2 Analysis of charge carrier localization

4.2.1 Analysis of photoluminescence measurements
Lineshape

Photoluminescence spectroscopy was used to analyze the optical and electronic prop-
erties of the SML stacks. As detailed in [127], the PL lineshape of SML stacks can be
modeled assuming a quantum well structure with localization centers, e.g. interface
roughnesses and compositional fluctuations. A model comprising contributions from
both free charge carriers and excitons was presented by Christen [191, 196]. Since
statistical broadening was assumed to be large in comparison to intrinsic lifetime

broadening, the latter one was neglected. The luminescence lineshape is then given
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free charge carriers excitons

E, is the average energy gap of the SML stack, Isp is the maximum amplitude of
the 2D contribution term, Iyp is the maximum amplitude of the 0D contribution, o
is the broadening term which includes compositional and thickness fluctuations, k
is the Boltzmann constant and T is the lattice temperature.

While such model accounts for the high-energy tail of the emission, the low energy
tail is not well accounted for. An extension of the model above is possible with an
excitonic lineshape as given by Schubert and Tsang [195] which describes the relax-
ation of charge carriers into states of lower energy by a first-order partial differential

equation

CW _ _/_EOO 1 <<E - Eg)2> dEn(E, 1) (4.11)

Qo —20 Te

where 7, is a time constant for relaxation of charge carriers into energy minima.

With this, the excitonic lineshape can be written as

1 (E— Eg\?
I =Iy-exp (— < g) )
2 o
7. 1 E 1 (E* — Eg\*
- — | — dE* 4.12
XeXp( Te 27‘(‘0’/—00( 2( g )) > ( )

The spectral lineshape then depends on the radiative lifetime ratio 7,./7.. If charge

carriers have enough time to relax into states of lower energy before recombining
radiatively, 7,./7. becomes large and the spectral center of gravity shifts below the
average band gap, leading to an increasingly asymmetric lineshape. Vice versa, if
7,/ 7. is small, i.e. charge carriers recombine radiatively before they relax into states
of lower energy, the lineshape approaches a simple gaussian centered around the
average band gap (see Fig. 4.14).

Replacing the excitonic component of the model as presented by Christen with

the model proposed by Schubert leads to
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Figure 4.14: Lineshape according to the model proposed by Schubert for different ratios
of 7 and 7.. For simulation, a band gap of 1.25 eV and a broadening of 20 meV is assumed.

The black curve is a simple gaussian centered at the band gap. The dashed red curves
were simulated using (4.12).
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LO phonon replicas are already present in the low-temperature photoluminescence
of InAs/GaAs SML stacks and the addition of TESb to the growth cycle results an
increase of their intensity (see section 4.2.2). As the relative intensity of the phonon
replicas is expressed by the Huang-Rhys factor, the model was further extended by
adding terms to the excitonic component scaled by the Poisson distribution [108,
200 and 208] [109-111], and with an appropriate energy separation to account for
the phonon energy (around the LO phonon energy of GaAs of 35.3 meV [45]).
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measurement setup leads to a non-constant noise floor. This characteristic was in-
cluded by a second-order polynomial. The complete luminescence shape is therefore

given by
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Fig. 4.15 shows a fit of the complete lineshape as given in equation 4.15 to the
low temperature measurement of a sample containing a single 7x InAs/GaAs SML
stack with 6.98 wmol TESb supply. From it, the Huang-Rhys factor, broadening
factors, and integrated intensities of 2D and 0D contributions were extracted and

the ratio of integrated intensities was calculated.

The fitting of the spectra is performed using the scipy library [199] which uses a
Levenberg-Marquard algorithm. For spectra as depicted in Fig. 4.15 where the L.O
phonon peaks clearly visible the fitting procedure works very well. For spectra with
less distinct features however, an almost identical sum spectrum can be obtained
from a fit with slightly varying parameters, e.g. a small shift in peak energy can be
compensated by an adjustment of broadening factor and peak intensity, resulting in
an increase of the errors obtained from the fit. This is especially pronounced for the
extracted integrated intensities. Therefore, only qualitative comparisons were made

for this parameter.
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Figure 4.15: Fit of equation 4.15 to the experimentally obtained low-temperature pho-
toluminescence of a sample containing a 7x InAs/GaAs SML stack with 6.98 pmol TESb

supply.

Temperature-dependent PL peak positions

In addition to the low-temperature lineshape, the shift of the PL peak energy with
temperature can be analyzed. An often used empirical model describing the band

gap shift with temperature was proposed by Varshni [200].
aT?

T+p

Here, E(0) is the band gap a T = 0K, « is the limit for the band gap shift (slope)

at infinite temperature and [ is comparable to the Debye temperature. In later

E(T) = E(0) + (4.16)

publications, a deviation of the model from measured data at low temperatures was
found, leading to the proposition of alternative models, e.g. the model by Péssler
[201].

E(T) = E, — 0‘2@ ( 1+ (2@T)p - 1) (4.17)

« is again the slope limit for T — oo, © is comparable to the average phonon

temperature and p is connected to the degree of phonon dispersion.

Both models describe the monotonic shrinking of the band gap with increasing
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temperature. However, in samples with charge carrier localization, a deviating be-
havior of energy-temperature dependence has been found [202-212], often exhibiting
an S-shape. To account for this, Eliseev proposed the band-tail model [203], which

adds a o®/k7-term to the temperature dependence.

E(T):EO—Of(ler(z@T)p—l)—gQ (4.18)

k is the Boltzmann constant and o is a measure of the average potential fluctua-
tions in the measured sample.

