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Abstract

The ever increasing data streams transmitted via optical networks, combined with a grow-
ing interest in reducing the energy consumption of these same networks, have made it
clear that a new generation of light sources is needed for the networks of the future. In
this work, we examine one candidate device, a mode-locked ridge waveguide quantum
dash laser. Quantum dash and dot gain media both exhibit spontaneous mode-locking,
reduced sensitivity of their performance to temperature, and lower threshold current den-
sities. Dashes additionally offer higher peak gain and broader gain bandwidths, but show
higher phase noise than dots.

We develop a quantum dash laser model in a commercial laser simulation package, Crosslight
PICS3D, that predicts several device performance characteristics, including threshold cur-
rent density and slope efficiency. The model is calibrated to experimental results at tem-
peratures of up to 70°C. Using the numerical model, we identify the crucial role the wetting
layer plays in the overall device behaviour. Its ability to capture and trap carriers accounts
for a significant portion of the non-radiative recombination occurring in these devices and

is a major driver in the roll-off observed for higher current densities and temperatures.

The model is then used to test a variety of design considerations that would offer potential
pathways towards a higher performing device, creating a short list of considerations that
are to be examined experimentally. Three proposed designs were grown and fabricated.
The designs studied varied the number of quantum dash layers, increased the quantum
dash layer spacing within the separate confinement heterostructure, and added an unipolar
barrier to prevent electron escape into the p-cladding. We find that the addition of a 100
nm InAlAs barrier at the interface between the separate confinement heterostructure and
the p-cladding increases the wall plug efficiency by up to 20% at elevated temperatures

without altering the lasing spectrum bandwidth.

xi
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Introduction

We live in a society that is producing and transferring an incredible volume of data every
day. In 2022, every minute of every day, the 5 billion people that had access to the internet
were sending 16 million texts and 231 million emails, uploaded 500 hours of video footage
to YouTube, and conducted over 6 million web searches. All in all, over 97 zettabytes of
data were transferred in 2022 [1]. If we use solid state hard drives similar to the one this
thesis is written on to store all that data and move it between locations, we would need
approximately 200 million hard drives, each weighing in at just over 40 g. Assuming the
best case scenario of perfectly densely packed data, with each hard drive filled to the brim,
moving all the data using physical hard drives would then result in shipping roughly 8
million tons of weight around, not far off from the 11 million tons of crude oil that were
transported via ship in 2021 [2,3]. This illustrates the sheer scale of information trans-
ported, which generally happens seamlessly and out-of-sight. And the data transported
is only projected to increase, as estimates predict an almost doubling of all data traffic
to 181 zettabyte by 2025 [1,4]. It is therefore important to increase the capacity of the
networks that enable this flow of data to be ready for this deluge on the horizon.

Moving vast quantities of data about however comes at a price: energy. Transferring in-
formation takes vast amounts of energy, and the communication technologies that enable
this transfer were estimated to consume somewhere between 1 to 1.5 % of global electricity
production in 2018 [5]. An impressive increase in the energy efficiency of communication
devices, especially on the network side, has caused the relative share of electricity de-
mand to remain stable while transferring ever greater data volumes, but there is evidence
that there are severe limitations for further efficiency increases using traditional network
hardware. As processors hit physical limits and Moore’s law grinds to a halt, future
data demand is likely to be matched by a proportional increase in energy demand [6]. In

2020, communication technologies were estimated to already produce somewhere between



1 Introduction

600 to 700 MtCOsqe!, or 1.8 to 2.8 % of annual greenhouse gas emissions [6,7]. And
while some of this shared information may cause a reduction in green house gas emissions
elsewhere through higher process efficiencies or reduced travel, the magnitude of the emis-
sions savings are hard to quantify, and difficult to compare, and should therefore not factor
meaningfully into sustainability considerations [6,8,9]. Somewhere between 42 to 68 % of
these greenhouse gas emissions are created by the network infrastructure, that is the net-
work of hubs and data centres that route, store, and manipulate data [7,10]. A lot of this
energy is not spent on computations however. Since most of the potential electrical energy
that enters a data centre eventually turns into heat, they grow hot quickly. Since a lot of
networking hardware is designed to operate in a relatively narrow temperature window, an
extensive amount of cooling is required to avoid equipment failure and extend component
lifetimes. For an average data centre, roughly one third of the energy input goes towards
cooling equipment operation [11]. Depending on the equipment and cooling setup, run-
ning these facilities at higher temperatures can result in significant energy savings [12].
Having photonic components that are capable of operating at elevated temperatures could
therefore translate directly into energy savings, thereby reducing the ecological footprint
of communication technologies. It also lowers the threshold for the deployment of fibre
optical systems, as smaller network hubs built to serve lower density communities in rural
settings require less capital overhead if cooling can be sized differently or even be mostly
foregone.

This work is focused on mode-locked semiconductor laser diodes, which could increase
the data rates of existing network infrastructure while simultaneously offering a reduction
in complexity and energy consumption. Laser diodes already play a crucial role in fiber-
optical networks, which make up a large portion of the physical transport layer for high
throughput interconnects and long haul telecommunications. The data rates, fidelity, and
reach of fiber bundles are unparalleled over long distances, which is why 99 % of intercon-
tinental data transfers are estimated to occur via fiber [15]. The role of the laser diode
in these networks is to act as a light source which is then modulated in order to encode
information. This information will be processed digitally, using electronic components
with maximum operating frequencies in the 10s of GHz, thereby limiting the maximum
modulation frequency [16]. The modulation frequency in turn limits the maximum achiev-
able bit rate per channel, which is the rate at which information can be written to or read
from a single channel. In order to achieve higher data rates from a single data stream,
multiple channels are combined into one data stream. The channels remain distinguish-

able by division of the signal into multiple time, polarization, wavelength (frequency), or

IMtCOze is the mass of emitted gasses, scaled by a factor that varies depending on their effect on the
global greenhouse effect compared to CO2. A gas that results in greater atmospheric heating than
CO2 will have its weight scaled by its global warming potential to reflect an increased impact on global
climate.



1 Introduction

IE|2 EIZY ty ty

l t ’ EIZY ¥
| Modulator 0 H Delay stage 0 P \ *1 ‘ >t i |
t ’ ' \ / t

[ ¢ ' ' \/ o L@ 1y
ty # Amplifier }

\ | Modulator N H Delay stage N }

a. Optical Time Division Multiplexing . ‘ ] (\ :

Ay ‘ “ Optical signal
I Filter 0 H Modulator 0 } fI H H“' Electronic signal

Ay 4+ Amplifier ;
[ Filter N }{ Modulator N | / :

b. Wavelength Division Multiplexing ' ’ 2
: -_ReceiverN

Figure 1.1: Sample optical time division and wavelength division multiplexing setups. Po-
tential applications for a comb laser are indicated by the devices with a light
teal background. Inspired by [13] and [14].

quadrature channels. This act of signal division is known as multiplexing, and multiple
methods of multiplexing can be combined to push bit rates even further [17]. Wavelength
division multiplexing (WDM), also known as frequency division multiplexing (FDM), and
optical time division multiplexing (OTDM) are the most mature schemes in fiber optical
systems [17-19]. A sample setup for each system is shown in Fig. 1.1. A light source pro-
duces a base signal, that is then modulated by an array of modulators. There are a variety
of modulation schemes, ranging in complexity from simple return-to-zero one-off keying
(RZ-O0OK) common in OTDM to more complex protocols such as phase or amplitude
shift keying (PSK or ASK) for WDM [20]. The choice of protocol defines the maximum
possible bit rate per channel, but is dependent on the speed and stability of the available
equipment [21].

In the case of OTDM, the light source has to produce a continuous stream of narrow
pulses, with as little pulse jitter and background noise as possible to avoid cross-talk be-
tween adjacent time bins. For a pulsed source emitting pulses at the repetition rate f.cp
split into N channels with each channel modulated at f,,04, as illustrated in Fig. 1.1a,
the highest achievable transmission speed is then N - f,.4, given that the pulse width is
smaller than the width of the modulated time window f&(l) 4 For 40 GHz modulation, the
upper pulse width limit is then approximately 250 ns.



1 Introduction

For WDM, there are two traditional approaches to creating multi-wavelength light sources:
arrays of thermally stabilized vertical cavity surface emitting lasers (VCSELSs) or dis-
tributed feedback (DFB) lasers, or current-tunable multi-section distributed Bragg re-
flector (DBR) lasers [22,23]. To avoid cross-talk and to account for drift in the carrier
wavelength, channel spacing was kept around 100 GHz, or 0.8 nm in the C-band around
1550 nm (see Fig. 2.10a.) [23]. This spacing was decreased using coherent WDM), which
introduces a fixed phase relationship between neighbouring channels, thereby eliminating
the phase noise. This allows a higher number of channels in a given wavelength range
than conventional WDM, with channel spacing decreasing below 25 GHz, raising the data
rates fourfold [24]. One method of obtaining these phase-stable multi-wavelength sources
are mode-locked quantum dash lasers. They have shown stable mode-locking with narrow
channel spacing for over 48 channels, resulting in single fiber data rates of 10.8 Thit/s [25].
Additionally, they are ideal platforms for future hybrid WDM/OTDM schemes due their
narrow pulse widths and negligible timing jitter [17,26].

The goal of this work was to analyze a mode-locked monolithic ridge waveguide InAs/InP
quantum dash laser, understand its internal dynamics, identify performance limiting mech-
anisms, and then propose different design changes to alleviate these shortcomings. The
design is developed and fabricated by researchers at the National Research Council of
Canada (NRC). The optimization of the design was done primarily with respect to a
reduction of performance degradation with temperature, focusing on output power and
efficiency at higher temperatures. Higher temperatures in the context of this work refer
to the 70 to 85°C range, the upper limit for the auxiliary systems in most networking
equipment.

This work is split into five chapters, not counting the introduction and conclusion. Chap-
ters 2, 3, and 4 explain semiconductor fundamentals relevant to this work, mode-locked
lasers, and numerical simulation methodology as it applies to the work at hand. Chap-
ters 5 and 6 present the results of this work. Chapter 5 outlines the calibration of the
model, and illustrates the differences between the physical system and the model at hand.
The last chapter, Chapter 6, looks at potential design variations from literature on de-
vices in other material systems, focusing on improving the temperature stability. Multiple
designs are examined using numerical simulation, and the most promising design changes
are fabricated and tested.

The first theory chapter, Chapter 2, introduces the fundamentals of semiconductors with
a focus on properties relevant to semiconductor lasers. We use the Bloch theorem to illus-
trate the origin of the band states in zincblende semiconductors, since this work focuses on
devices in the InGaAsP material system. These states are used to discuss the behaviour of
the system under strain and temperature, and the consequences for intra- and interband

optical transitions as a result. Doping and defects are discussed, both as a means for



1 Introduction

device structuring and potential sources of loss. The role of dimensionality is discussed,
and a framework for calculating confined states using the effective mass approximation is
developed. Lastly, a brief survey of growth methods used for these devices is provided,
to serve as a foundation for the discussion of the available design space for material and
geometry related parameters in later chapters.

Chapter 3 explains laser essentials required to understand monolithic mode-locked semi-
conductor diode lasers. The concept of cavity modes is introduced and expressions for
the spectral and spatial mode shapes of a plane mirror Fabry-Perot cavity are derived,
identical to the one in the laser design examined in this work. The requirements for laser
gain media are examined, and requirements for coherent light emission from semiconduc-
tor gain media are explained. The current theory of mode-locking in semiconductor diode
lasers is then discussed and how it pertains to the device at hand. The final part of the
chapter is a discussion of temperature-related semiconductor laser performance degrada-
tion, where common degradation mechanisms are examined, such as the alteration of the
band structure leading to a reduction in carrier confinement and changes in the occupation
broadening diminishing the peak gain.

The last chapter providing background, chapter 4, is concerned with the numerical simu-
lation of semiconductor optoelectronics. The basics of finite element drift-diffusion calcula-
tion are examined in the context of device simulation in Crosslight PICS3D, the modelling
environment we predominantly used in this work. Since a few simulation runs involve
thermal modelling, a discussion of the heat generation and transport models available
in PICS3D is included. The environment’s optical solver is examined in great detail, as
well as its connection to the drift-diffusion model to achieve a degree of self-consistency
between optical and electrical model predictions. Since the optical mode solver shares
several similarities with the solver used in the calculation of confined states the calcula-
tion of states is discussed as well. A few important material parameters and their models
are explored, and a brief discussion of the interpolation approach of properties for the
quarternary semiconductor alloys is included.

Chapter 5 introduces the basic structure of the device and specific, design-related as-
sumptions made in the model approximation. Uncertainties about material and structural
properties are highlighted where they seem pertinent, and the underlying reasoning for the
approximations or estimates used in the model is explained. The calibration of the model
for the baseline design as a function of temperature and cavity length is then shown. The
baseline design is a device featuring five layers of quantum dashes that acted as the initial
reference point for the model. Lastly, we examine the distribution of carriers and photons
in the device and correlate it to expected parameter impacts.

Chapter 6 is the final chapter and culminates the previous sections’ work into suggestions

for potential performance improvements. It starts with a review of previous attempts at
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performance improvement, gathering approaches tried in other material systems or for dif-
ferent device designs, such as buried heterostructure lasers or devices featuring tunneling
injection quantum wells. This list of potential improvements is then examined for feasi-
bility and ease of integration into the existing device. The options showing the greatest
promise in terms of performance improvement combined with a manageable increase in
fabrication complexity were evaluated numerically, and the simulation results were used
to generate a reduced list of devices to examine experimentally. The list consists of two
avenues of design optimization, in addition to including a general reduction of the to-
tal number of quantum dash layers to four. Guided by simulation results, the effect of
increasing the spacing between adjacent quantum dash layers was examined, as well as
the addition of an InAlAs electron blocking layer at the top of the separate confinement
heterostructure. These designs were then fabricated at the NRC and tested to validate
model predictions. An improvement in the performance of devices is found for either de-
sign approach, more pronounced for shorter cavity lengths. Interestingly, the combining
both design changes is not cumulative.

The appendix has two sections of additional information the interested reader might find
useful when trying to examine the results presented in this work more thoroughly or if the
reader is interested in using the suite of scripts designed to support Crosslight PICS3D.
The first part of the appendix presents additional experimental data that was used to de-
rive some of the higher level performance parameters that were presented throughout the
different chapters, predominantly chapter 6. They were moved to the appendix to keep
the flow of the specific sections more succinct. The second part features an introduction
describing the operation of selected scripts that were used to create and run simulations in
PICS3D with less user oversight, and provide useful interfaces to manage the large volume

of data created by each simulation run.
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2.1 Crystalline materials

Most materials relevant to optoelectronics are solids, with a crystalline or amorphous
arrangement of their constituent atoms. A crystal is any material that exhibits a three-
dimensional translational symmetry to this arrangement. This implies that the entire
symmetry of the macroscopic crystal can be reduced to the symmetry of a single micro-
scopic unit cell. Translation of this unit cell through space along base vectors recreates
the macroscopic crystal. In contrast, in an amorphous material, small perturbations of
the constituent atom positions result in this translational symmetry only existing for very
short translations of a few unit cells, or collapsing altogether. For all future considera-
tions, we will also assume we are dealing with a monocrystalline material, implying that
the translational symmetry extends over the entire corpus of the material. In contrast,
some materials, such as Si commonly used in solar photovoltaics, are used in a poly-
cristalline phase where multiple spatial domains with internally consistent but no global
translational symmetry exist. This introduces a variety of issues at the domain interfaces,
which generally render polycrystalline materials unusable for high fidelity optoelectronics.
For similar reasons, the lack of long range order in amorphous materials renders them
poor candidates for optoelectronic applications where precise spatial control of material
parameters is necessary to facilitate the intricate structures necessary to create devices

such as a light emitting diode.

2.1.1 Crystal lattices

To use the crystalline symmetry throughout this work, we need to formalize a few concepts
in the definition of crystal lattices. An easy way to define a three-dimensional crystal is

via Bravais lattices: these reduce the symmetry of any crystal that spans the space into
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Figure 2.1: The seven Bravais crystal classes. The diagram indicates, starting from the
inside, (grey) the Schonflies notation for the class, (blue) the available lattices
(P=primitive, S=base-centered, I=body-centered, and F=face-centered) and
lastly the relationships between the (orange) side lengths a, b, and ¢, and
(yellow) interior angles a, (3, and v of the unit cell. Reproduced from [27]
under the Creative Commons license.

one of 14 lattices, belonging to one of seven crystal classes. Their grouping and structural

description can be found in Fig. 2.1 .
For any Bravais lattice, we can fill the entire volume by taking a basis set of atoms, the
unit cell, and translating it along primitive lattice vectors @; and their linear combinations.

In other words, the position of a given cell in space can be described as:
3
i=1

where n; € Z. We will see what these basis sets of atoms look like for common semi-
conductor crystal structures, but the fundamental underpinning remains the same. Using

this, the position of a given lattice site in the crystal is then:
ﬁ = Z + n1dy + nods + nads (2.2)

where Z is the position relative to the origin of the unit cell, and ny, ne, and ng are indices

indicating the position of the reference cell in relation to the origin. In other words, we

10
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Zincblende Wurtzite

Figure 2.2: a. Zincblende and b. Wurtzite crystal structure, with the two sublattice atoms
identified in blue and orange. Inspired by the lecture script of H. Foell [28]

have an aperiodic, local part (Z) repeated with the periodicity of the lattice (n;d;). This
is the concept that provides the opening for the Bloch theorem to deal with meso- and

macroscopic crystalline structures.

2.1.2 Common crystal structures

While sufficient to describe the lattice, most common semiconductors feature Bravais
lattices based on multi-atom unit cells. The most common crystal structures for commer-
cially relevant semiconductor materials are diamond (Si, Ge), zincblende (GaAs, InAs),
and wurtzite (GaN, InGaN). Zincblende and diamond both feature eight atoms in their
unit cells, while wurtzite has four. We will focus our discussion of crystal structure on
diamond and zincblende, as these are the only one relevant to this work.

The zincblende lattice is shown in Fig. 2.2a. It consists of two intersecting face-centered
11
44
cell side length. This results in a tetrahedral coordination of each atom, as it has four

cubic Bravais lattices, offset by a Cartesian a(i, ) vector, where a is the total unit
equidistant nearest neighbours. It is similar to the diamond lattice, which is the zincblende
structure with the same species of atoms on each sublattice.

The four-fold bonding coordination results in zincblende configurations being the lowest
Gibb’s free energy crystal structure under standard conditions for a lot of semiconduc-
tors based on elements, or alloys of elements, with four sp? hybridized electron bonding
orbitals. This includes the binaries, ternaries and quarternary alloys of indium, gallium,

arsenic, and phosphorus, and thereby all the materials most relevant to this study.

11
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2.1.3 Reciprocal lattices

As the description of many aspects of the physics in crystalline systems involves period-
ically repeating functions, it is useful to introduce the concept of the reciprocal lattice
space. While the direct lattice captures the translational and any higher order symme-
tries of the lattice atoms, the reciprocal lattice space describes the symmetries of periodic
functions operating within the direct lattice. In analogy to the primitive lattice vectors of

the direct lattice we define the primitive reciprocal lattice vectors l_);

1

ﬁjX@k
Vi

o
S
|

(2.3)

where 1, j, k are the cyclically permutated indices of the primitive lattice vectors, and V,,
is the volume of the primitive unit cell, used to normalize the magnitude. These vectors

span the reciprocal space, so any point can be described as their linear combination:

j=1
with m; € Z. As indicated, symmetry of the reciprocal space is related to the direct space
symmetry, albeit not identical: the reciprocal space of a face-centered cubic lattice (fcc)
is the body-centered cubic Bravais lattice (bcc). Since the reciprocal space is most often
used for the wavenumbers k of Bloch functions, which we will encounter soon, it is also

commonly referred to as k-space.

Brillouin zones

Similar to the unit cell in the direct lattice, we can use the periodicity of the reciprocal
lattice to simplify the description of a given space. We just note that every point in
reciprocal space can be folded back into the space spanned by the primitive reciprocal
lattice vectors via translation along a linear combination of them. We therefore only need
a volume defined by the bisecting planes of the primitive lattice vectors to describe every
point. This representation is often called the reduced zone scheme, as we have reduced
higher wavenumbers into the first Brillouin zone, or BZ. The linear coefficients m; of the
translation vector @m that translates k into the BZ will become the band indices when

we use plane waves to describe the motion of electrons in three-dimensional crystals.

12
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2.2 Electronic band theory

Following Yu and Cardona’s instructive introduction to electronic band theory, we will
retrace their steps here. The original derivation can be found in [29]. The general, non-
relativistic Hamiltonian describing the interactions within a defect-free crystal can be

written as:

q2 Z]Z/

Y = Z ZP32+1 _ 7 (2.5)
2m; —~ 2M; 2 &= 471'6() ‘R’ _é"’ '
i,

- S B 2.
Z47T€0’T_R| Z47T60|7‘2*T/| (2:6)

:V:z + Vatom + Vatom,atam + ‘/e,atom + V:e,e (27)

where }5% and 15j2 are the momentum operators for the ith electron and jth nucleus, re-
spectively, with electron mass m; and nucleus mass M;. The first two terms of Eq. 2.7,
Ve and Vyiom, thereby represent the kinetic energy of all electrons and nuclei within the
system. Z; is the atomic number of the jth nucleus, ﬁj and 7; are the position of the jth
nucleus and ith electron, respectively, with ¢, the elementary charge. The third, fourth
and fifth term thereby represent the interaction between all nuclei (Vatom,atom), the nuclei
and electrons (V¢ gtom), and, Ve, the interaction between all electrons. Summations over
j/, J and i',i exclude identical indices.

This many-particle Hamiltonian is extremely intractable and mostly serves to illustrate
the components and interactions we need to take into account. There are several assump-
tions that need to be made in order to reduce its complexity and turn it into something

that can provide meaningful predictions for the physical properties of a solid.

2.2.1 Valence electrons

The first simplification is a reduction of the number of electrons we consider: many elec-
trons are strongly bound to their nucleus, resulting in strong localization of their wave-
function near their nucleus. These core electrons are those in filled orbitals and only show
negligible interaction with the other constituents of the crystal. They can be considered
in conjunction with the nuclei they are bound to as ion cores. The indices j will therefore
now refer to ion cores rather than the atomic nuclei, and ¢ will only refer to the unbound
electrons, commonly referred to as valence electrons. These are electrons that reside in

outer, incompletely filled shells.

13
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2.2.2 The Born-Oppenheimer approximation

The second simplification has one of the most imposing names in physics, at least in this
student’s humble opinion: the Born-Oppenheimer or adiabatic approximation assumes
that the large difference in masses between electrons and ion cores results in the latter
responding to potential changes much more slowly. Vibrations of the ionic lattice gener-

0'3 s or 10 THz, which is several orders of magnitude

ally exhibit frequencies below 1
below the electronic response time, which is closer to 1000 THz [29]. We can therefore
consider the motion of the electrons and ion cores essentially uncoupled: electrons see a
stationary ionic potential, as they respond to a change in their environment long before the
surrounding ion cores do. At the same time, ions can not react to each shift in electronic
potential instantaneously, and thereby only interact with a time-averaged adiabatic elec-
tronic potential. The result of this approximation is therefore a split of the perfect crystal
Hamiltonian into three terms, each describing one aspect of the motion and interaction of

the crystal’s components:

H :Hions(ﬁj) + He(ﬂv Ej,O) + ,He,ion(ﬂv 5§]) (28)

Hwns(ﬁj) describes the motion of the ionic lattice atoms moving as a result of their
interactions and interactions with the time-averaged electronic potentials. He(ﬁ,ﬁjyo)
describes the motion of electrons due to their interaction with the stationary ion core po-
tentials, the latter assumed to be resting in their equilibrium positions §j70‘ The final term
He,ion (75, 5]%-) describes the energy relationships of electrons with infinitesimally shifted
ion cores. These displacements are generally the result of lattice vibrations, referred to
as phonons. Phonons are a form of collective excitation, a boson that emerges due to the
quantized nature of lattice vibrations. The phonon population in a given solid is strongly
correlated to its temperature, and is in fact one of the ways in which a crystalline solid
can store heat. Therefore, He jon (75, 5];’:]-) is commonly referred to as the electron-phonon

interaction.

2.2.3 The mean-field approximation

—

Returning to Eq. 2.7, the electronic Hamiltonian #H. (7, R; ) contains three interactions:

~9 2 2
L B p; 1 q 1 q Zj
Ho(F Ry =S Loy -5 L -y 4 2.9
e( v ) ; 2m; 2;47T60 ‘TZ'—TZJ’ i 4meq "Fi_Rj,Ol ( )

There are three terms: the first one describes the kinetic energy of every electron in the

crystal, the second one the interaction between each electron and every other electron,

14



2 Semiconductor physics

and the last term describes the impact of the ion core potential on electronic energy. If we
examine the second term, we note its dependency on relative electronic position in relation
to all other electrons, |5 —7|, and the third term’s electronic position in relation to all ion
cores |F; — R;o|. Given that the density of atoms (and by extension of electrons) exceeds
10%? c¢m™ in most solids, this Hamiltonian becomes quickly intractable even for systems
on the nanoscale. Tracking the position and velocity of each electron and then performing
summations over the entire ensemble is simply computationally unfeasible. Therefore,
another approximation is necessary: the mean-field approximation. Also referred to as
the single electron approximation, it decouples the motion of one electron from that of all
other bodies within a crystal by collecting the impact of all potentials into a single term,
V(7). This one electron potential includes both the interaction of an electron with the ion
cores of the lattice as well as its interactions with the other highly mobile valence electrons,
reducing the complexity of the Hamiltonian drastically. The electronic Hamiltonian then

reads:
Hie(F) = om T V(7) (2.10)

There are different ways to define V(7), and the choice of method defines what material
properties are captured well within the model. They can be broadly categorized into two
categories: ab-initio, or first principles methods, where complex atomic potentials are cal-
culated with minimal input parameters. They are computationally intensive, but include
fewer difficult to verify assumptions. The other category are simpler, albeit still highly
complex, approaches. They make use of so-called semi-empirical potentials, parametrized

potentials with parameter values deduced from experimental data [29, 30].

2.2.4 Electronic motion in periodic potentials

As discussed earlier, semiconductors are crystalline and as such exhibit translational sym-
metry of their constituent atoms. Most crystals additionally show higher symmetries,
such as identity under rotation or reflection, but these are strictly speaking optional to
the definition of a crystal, even though these additional symmetries affect several material
properties. To reduce the problem posed by Eq. 2.10 even further, we can use the trans-
lational symmetry of the crystal. As each ion core produces a local potential, we expect
this potential to repeat with the periodicity a@ of the lattice, where @ is a lattice vector. In
other words:

V() =V(r+ad) (2.11)

This periodicity allows us to employ Bloch’s theorem to describe the electronic states in
our crystal. When trying to find solutions to the eigenvalue problem posed by the single

electron Hamiltonian, we can decompose the wavefunction into two parts: a periodically
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repeating part that captures the symmetry of local potentials, ug(7), which modulate the

propagating electron represented by a plane wave. The result is a Bloch function:

Ve (F) = uz(P)e®” (2.12)
As explained above, the periodic component retains the lattice symmetry:

up(r+ @) = ug(r) (2.13)

where |IZ| is the Bloch wave number and denotes the spatial frequency of the electron.
For a crystal with infinite extent there are an infinite number of potential values for k,
but we can reduce the space of potential values by using the symmetry of the crystal. For
a one-dimensional crystal along = with periodicity a, we postulate that k lies within the
range 7/a and 37/a. k can then be written as k = (27/a) + k', with —7/a < k' < 7/a .

The one-dimensional Bloch function is then:

wk(x) _ uk(x)ei(%r/a-i-k/)a: _ uk(x)ei%rx/aeiklx S (:E)eik:/a: (2'14)

2mz/a 4o combine it with uy(z) into uy (z). k' now

where we used the periodicity in a of e
lies within the first Brillouin zone (BZ), and every Bloch wavenumber lying outside of it
can be reached by multiplying k" by a factor 27n /a, where n is an integer. Rewriting the

Bloch functions accordingly:
(X)) =, (z)e* @ (2.15)

This reduced zone scheme has the advantage of capturing the full extent of the translational
symmetry within a single cell, which can simplify calculations by only requiring solutions
within the first Brillouin zone, which can then be extrapolated outwards using the crystal’s
symmetry.

We can now find solutions to the single electron Schrodinger equation using the Bloch

functions:
A2
Hach,(7) = (B 4 V(D) 6,0(7) = B () (2.16)
2
= () (2.17)

There are several different ways to define an appropriate set of basis functions to represent
¢, > such as linear combination of atomic orbitals (LCAO) or tight binding models,
Wannier functions, or states derived from density-functional theory. Each set of states
will come with advantages and disadvantages that need to be weighed depending on the
electronic property that is to be examined. As a side note, from here-on out, we will

stop differentiating between k and El, since we will only be referring to the reduced zone
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scheme.

2.2.5 Bands of allowed energy

We established earlier that electrons interact with the potential of the ionic cores of the
lattice. The plane waves used to describe the electrons’ motion will undergo scattering
as a result of this interaction. The scattered components will interfere, with the degree
interference of interference depending on the relative phase. The combination of elec-
tronic plane wave scattering with interference is one way to conceptualize the formation
of certain disallowed energies, or band gaps, to form within a material with translational
symmetry. The electronic plane matter wave propagating through a crystal will scatter off
the lattice ions, which are assembled in crystallographic planes. Depending on the crys-
tal structure and the relative orientation of the electronic wave, the separation between
planes experienced by the electronic wave will vary. Generally this scattering is random,
and contributions from successive scattering events partially cancel. However, for specific
combinations of the scattering angle and plane-to-plane separation, the scattering becomes

constructive. This occurs when the Bragg condition is met:
n\ = 2asin(0) (2.18)

Depending on the angle of incidence on the plane 6, defined by k and the orientation of the
plane én, waves reflected from the entire set of planes of a certain orientation will interfere.
If the path difference is equivalent to an integer multiple of the wavelength of the electron
A =27/ \E| , the interference will be constructive, resulting in strong backscattering. For
all other path differences, interference is destructive and backscattering is weak. In other
words, the ion core scattering mixes waves with different k. This mixing is weak unless
the difference in k is equivalent to a reciprocal lattice vector %C_jm, at which point the
aforementioned high levels of backscattering occur. Electronic states with k= %C_jn are
therefore unable to propagate through the crystal lattice. Since crystal momentum is
linked to energy via the single electron Hamiltonian, see Eq. 2.17, this results in a gap
in energy as well. There are simply no states available for occupation at certain energies.
The result is that electronic states in a crystal form continuous bands of allowed and

disallowed states.

2.2.6 Quasi-particles

Many properties of solid state systems can most easily be conceptualized and modelled us-

ing quasi-particles. A quasi-particle is a perturbation of a predominantly uniform medium

17



2 Semiconductor physics

E
| [ —
>3eV Chemical
[ 1 ] potential i
I I I B ——
Metal Semiconductor Insulator

Figure 2.3: Schematic metal, semiconductor, and insulator band positions relative to the
chemical potential .

or system, that can be treated as a particle. This quasi-particle may share characteristics
of real particles, such as free electrons, like momentum, energy, spin, or polarity, but all
of these properties are due to its interaction with the medium it exists in rather than
intrinsic to the particle. A bubble in a glass of liquid is a useful real world analogy [31].
Without the medium of the liquid there can be no definition of the bubble, but within the
medium it can be ascribed physical properties such as shape and velocity.

There is a veritable zoo of quasi-particles, but only a few are most relevant to this work,
such as quantized lattice vibrations, referred to as phonons, but by far the most relevant
one is the concept of the hole. So far the discussion has been centered around electronic
states and their occupation by electrons. The electron in a crystal lattice is already a
quasiparticle itself, as it is the concept of a free electron dressed in the potential of the
crystal lattice. This alters its effective mass, a concept we will discuss more thoroughly in
the section on the effective mass approximation in Ch. 4. But what happens to the elec-
tronic state that is left unoccupied when the electron is promoted to a higher energy? This
vacancy, or unoccupied electronic state, is mobile and behaves like a massive particle, but
with a positive charge. This concept also arises naturally from the motion of an electron
at the upper edge of a band of allowed states [32]. The concept of a hole as a carrier that
exists at the top of a band and carries positive mass and charge and can recombine with
an electron to release energy is fundamental to conceptualizing the internal dynamics of
semiconducting materials. This is especially relevant when discussing doping, a practice
where carriers are introduced into a system by substituting some of the lattice atoms with
species of higher or lower numbers of valence electrons. The result of doping are regions
where most mechanisms are dominated by the characteristics of one charge carrier type,

with profound results for the overall device behaviour.
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2.2.7 Band structure for material classification

The band structure can be used to classify materials: in addition to the position of the
bands, which states are occupied at the given conditions defines whether a material is a
metal, semiconductor, or insulator, as indicated by Fig. 2.3. Of course, there are also more
exotic states, such as semi-metals (e.g. graphene) and topological insulators (e.g. HgTe),
but these are currently only of fringe interest in optoelectronic devices [33]. In order
to understand the occupation, we can use the chemical potential of electrons and holes,
indicating which states are occupied and unoccupied. We will expand on this concept
further when discussing the density of states for a given material or nanostructure. For
now it suffices to say that states up to the chemical potential are predominantly occupied,
while states above it are predominantly unoccupied. The chemical potential is identical to
the Fermi-energy for systems at 0 K. If the chemical potential at room temperature now
happens to lie energetically exactly within a band, there are electronic states available at
energies just above and below its energy. An electron that seeks a state with a different
energy, possibly due to an external perturbation, such as an external applied electric field,
will have a wide variety of states to occupy and therefore offer little resistance to being
displaced. Materials where the chemical potential intersects a band are therefore highly
conductive, and generally referred to as metals. If the chemical potential happens to fall
just between two bands, there are no states that an electron seeking to occupy a higher or
lower energy state can reach energetically. These materials are therefore non-conductive
and labeled insulators. However, if the gap is small enough, some states will come within
reach due to thermal energy sufficiently exciting electrons to bridge the gap. These are
the materials are referred to as semiconductors. The exact energy at which an insulator
becomes a semiconductor is poorly defined, but conventionally placed somewhere around
3 eV [32]. Due to the position of the chemical potential within the gap for semiconductors,
the number of states defining the properties of a material is relatively small. This makes
them ideal for material engineering, since perturbations in the form of dopants or nano-

structuring are not dampened by a sea of intrinsic states.

2.2.8 Electronic dispersion

As discussed earlier, the potential an electron experiences while moving through a crystal
lattice will vary depending on the relative orientation of its propagation direction k to the
lattice of ionic cores. Different potentials lead to different eigenenergies, leading to the
electronic dispersion E(k).

Almost all technologically relevant qualities of a semiconductor are related to this disper-
sion relation. For the lasers examined here, the band structure defined by this relation

affects every aspect of their operation, from how energy is transported to the wavelength
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range in which it can operate. It is therefore paramount to understand the origins of the
band structure in order to gain a deeper appreciation for its impact on the device overall.
In order to obtain the band structure, Eq. 2.17 must be found. This requires finding an
appropriate set of basis functions that can be used to construct u, ;. These functions can
be obtained by different methods, with a variety of options of potential basis functions.
A very common approach is the use of valence electron orbitals of the isolated crystal
atoms as a basis in the linear combination of atomic orbitals (LCAO) [30]. Examining the
construction of Bloch functions out of atomic orbitals is illustrative in understanding the
fundamentals of band structure calculations.