As the model behind the additional term is based on a Gaussian density of states,
it does not take into account the actual shape of the luminescence spectrum. There-
fore, o values extracted from the temperature dependent peak energy positions
deviate significantly from the broadening factors extracted from a full lineshape fit
as described in the previous section. However, it still provides a clear indicator for
the onset of (strong) charge carrier localization and is significantly more robust than

the lineshape analysis.

4.2.2 Addition of Sb

To gain an understanding of the influence of Sb on electronic and optical properties,
an initial InAs/GaAs submonolayer stack was chosen as basis for a sample series
where only the supplied TESb amount is varied. The basic structure is a 7x sub-
monolayer stack with nominally 0.135 nm InAs (0.45 ML) and 0.889 nm GaAs (3.15
ML), forming on average an InGaAs layer of 7.17 nm total thickness and x;,, = 0.132.
Using this initial structure, an Sb flush was added prior to each InAs deposition.
Control of the TESb amount was achieved by varying the flush time from 3 to 96
s while maintaining a constant TESb molar flow of 8.73 pmol/min (1.3-107* mbar
partial pressure), resulting in an absolute TESb supply of 0.44 to 13.96 pmol. Due
to growth rate reduction and Sb incorporation, the thickness of the SML stack is
reduced to 3.95 nm and the In4+Sb composition is increased to 0.204 for the largest
TESb amount.

Low-temperature PL spectra of the sample series and the parameters extracted
directly from the measurement are shown in Fig. 4.16. A monotonous redshift of
the peak emission wavelength from 882 to 952 nm at 10 K is found. Furthermore

the intensity of the -1 LO phonon replica, which is already present in the sample
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Figure 4.16: Low temperature photoluminescence of InAs/GaAs SML stacks with in-
creasing TESb supply. (a) Measured spectra and (b) extracted peak energy positions and
FWHM.

without Sb, increases in intensity. At sufficiently large TESb supplies, the -2 LO
phonon replica can be observed as well. The FWHM of the emission increases from
1.6 to 16.4 meV.

The obtained spectra were fitted with the previously introduced lineshape model
(section 4.2.1). Broadening factors of 0D and 2D contributions increase approxi-
mately linear upon addition of TESb (2D: 1.540.1 to 6.6+0.3 meV, 0D: 8.1+0.3
to 22.543.6 meV, see Fig. 4.17a). As XRR scans (c.f. section 4.1.3) showed no
increase in interface roughness, the larger broadening is attributed to an increased
compositional disorder.

Fig. 4.17b shows the development of the HRF from 0.028+0.005 to 0.106+0.028
with increasing Sb supply. This is an indication of an enhanced dipole moment and
agrees with the eight-band k-p simulation for Sb incorporation into the In-rich re-
gions in the SML stack (section 4.1.1). Huang-Rhys factors of up to 0.026 have been
determined for InAs/GaAs quantum dots by Heitz et al. [110, 111]. The value de-
termined here is even larger than the one calculated theoretically for the largest local
Sb content. This can be explained with the assumptions made for the simulation. A
sigmoidal composition profile was assumed over the simulation area, which results
in the central quantum dot having the largest In-content and a localization of the

wave function in it. In real samples, the difference between neighboring quantum
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Figure 4.17: Parameters extracted from the lineshape fit of PL measurements at 10 K
(see Fig. 4.16). (a) Extracted broadening factors, (b) Huang-Rhys factor and (c) 0D/2D
intensity ratio.

dots might be less pronounced, enabling an even larger spreading of the electron
wave function and thereby a further reduction of the wave function overlap, i.e. an
increase of the HRF.

Finally, the ratio of the integrated intensities is extracted from the lineshape fit

(Fig. 4.17c), showing at maximum a six-fold increase of the 0D contribution from
0.06 to 0.36.

From temperature-dependent measurements, the shift of the peak emission energy
was determined (Fig. 4.18a). Samples with TESb supplies of 3.49 umol and less
exhibited predominantly band gap shrinkage with only minimal signs of localization

at best. For two samples with largest TESb supply in this series (6.98 and 13.96
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Figure 4.18: Results from the temperature-dependent PL measurements of the samples
with varying TESb flush time. (a) Peak energy positions. (b) Potential fluctuations as
extracted from a fit of the extended Péssler model (compare (4.18)).

umol), however, a noticable S-shape, which is characteristic for a redistribution of

charge carriers with temperature, is found. Fitting the obtained data with (4.18)

allows for extraction of the average potential fluctuations (Fig. 4.18b). For samples

not exhibiting an S-shape, potential fluctations up to 1.0 meV only were found. For

the other two samples, a strong increase to 3.941.2 meV at 6.98 wumol TESb supply

and to 9.7£0.9 meV at 13.96 meV is found.
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Figure 4.19: Spatially resolved CL spectra of (a) a sample without Sb and (b) a sample

with 13.96 pmol TESb supply.
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Finally, highly spatially resolved cathodoluminescence measurement shows a nar-
row emission spectrum where no individual emission lines can be discerned for the
sample without TESb flush before the InAs deposition (Fig. 4.19a). In contrast,
the sample with 13.96 pmol TESD supply exhibits a much broader spectrum with
excitonic emission lines (Fig. 4.19b), which is direct proof of an enhanced charge
carrier localization.

Overall, the supplied TESb amount is a parameter by which the emission wave-
length of the SML stack can be tuned. For sufficiently large supplies, evidence of
strong charge localization is found from temperature-dependent PL and spatially
resolved CL measurements, in agreement with the eight-band k-p simulations of Sb
incorporation into the In-rich regions and the amount of supplied TESb can be used
to adjust the localization depth in the SML stack.

4.2.3 Variation of the GaAs spacer thickness

The influence of TESb on structural properties has been neglected for the simula-
tions, but as was shown in section 4.1.3 that incorporation of Sb also entails a growth
rate reduction. Specifically the GaAs spacer between the InAs sheets is of interest
as it controls the vertical electronic coupling. Therefore its influence on localization

properties needed to be investigated in detail.
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Figure 4.20: Low temperature photoluminescence of InAs/GaAs SML stacks with 6.98
nmol TESD supply and varying spacer thickness. (a) Measured spectra and (b) extracted
peak energy positions and FWHM.
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Starting with the two largest TESb supplies from the previous investigation, two
sample series were fabricated, where the spacer thickness between the InAs sheets

was varied by increasing the spacer growth time? from 10 to 20 s in steps of 2 s.
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Figure 4.21: Low temperature photoluminescence of InAs/GaAs SML stacks with 13.96
nmol TESD supply and varying spacer thickness. (a) Measured spectra and (b) extracted
peak energy positions and FWHM.

As figures 4.20 and 4.21 show, the emission wavelength increases with decreasing
spacer thickness (from 916 to 983 nm with 6.98 umol and from 927 nm to 993 nm for
13.96 umol TESDH). At the same time, the FWHM increases from 4.4 to 16.0 meV
and from 6.5 to 21.3 meV, respectively, and the emission becomes more quantum dot
like, i.e. the 0D contribution to the total emission intensity increases (Fig. 4.22a).

No clear trend with respect to spacer thickness could be determined for the Huang-
Rhys factor. For small InAs sheet separations the luminescence lineshape becomes
very broad, which makes it difficult to discern individual peaks and leads to large
fitting errors. On average, however, the HRF is larger for samples with larger TESb
supply (see Fig. 4.22b), as one would expect from the previous investigation of the
TESD flush series.

To determine the onset of strong charge carrier localization with respect to the
spacer thickness, temperature-dependent measurements were again performed. For

both sample series, the potential fluctuations increase with decreasing spacer thick-

2These are the complementary samples to the 5-fold 7x SML stacks used for the investigation
with XRR in section 4.1.3
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Figure 4.22: Parameters extracted from the lineshape fits of low-temperature PL mea-
surements on the samples with varying GaAs spacer thicknesses. (a) Extracted 0D/2D
intensity ratios and (b) Huang-Rhys factors.

nesses, resulting in distinct S-shapes in the temperature-dependence for sufficiently

small InAs sheet separations.

For a TESD supply of 6.98 wmol, the spacer thickness reduction from 0.834+0.11 to
0.44£0.11 nm (2.9£0.4 to 1.6£0.4 monolayers) leads to an increase of the potential
fluctuations from 0.8+0.2 to 13.5+0.9 meV. At the larger supply of 13.96 umol TESb
an increase of 1.6+0.1 to 15.34+1.1 meV is found for spacer thicknesses reduced from
0.77£0.08 to 0.444+0.11 nm (2.7£0.3 to 1.6+0.4 monolayers).

For potential fluctuations below 2 meV, an S-shape is only barely discernible in
the temperature-dependent PL peak energies. Additionally, once the fluctuations are
larger than this threshold, they increase exponentially (Fig. 4.23c). Therefore this
value is defined as onset of strong charge carrier localization. Consequently, 0.5+0.11
nm (1.8+0.4 ML) and 0.54+0.08 nm (1.940.3 ML) are the spacer thicknesses for 6.98
umol and 13.96 umol TESb, respectively, below which charge carrier localization
sets in. This matches very well with the thickness value where the In+Sb content
has dropped to half of its initial value (1.80+0.34 ML, calculated from the previously
obtained segregation coefficient of 0.68+0.05).

As the larger TESb amount shows larger potential fluctuations and at starts at
a slightly larger spacer thickness, it seems as if a critical local Sb density has to be

present in order to enable strong charge carrier localization.

This investigation is concluded with three further samples that allow a comparison
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Figure 4.23: Results from the temperature-dependent PL. measurements on the samples
with varying GaAs spacer thicknesses. Peak energies of the samples with (a) 6.98 pmol
and (b) 13.96 pmol TESD supply. (c) Potential fluctuations extracted from a fit of the
peak energy positions.

between Sb-free and Sb-containing SML structures for reduction of spacer thickness.
The first two are 10x InAs/GaAs SML stacks without TESb supply with spacer
thicknesses of 0.96 nm (3.4 ML) and 0.48 nm (1.7 ML), respectively. The third
sample is a 20x SML stack with 0.44 pmol TESb supply and a spacer thickness of
0.31 nm (1.1 ML). Fig. 4.24a shows the low temperature PL spectra. The reduction
of the InAs sheet separation (black and red curve) leads to a redshift of the emission
from 905.5 nm to 955.5 nm and an increase of the FWHM from 3.0 to 4.8 meV, which
is a factor of 1.6. However, this increase is still significantly smaller than the one
resulting from an addition of TESb (compare Fig. 4.16). In contrast, the 20x stack
containing Sb (blue curve) is redshifted to 1093 nm due to Sb and the larger total
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Figure 4.24: (a) PL measurements at 10 K showing the influence of the spacer thickness
on samples with and without TESb supply. (b) Peak energy positions extracted from
temperature-dependent PL measurements.

stack thickness. It exhibits a FWHM of 12.4 meV, being comparable to samples
with significantly larger TESb supplies. Temperature-dependent PL. measurements
finally show, that the samples without TESb supply exhibit only band gap shrinkage
whereas an S-shape is present for the Sh-containing sample. The extracted potential
fluctuations are 0.54+0.3 meV without TESb and 4.440.5 meV with TESb.

From this investigation, the spacer thickness could be identified as an additional
parameter besides the TESb supply for tuning of the emission wavelength and lo-
calization depth in SML stacks. As a prerequisite for the latter, TESb has to be
supplied during the growth sequence as no evidence of strong charge carrier local-
ization is found for binary InAs/GaAs SML stacks.