Assuming we have a zincblende structure, we only need to consider the interactions be-
tween the electronic wavefunctions on each of the two atoms in the primitive unit cell.
For each atom [ € [1,2], the Hamiltonians describing the wavefunctions of the orbitals
in isolation are h;, which act on atomic orbital wavefunctions ¢, (" — ;) constructed
out of basis states that ensure orthogonality between orbitals on different atoms, called
Léwdin orbitals. ; denotes the absolute position of the centre of the atom, defined as
Tj = ﬁj + 77, where R}- is the position of the unit cell under consideration relative to the
origin and 77 is the position of the atom relative to the origin of the unit cell. The isolated

atom Hamiltonian then reads as:
PG (7' — 751) = B @i (7" — Tj1) (2.19)

The Hamiltonian of the full system is then combination of the unperturbed Hamiltonian
Ho and a second term describing the interaction between the orbitals on both atoms
Hine:
H=Ho+ Hint = Z hy (7 — 1) (2.20)
4.l

Since we are considering the electronic dispersion across the entire volume of the crystal,

we create Bloch functions ¢ - based on the atomic orbital basis functions:
i = e 3 07— ) 21
m
N J

with the number of unit cells within the crystal N. Assuming that the perturbation due
to Hyp is small, solutions to Hg should also represent solutions to . The solutions to H

can then be written as linear combinations of these Bloch functions:

Vp = Cmibi (2.22)

m,l
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Figure 2.4: Energy momentum diagrams for a. InAs and b. Si. E, refers to the band gap,
Ex, Er,, and E, to the energy gap at the X, I', and L points, respectively,
and F, denotes the energy difference between the top of the valence band and
the split-off band, which is energetically depressed due to spin-orbit coupling.
Reproduced from [35].

We have thereby used atomic orbitals to construct a basis set of crystal-spanning Bloch
functions. These can be plugged into Eq. 2.17, which can be diagonalized to then provide
us with a relationship between k and Ej; for electrons in the semiconductor. There are
other approaches to obtain appropriate basis functions as well, such as ab-initio methods
based on density-functional theorem (DFT), augmented plane waves, pseudopotentials,
and k-p-perturbation. The choice of method will determine the accuracy and scope of the
model it supports, but a thorough discussion of these methods is beyond the purview of
this work. We point the reader towards [29], [34], and [30], where one can find discussion
of the abilities and shortcomings of each method.

Irrespective of which method is used to obtain the solutions to Eq. 2.17, the result
is a dispersion relation that links an electron’s crystal momentum, expressed as hE, and
its energy. While there is a large number of bands m at a given momentum, most of
the physical properties relevant to this work are dominated by the lowest energy band
at a given momentum, which is referred to as the band edge. In a semiconductor, the
band edges will define the strength and wavelength of optical transitions, and the motion
of carriers under applied electric potential, among other things. This is due to the fact
that carriers will generally occupy states near the band edge since there are a variety
of phonon-mediated pathways for higher energy carriers to relax to these lower energy
states, something that will be discussed further in the next section. These relaxations
happen extremely fast, with non-band edge state lifetimes on the order of 10'° to 10712

s [29]. When we are concerned with the band structure of a material in the context of
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Origin of reciprocal space

Middle of an edge between two hexagonal surfaces of the BZ

Centre of hexagonal surfaces of the BZ

Centre of square surface of the BZ

Middle of an edge between a hexagonal and a square surface of the BZ
Vertices shared by two hexagons and a square

R

Table 2.1: Points of high symmetry in reciprocal space for diamond and zincblende semi-
conductors.

optoelectronic device simulations, we are therefore most concerned with the band edge
dispersion. The lowest near-fully occupied band is referred to as the valence band, while
the first unoccupied band is known as the conduction band.

The band edge dispersion curves for two different semiconductors are shown in Fig. 2.4:
silicon, which in its most technologically relevant phase forms a diamond lattice, and
indium arsenide, which hails from the zincblende family. The dispersion curves are plotted
rotating the plane wave vectors in two directions: towards < 100 >, the basal plane of the
lattice, and < 111 >, the volume bisecting plane. Certain points of high symmetry are
labelled. A non-exhaustive list of commonly used labels and their corresponding points in

reciprocal space used for diamond and zincblende structures can be found in Tab. 2.2.8.

Direct and indirect band gaps

If we compare the energy band diagrams for InAs and Si, there are notable differences and
similarities between the two semiconductors. The most obvious difference is the nature of
the band gap E,. The band gap is the smallest separation between the conduction and
valence band. It is direct for InAs and indirect for Si, meaning that a carrier moving across
the band gap needs to undergo a change in momentum as well as energy. This momentum
difference will result in the creation or annihilation of phonons, transferring momentum
into or from the lattice atoms into the electron ensemble. Naively, adding a third particle,
a phonon, to a recombination process between an electron and a hole should reduce the
likelihood of its occurrence, and reality bears out our naivety [29]. In the next section we
will discuss the optoelectronics of semiconductors and see that whether or not a band gap
is direct has profound implications for the strength and likelihood of optical transitions,
with direct band gaps having a far stronger optical response than indirect band gaps. This
difference in interaction strength is the motivation for Si-integrated photonics, which aims
to combine the expertise in Si fabrication with materials that strongly interact with light.
What is the reason for the difference between Si in InAs? The reason can be sought in

the difference in ionic bonding between mono- and hetero-atomic lattices. For diamond

22



2 Semiconductor physics

lattices, there is only one species of atom constituting the lattice. Using the tight binding
picture, in a zeroth order approximation the Bloch functions for the electronic states are
very closely related to atomic orbitals they are derived from. The four valence electrons in
Si are occupying 3s23p? orbitals, which hybridize into sp?. This leads to the tetrahedral
bonding configuration discussed earlier. In our model picture, three of the available sp?
orbitals will form bonding configurations with strong overlap between neighbouring atoms.
These orbitals form the basis of the valence band. The last hybridized anti-bonding or-
bital has a much higher energy, resulting in the conduction band [29]. If the bonds now
acquire a more ionic character when moving from Si to InAs, composed of two species
with different electronegativities, the hybridization weakens considerably. This results in
the conduction band energy near the edges of the BZ rising. This elevates the conduction
band near the X- and L-points relative to the I'-point to lead to the lowest conduction
band minimum being located at I', the same point the valence band maximum happens
to be. The band gap is now direct and carriers need to undergo no change in their lin-
ear momentum to transfer between valence and conduction band. Of course, there are
severe limitations to this simplistic picture: the Bloch functions in the conduction band
share much less characteristics with the underlying atomic orbitals than their valence band
equivalents due to the lower effective mass of electrons resulting in a greater spread of the
electronic wavefunction across multiple unit cells [32]. We will however return to this sim-
plistic picture when discussing allowed and forbidden optical transitions, as the symmetry
of the wavefunctions and therefore their ability to undergo dipole-transitions is relatively
straightforward to conceptualize from their atomic orbital basis functions. All of the ma-
terials most relevant to this work are compound semiconductors in the InGaAsP family

with direct band gaps, so unless specified, E, will refer to the direct band gap of a material.

Conduction bands

While the magnitude and position of the conduction band minima is quite different for
the two semiconductors, they do share a few similarities. The first is the presence of the
satellite band minima, more apparent for InAs than for Si. Their energies are larger than
the band gap, so in most cases these will have negligible occupation compared to the lowest
energy valley, I' for InAs and towards X along A for Si. They are only relevant in systems
that have high hot carrier populations due to slow thermalization of electrons with ener-
gies far above the band edge. For example, this can occur if scattering is suppressed due
to phonon bottlenecks or in the presence of strong electromagnetic fields [29,36]. Under
these circumstances electrons are scattered into higher energy valleys and their presence

requires treatment in transport and optoelectronic models. For the lasing devices consid-
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ered in this work, however, we assume that carriers are fully thermalized and reside in the
lowest energy valley, allowing us to mostly ignore the higher lying valleys.

Given the origin of the band gap in both materials, the shape of the Bloch functions near
the band gap is different between Si and InAs. The zincblende InAs with its band mini-
mum near ' has a dominant contribution from s-like orbitals, resulting in even symmetry
of its band edge wavefunction. For Si, the underlying function are more p-like, lending
their odd parity to the Bloch functions near X [32].

Valence bands

Comparison of the valence bands between both semiconductors shows a lot of commonality
as a result of the similarity between the diamond and zincblende crystal structures, with
subtle differences due to the involved species. Both semiconductors feature three valence
bands in proximity to the band gap with maxima centred at I': the heavy, light, and split-
off hole bands. There is short overview regarding the nature of each of these bands here,
but the reader is encouraged to follow the excellent explanation provided in [32]. Remain-
ing conceptually within the tight binding picture, the valence band has very strong p-like
character, resulting in a high directionality of the bonding strength between neighbouring
atoms. If a hole is to move along the direction of this bond, it will encounter only small
barriers to its movement as it "hops” from atom to atom. This results in a high ”hopping
parameter” t, denoting a high rate of transfer between neighbouring atoms. For a hole,
attempting to move in any direction not along the bond will result in a much larger bar-
rier to motion, or a lower t. For a given orientation of the lattice one can always define a
direction in-line with orbital alignment and one misaligned with the three-fold symmetry
of the p-orbitals. This results in the non-degeneracy of the light and heavy hole bands
at higher energies. The nomenclature is due to the different effective masses of the holes
occupying states in either band, with the light hole band featuring a lower effective mass
than the heavy hole band, albeit both are generally several times higher than the effective
mass of the electron.

The origin of the split-off band lies in the spin-orbit coupling between the atomic orbitals
and the nuclei of their lattice atoms. This relativistic effect couples the angular momen-
tum of an electron to its spin, resulting in a spin-dependent correction to the energy
FEs,. The cause is the alignment of the electronic spin with the orbital momentum for the
split-off band, lowering its energy relative to the misaligned light and heavy hole bands.
The correction is proportional to the atomic number Z of the atom as ~ Z*. We can
see this borne out in the relative position of the split-off band to the top of the valence

band: in Si (Zg;=14), Fs, is almost an order of magnitude smaller than for InAs (Z,=49
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and Z4s=33). In general, split-off bands are sufficiently far removed energetically to have
negligible impact on the basic properties of InGaAsP-alloys, so we will generally forego

their inclusion in the model for the sake of overall simplicity.

2.2.9 Density of states

Even the single electron picture from Eq. 2.17 becomes impractical when trying to derive
macroscopic properties that are dependent on a large number of electrons that are only
weakly interacting, such as electrical conductivity or spontaneous radiative recombination
rates. Tracking the energy and wavefunction of each and every electron would be imprac-
tical. In many cases, examining the density of states as a function of energy is more useful
in predicting material properties than tracking the states individually. For an arbitrary

system with eigenvalues €,, the sum of all eigenvalues N(FE) is:
N(E)=> 6(E - e) (2.23)

where ¢ represents the Dirac delta-function. This is the total number of states of the

system, and describes the spacing of states in energy space. If we want to turn this into a

volumetric density of states, for example to examine the total number of states in a given

volume of semiconducting material, we need the volumetric density of states, n(E):
N(E)

E) = 2.24
n( ) ‘/system ( )

where Viystem is the total volume of the system. The volumetric density of states, and
sometimes its local equivalent as we will discuss later, is generally referred to as the density
of states of a solid state system.

Using the Bloch theorem we arrived at the states that describe electron-like quasi-particles
that move through a periodic potential. These states form bands and the relationship
between crystal momentum and energy is encoded in the dispersion relation. In order to
define the number of states in a given interval of energy E + dF, we can count the number
of states available in reciprocal space that have energies lying within £ + dE. However,
we are generally interested in the volumetric density of states: for this purpose, we need
to stake out the extent of the system. The periodic nature of crystals allows us to remove
a segment from a perfect crystal and state that the value at opposing boundaries has to
agree to be commensurate with the crystal’s translational symmetry. These conditions for
the boundaries of the system enforcing periodicity are referred to as periodic boundary
conditions, or Born-von Karman conditions. They will be discussed in greater detail in Ch.

4. For now it suffices to say that it allows us to remove a box of side lengths L; from our
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crystal. This smaller sub-system retains all the characteristics of the macroscopic crystal,
but features a well-defined system volume Viyger, = [[ Li. The allowed states, denoted

by their wavenumbers in reciprocal space, then span the volume from the origin at 0 to

% along each dimension. The volume taken up by a single state in reciprocal space is

ﬁ, where d is the dimensionality of the system. The total density of states in reciprocal

space, N (k), is then:

- Vsystem
N(k) =2 (gﬂ)d (2.25)
The factor of 2 is due to the fact that in addition to the momentum /Z, each electron also
has a spin §, that splits each spatial wavefunction into two degenerate states, doubling
the number of states at a given energy. This degeneracy can be lifted in atoms with high
atomic numbers, as relativistic corrections to the orbital wavefunctions result in spin-orbit
coupling (also often referred to as LS-coupling), or when a magnetic field is applied to the
system. Both alter the energies of orbital eigenstates depending on the spin orientation.
In semiconductors, this effect is generally relatively weak near the conduction and valence
band extrema, which is where treatment using the density of states is most useful [32].
So for the purposes of this work, the most relevant contribution of electronic spin is the
factor of 2 in the summation over all states.
The total number of states available in the interval E+dF is then the total number of states
in the interval k + dk, which is equal to the reciprocal space state density n(E) multiplied
by the volume covered by the interval dk. Tt can be shown that this is proportional to
2d-1rkd=1qk,
Armed with this knowledge, we now arrive at the volumetric density of states within the
interval dF: .
NB) 2 o _paadb

E = =
n( ) ‘/system (277)d dE

(2.26)

This is the general expression for a d-dimensional density of states. Using an arbitrary
dispersion relation yields the density of states of that system at the given energy [32].

In general, dispersion relations are complicated and computationally intensive to calculate.
Additionally, in many use cases the regions of interest lie in the vicinity of band extrema,
where the effective mass approximation holds. It is therefore often prudent to simplify the
band structure prior to calculating the associated density of states. Using the parabolic
approximation to the more complex shape of the band, we can use a simplified dispersion

relation in the vicinity of the extremum, F (E) = 27:2 - E2’ , with the effective mass m*. The

derivative with respect to |k| then reads:

dE  RB* -
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Combining with Eq. 2.26, and using ‘E’ =4/ 2’;:2]3, and setting the dimension to d = 3:

nsp(E) = @m‘éfhj’b;‘ _ (2;3’; 2";2E (2.28)

= f(mh?/?@ (2.29)

= W\/ﬁ (2.30)

Here we used ‘E‘ = 272;}3 . This is the density of states near a band extremum for a

three-dimensional crystal in the effective mass approximation and is plotted in Fig. 2.5a.
The proportionality to v/E means that there are more states available far away from the
band edge than close to it. Also shown are the densities for lower dimensional systems,
Fig. 2.5b. through d. Note that the density of states of a system with multiple bands at
a given energy is just the superposition of the density of states of each band individually.
For one and zero dimensional systems, referred to as quantum wires/dashes (QDashes)
and quantum dots (QDs), respectively, the DOS shows a singularity at the energy of
the different subbands, and fewer states elsewhere. This concentration of states near the
band edge is highly desirable in laser gain media, as we will learn later on. Lastly, it is
worthwhile to consider the absolute magnitude of available states between the different
dimensions: the three-dimensional DOS is several orders of magnitude higher than the
two-dimensional DOS, which in turn far exceeds the one-dimensional DOS, with the zero-
dimensional DOS being the lowest. Obviously one needs to take into account the fact that
often there is an ensemble of dimensionally confined domains, such as QDs or QDashes,
when considering volumetric densities of state, by which one needs to multiply n(E) to

010—12 Cm—Q,

get the absolute density of available states. Given a common QD density of 1
there is still a difference of several orders of magnitude between the three- and lower-
dimensional densities of states.

While considering a dimensionally reduced system, we only considered translationally
invariant systems. Confining structures are abundant in semiconductor technology, so it
is worthwhile to define a local density of states that takes spatially varying potentials into
account. A general expression can be derived by merely scaling the density of states by
the amplitude of the wavefunction ,,(Z) [32]. The expression for the local density of

states then becomes:

n(Evf) = Z |¢m(f)|25(E - En)

The local density of states is also used extensively in numerical drift-diffusion simulation,
where parameters need to be spatially discretized. When modelling lower-dimensional

systems and assigning carrier densities according to subband wavefunction extent, the use
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Figure 2.5: Density of states n(E) as a function of dimension for a carrier moving freely
in a. three, b. two, c. one, and d. zero dimensions. The lower dimensions
(d < 3) are plotted for multiple subbands, denoted by sub-band indices n.
The lower row depicts the potential structure that will create the necessary
confinement in each system.

of the local density of states allows treatment of potentials that vary over short distances

compared to the extent of the wavefunction.

2.2.10 Occupation functions

The density of states provides information about the available states within a system, but
no information about which of these states are occupied. In order to determine the total
number of carriers and their distribution within a system, the DOS therefore needs to be
multiplied by an occupation function that labels states as occupied or not. Since electrons
are fermions, they follow the Pauli-exclusion principle and occupy states according to the

Dirac-Fermi distribution:

f(E)=1/ <1 +exp _(fB_TEf)) (2.31)
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where €y is the chemical potential of the fermion, kg is the Boltzmann constant, and T'
is the temperature of the system under consideration. At T' = 0 K, € coincides with
the Fermi-energy Ep. Colloquially, the chemical potential for 7" > 0 K is also often
referred to as the Fermi level, which is technically incorrect, but nonetheless common
practice in semiconductor physics. The eigenenergy of a state relative to the chemical
potential € defines its probability of occupation. At 0 K, this distribution is binary, with
all states below €y occupied and all above unoccupied. As thermal energy increases, the
1/kpT factor in the exponent smears out the carrier distribution and states on either
side of the chemical potential start to flip from occupied to unoccupied and vice versa.
States very close in energy to ey will flip sooner. It is important to note that 7' is not
necessarily the temperature of the macroscopic system, but rather the temperature of the
system under consideration, which is electrons. The temperature of their distribution can
be different from the temperature of the lattice atoms in a semiconductor. The degree
to which a semiconductor’s carrier temperature can diverge from the lattice temperature
depends on the efficiency of heat exchange between the lattice and the electronic ensemble,
which is predominantly mediated by electron-phonon scattering. This mostly relevant
when considering ultra-fast (<104 s) processes or for systems with frustrated phonon
relaxation pathways [29]. For our purposes, we assume thermal equilibrium between the
carriers and lattice unless stated otherwise explicitly.