4.2.4 Varying the number of deposition cycles

As the layer thicknesses separating the TESD flushes are only about one nm (about 4
monolayers) at maximum, it is conceivable that Sb accumulation effects may occur.
Therefore the influence of the number of deposition cycles on optical properties was
investigated. Using the largest TESb supply of 13.96 pmol, the number of deposition
cycles was varied between 4 and 25 while keeping InAs/GaAs ratio and individual

sheet thickness constant.
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Figure 4.25: Low temperature photoluminescence of InAs/GaAs SML stacks with 13.96
nmol TESDH supply and a varying number of deposition cycles i.e. total stack thickness.
(a) Measured spectra and (b) extracted peak energy positions and FWHM.
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Figure 4.26: Parameters extracted from lineshape fits of the low-temperature PL mea-
surements (see Fig. 4.25a) of samples with varying total stack thickness. (a) Extracted
Huang-Rhys factors and (b) 0D /2D intensity ratios.

As seen in Fig. 4.25, the emission wavelength continuously redshifts from 952 nm
to 1047 nm upon increasing the deposition cycles from 4 to 25, which corresponds
to an increase of the total SML stack thickness from 2.26 nm to 14.11 nm. The
FWHM first increases from 13.98 meV at 4 deposition cycles to 16.63 meV at 10
repetitions. Further increasing to 25 growth cycles decreases the FWHM again
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to 12.43 meV. Therefore, the maximum relative shift in this series is about 35%.
However, comparing these results to the TESb flush series shows that all samples
have large emission broadenings in comparison to samples with less or without TESb
supply. Further analysis of the lineshape yielded similar results (Fig. 4.26) for both
Huang-Rhys factors and 0D /2D ratios which remain on a comparatively high level
relative to samples without TESD.

In temperature-dependent PL measurements, the peak energies of all samples
exhibit an S-shape. The extracted potential fluctuations vary by a factor of about 2,
but again, the extracted values are large compared to samples with less TESb supply
and remain above the previously defined onset for strong charge carrier localization

of 2 meV at all times.
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Figure 4.27: (a) Temperature-dependent peak energy positions and (b) extracted poten-
tial fluctuations.

Judging from this investigation, it is unlikely that the repeated supply of TESb
leads to accumulation effects. While there is a certain spread in the determined
results, all of them remain on a level above samples with smaller TESb supplies
and at the same time, no indication of an increase of localization with increasing
stack thickness is found. An additional point is that the samples were not grown
in a consecutive manner. The sample series consists of 6 samples and the first and
last sample are 30 epitaxy runs apart. Therefore, it is not unreasonable to assume
that the variations determined from the measurements are caused by run to run

differences of the epitaxy.
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4.3 Tuning of luminescence properties

In the previous section, the influence of TESD supply, GaAs spacer thickness between
InAs sheets, and number of deposition cycles on emission wavelength and localization
properties has been investigated by low-temperature and temperature-dependent
PL measurements. As this section puts more focus on the application aspect, room-
temperature PL measurements were investigated and the emission wavelength and
FWHM were extracted directly from the PL spectra.

Table 4.3: General influence of growth parameters on emission properties as extracted
from low-temperature PL. measurements

Influence on

Growth parameter emission wavelength FWHM
TESb supply T T
Spacer thickness i 4
Number of deposition cycles T —

Table 4.3 shows a very simple summary of the influence of the investigated growth
parameters. As the total stack thickness primarily shifts the emission wavelength
and has only a very small influence on the FWHM, it should be possible to control
both emission properties independently of each other. For this, either TESb supply,
or spacer thickness, or a combination of both were used to choose the emission
broadening while the emission wavelength was afterwards adjusted by the number
of deposition cycles.

This is showcased in Fig. 4.28 for three different wavelengths (940 nm, 970 nm
and 1050 nm) with two samples for each wavelength. In all cases, the first sample
is a submonolayer stack without TESb supply. Upon addition of the TESb flush,
the redshifted emission has to be compensated. For the samples in Figs. 4.28a and
4.28b, this was achieved by changing the number of deposition cycles. The reduced
GaAs spacer thickness is a byproduct of the TESb flush due to the growth rate
reduction. In the last case, (Fig. 4.28c), the spacer growth time was adjusted as
well.

An additional question to answer was the wavelength range which can be covered
with the submonolayer stacks. In previous works at the TU Berlin, the SML stacks
have shown emission wavelengths of up to 1050 nm [126, 127]. In this thesis, the
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maximum wavelength achieved without TESb is 1083 nm for a 15x SML stack of
6.93 nm thickness and an In-content of 31.8% (0.15 nm InAs and 0.31 nm GaAs).
A further increase of the stack thickness or composition resulted in the formation
of dislocations (visible by optical inspection with a nomarski microscope) and a
degradation of the PL emission.

As has been shown previously, supplying TESb during the growth sequence with-
out changing any other parameters leads to a significant redshift of the emission.
However, this also cannot be done infinitely and has certain limitations. A too
large amount of Sb also leads to the formation of defects, necessitating a careful
adjustment of all three growth parameters. As shown in section 4.2.3, a 20x SML
stack with 0.44 umol TESbD supply and a spacer thickness of 0.31 nm exhibits a PL
emission wavelength of 1093 nm at 10 K and still shows signs of charge carrier lo-
calization. At room temperature the PL wavelength of this sample is 1160 nm. The
maximum wavelength achieved in this thesis is 1178 nm for a 30x SML stack with
0.44 pmol TESDb supply. Larger TESb supplies, total layer thicknesses, or average
compositions again led to formation of defects.

To gain an overview of the achievable emission properties of submonolayer stacks,

it is helpful to put the FWHM in relation to emission wavelength (see Fig. 4.29).
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Figure 4.29: FWHM with respect to the emission wavelength.