When modelling semiconductors, we generally operate within the two particle picture. In
equilibrium, the electrons and hole populations balance each other, so that no net charge
exists across the semiconductor, and €y is located exactly centred between the valence and
conduction band edges. As a potential is applied, the balance of carriers shifts towards
either population depending on the polarity of the local electric field. The distribution
of carriers can then no longer represented by one chemical potential e; for both carrier
types, but rather two potentials, €, and €y, one for electrons and holes, respectively.
The carrier densities for electrons and holes, n and p, are then equal to the product of the
occupation function and the density of states. We will explore the implementation used in
this work explicitly in Ch. 4, which involves additional simplifications to ease numerical

evaluation.

2.2.11 Effective mass

Given that we now have an idea of the distribution of carriers in a semiconductor, we can
use it to gain an understanding of the carrier transport within it. This will be done in
more detail in Ch. 4, where we talk about drift-diffusion modelling and the behaviour of
carriers within a given material.

For a free electron, its group velocity is tied to its momentum p and wavenumber k via its
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mass mg:

h
vge(k) = o _ 7 (2.32)

my Mg
As we will explore further in the next chapter, the group velocity is nothing but the

-

derivative of the dispersion relation for a given material w(k):

—.

dw(k)  1dE(k)
dk h dk

vy (k) = (2.33)
Most of this work exists within the framework of the effective mass approximation, where
electrons move freely with an effective mass, which captures all the interactions between
the electron and the lattice as well as other electrons. This is naturally a quite significant
simplification of the complex interactions within a semiconductor, but it is surprisingly
accurate and allows treatment of a wide variety of effects within semiconductors [29, 32].
We therefore replace the electron mass mg in Eq. 2.32 with the expression m*(E), where
m*(k) is the effective mass. We can then take the derivative of Eq. 2.32, combine with

2.33 and re-arrange this expression to arrive at an expression for the mass:

duge(k) _ 1 (2.34)
di mr(k)
dvg,.(k) _ 1d*E(k) (2.35)
dk  h o di2
. 1
(k) = h—— 2.36
) =ht (2.36)
dk
2EF))
= 1? — (2.37)
di2

The proportionality of the effective mass to the inverse band curvature results in lower
effective masses for electrons compared to holes, whose bands generally vary more slowly
with k. Additionally, for low carrier densities, carriers will mostly occupy states near the
I"-valleys in zincblende semicondyctors, which have approximately parabolic dispersion for
small £ [32]. Since m* oc 1/ 20
constant under these conditions.

, this means the effective mass can be approximated as

Treating the carriers in a semiconductor as freely moving with an effective mass leads
us into the very simple Drude model. A carrier near the band edge will experience an
acceleration due to an applied electric field E:

dv qE B

E_m*

Ny

(2.38)
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Here ¢ is the charge of the carrier, ¢ is the velocity of the carrier, and 7 is a phenomeno-
logical scattering time that represents the momentum relaxation time of the particle.
The scattering partners, be they phonons, crystal defects, or other electrons, change as a
function of temperature, doping density, and applied field. Averaged over long times, so

multiple scattering events, the average velocity of carriers then becomes:

q|E }

b= :,u‘E‘ (2.39)
m

p=—= (2.40)
m=mo

Where p is the mobility of a given carrier. Given the definition of current as the movement

of charge over time, %, and the carrier density n, n - V are the carriers in a volume

V moving at v. Combining this with Ohm’s law, we arrive at an expression for the

conductivity o of a material:
2
ngT
= anp (2.41)

A smaller effective mass will result in a higher mobility, and therefore a higher conductivity.
In most cases, a given density of electrons will conduct more current than an equal density
of holes. In areas where both carrier types are represented equally and mobilities are

somewhat similar, the electrical conductivity should include both carrier types:

o = q(npn + pun) (2.42)

where u, and py are the mobilities for electrons and holes, respectively. Of course, this
treatment of conductivity is rather superficial, but sufficient for the purposes of this work.
We recommend Yu and Cardona’s discussion of electrical transport in semiconductors for

a more in-depth treatment of the subject, summarized quite well by Fig. 5.11 in [29].

2.2.12 Doping

As mentioned previously, the electron and hole carrier densities in an ideal semiconductor
are perfectly balanced under equilibrium conditions. However, all semiconductors divert
from this idealistic picture to some degree. One important factor is chemical purity, with

most semiconductors containing at least 10'? cm™

contaminating atoms. These atoms
will often have valences higher or lower than the species they replace, or be located at
interstitial lattice sites, altering the surrounding bonding structure. Whatever the nature
of the imperfection, the result is the same: a defect with a valence different from a regular
lattice site. While these occur naturally in any semiconductor due to the nature of the

smelting process, they can also be introduced deliberately, either via species introduction
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during growth or post-growth using ion implantation. Irrespective of the method, they
create a defect that carries a net charge. At equilibrium, this net charge will be balanced
by an additional charge carrier of the opposite polarity to retain overall charge neutrality.
This can be used to create regions of the device that have an excess of one type of charge
carrier, if the defect densities are of a similar order of magnitude as the intrinsic carrier
densities, upwards of 10’7 em™. The fact that there is more of one type of charge carrier
at equilibrium shifts the chemical potential towards the band edge of that charge carrier.
For example, adding positively charged defects would require additional negatively charged
electrons, resulting on a shift of the chemical potential u towards the conduction band
edge. Negatively charged defects would similarly encourage the presence of additional
holes, shifting u towards the valence band edge. It is conventional to refer to electron- and
hole-inducing defects as donors and acceptors. A semiconductor region that is engineered
to predominantly have one type of defect is referred to be of n- or p-type, depending on
whether or not it overwhelmingly contains donors or acceptors, and the act of altering the

carrier balance in this manner is referred to as doping.

Burstein-Moss effect

One outcome of doping a semiconductor is a widening of its optical band gap, referred to
as the Burstein-Moss effect. The optical band gap is the lowest energy at which significant
absorption from interband optical transitions can be observed, which will be discussed in
the next section. The increase in this energy is due to the filling of conduction and valence
band states near the band edge at finite temperatures by dopant-induced carriers [37,38].
An interband absorption process involves the promotion of an electron occupying a valence
band state into an unoccupied conduction band state. If the valence band state is already
empty, i.e. occupied by a hole, or, equivalently, the conduction band state is already
filled, the transition can not occur between either of these states. Only once the energy of
the photon is large enough to bridge the energetic gap between further separated states
will absorption occur. This shift of the absorption is more pronounced for the conduction
band, as the electronic density of states is generally lower compared to its hole counterpart

due its reciprocal dependence on the effective mass, as seen in Eq. 2.30 [39].

2.2.13 Defect states

It is important to note that defects, be they added intentionally as dopants, or intrinsic
to the material due to contamination with a foreign atomic species or crystallographic
disordering, all break the translational symmetry of the crystal. The otherwise periodic

potential of the crystal is interrupted, perturbing the Bloch wavefunctions derived for the
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perfect crystal [29]. The result is a state with an energy below or above the energy of
the periodic band state. Since defects generally extend the distance between neighbouring
atoms, the effective ionic lattice potential in the vicinity of the defect is decreased. A lower
potential results in lower eigenenergies of the local electronic wavefunctions associated with
the defect; this places the energy levels of the defect states below the energy of the band
edge. For holes, whose energy increases as we move below the valence band edge, this is
inverted. Two defect energy levels, one for donor-like and one for acceptor-like defects,
are shown in Fig. 2.6

Due to their relatively close position below the band edge, carriers in band edge states
can scatter into defect states, and vice versa [40]. This trapping process has detrimental
impacts on technologically relevant material parameters, such as conductivity: as carriers
residing in defect states are strongly localized and therefore do not contribute to charge
transport across the device. The coupling strength is proportional to the relative position
of the defect state eigenenergies, which is defined by the nature of the defect [29]. Carrier-
phonon scattering can provide the energy to promote carriers back into band edge states,
which is why defect states, or trap states, are generally divided into two categories: deep
and shallow traps. Deep traps strongly perturb the periodic potential and therefore have
relative eigenenergies Fy.qp that are much larger than the average energy available through
carrier-phonon scattering events. This thermal energy is approximately kg1 for complete
phonon annihilation, and therefore deep traps meet the condition Ej.,, >> kgT. Once
a carrier is scattered into a deep trap state, a process referred to as carrier capture, its
probability of being scattered into a band edge state is low. Defects that leave dangling
bonds often create deep trap states, as the state associated with the dangling bond lies
between both band edges. This is especially relevant at interfaces between crystals with
different coordination. Since a return to the band edge is unlikely for a carrier in a deep
trap, they will generally recombine with carriers of the opposite polarity and release their
energy in the form of phonons. This defect mediated non-radiative recombination is named
after Shockley, Read, and Hall, often abbreviated as SRH, who were the first to describe
the process [40,41]. This loss mechanism is highly undesirable, as it presents a pathway
for carriers to recombine that turns their potential chemical energy into heat without
doing useful work. Additionally, the heat released increases the lattice temperature which
degrades other material properties, such as conductivity via higher rates of carrier-phonon
scattering between band states.

If the trap energy approaches the available thermal energy, Ey.., ~ kpT, carriers are
captured into and released from the trap state at a much higher rate. These traps are
therefore considered shallow, and mostly act by reducing the conductivity of a given
material. Their energetic proximity means they are very strongly coupled to the band

states, so have rather large scattering cross-sections [29]. Most commonly used dopant
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species will form shallow traps, so a common technique to avoid undue scattering between
carriers and ionized traps is called modulation doping. Here the potential via alloying is
graded to direct the carriers induced by the dopant to be localized sufficiently far away to
avoid overlap between carrier wavefunctions and trap states [32].

Apart from affecting transport and acting as non-radiative recombination sites, carriers
trapped in defect states can also undergo radiative recombination, as we will discuss
in the next section. Due to the energy offset between the band edge and the defect
states, the resulting transitions will occur at wavelengths greater than those of the band
edge transition. Depending on the nature of the defect, they can contribute a spectrum
of transitions that can be useful or detrimental. In wide-band semiconductors, such as
nitrides, or diamond, defect states can allow transitions at technologically more relevant
wavelengths. When building a laser however, these transitions will cannibalize carriers
that can not contribute to the stimulated emission process, and are therefore another loss

process that needs to be mitigated.

2.2.14 Strain

There are many mechanisms that can induce mechanical stress within a crystalline ma-
terial. Defects create local stress fields which can be extensive for non-zero-dimensional
imperfections such as step faults or stacking errors. Macroscopic external forces acting on
the crystal translate into microscopic stress fields. The different expansion at an interface
between two materials with different thermal expansion coefficients can similarly cause
mechanical stress when the assembly undergoes a temperature change. Most relevant to
this work, however, is mechanical stress induced during semiconductor heterostructure
growth. Heterostructures are structures created by abruptly varying the composition of
a semiconductor over microscopic distances. They are an important element of semicon-
ductor technology and will be discussed in more detail in the context of optoelectronically
relevant heterostructures in the upcoming section, as well as in 2.5. For now it suffices to
say that during their growth process, a semiconducting material is often forced to replicate
the crystal structure of a substrate. This process is referred to as epitaxy, and depending
on the crystal structures of the materials involved and the growth conditions can cause
mechanical stress in the deposited material. The atoms of the replicating semiconduc-
tor will attempt to match the crystal structure of the substrate. For two materials with
identical crystal structures and lattice constants, this would result in a perfectly matched
material without stress. If the lattice constants between the two materials differ or they
preferentially grow in different crystal structures, the atoms of the deposited material will
occupy positions offset from the equilibrium lattice sites at the growth interface. This is

identical to the offset observed for a lattice that is subjected to external pressure. The
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mismatch between the stressed and unstressed lattice is defined as strain Aa:

A/
Ag=20"12 (2.43)
ao

where a/ and ag are the lattice constants of the stressed and unstressed material, respec-
tively. Strain is referred to as compressive for Aa < 0 and tensile strain Aa > 0. The
relevant lattice constant depends on the dimensions along which the material is strained.
Since semiconductor heterostructures are commonly grown layer by layer, the relevant
lattice constants lie along the growth plane. As a sidenote, depending on their crystallo-
graphic phases as well as growth conditions, there will be a maximum strain Aa that can
be accommodated between two semiconductors before the strain is released in the form of
a defect, such as a stacking fault, or by a growth mode change [29, 32].

Independent of the source of stress in a semiconductor, its effect will be the same: inter-
atomic distances change. As atoms change their relative positions and the unstrained unit
cell deforms, the overlap between wavefunctions changes, affecting nearly every material
property. The change in wavefunction overlap alters the band structure, changing band
gaps and effective masses. This has been used to increase the mobility of carriers in Si
field-effect transistors and for precise tuning of the band gap to achieve optical transitions
at desirable energies [42,43]. Compressive stress will generally cause interatomic distances
to shorten, which causes additional orbital overlap between neighbouring atoms, leading
to an increase in energy for anti-bonding orbitals and a lowering for bonding ones. In
the case of zincblende semiconductors such as InAs or GaAs, this results in a widening of
the band gap under compressive strain and a narrowing for tensile strain due to bonding
and anti-bonding orbitals forming the band gap near I' shifting in opposite directions. For
sufficiently high stress, this can lead to a change in the location of the band gap within the
BZ, and lead to band gaps changing from direct to indirect or vice versa [29]. The strain
that is commensurate with epitaxial growth is usually small enough that band energies
are affected, while not fundamentally altering the location of the lowest transition within
the BZ.

During epitaxial layer growth, strain predominantly occurs in the growth plane rather
than perpendicular to it, leading to anisotropic stress profiles. This can reduce symme-
tries within crystal structures, leading to degeneracy lifting. One example is the lifting of
the six-fold valley degeneracy in Si due to in-plane stress [32]. The lifting of degeneracies
is also relevant at the top of the valence band for diamond and zincblende semiconductors:
since light and heavy hole bands can be treated as resulting from p-orbital-like wavefunc-
tions orientated parallel and perpendicular to E, anisotropic stress will affect the light
and heavy hole bands differently. Let us assume we have a semiconductor compressively
stressed in the growth plane, which we will set normal to €,, with the other orientations

unaffected. The p,- and py-orbitals will then be compressed, leading to greater overlap
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along these dimensions, decreasing their energy since p-orbitals are bonding. If they were
anti-bonding, a rise of the bands would be observed instead. For electronic wavefunctions
with & components parallel to €, the result is a upwards shift of the energy of the heavy
hole band and a downward shift of the light hole band. For electrons moving in the growth
plane, with k components along €, and €, , the opposite effect occurs: the light hole band
rises as a result of greater wavefunction overlap of orbitals lying in the growth plane,
and the heavy hole band shifts downwards. The result is broken inversion symmetry for
the valence band around I', leading to separate light and heavy hole bands for k=0
The valence band ordering in the growth plane is light-heavy (top to bottom), while it is
heavy-light for electrons moving normal to it. Tensile stress has the opposite effect, as it
stretches the in-plane orbitals, and the order of the bands is inverted from the compressed
case [32]. One of the main impacts of strain on this work is the splitting of transitions
between I' conduction band and light and heavy hole bands into two degenerate sets, with

slightly different confinement for holes belonging to either band.

2.3 Semiconductor optoelectronics

Since this work is concerned with lasing devices, the attention will now shift towards
the optoelectronic properties of semiconducting materials. The electronic states with the
highest relevance for technological applications are the ones lying near the band edges, in
the conduction and valence band. The band gap ensures that non-radiative transitions
between these states are inefficient, preventing an excess of energy injected into the system
to be converted into heat and lost for light generation. At the same time, the band gap
also offers a strong tool for material engineering of the exact wavelength of light that the
semiconductor interacts with strongly, be it emitted in the case of a laser or absorbed when
creating a detector. The electronic bulk states can also be further controlled via nano-
structuring, dimensionally confining carriers to achieve further control of their energetic

position, absolute and relative to the rest of the device.