By doing so, a wavelength range from 900 to about 1100 nm is covered with
samples showing quantum well-like emission properties (black circles). The FWHM

of these samples samples lies between 5 and 20 nm and shows an overall increase
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with increasing emission wavelength. As longer wavelengths are achieved for SML
stacks of larger thickness, formation of In-rich regions with varying degrees of local
In content, i.e. an increase of compositional disorder, is more likely. An extended
wavelength range is covered by samples exhibiting quantum dot-like properties (red
circles) as the maximum achievable wavelength is increased to about 1180 nm. Ad-
ditionally, the FWHM is now tunable independently of the wavelength, due to the
additional tuning parameter provided by TESb supply. At maximum, the FWHM

can now be tuned between 5 and 50 nm.



5 Properties of lasers with SML QDs

With the ability to control the degree of localization independently of the emission
wavelength as demonstrated in the previous sections, it was now possible to compare
active media of different electronic configuration in laser diodes. For this analyis, 980
nm was the chosen target wavelength as it has been increasingly used in VCSELs
due to its advantages of a higher differential gain [20, 21, 23, 91] and improved
temperature stability as compared to VCSELs emitting at 850 nm [18, 19].

Characteristic laser properties are often obtained from length-dependent measure-
ments (see section 2.6), therefore edge-emitting lasers (section 3.3.1) were investi-
gated instead of VCSELs.

A TESb flush of 6.98 pmol was added to the growth sequence of an initial
InAs/GaAs submonolayer stack. Using the adsorption model as described in the
previous chapter, the average layer compositions were determined to be Ing7GaAs
without and Ing;3GaAsSbg 14 with the flush. To achieve roughly the same emis-
sion wavelength around 980 nm, the number of deposition cycles has been adjusted

accordingly. A summary of structural and optical properties is given in table 5.1.

Table 5.1: Structural and optical properties of the active regions

Average composition Ing17GaAs Ing;3GaAsSbg 4
Deposition cycles 12 6
SML stack thickness (nm) 8.1 2.5
PL emission wavelength (nm) 988 977

5.1 Static laser characteristics

As detailed in section 3.3.1, 100 wm broad laser stripes were fabricated. Using an

1-D mode solver [142] and the structural parameters from tables 3.1 and 5.1, optical
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confinement factors of both broad-area structures can be calculated to be 0.0157
without and 0.0048 with TESD.
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Figure 5.1: L-I curves of broad-area lasers for laser lengths ranging from 1 to 4 mm with
(a) InAs/GaAs and (b) InAsSb/GaAs SML stacks as active region.

Fig. 5.1 shows L-I curves of lasers with lengths ranging from 1 to 4 mm. Sub-

optimal laser processing may lead to degraded laser performances [194] which man-

ifests in reduced slope efficiencies above threshold. So only those lasers with the

largest slope efficiencies for a given device length were selected for subsequent anal-

ysis.
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Figure 5.2: Cavity length dependent inverse differential quantum efficiency. Filled sym-
bols are the values extracted from the L-I measurements, solid lines are obtained from
least-squares fits of equation 2.20.
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Fig. 5.2 shows the inverse differential quantum efficiency with respect to laser
cavity length. By fitting the obtained data with (2.20), the internal quantum effi-
ciency and optical losses were obtained. The quantum efficiency remains constant at
0.88+0.03 without and 0.88+0.08 with TESb supply. Meanwhile, the losses increase
from 3.1240.26 cm ™! to 4.104+0.77 cm ™.
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Figure 5.3: Determination of gain parameter and transparency current density. (a)
Analysis of the threshold current density vs. inverse cavity length. Solid lines are fits to
equation 2.22. (b) Calculated modal gain for different laser lengths vs. threshold current
density. Solid lines are fits to (2.21).

To determine the gain parameter at the point of material transparency I'gy, and
the corresponding transparency current density J;., both the length dependent fit
with (2.22) and the approach using the empirical relation between gain and current
density (2.21) were employed (compare section 2.6). The second one was performed
to verify the applicability of the logarithmic gain approximation as it has been
suggested to be inadequate for quantum dot lasers [213].

From the length-dependent fit, an increase of the transparency current density
from 63.441.4 A /em? to 75.442.8 A /em? and a slight increase of the gain parameter
20.540.8 em ™! to 23.341.7 em™! was obtained for the Sbh-containing active region
design.

The fit of (2.21) to the calculated modal gain confirmed both lasers are accurately
described by such approximation. Thereby, the increase of the gain parameter from
20.540.8 cm~! t0 22.6+1.7 cm~! was found, in agreement with the length-dependent
fit. Deviations of 13% were found for the transparency current in both cases with
an increase from 72.041.6 A/cm? to 84.543.3 A/cm?. This is likely caused by the
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least-squares algorithm which is used for the fit as it minimizes the deviation of
threshold current density in the length-dependent fit and the deviation of modal
gain in the gain approximation. The qualitative result is, however, the same with
an increase of about 18% due to the addition of TESb.

Using the results from the length-dependent measurements and the calculated op-
tical confinement factors, the averaged material gain was determined to 1504452 cm ™!

without TESb and 57154387 cm™! with TESb.
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Figure 5.4: Temperature-dependent L-I curves from the broad-area lasers. (a)

InAs/GaAs and (b) InAsSb/GaAs active region.

As last figure of merit of the static characteristics from the analysis of broad-
area lasers, the temperature stability was investigated. Temperature-dependent L-I
curves were recorded for lasers of 1.1 mm (no Sb) and 1 mm (6.98 pmol Sb) length
(see Fig. 5.4) in the temperature range from 0° C to 80° C.