2.3.1 Fermi’s golden rule

To consider the nature of optical transitions in semiconductors, we will first consider a
simplified two-level system: a ground state ¢;, occupied under equilibrium conditions,
coupled to an excited state, ¢, via an optical transition. We are using a semi-classical
approach, where the quantization of the two level system is treated while the quantization
of the electric field is not. Additionally, we use the rotating wave approximation, which

treats the perturbation due to the electric field as constant relative to the response of

36



2 Semiconductor physics

the system. The large extent of the photon compared to the small size of the interacting
medium in the semiconductor justifies these approximations. The probability of each state
being occupied are f; and f; for the initial (ground) and final (excited) state. The coupling
between the two levels depends on the nature of ¢ and ¢y, and is captured in the transition
moment, (¢¢| V' |¢;). For an electronic system, the transition is pre-dominantly mediated
by the linear interaction between the electronic charge and the perturbing electric field;
higher order terms have negligible contributions. In this electric dipole approximation, V'
takes the form ép, where é and p are the polarization and momentum operator, respectively.
Note that due to the symmetry of these two operators, (¢f| V' |¢;) = (¢s| V |¢y), therefore
exciting and decaying transitions are equally likely. In Cartesian coordinates, the coupling

operator takes the form:

0 0 0
ép=—ih|ez—+e,— +e,— 2.44

P < “Ox * Y0y * Z@z) (244)
The symmetry of this operator also determines the strength of transitions based on the
symmetry of the wavefunction and the polarization of the incoming light. The momentum
operator p acts on the wavefunction by taking the gradient in all directions, flipping

the parity of the wavefunction it acts upon. If we remind ourselves of the full form of
(@1 V' |9i):
(Prléplgi) = / Pepoida (2.45)

where [dZ is an abuse of notation for the triple integral over dz, dy, and dz. The in-
tegral [ ¢}¢Z~df vanishes if ¢; and ¢, have odd parities, so one having odd parity while
the other exhibits even parity. With p flipping the parity of the second wavefunction, one
can therefore derive a selection rule for transitions involving the dipole operator: if the
wavefunctions for the final and initial states have odd parity, Eq. 2.45 flips the parity of
the initial state, resulting in even parity between both states and the integral (¢¢|p |¢;)
does not vanish. This transition is therefore an allowed transition. If the initial and
final state have even parity, so both odd or both even, (¢f|p|¢;) does vanish and the
transition is considered forbidden [32]. While the use of the word forbidden implies that
certain transitions are impossible, the perturbed nature of most wavefunctions present in
real semiconductors softens this exclusion criteria. Wavefunction symmetries are gener-
ally weakened under perturbation, and even forbidden transitions occur, however they are
generally significantly weaker than their allowed counterparts due to lower magnitudes of
(¢¢| D |¢s) for forbidden transitions [29]. The polarization operator modifies this condition
by selecting along which orientations the symmetry relationship between the wavefunctions
is probed. These symmetry considerations are important for both the Bloch wavefunc-
tions of a bulk semiconductor and the envelope wavefunctions in dimensionally confined

systems, and both need to be considered when evaluating the strength of a transition.
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The s- and p-like nature of the conduction and valence band near the I' point in the I1I-V
compound semiconductors considered in this work mean that it is mostly the envelope
wavefunction symmetries that define the selection rules for optical transitions [32].
In order to obtain light amplification in a two level system, the excited state needs to be
populated from the ground state via optical or electrical excitation in a process referred
to as "pumping”. Carriers in the excited state will spontaneously return to the ground
state via the aforementioned optical transition, emitting a photon with a frequency cor-
responding to the energy of the transition. Alternatively, a photon propagating through
the semiconductor with a wavelength corresponding to the optical transition energy can
stimulate the decay of the excited state to the ground state in a process referred to as
stimulated radiative recombination. While the propagation orientation of the photon in
space associated with spontaneous recombination is random assuming a spatially isotropic
photon density of states in the surrounding medium, a stimulated transition will result
in a photon propagating collinear with the stimulating photon. The optical transition
probability between states ¢; and ¢ for a photon of energy hw using the semi-classical
(quantized electron states, classical electric field) rotating wave approximation can be
expressed as follows:

2m  qEy

Pz‘f(hw) = f(mow

[ os| Vi) 6(Ey — E; — huw) (2.46)

where w is the angular frequency of the photon, ¢ is the electron charge, Ey is the magni-
tude of the electric field due to the photon, mg is the mass of an electron, and E; and E;
are the energies of the excited and ground state, respectively. §(E; — E; — hw) represents
the Dirac delta function, indicating the resonant condition necessary for a transition to
occur.
If the rate at which the excited state is pumped exceeds the combined spontaneous and
stimulated recombination rate, the population of the overall system will shift towards the
excited state. When the excited state population exceeds the ground state occupation
(ff > fi), the system is referred to as inverted. This marks the onset of lasing in a per-
fectly lossless medium, as the inverted occupation results in the probability, and thereby
rate, of stimulated radiative recombination exceeding the absorption rate for photon. We
will illustrate this concept by returning to Eq. 2.46. We can derive a rate of the energy
absorption in the system by factoring in the occupation of ground and excited state, f;
and fy:
or [ qFo \? 2
Rigth) = 5 (220} Vs V10 P2l — f0(Es - Bi—hw) (247
0

The factor 2 arises from the fermionic nature of electrons, resulting in two electrons of
opposing spin occupying each state. Upon closer inspection of Eq. 2.47, we see that for

fr < fi there is a net loss of photons, while for f; > f; there is a net gain. The creation
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and maintenance of an inverted state population is the basis for any light-emitting device

operating as a laser.

2.3.2 Optical transitions

a. b.| % c. .-~
Energy4

-

Donor level

\
\
1
1
1

=p—=- Acceptor level ;

S~ =

» <111> (@ Donor-to-band

<100>
(@ Band-to-acceptor

@ Donor-to-acceptor
@ Band-to-band (interband)

Rl =0 Split-off (S0O) (® Hot carrier relaxation
Ikl = (® Intraband transition

Heavy holes (HH)
Light holes (LH)

Figure 2.6: a. Schematic InAs conduction and valence band edge at room temperature
along highly symmetrical directions. Adapted from [35]. b. Cut-out of first
Brillouin zone, indicating points of high symmetry. Note that the L-point
is located above the EJC—Ey plane. Adapted from [32]. c. Available optical
transitions for carriers near a direct band gap, excluding excitonic effects [34].

As we saw in the previous section, every optical transition occurs between an initial state
¢; and a final state ¢y. In a semiconductor, there is an abundance of states that can
function as the start and end point of a radiative recombination process. Fig. 2.6 shows
the schematic band structure for InAs. Ignoring defect states for now, there are three
possible band-to-band, or interband, transitions due to band minima: a direct transition
around I' and two indirect transitions at the X- and L-valleys. While each of the three
transitions denoted by Er, Er, and Ex are possible, the likelihood of a recombination
event occurring at each band position differs greatly. The first thing to consider is the
overall availability of carriers. Since it represents the lowest energetic position, carriers
will generally reside near the I' point as it is the lowest of the three valleys. The valleys
are connected via scattering processes, so even carriers that end up in higher lying valleys
will eventually scatter into the energetically lower lying states near I'. With a significantly

lower number of occupied initial states, transitions originating from L and X are already

39



2 Semiconductor physics

strongly suppressed. Additionally, the transitions from X and L are indirect: carriers
located here can only recombine while altering their momentum. Photons carry negligible
linear momentum, so the transition process needs to involve the emission or absorption
of phonons to conserve the overall momentum. Adding an additional particle into the
process reduces its efficiency, resulting in a much weakened interaction. This is easy to
see when comparing the optical absorption coefficient for the direct transition in InAs

L near its room

and the indirect transition in Si: while InAs has a coefficient of 910 cm”
temperature band gap of 0.35 eV (3540 nm), the value for room temperature Si near 1.12
eV (1108 nm) is almost two orders of magnitude smaller, at only 3 cm™ [44,45].

For any given band valley, transitions between band states are just one possible radiative
recombination path of many. To illustrate this, Fig. 2.6c. shows a non-exhaustive list
of optical recombination processes near a band extremum, in this case Fr. The direct
transition between conduction band and valence band states, the interband transition, is
denoted by 4. However, there are a variety of other possible transitions that can occur. If
there are defects present, they introduce states with eigenenergies within the band gap. As
discussed previously, these can capture carriers and then acts as the origin or destination
of optical transitions. These are the transitions numbered 1 through 3. A special case is
the donor-to-acceptor transition, which is generally less likely due to the proportionality
of the dipole matrix element to the overlap of the wavefunctions. Outside of more exotic
applications, such as hyperdoped semiconductors or defect complexes that exhibit both
donor- and acceptor-like levels, the distances between neighbouring defects are generally
much larger than the extent of the defect-bound wavefunction, reducing the likelihood of
transitions between defect states significantly [29].

In case intraband carrier relaxation processes are slow and there is a significant population
of carriers existing at energies above the band edge, hot carrier relaxation processes can
occur (51in Fig. 2.6¢.). These are recombination processes in which an electron with an en-
ergy significantly higher than the conduction band edge recombines without first decaying
to the band edge. A similar process can occur for holes with energies significantly below
the valence band edge. For the devices considered in this work, we assume fast relaxation
of the carriers to the band edge, resulting in carrier populations in thermal equilibrium
with the lattice. There are therefore very few carriers available at any noticeable distance
from the band edges.

The last group of transitions to consider are intraband transitions (6 in Fig. 2.6c). As their
name suggests, they occur between initial and final states that both belong to the same
band. Selection roles imposed by the dipole matrix element lower the transition likelihood
for two wavefunctions with similar parities, which generally occurs near band edges. If
a band is formed by states from multiple different orbital wavefunctions, so for example

contains both s- and p-like orbital wavefunction contributions, the dipole moment becomes
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non-vanishing. This is the case in most zincblende semiconductors, for which intraband
transitions between light and heavy hole states contribute to non-negligible sub-band gap
absorption [32].

Fig. 2.6¢. does not contain all possible transitions for a given semiconductor, only the
ones most technically relevant to the work at hand. For example, excitonic effects pro-
vide another series of transitions. Excitons are a hole-electron pair, which, due to their
respective charge polarities, form a quasi-particle held together by the Coulomb force.
The eigenenergy of the exciton is the sum of the eigenenergies of the electron and hole
wavefunctions that form the exciton minus their binding energy, which is on the order of
a few meVs for common bulk semiconductors, but can reach several 10s to 100s of meV in
lower-dimensional systems. Transitions stemming from exciton decay are therefore slightly
red-shifted compared to transitions of its constituting particles. The negative electron or-
biting a positive hole in an exciton bears similarity to the relationship between electrons
orbiting the positive nucleus of an atom, which leads to very similar wavefunctions de-
scribing both systems, with an attenuation for the exciton complex to describe the effect
of the polarizable semiconductor background. This results in an excitonic fine structure,
as the electron can occupy states with higher orbital angular momentum and therefore
higher eigenenergies. However, due to the large amount of thermal energy available in
a semiconductor via phonon interaction at finite temperatures, excitons generally decay
rapidly into electrons and holes [29]. The resulting ”zoo” of available optical transitions
can be found via spectroscopy, e.g. [47] and [48]. The photoluminescence spectra for n- and
p-doped InAs and GaAs at low temperatures, feature a multitude of features, including
several defect-exciton complexes, such as DY, X. However, as indicated by the fact that the
spectra are captured at cryogenic temperatures rather than room temperature, as most of
these transitions are suppressed as soon as there is sufficient thermal energy available for
carriers to occupy bulk band states. We therefore generally only have to explicitly consider
direct band-to-band transitions when modelling a bulk semiconductor diode laser, while

the rest can generally be treated using optical scattering constants [46].

2.3.3 Refractive index

The refractive index is a material property, and is a function of many parameters that vary
as a function of the current device state, such as temperature and carrier concentration. As
a coarse approximation, the refractive index is a measure for the degree of polarizability
of a material. The refractive index is related to dielectric function e(w) and magnetic

permeability of a material p(w) [29]:

A(w) = Ve(@)nw) (2.48)
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The magnetic permeability simplifies to the vacuum permeability & pg for the semicon-
ducting materials considered in this work [32]. We therefore need to mostly concern
ourselves with the dielectric function €¢(w). The dielectric function connects the polariza-
tion response P of a material to the perturbing electric field E, here shown for the linear

response regime of the polarization:

—

P = eox(w)E = eo(e(w) — 1)E (2.49)

where y(w) is the electric susceptibility, and € is the vacuum permeability. €(w) is a com-

plex quantity, so we can separate it into a real and imaginary part, e,(w) and €;maq(w):
G(UJ) = ET(W) + ieimag(w) (250)

The imaginary part includes the generation and dissipation of energy stored in the electri-
cal field, while the real part quantifies the modification of the propagation of the electric
field in a material. The two parts are related by Kramers-Kronig relations, as the dielectric
function is generally analytical. This allows determining one component if the shape of
the other component is known. This relationship only holds while the material response
is linear with electric field strength, a condition that is often not met within gain me-
dia [29]. Furthermore, the dielectric function is a second rank tensor in the linear regime
as the polarizability is dependent on the orientation of the electric field relative to the
crystal structure. However, unless we are explicitly attempting to extract material quali-
ties related to the anisotropy of the polarizability, a medium can be treated as isotropic.
This reduces the nine components of the tensor into a single function, which makes it
significantly easier to handle. This simplification is relevant to keep in mind though when
treating properties such as birefringence and other polarization-dependent properties in
a monocrystalline material, in which the orientation of the electric field relative to the
crystal structure is very much relevant [49].

As the dielectric function and refractive index are related quantities describing the same
phenomena (see Eq. 2.48), the refractive index can also be broken down into real and

imaginary components n, and k [29]:

n(w) = np(w) +ik(w) = pov/€r + t€imag (2.51)

The term refractive index is often used ambiguously to describe the real part of the re-
fractive index n,, while k(w) is referred to as the extinction coefficient. x(w) is large for
frequencies near oscillations of the dipoles within the material, as we discussed above, and
small elsewhere. We therefore need to be mindful of x(w) inside gain media: here the
frequency of the light travelling in the resonator is by design matched to the available

oscillations in the medium. In other parts, such as the passive waveguiding structures
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with optical band gaps far away from the lasing transitions, these losses are less relevant.
For semiconductor lasers with low-dimensional gain regions, such as QW, QD, and QDash
lasers, the fraction of the optical mode overlapping with regions featuring lasing transi-
tions is often small, while the overlap with waveguiding structures, such as cladding and
separate confinement heterostructures, accounts for most of the mode volume. In these
cases, the effective refractive index as experienced by the optical modes is largely real [50].
The sign of the change in refractive index with wavelength is commonly used to dif-
ferentiate between normal dispersion, where the index decreases with wavelength, and
anomalous dispersion, where the index increases as wavelength increases [29]. Most ma-
terials will show normal dispersion in the UV to IR wavelength range, hence the name.
However, laser gain media will generally exhibit anomalous dispersion in the vicinity of
transitions [29]. Non-zero dispersion is detrimental to the linewidth in continuous wave
lasers and broadens the pulse width in pulsed devices. Sufficient dispersion can also de-
grade the phase-locking mechanism underlying single section semiconductor mode-locked
lasers to the point of non-pulsation. It is therefore often prudent to compensate the dis-
persion by adding a compensating element to the optical path [51]. The compensation
can either occur internally within the cavity, or externally in the light path through com-

ponents with dispersion relations of opposite sign, such as optical fibers [52].

Non-linear dispersion

As alluded to earlier, some materials, including most gain media, have a non-linear re-
sponse to incident electric fields. This is requires higher order terms to be included when

considering the overall polarization response of a material [49]:
P=e(xWE+yPE2+x®E3 + ) (2.52)

Eq. 2.49 is the truncation of this power series after the classical, linear term, and applicable
for low field strengths or materials with vanishing higher order susceptibilities [53]. The
study and technological usage of non-linear optical effects is closely linked to the advent of
the laser. The concentration of the energy into a narrow set of frequencies in a laser leads to
high field strengths, leading to large higher order field terms, resulting in strong non-linear
effects, since the magnitude of the higher order susceptibilities is generally much smaller
than the linear response [54]. We dropped the w dependence notation for convenience, even
though each susceptibility is still very much dependent on the frequency of the perturbing
electric field. The susceptibility ¥*) is a tensor of rank k + 1 [49]. As stated before,
the classical linear regime is only concerned with the linear susceptibility ¥(Y), which

deals with small perturbations of the equilibrium arrangement within a material. The
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second order susceptibility (2 is zero for centrosymmetric materials, such as gasses due
to their isotropy or crystals with inversion symmetry [49,53]. Zincblende crystals are not
centrosymmetric, as they lack an inversion centre [29]. However, ¥® is generally much
smaller than the third order susceptibility ¥*) in the QD and QDash gain media we discuss
in this work [55]. As a side note, we could have equivalently used the dielectric function
€(w) instead of the susceptibility.

Non-linear optical materials have a profound effect on the behaviour of photons: photons
as bosons are quite inefficient at interacting with one another, unless at extreme electric
field strengths above the Schwinger limit or inside a non-linear medium [56]. The non-
linear scaling of the polarization response can be interpreted as the interaction of multiple
photons, where one photon alters the polarizability of the medium and thereby affects
the interaction of the medium with a subsequent photon. This enables a wide array of
non-linear processes. Y2 is the foundation of processes such as harmonic generation and
frequency mixing, the latter enabling optical parametric oscillators. ¥(3) can be the source
of other effects: wave-mixing, photorefractivity, self-phase modulation, phase conjugation,
spatial soliton formation, and optical bistability. The third order susceptibility can also
lead to self-phase modulation which in turn is results in passive mode-locking of QD and
QDash lasers [57].

The non-linearity of a material can also extend to its absorption and scattering behaviour.
For materials with higher order contributions to their absorption and scattering spectra,
processes such as two-photon absorption and saturable absorption appear. The latter is
relevant for multi-section lasers and Q-switching, where a cavity is actively driven into
pulsed operation. This is highly relevant for semiconductor lasers, where the refractive

index is closely tied to the carrier density.

Dielectric function and refractive index

The electric polarizability in semiconductors is a function of both the response of the ionic
cores and strongly bound core electrons, and the more mobile valence electrons. While
the contribution from the former is mostly unaffected by the current device state apart
from thermal expansion, the carrier density can vary over several orders of magnitude
depending on the bias conditions, affecting the refractive index. Amongst other effects,
this interaction leads to an optical non-linearity as a result of spatial hole burning, a
phenomenon we will discuss in more detail in the context of mode-locking in quantum
dash lasers in 3.4.4. For now we will examine contributions to the refractive index in
semiconductors and qualitatively assess the relationship between carrier densities and the
refractive index of a semiconductor.