Two separate regimes exist with a transition between 40° C and 45° C (Fig. 5.5).
Both regions were fitted with the relation 2.30. Below a heatsink temperature of
45° C a decrease of the characteristic temperature from 140.3+2.2 K to 111.9+1.9
K was found, whereas above it, TO decreases from 88.843.0 K to 70.54+1.5 K upon
addition of Sb.

The obtained parameters are summarized in table 5.2. Overall, the Sb leads to
an increased material gain and a simultaneous increase in threshold current density.
The first one can be explained by the large density (~10* cm™2) of 0D localization
centers in the SML stack. The second aspect is caused by the interplay of density,

confinement factor and inhomogeneous broadening. As Sb is incorporated into the
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Figure 5.5: Threshold current density with respect to the temperature for the broad-area
lasers.

SML stack, the inhomogeneous broadening increases, distributing the gain over a
larger spectral range and reducing the peak gain (compare PL spectra in Fig. 4.28b).
Additionally, the total stack thickness is reduced for the Sbh-containing laser (table
5.1), thus decreasing the confinement factor, further limiting the maximum modal
gain. Coupled with the large density of 0D localization centers which need to be
inverted before contributing to the lasing process, an increase of threshold current is
within expectations. Theoretical calculations suggest that the optimal QD density
lies in the low 10 em™2 range [213, 214]. A possible explanation for the decreased
temperature stability is given by the influence of Sb incorporation on the wave
functions (see section 4.1.1). As Sb is incorporated into the In-rich regions, the
electron wave function delocalizes from them. Thus, a larger electron leakage current
from the SML stack is within expectation.

The gain of the SML stacks was reexamined again on narrow-stripe lasers to
extract wavelength-resolved gain curves. Two 700 pm long lasers fabricated from
the same wafer material as the broad-area lasers were investigated here. Due to some
processing issues, the lasers have a different ridge width, the laser without TESb
being 3.8 pm and the laser with TESb being 3.3 pm wide. The confinement factors
calculated with a 2-D modesolver [143] are identical to the ones of the broad-area

lasers.
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Table 5.2: Internal parameters obtained from the broad-area lasers

In0.17GaAs Il’lo.lgGaASSbo‘lzl

Lasing wavelength (nm) 990+5 97943
n; 0.88£0.03 0.88£0.08
a; (cm™Y) 3124026 4.10£0.77
Jor (A/cm?) 63.4+1.4 75.442.8
Tgy (cm™) 20.540.8 93.34+1.7
r 0.0157 0.0048
Zmar (™) 1504452 5715387
TO (< 45° C) 140.3£2.2 111.94+1.9
TO (> 45° C) 88.8+3.0 70.5+1.5

Fig. 5.6 shows the LI curves for both lasers under dc conditions. Again, a linear
fit above threshold can be used to determine the external quantum efficiency and the
threshold current density. Adding Sb results in a decrease of the quantum efficiency
from 0.99 to 0.94 while the threshold current density increases significantly from
385 A/em™2 to 669 A/cm 2!
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Figure 5.6: L-I curves of the investigated narrow-stripe lasers.

To extract the gain, high-resolution optical spectra were recorded below threshold.
As described in section 2.6, two methods are available to extract the gain. As

the Hakki-Paoli method is more sensitive to measurement noise, the internal losses

!The errors obtained from the fit are smaller than 1% of the fit values, therefore they are not
mentioned here.
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extracted from the long wavelength region of the spectra are unrealistically small or
even positive. As such this method was only used to double check the overall result

from the nonlinear least-squares fit.
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Figure 5.7: Gain obtained from the high-resolution optical spectra of the narrow-stripe
lasers driven at currents below threshold. (a) InAs/GaAs and (b) InAsSb/GaAs active
region. The dashed lines at the top mark the maximum achieved modal gain while the
bottom ones are calculated by averaging the long wavelength tail of all gain curves to
obtain the internal losses.

From the gain spectra shown in Fig. 5.7, the internal losses and the maximum
modal gain can be determined. For the Ing1;GaAs active region a peak modal
gain of 15.604:0.14 cm™! and internal losses of 2.964-0.37 cm ™! are found while the

1

Ing 13GaAsShg.14 active region shows a very similar gain of 15.75+0.18 cm™" and

increased internal losses of 3.254-0.49 cm™?.

To extract the local gain parameter and the transparency current density, the
peak modal gain was put into relation to the respective current density and fitted
with the logarithmic gain approximation (Fig. 5.8)

As before, the gain approximation works very well. From the fit, a gain coefficient
of 27.6340.27 cm ™! and a transparency current density of 23141 A /cm? is obtained
for the laser without Sb. For the laser with Sb values of 16.2040.49 cm~! and
269+6 A /cm? were determined.

The discrepancy between achieved peak modal gain and gain parameter can be
explained by the clamping of the gain once the lasing threshold is reached. As such
the maximum gain achieved in this investigation is determined by the losses of the

laser structure. The gain parameter on the other hand can be interpreted as a
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Figure 5.8: Peak modal gain obtained from the gain spectra with respect to the current
density.

measure for the potentially achievable modal gain of the active region in question.
Therefore, the SML stack without Sb would be able to achieve lasing action in

structures of larger losses.

Using the confinement factor and the gain parameter, the material gain could be
calculated to 1572429 cm ™" for the laser without and 26964145 cm =" for the laser
with Sb.

Lastly, as expected from the previous PL investigations, the gain measurements
show that the FWHM of the gain spectra is strongly increased by about 50% from
25.940.3 nm to 42.9+0.2 nm upon the addition of Sbh.

Table 5.3 summarizes the results obtained from static measurements on narrow-
stripe lasers. Most show similar trends as the parameters obtained from the broad-
area lasers, e.g. the transparency current density increases by ~17%. Internal
losses also show an increase in the narrow stripe lasers, albeit only by about 10%
in contrast to ~31% as obtained from broad area lasers which may be explained by

differences in processing.