As discussed earlier, the refractive index of a material is another measure for its dielectric
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function and magnetic permeability, see Eq. 2.48. Neglecting the permeability for a
semiconducting material interacting with light in the UV to IR range, we can examine
the different contributions to the dielectric function in a bulk semiconductor [32]. The
components of the dielectric function under the assumption of a single conduction and
valence band and a weak dependence of the transition dipole moment |(¢|V |v)* on the

electronic wavevector k have been derived by Yu and Cardona [29]:

2 C ’U2
e(w)=1+ 2 Z<m2 )‘HV”Q' (2.53)

6()Tn:ed :edhww wgv —w
2
mq . .
€imag(w) = co(m? )2 Z (el V [0)?6(Ee(k) — Ey(k) — hw) (2.54)

k

i is a summation over all electronic k allowed per unit volume. ¢ is the elementary
charge, EC(E) and EU(E) are the band structure for the conduction and valence band
we encountered in Ch. 2, and m;_; is the reduced effective mass of the conduction and
valence band, as defined in Ch. 4. w,, is the angular frequency of the interband transition,
hwey = Eo(k) — Ey(k). 0(x) represents the Dirac delta function. It spikes in the vicinity
of transitions, but is zero elsewhere. In a real material, this will be broadened by the
dampening of the dipole oscillations and other broadening effects, as discussed in 3.3.5 [49].
Irrespective of the broadening, the imaginary part is going to be negligibly small outside
of the vicinity of the transition. The propagation of an optical wave interacting with
material that has no optical transitions in the vicinity of its frequency will therefore be
mostly defined by the real part of the dielectric function, and by extension, the refractive
index.

The real part shows an inversely proportional dependence on hw,.,, which is effectively
the optical band gap of a material. This indicates that in general, a smaller band gap
will be associated with a larger dielectric function and thereby refractive index [32]. The
appearance of w?, —w? in the denominator of the last term indicates that, analogously to
the imaginary part, the interaction between the electrical field and the semiconductor will

be strongest near transitions.

Correlation with carrier density

The equations for the two components of the dielectric function in Eq. 2.53 and 2.54 both
include a summation over the electronic states k. As carriers are injected into a material,
the states included in this summation will change as electronic states near the band edge
are occupied and higher lying states become available [39]. The result is a change Ax(w)

in the extinction coefficient. Since real and imaginary parts of the refractive index are
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linked via the Kramers-Kronig relation, the real part will also change. The additional
carriers will also be able to react to the external stimulus via plasma oscillations, further
altering the refractive index. The interaction between the carrier density, which is affected
by the optical field of the cavity modes, and the refractive index gives rise to non-linear
optical effects that we will examine in more detail in 3.4.4.

The refractive index due to injection n;,; can be split into plasma and electron dispersion

related components [58,59]:
Minj(w) = N0 (W) + Ang(w) + Any(w) (2.55)

no(w) is the refractive index prior to injection. We are mostly concerned with the change
in refractive index that affects the propagation of optical waves, so we will mostly concern
ourselves with the real part of ng(w). It can be derived via Eq. 2.53 for the equilibrium
occupation. Ang(w) and Any,(w) are the changes in the refractive index due to the altered
dispersion as a result of state occupation and the free carrier plasma response, respectively.

We can break the dispersion-related change down further:
Ang(w) = Ang(w) + ikg(w) (2.56)

The change in the extinction coefficient is proportional to the change in gain in the vicinity

of a transition [58]:
Ag(w)e
2w

where Ag(w) is the change in the gain in the vicinity of the transition and c is the speed

Akg(w) = (2.57)

of light. Applying the Kramers-Kronig relations:

2 [ W AkR(w
* Ag(w)c

Due to the singularity at w'? = w?, this needs to be solved using the Cauchy principal
integral and separated into multiple parts for integration. Alternatively, the expression

can be transformed by adding Ag(w)c to the integrand [58]:

Ang = —/ ! Ag(we — Ag(w)ew — w?du’ — Ag(w)c/ #dw’ (2.60)
0 0

W+ w w'? — w?

The second integral goes to zero, while the first term approaches the limit %%ﬁw) [58].

Ag(w) can be extracted experimentally through indirect measurements of the gain such
as the Hakki-Paoli method, or numerically by evaluating the gain model and extracting

the gain dispersion [59,60].

46



2 Semiconductor physics

The refractive index change due to the free carrier plasma response can be calculated using
the polarization of a plasma given an applied electric field E:

— q2 n D _,

P=- < + ) E (2.61)

mow? \mi  mj

Here ¢ and mg are the fundamental electron charge and mass, respectively, and m} and
m; represent the effective masses for electrons and holes. n and p are the electron and
hole densities in the active region. The total change in the real part of the refractive index

due to the free carrier plasma is then [58]:

Anyfo) = -T2 (2 2 ) (262)

wng \mg  my

with rg as the classical radius of the electron.

The total change in refractive index is often subtle for a lasing device, usually both Ang
and An,, are on the order of 102 to 107 for a bulk semiconductor at carrier densities of
10'8 cm™ [58,59]. Any,(w) introduces a comparatively constant decrease of the refractive
index due to the ﬁ dependence. Ang(w) has slightly more structure: it is smaller in the
immediate vicinity of the gain peak and increases in magnitude with detuning. The sign of
Ang(w) is negative below the gain peak and only switches sign slightly above it, showing
a shape reminiscent of a Fano resonance [58].

The different DOS in lower dimensional systems has a profound impact on the gain and
thereby the refractive index as well. We will discuss the gain function for QDs and QDashes
in more detail in Ch. 4 and revisit this topic there, but the general impact is a decrease in
the magnitude of the refractive index change with a decrease in dimensionality. The rela-
tionships are similar however, and the absolute index changes remain in the neighbourhood
of 103 [61,62].

2.4 The role of dimensionality

The first semiconductor laser diodes were based on basic p-type/n-type-interfaces, com-
monly known as pn-junctions, in GaAs. The spontaneous field gradient at the junction
funnels and confines carriers to allow for state occupations that meet the population inver-
sion condition. The laser active states in these initial devices were derived from bulk and
defect states [63-65]. Since it is difficult to define dopant densities laterally, these inter-
faces tend to be extensive on the scale of an infrared photon. The resulting large overlap
of the lasing mode with regions of the device that have lower current densities leads to ab-
sorptive losses, as areas of the junction that are below the population inversion condition

absorb carriers rather than contributing optical amplification. Additionally, reliance on
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bulk states to define lasing transitions meant that engineering a device to operate at spe-
cific wavelength required finding an alloy with a matching band gap and closely controlling
its composition. Lastly, the continuum of states within a band allows for a wide band of
states to participate in the transition. This broadens the lasing line, which is undesirable
in frequency-resolving spectroscopic applications or in wavelength multiplexing for optical
telecommunication systems [25,49]. Additionally, especially at higher temperatures, the
thermal broadening of the carrier distributions deteriorates the optical amplification at
a given wavelength. As we saw in Fig. 2.5, the density of states is highly sensitive to
the confinement of the particles involved. Restricting the motion of carriers results in a
concentration of carrier states near the band edge. Especially for electrons that are con-
fined to one- or zero-dimensions, such as in quantum wires or dashes and quantum dots,
the majority of the available states will lie right at the band edge. This inhibits thermal
broadening, as there are fewer available states for carriers to occupy at energies above the
band edge, which should reduce the temperature sensitivity of the gain and gain-related
parameters in lasing devices. Additionally, the total number of available states is generally
reduced in dimensionally confined systems, which reduces the current density necessary
for achieving population inversion and thereby positive gain. The result is a reduction in
the threshold current density and phase noise as a result of lower amplified spontaneous

emission rates due to an overall lower density of states in the lower dimensional system.

2.4.1 Heterostructures

A carrier is considered confined when the extent of the volume it can occupy approaches
the de Broglie-wavelength of the carrier quasi-particle [66]:
h h
)\deBroglie = — = W (263)
1—(vg/c)?

where h is Planck’s constant, m* is the effective mass, v, the group velocity (see Eq. 3.57),
and c the speed of light in vacuum. This equation involves a relativistic correction to the
denominator, which is generally not necessary for the low group velocities observed in
semiconductors, and can therefore be neglected.

If any dimension starts to approach AgeBroglie; carriers will be severely hampered in their
motion along that dimension. Since their zero-point energy can not be zero, the particle
attains a quantum-mechanical confinement energy along that dimension. The higher the
number of confined dimensions the higher this confinement energy will be. But how does
one confine a carrier? In semiconductors, there are multiple methods for creating carrier-

confining potential wells in one or more dimensions. One of the first methods discovered
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employed electrical gating: electrodes apply a spatially varying electric potential that cre-
ates a planar potential well [67]. Due to the requirement for fabricating the metallic gate
electrodes, the resulting confinement lengths are on the order of several tens of nanome-
tres. Instead of using an electric potential, isolating semiconductor regions via etching of
trenches and mesas can create similar confinement [68].

The most technologically relevant approach however is a semiconductor heterostructure.
A heterostructure makes use of the fact that semiconductors with different band gaps
will align their band edges relative to one another, which can lead to discontinuities in
the conduction and valence bands at the interface. The exact alignment depends on the
crystalline structure and composition of the semiconductors involved. A common method
to estimate the band alignment for two semiconductors at a heterojunction is Anderson’s
rule, which uses the electron affinity in both semiconductors to position their conduction
band edges relative to one another. The process is illustrated in Fig. 2.7a. and b. Valence
band edges are positioned accordingly using the band gap. After positioning the bands,
the chemical potentials, which need to be continuous at equilibrium to ensure no net cur-
rent flows across the junction, are matched. Bands are then bent accordingly to arrive
at the final band structure across the heterojunction [34]. While useful, this model is an
oversimplification since usage of the bulk band edge for both semiconductors implicitly
ignores the disruption of the crystalline translation symmetry at the junction. In reality,
the interface will reconfigure itself, leading to interfacial states that need to be calcu-
lated explicitly. This, however, is complicated as it involves band structure calculations
involving large numbers of atoms [32]. Anderson’s rule is sufficiently useful to deliver an
intuition on the alignment of two semiconductors, with heuristic approximations for band
offsets AEc and AFEy being used when quantitative accuracy is required.

Depending on the electron affinities and the chemical potential between the two semi-
conductors, different relative alignments are possible, outlined in Fig. 2.7c. - e. Most
technologically relevant semiconductors will form interfaces of type I or type II. Type I
interfaces, such as between InAs and InGaAsP alloys, lend themselves to creating carrier
confining structures. For example, imagine semiconductors B and W with conduction
band minima Ep and Ey . A set of layers B/W /B would confine the electron to remain
within layer W. If the conduction and valence band offsets AEx and AEy are larger than
the thermal energy kg7, a carrier will be captured into the central layer and remain there
until further perturbed. If we now thin the layer until its thickness approaches the de
Broglie wavelength of the carrier within the semiconductor, we will start to see quan-
tum mechanical confinement and a set of confined sub-bands replace the unconfined bulk
states. This structure is referred to as a quantum well (QW) and represents a system that
is confined along one dimension. Adding confinement along a second dimension results

in a quantum wire, only allowing unrestricted carrier motion along one dimension. If the
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Figure 2.7: a. Electron affinities x4 and xp, band edges for the conduction (E¢ 4 and
Ec ), valence band (Ev,4 and Ey,p), and chemical potential position (e 4
and €7 g) for two semiconductors in isolation. b. band positions and bend-
ing using Anderson’s rule after semiconductors are brought into contact, with
band offsets AEc and AEy for the conduction and valence band respectively.
The distance between the vacuum level and the chemical potential in each
semiconductor, also referred to as the work function, are ¢4 and ¢g. They
determine the conduction band offset AFE¢, while the valence band offset fol-
lows from the magnitude of the band bending and band gap mismatch. c.-e.
show the different types of band alignment one can obtain depending on the
relative affinities and work functions.

structure is now grown to confine motion along this last dimension of free motion as well,
we arrive at a quantum dot (QD). The resulting shapes of the potential and their impact
on the density of states can be seen in Fig. 2.5. The quantum dash, or QDash, which is
a mixture of the QD and quantum wire, resides somewhere between these two in terms
of its behaviour and density of states. These dashes are generally very tightly confined
in two dimensions, but only weakly along the third due to their length. We will discuss
their treatment in the context of this thesis in Ch. 5, as depending on growth conditions
different approaches are justifiable.

In order to calculate the energies of the states within a confined system we will make
use of the effective mass approximation; otherwise we would need to consider states from

every atom constituting the confined volume and its boundary. Instead, we can treat the
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confined volume as a perturbation V() of an otherwise perfect crystal (see Eq. 2.7):
(M1 + Veont(7)] W (F) = EW(7) (2.64)

Following Luttinger and Kohn, the solution for this perturbed Hamiltonian can be written
in terms of the solutions to the single-electron Hamiltonian ¢ (), summing over states
within the first Brillouin zone [69]:

U(7) = Zme it (@) (2.65)

with the expansion factors Xm(E) Plugging this into the perturbed Hamiltonian:
[Hie + Veont(7 Z me Gt @ =ED > X (K, () (2.66)

m R
Taking the inner product by multiplying by ¢ ( 7) and integrating over Z:
/ ) Z on(B)0, (D Hre + Veont (ot (86, (7)dT (2.67)
:/ (K)o, Ezzxm )&, (F)dE (2.68)
—EZZ/Xm 6o
- Y <ml€‘m k > EXm(F) (2.70)
m g

=
N—
S
=
—~
S—
QU
8

(2.69)

Due to the orthogonality of Bloch functions, the inner product over m, m/, E, and k
reduces along m = m’ and k = k. so <mE ‘m’ El> = 'm0y~ This expression therefore
simplifies to unity leaving the expansion coefficient.

On the left hand side, things simplify along similar lines:

[

') + (| Veont(7) [m'E )] o (F) = Eon(F) (2.71)

If the energetic separation between adjacent bands is large enough, the sum reduces to
a single band index. When dealing with band edge states located near the I'-point, this
approximation should hold: for most zincblende semiconductors the separation between
the band edge and the next lowest band is on the order of 1 eV [29,32].

The second assumption follows from similar reasoning: the states we are dealing with lie
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—

at the T-point near k = 0. For k = 0, the Bloch functions simplify to:

‘mlg> = qu];(f‘) = umEei S umoeikF = d)mo(f')eiw (2.72)

This simplification holds as long as we are dealing with I'-valley states, and a slowly
varying confined state as we are only including a narrow range of states around 0. If we are
interested in confined states resulting from the L- or X-valleys, or ones that vary rapidly
on the scale of the Bloch functions u_ =, this assumption would need to be amended.
Assuming that both simplifications hold, the wavefunction for the confined state then
simplifies to:

V() & Gmo(7) / ’_“'Fd—i (2.73)

= dmo(F)X(7) 274)

Using the effective mass approximation, it appears that we can therefore separate the
wavefunction of a confined state into a Bloch term derived from the band states ¢u,o(7)
modulated by an envelope term x(7) derived from the confining potential. Another in-
terpretation of this result is to view envelope function as an expansion of the crystal
wavefunctions modulated by the perturbing potential.

If we now apply the single electron Hamiltonian to this wavefunction, we can make the

assumptions stated above to arrive at a Hamiltonian more apt to describe our confined

System:
HaW() = Ha [ S50, (275)
=01 [ X Bren(F) (2.76)

(2.77)

Given the often complex shape of the eigenenergies em(E), we will replace it with a power

series as a generalized approximation to the complex dispersion of electrons:
m(E) =" ajk? (2.78)
J
Applying this expansion to Eq. 2.77, we obtain:

HieW & Pmo 'F)Za]/ E kI 87’(‘3 (279)
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Using the relationship between the Fourier transform and its derivative [32]:

/ dJ; (;)eikxdz =ik / f(@)e ™ de = ik f(k) (2.80)

This can be used to show that the inverse transform of k7 f(k) equals (—i%)j f(z) Con-
tinuing our abuse of notation where [ dk = [ [ [ dk.dk,dk,, the % becomes V. We can

then use Eq. 2.80 to rearrange the expression as follows:
H1eW(7) & bmo(7) Y a; (=i V) X(7) = Gumo(F)em (=1 V)X (7) (2.81)
J

We can now simplify, substituting into the perturbed single electron Hamiltonian (Eq.

—\

2.64), and using the approximation U(7) = ¢u,0(7)x(7)

[Hie + Veons (MW (F) = EV(7) (2.82)
d)mO('F)em(_iV)X('F) + ‘/conf(F)gme(f)X(F) = Egme(ﬁX(m (2'83)
[em(=iV) + Veon s (M)]x(7) = Ex(7) (2.84)

The result is an effective Hamiltonian €,,(—iV) 4 Vion¢(7) describing the motion of a
particle in a perturbing potential that strongly resembles the single particle Hamiltonian.
There is the energy operator, €,,(—iV), the expansion of the band energies in —iV. This
term can become quite complicated in itself, and therefore often needs to be approximated
as well. For example, using the parabolic band approximation near a band extremum, such

as the conduction band valley for example, €,,(—iV) can be approximated as follows:

= 2
- B2k
em(k) = Eg + 27’n| (2.85)
h2
em(—iV) = Ey — S v? (2.86)
(2.87)

where FEj is the band minimum, and m* is the effective mass of the electron. In this case,

we obtain the following effective Hamiltonian:

h2

5 V7 Veons (7) | X(7) = (B = Eo)x(7) (2.88)

This strongly resembles the effective mass Hamiltonian, offset by the band minimum en-
ergy Ey and perturbed by the confining potential Vo, ¢(7). In order to determine the
envelope function x(7) term of a confined state within a system, we would therefore solve

Eq. 2.88, with solutions resembling those for free particles [32]. This is therefore a straight-
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forward approach to obtain confined states irrespective of the confinement dimensionality.
However, this useful and elegant approach has several potential pitfalls, which should
be highlighted. The assumption that only one band contributes significantly only really
holds for the conduction band in zincblende-type semiconductors. There are two degen-
erate bands for the valence band, associated with the light and heavy hole, which would
both need to be included. There is also a third band, the split-off band that needs to be
considered in lighter semiconductors, such as Si. Furthermore, if we are dealing with a
semiconductor with valley-degeneracy, such as Si, each equivalent valley will contribute
to Eq. 2.72 and therefore needs to be included in the summation. Lastly, we are treating
each band in isolation, when in reality, there is some intermixing between conduction and
valence band states. The assumption that only states with k 2 0 need to be considered is
therefore not fully accurate, and can lead to incorrect estimations of the confined states
and their eigenenergies. The Kane model treats this intermixing and can offer higher
accuracy if the coupling between bands is non-negligible. Eq. 2.88 also made use of the
parabolic approximation to the band extrema, which only has acceptable accuracy over a
few 100 meVs above the band edge, depending on the semiconductor. If considering very
deeply confined structures, this approximation will overestimate the dispersion. Similarly,
it removes the anisotropy of the light and heavy hole masses, which will result in predicted
degeneracies which are in reality lifted due to the geometry of the confinement. Lastly,
the derivation assumed that the effective mass m* is uniform within the potential area.
If the potential well is created by growing a heterostructure, this is incorrect, as a carrier
particle’s effective mass will vary depending on the surrounding crystal structure. m*
would therefore become m*(7), rendering Eq. 2.88 non-Hermitian, which would mean its
solutions are not necessarily physically possible. Fortunately, a small modification to Eq.
2.88 allows the restoration of its Hermitian nature:

YV Vi (I = (B B () (250

5 Y () conf (M) |X(T 0)X(r .

The resulting boundary conditions for the potential envelope wavefunctions at a hetero-

junction located at 7= 0 are then slightly modified:

x(0)[a = x(0)|5 (2.90)
VA0l = X0l (2.91)
A B

This only works if x(7) varies slowly in respect to the ionic potential of the lattice. Despite
all these potential pitfalls, the modulated free particle model remains a powerful tool to
predict the states in confined systems if precautions are taken to account for the underly-

ing assumptions.
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2.4.2 Envelope function selection rules

As discussed during the derivation of Fermi’s golden rule, the symmetry of the confined
state wavefunctions will affect the strength of the dipole moment coupling the states in
an optical transition. Thus the optical selection rules for ¥(7) are a combination of the
rules derived for ¢ _=(7) mixed with the envelope function x (7). Given the form of the
dipole operator, ép, let us assume the pair of states is interacting with light linearly
polarized along one of the three Cartesian orientations. This means we are primarily
interested in the symmetry of the wavefunctions along this direction, since the polarization
vector will select the derivative along this orientation. Let us examine an example: a
heterostructure quantum well in a stack of layers along €, interacts with a photon polarized
along é, = (1,0,0). The product of polarization and momentum operator will then be
—ih%. What do the states of a quantum well look like along €,7 The confinement is along
€, so within the effective mass approximation we are dealing with electrons propagating
freely along €, and €}. The total state for the nth subband without normalization therefore
looks something like this:

ikr’

@27 = Up(2)e (2.92)

with # = (z,y,0) and ¥, (2) being the QW function for the nth band. If we now apply our
polarization-selected momentum operator to \I!nE(F), we arrive at the following expression
for an interband transition matrix element between the nth and jth state in the conduction

and valence band, respectively:

(nF

Since ¢, 7 and P, are orthogonal, <nE’ ‘ ]E> = 0. There is therefore no absorption for

. m% ‘]E> — hk, <n/%'”jl%’> (2.93)

light polarized along €, and similarly along €, for a quantum well normal to €,. The
QW states will not interact with light polarized along these directions. For light polarized

along €., the transition operator simplifies to —ihd%, with the resulting matrix element:

(P

where di’ = dydz. The term [ ! F=F)7 4 vanishes for k # K/, so the matrix element

simplifies to —ih (n| 2 |5). Evaluating this element is slightly more complex, but necessary

d | - g
— 1th— ] = * Z(k‘—k} )7’ . —
Zhdz ‘]k> Zh/dz/an(z)e dz\Ij](z)d'/“ (2.94)

to arrive at the selection rules for a confined system.
As established earlier, the wavefunction for a confined state can be treated as the product
of a Bloch function ¢ () and an envelope function xm (%), 50 Wymo(7) = V QDo (F) X (7),
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where n and m are the band and subband index, respectively, and € is the sample volume
which will ensure that the resulting wavefunction is normalized. The matrix element for
an interband transition between a conduction and valence band state, denoted by ¢ and

v, is then:
(enl S 10d) =@ [ XM x (o, ()dF (295)

This integral can be simplified since the envelope and Bloch functions vary on two length
scales: the envelope functions are slowly varying on the scale of the unit cell, while the

Bloch functions vary rapidly. Eq. 2.95 can therefore be separated into two terms:

cells

(el —— |v.7 Q) Z Xe(Bu)xo(Bu) | 60 <f> 6, (P)di* (2.96)

cellw
The integral over a single cell is the dipole matrix element derived from Bloch functions we
met earlier in Eq. 2.45. Its selection rules are based on the symmetry of the wavefunctions
near the band edge. It vanishes if ¢.(7¥) and ¢,(7) have even parity. Introducing the
band extremum dipole matrix element for Bloch functions, (c| - = |v), the expression then

simplifies to:
cells

<CTL’ 1. ‘U.]> = <C‘ 3. ’U cell Z Xc X’U(R ) (297)

Finally, the summation can be returned to its integral form since we have separated the
two parts varying on different length scales. The final form of the interband matrix element

then reads:

fenl 4o i) = (el - o) [ e, (a7 (299)

If either of the terms in Eq. 2.98 vanishes, the transition will vanish. The first term
imposes the previously established odd parity rule for the initial and final state Bloch
functions. The second term, derived from the envelope functions, demands even parity for
the envelope functions in order to be non-vanishing. So only wavefunctions with identical
parity will have allowed transitions.

Given the shape of the wavefunction in a symmetrically confined system, the odd numbered
envelope functions have even parity while even numbered functions will exhibit odd parity
(see Fig. 10.5 in [32]). So only transitions between odd or even indices are allowed. For an
infinitely deep well that is identical in conduction and valence band, this goes even further
as the identical wavefunctions in both bands will result in orthogonal wavefunctions for
non-matching indices, so An =n — j = 0. In this case, only transitions between identical
band indices are allowed.

In a real heterostructure, potentials are never infinite and rarely identical for electrons and
holes, so this condition is generally weaker experimentally. However, transitions for which

An = 0 tend to be stronger than ones for which |An| > 0, even for finite and asymmetrical
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wells.

While we derived the above rules for a QW, they extend to quantum wires, QDashes, and
QDs in a straightforward manner, with the envelope function increasing in dimensionality.
The result is a dipole that interacts with an increasing number of orientations of light
polarization. A QD can absorb any orientation, even though the strength of the dipole

may vary depending on the polarization for anisotropic confining potentials.

2.5 Semiconductor growth

While there are some naturally occurring semiconducting materials, they are too rich in
impurities and other defects to be technologically viable. As explored earlier, one im-
portant characteristic of semiconductors is the ability to closely control their electrical
properties. This is only possible if the material prior to fabrication is as free of defects as
possible and ideally monocrystalline. This means reducing the number of impurity atoms
by using high purity raw materials combined with further refinement. Structural defects

are mitigated by ensuring near-equilibrium conditions during crystal growth.

2.5.1 Wafer growth

Most semiconductor wafers grown today are likely to have been manufactured using either
the Czochralski, float zone, or Bridgman-Stockbarger method. The Czochralski growth
of monocrystalline semiconductors employs a crucible filled with a purified semiconduc-
tor melt just below its melting point, inserting a monocrystalline seedling at the top and
pulling the seedling upwards while rotating slowly. As it is pulled, liquid melt solidifies
around the seedling, mirroring its crystalline phase. The temperature of the melt close to
the melting point ensures proximity to equilibrium growth conditions resulting in material
that is very low in defects, as atoms are sufficiently mobile to rearrange themselves into
their ideal energetic positions rather than forming metastable defects. Growing semicon-
ductor alloys with this method is possible, albeit difficult since density gradients and differ-
ent formation energies can lead to stoichiometric non-uniformity and poly-crystallinity [70].
The float zone method avoids some of these shortcomings by melting a small section of a
prefabricated polycrystalline ingot and allowing it to slowly cool, again making use of a
seedling to initiate growth of the desired structure and orientation at one end of the ingot.
Due to the sharp thermal gradient between the heated float zone and the much cooler
rest of the ingot, enrichment of the melt leading to the aforementioned non-uniformity is

less relevant, allowing near arbitrary alloy compositions with less risk of property deteri-
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oration. The fact that it can also be conducted in a crucible-free manner further reduces
contamination of the grown crystal, allowing it to achieve the lowest impurity concentra-
tions possible in wafer growth. It also allows growing semiconductors that form highly
reactive melts [71]. The third method discussed here, known as Bridgman-Stockbarger,
can be seen as a mixture of the two: similar to the Czochralski-method, it grows a crystal
from a continuous semiconductor melt, but rather than pulling the crystal out of the melt,
a closely controlled temperature gradient along the direction of the growth induces crys-
tallization at a specific growth speed and reduces some of the enrichment effects seen in
pure Czochralski-growth. Most optoelectronic GaAs is grown via this method as it offers
more control over the growth process than Czochralski growth, and is less affected by the
high volatility of Ga. The InP wafers used as the growth substrates used in this work
were grown in this manner. There are other methods, such as Kyropoulos and Verneuil
growth methods, but they are less used for the semiconductors relevant for diode lasers.
The ingot is cut into individual wafers, and each wafer lapped and polished to act as the

substrate in further processing.

2.5.2 Heterostructure growth

The dimensions of the heterostructures useful for confining carriers are far to small to
be created using any of the above mentioned wafer-scale methods. Instead, they require
growth methods that are able to grow defect-free layers with near instantaneous compo-
sitional switching. The most common way to achieve this is to place a heated growth
substrate in an isolated chamber and add small quantities of material that will adsorb
unto the growth substrate and form new layers. If the new layer reproduces the crystal
structure of the substrate, the growth process is referred to as epitaxy. Whether or not
the grown layer will arrange itself in accordance with the substrate depends on the crystal
structure of the substrate and deposited material, total thickness of the layer deposited,
and the deposition conditions.

Epitaxial growth methods can generally be categorized into two groups: elemental meth-
ods that deposit elements of the layer material directly and precursor-based methods that
use molecules containing the layer constituents which are decomposed at the growth in-
terface. Molecular beam epitaxy (MBE) and physical vapour deposition (PVD) are exam-
ples of elemental methods, while metal-organic chemical vapour deposition (MOCVD) and
chemical beam epitaxy (CBE) are precursor-based. Elemental methods are also always
conducted under vacuum, while some precursor-based approaches may use low pressure
conditions [72]. Each approach features a host of derived methods that vary slightly in
their approach to deliver reactants and facilitate their decomposition, if necessary, as well

as their adsorption unto the surface. A full comparison of these methods would go beyond
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Figure 2.8: Molecular beam epitaxy (MBE) and metal-organic vapour deposition
(MOCVD) methods and their source materials and pressure conditions. Chem-
ical beam epitaxy is a subset of gas-source MBE (GSMBE) methods. Repro-
duced from [73].

the scope of this work, but we will quickly discuss CBE and MOCVD, as they are the

growth methods used to grow the devices in this work.

Chemical beam epitaxy

Chemical beam epitaxy (CBE), also known as metal-organic molecular beam epitaxy
(MOMBE or OMMBE), is the combination of MBE and MOCVD into one growth method
that replaces the elemental sources used in MBE with metal-organic molecular sources
similar to the ones used in MOCVD, while retaining the growth under vacuum condi-
tions from MBE. A sample growth reactor is shown in Fig. 2.9. While the concept of
gas-source MBE was initially demonstrated using hydride group V elements by Panish
in 1980, a method using molecular sources for both group III and group V elements was
developed by Tsang in 1984 [74,75]. Using molecular sources for both group III and V
elements has several advantages, including easier scalability, reduced source recovery time,
which is especially relevant for group V sources, and more precise compositional control
compared to elemental sources. The method has found widespread use in the growth of

heterostructure semiconductors since it produces high quality epitaxial layers at arbitrary
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Figure 2.9: Chemical beam epitaxy system. The group III source chemicals, trimethyl- or
triethylindium (TMIn and TEIn), and trimethyl or triethylgallium (TMGa and
TEGa), and the group V molecules trimethylarsine (TMA) and triethylphos-
phine (TEP) are transported to the reaction surface using a carrier Hy or Ar
stream. Decomposition occurs at the heated growth substrate for group III
molecules and in a Ta/Mo-buffered alumina tube for the group V molecules.
Flow rates were controlled using electronic mass flow controllers, leading to
high reproducibility of the growth rates. Since this system is a converted
MBE system, elemental sources for Be, Sn, In and Ga remain. The former are
useful as they are dopants that can be added during the growth process. A
reflection high-energy electron diffraction (RHEED) system is used to monitor
the growth process in-situ. Reproduced from [74].

compositions with sufficient abruptness to grow very thin heterostructures [72]. It is the
most common technique for InGaAsP growth, a quarternary compound semiconductor
which can be compositionally varied to obtain band gaps between 0.71 and 1.35 eV while
maintaining a lattice match to InP, which is true if the following expression holds for the

Ga fraction = and As fraction y in In;«GaxAs,P1_y [76]:
2z = 0.1894 % y/(0.4184 — 0.013 % y)) (2.99)

Since this range of band gaps covers several fiber optical communication bands as shown
in Fig. 2.10, lattice-matched InGaAsP alloys are widely used in telecommunication sys-
tems [72]. The precursor chemicals are usually simple organo-metallic molecules, such as
alkyls and hydrides, with alkyls being safer to handle [74]. The main advantage of CBE
over MBE is the availability of reliable and easily reproducible sources of phosphorus,
highly relevant when lattice matching InGaAsP to InP is very sensitive to the compo-
sition. Elemental phosphorus sources require frequent regeneration and are difficult to

calibrate as evaporation rates are closely tied to a sources thermal history. Additionally,
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Figure 2.10: a. Attenuation and dispersion as a function of wavelength for Corning SMF-
28 fiber, a common Ge-doped silica fiber used in optical fiber communication
system [77]. b. band gap of InGaAsP alloys latticed matched to InP, varying
from InP (0% As) to Ing47Gags3As (100% As). InixGaxAsyPiy is lattice
matched to InP if the empirical expression Eq. 2.99 holds. The shaded
regions indicate the common fiber-optical communication bands [78]. The
devices studied in this work target the conventional (C)-band near the silica
fiber attenuation minimum of 1550 nm.

they often deliver phosphorus allotropes that do not decompose readily on the growth
substrate. Contrast this with AlGaAs/GaAs, another material highly relevant to opto-
electronic heterostructures, which can grow high quality epitaxial layers using elemental
sources only. It is lattice matched irrespective of composition and elemental sources are
less complex to manage, which in addition to the more favourable band offsets when trying

to confine carriers, led to its earlier adaptation in heterostructure lasers [72].

Comparison with MOCVD

As Fig. 2.8 indicates, MOCVD is very similar to MBE, with similar precursor chemicals
used and reaction ingredients delivery via carrier gas. The main difference is the higher
ambient pressure environment in MOCVD, which moves molecular motion from the bal-
listic to the viscous regime. As more gaseous species are present at the growth interface,
interactions between reactants are more likely, introducing complexity to the source selec-

tion process. Additionally, the presence of a boundary layer above the growth substrate
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can interfere with the stoichiometry and lead to spatial inhomogeneity across the growth
surface. This is offset by the reduced complexity of MOCVD processes as it can occur
outside of vacuum chambers, even though the toxicity of the chemicals involved still re-
quires complex air handling equipment [74]. CBE and other GSMBE methods are also
superior to MOCVD in terms of layer abruptness and achievable doping levels, at the cost
of reduced growth rates [72]. For logistical reasons, MOCVD is used in the overgrowth
stage of the devices fabricated for this work. The overgrowth step growths the layers

constituting the ridge of the device, which is then defined via etching.

2.5.3 Quantum dot and dash formation

The self-assembled growth of QDs and QDashes in the InGaAsP /InP system are almost
identical, so we will be describing the process for dots and mention the differences for
dashes as they arise.

On a crystalline surface lattice matched to InP, InAs QDs will self-assemble during epi-
taxial growth due to strain relaxation of a layer with critical thickness t.. The process is
depicted in Fig. 2.11. The room temperature lattice constant of InP is 5.86 A, while InAs
is slightly larger at 6.06 A and therefore experiences compressive strain when grown on
InP [76]. When depositing InAs on InP, or material lattice matched to InP, the resulting
epitaxial InAs layers experience a degree of strain. As the thickness of the layer increases,
the elastic energy within the metamorphic InAs increases, until it is sufficient to induce
a reconfiguration of the surface into separate, less strained islands on top of a strained
wetting layer, as seen in step IV in Fig. 2.11. The height and shape of the resulting islands
depends on the ambient conditions, including As availability, substrate crystal structure,
and temperature [79,80]. Varying the growth temperature alters the surface diffusion of
As, while the crystallographic structure of the growth surface induces a strain anisotropy
in the plane [81]. These two parameters are the strongest drivers in inducing the islands to
elongate and form quantum dashes (QDashes) with lateral aspect ratios ranging between
1:2 and 1:20 [82,83]. Typical dot densities are on the order of 10! to 10*! cm™, depend-
ing on the substrate, while for dashes it usually lies closer to 10° cm™ [80, 82, 84, 85].
After islands have formed, dots are capped with InP. This occurs in a double-cap process,
splitting the InP cap deposition into two steps, interrupted by a hold under phosphorus
overpressure [80]. The hold step enables extensive As/P-exchange at the section of the
dot not covered by the first InP deposition. This reduces the height variability between
different dots and thereby the degree of inhomogeneous broadening of transitions [86,87].
By altering the height of the first InP deposition step, the final height of the dots can be

tuned, allowing precise control over the transition energies in the dot [88,89].
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Figure 2.11: QD formation due the Stranski-Krastanov, also referred to as layer-island,

growth mode. I. A substrate is grown with a lattice constant different from
the QD material. II. The QD material is deposited, forming a continuous
layer across the surface that is referred to as the wetting layer. Due to the
mismatch in the lattice constants between substrate and dot material, the
wetting layer is slightly strained. ITI. The wetting layer continues increasing
in thickness, continuing the strained structure induced by the substrate. The
layer will grow in thickness until it reaches a critical thickness ¢.. This is
often on the order of a few monolayers of material. IV. The strain is released
via island formation. The crystal structure within the island is less strained
and therefore energetically favourable. A thin wetting layer remains.