The most striking deviation is in terms of the material gain. While the values for
the SML stack without Sb is nearly identical (1504 and 1572 cm™!), a difference of
a factor of ~2 is found for the laser with Sb (5715 to 2969 cm™'). This however,
can be explained with the different methods of determination and the influence of

the width of the gain spectrum. As mentioned before, any gain value from the
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Table 5.3: Internal parameters obtained from the narrow-stripe lasers

In0.17GaAs Ino.lgGaASSbo.lzl

Lasing wavelength (nm)  996+0.2 975+1
T (A/cm?) 385 669
Newt 0.99 0.94
AG (nm) 25.940.3 42.940.2
Gimas (cm ™) 15.6040.14  15.7540.18
a; (cm™) 2.06+0.37  3.2540.49.
Jir (kA /cm?) 23141 26946
gy (em™1) 27.63£0.27 16.20+0.49
r 0.0157 0.0048
Smat (cm™h) 1572£29 26961145

broad-area lasers is averaged over the whole emission spectrum (i.e. modes) as it is
determined from L-I curves. In contrast, the value obtained from the optical spectra
is only valid for a single longitudinal mode. As such, the results from an analysis
of gain-current approximation based on spectrally resolved gain measurements and
the ones obtained from length-dependent L-I measurements diverge with the width

of the gain spectrum.

5.2 Dynamic laser characteristics

5.2.1 Small-signal response

To assess modulation capabilities of the lasers, small-signal measurements were per-
formed. All obtained curves were fitted with three-pole transfer functions as de-
scribed in section 2.6. Fig. 5.9 shows the So; response curves with the largest -3-dB
bandwidth for both lasers.

For the laser without Sb a maximum bandwidth of 7.2 GHz at a drive current of
90 mA was found and for the laser with Sb a bandwidth of 5.8 GHz at drive currents
of 100 mA. As lasers based on quantum dots exhibit a higher intrinsic damping as
compared to quantum well lasers, a decreased -3-dB frequency is expected due to
the larger degree of 3D localization upon addition of Sb to the active region.

By comparing the resonance frequency to the square root of current above thresh-
old, the D-factor (see (2.38)) could be determined. For the laser without TESb flush
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Figure 5.9: Small-signal response curves with maximum -3-dB bandwidth for the two
investigated lasers.

during SML growth, a D-factor of 0.62640.008 GHz/v/mA was extracted, while for
the laser with Sb, a value of 0.534+0.002 GHz/v/mA was found. By neglecting
transport effects (x ~ 1), the differential gain can be extracted using (2.39), show-
ing a decrease from (5.1140.21)-107' ¢m™ to (3.2640.28)-107'6 cm 2.
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Figure 5.10: Resonance frequency with respect to the square root of the bias current
above threshold. Symbols are extracted from S21 measurements, solid lines are fits to
(2.38) to determine the D-factor.

Another figure of merit, the K-factor, can be obtained from the damping factor vs

the squared resonance frequency (see (2.40)). Here an increase from 0.8104+0.014 ns
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Figure 5.11: Damping factor vs squared resonance frequency. Solid lines are obtained
by fitting (2.40) to the data determined from small-signal measurements (symbols).

to 1.092+0.024 ns was found. By using the group velocity as extracted before, the
resulting photon lifetime, and the differential gain as obtained from the D-factor, the
gain compression factor could be calculated. The addition of Sb changes the gain
compression only slightly from (5.402+0.33)-107'7 cm? to (5.2840.50)-1077 cm?.

Finally, the MCEF was extracted by plotting the -3-dB frequency with respect to
the square root of the current above threshold. The addition of Sb decreases this
value it from 0.88740.016 GHz/v/mA to 0.726+0.005 GHz/v/mA.
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Figure 5.12: Determination of the MCEF from comparing -3-dB frequency vs square
root of the bias current above threshold.
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Table 5.4: Internal parameters obtained from the narrow-stripe lasers

In0,17GaAs Ino.lgGaAsSbo.M
D-factor (GHz/vmA) 0.626£0.008  0.5340.002

K-factor (ns) 0.81040.014  1.092-0.024
MCEF (GHz/vmA) 0.88740.016  0.72640.005
dg/on (10716 cm?)  5.1140.21 3.2640.28

7, (ps) 6.48+0.52 6.2740.58
e (10717 cm®) 5.40+0.33 5.2840.50

The results from the small-signal modulation measurements are summarized in
table 5.4. Overall, the small-signal performance declines upon the addition of Sb.
Similar to before, this can be explained by gain distribution over a large spectral
range and the reduced optical confinement factor. For broad gain spectra as in the
Sb-containing device, charge carriers can also recombine at energies not in resonance

with the lasing modes, thus decreasing the overall modulation efficiency.

5.2.2 Large-signal modulation

As a final test, large signal modulation experiments were performed with the lasers.
The used PRBS sequence has a length of 27-1 bit. Both lasers were compared at
working points yielding comparable -3-dB frequencies (58 mA for the laser without
Sb and 110 mA for the laser with Sb).

All laser showed signal overshoots and high intensity noise when using the 45-GHz
single mode detector as in the small-signal measurements, even at the lower bit rate
limit of the Bit Pattern Generator of 6 Gbit/s. Therefore the detector unit was
replaced with a custom made 28-GHz limiting photoreceiver to enable a comparison
of the lasers in terms of achievable bit rate. A maximum error-free bit rate of
12.5 Gbit/s and a signal-to-noise-ratio (SNR) of 3.4 at a drive current of 58 mA
was achieved for the laser without Sb. The laser with Sb reached 17 Gbit/s and a
SNR of 2.8 at a drive current of 110 mA. The corresponding error curves and eye
diagrams are shown in Fig. 5.13.

The larger drive current of the Sbh-containing laser also corresponds to a larger
output power. Assuming all of the light emitted from one facet is collected by the
tapered fiber, the output power of the laser with InAs/GaAs SML active region
was ~24 mW whereas the laser with InAsSb/GaAs submonolayer stack emitted
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Figure 5.13: BER curves and eye diagrams obtained from the narrow-stripe lasers.

~42 mW (compare Fig. 5.6). Additionally a larger voltage swing had to be used for
the Sb-containing laser (0.95 Vpp to 1.24 Vpp, see Fig. 5.13).

Therefore, the larger bit rate is primarily achieved due to the higher signal at the
photoreceiver. Operating the laser without Sb at a sufficiently large drive current

and voltage swing should therefore enable larger bit rates.






6 Conclusion

Summary

With the use of an TESb flush, a method for altering the electronic confinement
in InAs/GaAs SML stacks has been developed and successfully applied to edge-
emitting directly modulated laser diodes. The detailed structural and optical anal-
ysis of the Sb incorporation allowed to develop an analytical model for the incor-
poration behavior and to control the degree of confinement and inhomogeneous
broadening of the emission which was then introduced into the active region design
of laser diodes. Such devices were compared for static and dynamic characteristics
with regard to active region design.

By combining results from XRD and GIXRF measurements, the total amount of
incorporated Sb could be determined. For short TESb supply times the incorpora-
tion behavior was found to follow Langmuir-type adsorption. At longer time scales,
however, parasitic reactor effects need to be taken into account. To fully model
the behavior, two additional reaction components are necessary and a difference
between the reaction constants of a factor of >600 was found. Moreover, a growth
rate reduction upon addition of TESb to the growth sequence was observed.

XSTM measurements showed a preferential Sb incorporation into In-rich regions
in the SML stacks. Resulting from the shift of local valence and conduction band
edges a decreased transition energy, reduced wave function overlap, and increased
dipole moment was predicted from eight-band k-p simulations for such incorporation
behavior.

Analysis of temperature-dependent photoluminescence measurements using an
extended lineshape model yielded results agreeing to the simulations, showing a
redshift of emission wavelength and increase of Huang-Rhys factor. Furthermore,
samples with large Sb contents exhibited an S-shape in the temperature-dependent
PL peak energy positions and individual emission lines in spatially resolved CL

measurements, thus confirming the enhanced charge carrier localization.



92 6 Conclusion

In addition to the supplied TESb amount, the thickness of the GaAs spacer and
number of deposition cycles have been identified as tuning parameters for the optical
and electronic properties. A maximum spacer thickness for the presence of strong
charge carrier localization of 1.8 to 1.9 ML GaAs was found, suggesting a critical

local Sb atom density.

Using these three parameters, the optical properties of SML stacks can be adjusted
to the target application. PL wavelength and FWHM could be independently tuned
in a range of 900 to 1180 nm and 10 to 50 nm, respectively.

After analysis of the fundamental properties, the application in edge-emitting
lasers has been investigated. Length-dependent measurements on broad-area lasers
show a strong increase of the material gain at the cost of increased internal losses

and transparency current density.

An investigation of spectrally resolved gain curves using narrow-stripe laser shows
an increase of the gain bandwidth by about 50% and confirms that Sb leads to an

increase in material gain.

The increase of both internal losses and threshold current can be explained by
the decreased confinement factor which limits the modal gain, gain distribution
over a larger spectral range causing a decrease of the peak gain and large density
of localization centers which have to be inverted before contributing to the lasing

process.

Finally, the modulation capabilities of the narrow-stripe lasers were investigated.
A decrease of -3-dB bandwidth was determined for the Sb-containing device from
small-signal measurements. In large-signal measurements, a larger bit rate could be
achieved using the laser with Sb when both lasers were driven at working points with
similar -3-dB bandwidths. However, this was primarily caused by the difference in

optical output power.

In summary, InAs/GaAs SML stacks without Sb seem to be more suitable for
the application in directly modulated lasers. While SML stack characteristics can
be successfully tuned from QW- to QD-like by using Sb, the very high density
of localization centers and broad gain distribution incur drawbacks in the form of

increased drive currents and modulation swings.
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Suggestions for further research

Using the presented work as a basis, further investigations of Sb-containing InAs/GaAs
SML stacks could be performed.

Using the proposed incorporation model the influence of growth parameters (growth
temperature, reactor pressure, growth rates, etc.) on the incorporation behavior of
Sb could be investigated.

Additionally, the maximum wavelength achieved in this thesis is 1180 nm, limited
by defect formation. As conventional Stranski-Krastanov In(Ga)GaAs high-density
quantum dot ensembles have been shown to reach emission wavelengths of up to
1320 nm [51-53], it would be interesting to see if the SML growth mode is also an
alternative for the fabrication of high QD densities emitting in this spectral range.

Using the approach of this thesis, the application in devices for which broad gain
spectra are advantageous, e.g. semiconductor optical amplifiers, mode-locked lasers,
and temperature-stable VCSELS, could be investigated.

Furthermore, only single SML stacks have been used in this work. As no 2D-3D
transition occurs during SML growth, requirements concerning the spacer thickness
between SML stacks might be less strict compared to multiple layers of SK-QDs,
thus potentially allowing for larger optical confinement factors and modal gains.

Finally, the performance of directly modulated lasers using Sb-containing SML
stacks is limited by the very high density 0D localization centers. As simulations
suggest an optimal density in the low 10! cm~2 range, the ability to tune the density

of In-rich regions in the SML stack would be of interest.
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