2.5.4 Size fluctuations
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Figure 2.12: AFM images detailing the differences in nanostructure morphology as a func-

tion of sub-layer and growth temperature. Reproduced from [83].

Since QDs and QDashes are self-assembled, their shapes and sizes will vary and be subject

to some degree of variation across the extent of the active region. This is illustrated by Fig.

2.12, which shows the nanostructure morphology as a function of sub-layer composition
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and growth temperature [83]. The dashes used in this work were grown under conditions
nearly identical to Fig. 2.12h. Assuming a lasing device of 1500 pm length with an
approximately circular mode of diameter 2 pm, the optical mode volume encompasses
around 10° to 105 QDs or QDashes in a single layer. A typical devices will feature
three or more layers, further increasing the size of the nanostructure ensemble that is
contributing to the light emission from the cavity. As we established in the previous
section, the energy levels of a nanostructure are closely linked to its spatial extent. Any
variation in shape and size will therefore inevitably translate into a variation in sub-
band structure [90]. Not all dimensions are equally relevant for this fluctuation however.
Assuming isotropic effective masses, the shortest dimension will have the largest impact
on the overall energy level since confinement is the strongest. For QDs and QDashes,
with heights that are significantly smaller than their lateral extent, keeping the height
uniform across the ensemble will reduce the energy level spread more than controlling
diameter or length in the case of QDashes. This is the motivation for the double-capping
process discussed earlier [86,91]. For shorter quantum dashes, which have non-negligible
quantization energies along the longitudinal direction, the relationship between length
and sub-band position varies depending on the shape of the wavefunction in the dash
cross section. Higher order states will show a higher sensitivity to length than the ground
state [92]. We will discuss these size fluctuations in more detail when discussing the
linewidths of QD- and QDash-based gain media.

A last thing to mention when discussing quantum dashes is the large variability in lengths:
Fig. 2.12 illustrates how the transition between QD and QDash formation is not step-like
with temperature, but rather a smooth transition from one morphology to another. QDash
layers will therefore often include short dashes reminiscent of dots in shape and size, as
well as long dashes that resemble quantum wires in their extent. The treatment of QDash
layers then requires mixing the qualities of zero-dimensional QDs with one-dimensional
quantum wires, with a large fraction of the sample falling somewhere in between. We chose
to treat QDashes as elongated QDs with minimal longitudinal quantization due to the
technological capabilities of the Schrodinger solver attached to the numerical simulation
environment used. This is most relevant when considering the optical gain function, where
the DOS plays a strong role and the largest variation between wire- or dot-like treatment
exists. A more thorough discussion of this choice can therefore be found in the explanation

of the gain models used in Ch. 4.

2.5.5 Barrier composition

While the composition of the dash itself is generally InAs, even though InGaAs dashes

have been explored, there are two material systems commonly used for the barrier material
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between dashes: InAlGaAs and InGaAsP. The band offset between InAs and InAlGaAs
is larger, leading to greater confinement and reduced thermionic carrier escape. Lattice
matching is also less complicated, as InAlGaAs is lattice matched for all combinations of its
constituents, while InGaAsP is only matched for certain compositions (see Eq. 2.99), which
complicates the growth process in requiring precise control of the group V source [93].
Additionally, the absence of phosphorus means that there are no As/P exchange effects
to alter the composition or shape of structures post-growth in unforeseen or undesirable
ways. However, the lattice mismatch between InAs and InGaAsP alloys latticed-matched
to InP is smaller than for InAlGaAs, allowing for larger dot sizes as the relaxation energy
is reduced. For devices targeting the L- and U-bands at 1570 nm and beyond, InGaAsP

barrier materials are therefore potentially less cumbersome to grow [94].
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The laser (Light Amplification by Stimulated Emission of Radiation) has contributed to
technological progress in numerous fields since its development in the late 1950s [95,96].
Laser light emitting devices have contributed to medicine by way of corneal laser ablation
or thermal cancer treatment, to process technology by laser-based ablation and welding
methods, and to telecommunications as one of the key components in enabling optical
fiber networks, networks which form the backbone of the internet [4,97,98]. Lasers have
also had a catalytic effect on a variety of sciences, be it astronomy by enabling the study
of minuscule shifts in gravitational fields, environmental science by providing the tools to
study cloud formation, or material science where lasers enabled even closer scrutiny of the
optoelectronic properties of a variety of materials [49,99,100]. This is especially relevant
for semiconductors, a group of materials that have played a pivotal role in the accelerating
rate of human technological progress. The existence of the laser also created entirely new
fields of science and engineering, as it provided a comparatively accessible test bed for
many quantum mechanical effects and allowed their integration into novel technologies,
such as quantum metrology [49]. The usage of lasers has grown ubiquitous, affecting every
field of technology. The focus of this work is on lasers designed for telecommunication
applications, which are generally in the near infrared, coinciding with the attenuation or
dispersion minima of silica fiber. Single- and multi-mode fibers constitute the majority
of modern optical network infrastructure, but with ever increasing data transfer demands
the limitations of current signal sources will soon be reached. There is therefore a need
to create new light sources that can extend the capacity and thereby lifetime of existing
infrastructure by increasing the data rates per fiber [4]. We will therefore start by ex-
amining the fundamentals of lasing devices, and then dive into the theory underpinning

mode-locked lasers which offer higher data rates.
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Figure 3.1: Defining spectral characteristics of the components of any lasing device a.
emission spectrum of the gain medium, b. inverse loss spectrum for the optical
cavity (in this case an idealized Fabry-Perot cavity) and the c. resulting laser
emission spectrum as a combination of both. This is a simplified analogy,
where several complicating factors, such as gain competition between modes,
are ignored.

3.1 Characteristics of a laser

Presume an extended source of light that is emitting into a space. If the phase difference
is constant at a given point in space P between arbitrary times ¢; and ¢, the light source
is considered temporally coherent. If the phase difference between point P} and P; is also
constant as a function of time, the light is also considered spatially coherent. Varying
degrees of coherence are usually quantified using the coherence time At,, which is defined

as the maximum time difference for which the phase difference A¢ varies by <
At. =to —t1, Alo(ta) —o(t1)| < (3.1)
From At. we can calculate a coherence length Al,:
Al. = cAt, (3.2)

Light emitted from a laser has both temporal and spatial coherence [49,54]. Additionally,
the photons emitted from a laser once the lasing condition is met will change their energetic
probability distribution from chaotic Bose-Einstein statistics to an approximate Poisson
distribution (see Fig. 3.8b.), with important implications for metrological applications
[101]. Lastly, laser light is significantly more intense in terms of intensity per unit of
frequency due to its concentration of optical energy into a small number of near-discrete
modes. This concept is taken further in pulsed lasers, that additionally concentrate the
input of energy in time, leading to peak powers of several hundred TW and possible pulse
widths in the 10715 s regime [54,102]. These properties are directly related to the design

of a lasing device, which consists of an optical gain medium and a resonator. The gain
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Figure 3.2: a. Two valid cavity modes inside a cubic resonator and b. possible modes
in wave vector space. Each site indicates a potential mode, with only modes
within the grey sphere being accessible given the properties of the resonator.

medium can be any material providing two or more energetic levels coupled by an optical
transition which can be excited through the supply of external energy. The resonator, or
resonant cavity, is selected to show minima in optical loss at wavelengths corresponding
to optical transition energies of the gain medium. The result is a self-amplifying standing
wave within the cavity, of which a fraction is coupled out representing the emission from
the device. The resonator suppresses emission with random phases in favour of in-phase
processes that result in the coherence characteristics observed at the laser output [49]. We

will now discuss both components of the laser in more detail.

3.2 Optical resonators

The main role of the optical resonator is the creation of a set of low-loss electromagnetic
standing waves at frequencies that coincide with desirable transitions in the gain medium.
The standing waves are the modes of the resonator, with their spectral and spatial shape
defined by the design and reflectivity of the resonator. The key characteristic for resonators
suitable for use with an active medium to form a laser is strong feedback for cavity modes
and strong suppression everywhere else. Resonators are also often referred to as cavity res-
onators or optical cavities as a result of borrowed terminology from the field of microwave

radiation, and we will be using the terms resonator and cavity interchangeably.
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3.2.1 Cavity modes

To understand the modes for any cavity, let us start with a simple cubic sample cavity. It
is at a uniform temperature T and it has side lengths L, and its yz-plane is depicted in Fig.
3.2a. Given the thermal equilibrium, every wall of the cavity acts as a black body emitter
and therefore has to emit and absorb equivalent amounts of electromagnetic radiation to
maintain the dynamic balance of energy, or Pys(w) = P.(w), where Pys(w) and Pe(w) are
the absorbed and emitted energy within the cavity. The result of this energy exchange
within the cavity is a stationary, spatially varying electric field E(F)

B() = Y ApelontFafl 4 7 oilont—Fo (3.3)

It is the linear superposition of transverse plane waves with amplitude A, and wave vectors
En related to their angular frequencies w, as ’En‘ = “;—;, where v, is the phase velocity we
will discuss in more detail later (see Eq. 3.57). Assuming reflective interior walls, waves

within the cavity will interfere if their wave vectors k fulfil the resonance condition:

-
k= Z(nx,ny,nz) (3.4)
where n(, , .y € No. This condition states that only waves for which the total optical path

length along each dimension, which is twice the cavity side length L for the cubic cavity,
is an integer multiple of its wavelength will form standing waves. From this we can derive

a condition for the magnitude of the mode wave vectors:

[y 5)

This is depicted in Fig. 3.2b: each site indicates an integer multiple of 7, but only red sites
indicate viable modes given the cavity length and cut-off wavelength A,,. This translates

into conditions for the wavelength A\ and angular frequency w of the cavity modes:

o2k (3.6)

\/ N2+ nZ +n2
v
wzqu/n§+n§—|—n§ (3.7)

Since we used plane waves to construct the original electric field E(F), A will always be

perpendicular to k and can be restated as a superposition of two orthogonal polarization
components é; and és:

—

A =a1é1 + asés (3.8)
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Since each cavity mode can be treated as consisting of two linearly polarized modes interfer-
ing, each triplet of indices (ns,ny,n;) actually denotes two cavity modes with orthogonal
polarizations. Since any stationary electric field needs to be expressed in terms of standing
waves in order to retain its time-independence, and the modes from Eq. 3.5 and 3.7 are
the only viable standing waves, any stationary field can be expressed as a superposition
of the cavity modes.

The total number of cavity modes accessible depends on the maximum attainable fre-
quency in the system, w,,, or a minimum attainable wavelength A,,. To determine the
total number of modes we merely need to sum over all mode indices that result in modes
with w, between 0 and w,,. For the optical cavities we are interested in this work, the
condition L >> ), holds, as cavities are on the order of 1023 pm, while optical wave-
lengths in the near-infrared region we are most interested in are on the order of 1 pm.
7 is therefore very small and the summation over all indices can be approximated as an
integral to determine the volume of accessible mode space. For the octant of accessible
mode space depicted in Fig. 3.2b, we therefore only need to calculate the volume of a

sphere for which w2 < w?:

m (3.9)

ldr (Lwp\® w3 L3
23

e

The factor of 2 arrives as a result of the two available polarization modes per index triplet,
and the factor of % is a result of forward and backwards propagation being degenerate,
hence we are only interested in the positive octant of the sphere.

Due to the interaction with optical transitions which are located at specific frequencies
and location, one is generally less invested in the total number of modes within a cavity
and rather the total number of modes per unit volume in a given spectral interval. We
therefore define the spectral mode density n,(w):

d N(w) w?

Nph(w)dw = o I8 dw = 3 dw (3.10)

From this we can also formulate at the spectral energy density ppn(w) using the mean
energy per mode Wpy:
—_ 2w3n3

pph(w)dw = npp (W) Wppdw = ——=+ Npp (w) (3.11)

mes

Determining the mean energy per mode requires knowledge about the occupation of each
mode, which is related to photon emission and absorption and will be discussed in the next
section when exploring different gain media and concepts of quantifying coupling between

optical transitions and cavity modes.
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3.2.2 Quality factor

In order to obtain lasing emission from a resonator, only a comparatively small number
of modes can be allowed to have significant photon occupation. These modes will then
be further amplified via stimulated emission. All other modes need to be suppressed
to prevent their parasitic depletion of the gain medium excited state population. This
concentration of energy into a small number of modes requires a resonator with strong
loss contrast between desirable modes with low loss and undesirable modes with very high
loss. In order to quantify this feedback, let us take a look at the change in energy stored

within the nth mode: J

dt

The change in stored energy W, is the product of the already accumulated energy multi-

Wy = — B, Wi (3.12)

plied by the loss factor 3,. The quality factor of this mode is then the ratio of the energy

stored to the energy lost per oscillation:

2nvW, 27y

Qn - - d -

(3.13)

The quality factor for a given mode n is related to the cavity lifetime ¢,, by the following
relation [103]:
Qn = wnly (3.14)

The role of the cavity is to produce a series of modes with high @,,, which are the modes

that will be preferably amplified by the gain medium.

3.2.3 Mode shape

For optical resonators, there are two relevant mode shapes: the spectral and the spatial
mode shapes. The spectral shape is required to quantify the overlap with optical transi-
tions of the gain medium. The spatial mode shape defines the near- and far-field pattern
of the light emitted from the resonator and the spatial distribution of the optical mode
for gain media with spatially non-uniform emission and absorption characteristics. Both
spectral and spatial mode shape are dependent on the type of resonator used. The devices
studied in this work are monolithic semiconductor diode lasers. The resonator is formed
by near total internal reflection at the interface at the semiconductor and air interfaces
creating a Fabry-Perot resonator. The discussion will therefore be focussed on the mode

structure inside these resonators.
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Spectral mode shape

As we discussed in the previous section, cavity modes are a result of standing waves related
to the geometry of the cavity. In an idealized resonator, the spectral mode shape would be
a discrete line located at the frequency of the mode w,,, but imperfections of the resonator
will broaden this line into a narrow range of frequencies around w,, referred to as the
linewidth.

In order to understand the linewidth of the Fabry-Perot cavity, let us conceptualize the
modes within it as a result of interference between waves. Homo-dyne waves, that is waves
with the same frequency, will interfere constructively if they are in phase and destructively
if they are not. Let us analyze a sample system, an absorption-free transparent plate of
thickness ¢, made of a material with refractive index n,, and partially reflective parallel

surfaces. An incoming wave Ey = Aget@t—k)

incident at angle o to the surface, will
create two resultant beams: a reflected beam with intensity Az = A;v/R and a transmitted
component Ay = A;v/1 — R. A; is the amplitude of the incoming wave at the first surface
and R the reflectivity of the interface. The reflectivity R = II—’j is a function of «, the
polarization of A;, and the refractive index of the plate n,. The refractive index of the
surrounding medium is relevant when determining refracted angle, and we will assume the
plate is surrounded by air, 80 Ngmpient = 1. At the lower surfaces, the beam is scattered
again, resulting in a reflected component with amplitude A;4v/1 — RV/R and a transmitted
component A;v/1 — Ry/1— R = A;(1 — R). The reflected component will intersect the
first surface again, splitting into two beams via reflection and transmission. This process
continues, resulting in a series of parallel reflected and transmitted beams with decreasing
amplitude. In general, the absolute amplitudes of the successor to the jth wave reflected
at the top surface Ag ;41 or transmitted through the bottom surface Az ;41 will be as

follows:

|AR,j+1| = R|AR,l (3.15)
|A7j41] = R| A7 (3.16)
The path difference Al between two successive reflected waves is dependent on the angle

of incidence and refractive index of the plate:

2n,t .
Al = cos(3) 2t tan(B) sin(«) (3.17)

where [ is the refracted angle inside the plate. The incident and refracted angles are

connected via Snell’s law, sin(a) = n, sin(f) and Eq. 3.17 simplifies to:

Al = 2n,tcos(B) = 2n,t1/1 — sin?(B) (3.18)
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The phase difference ¢ as a result of the path difference Al is equal to:

B 2w Al
D\

+ Ap (3.19)

Ay accounts for any phase changes at the plate surface. For example, if the ambient
refractive index is < n, and n, > 1, the reflected wave will undergo a phase change of m
when getting reflected at the top surface while moving from the ambient medium with low
refractive index into the higher refractive index plate. At the bottom surface, the phase
change would be 0 for the reflected wave.

The total amplitude of the reflected wave Agr is a summation over all reflected wave

components, Ag j, including the phase-shifts Ap; = (j — 1)

N
Ap = Z Ajei(jil)mp (320)
j=1

= —VRAy+VRA(1-R w—i—ZAGJ De (3.21)

N-2
= —VRAy |1 - (1-R)e™ > Rie"¢ (3.22)
7=0

If A; is incident at o« &= 0 and the extent of the plate is much larger than the incident beam,
so there are no diffraction losses, we can assume a near-infinite number of reflections,
N — oco. Eq. 3.22 then resembles the geometric series and we can use its limit as
N — oo [104]:

N-2 1 _ oiv
lim 1—(1-— el "P _ 2
Ngnoo Z{) Re 1 — Re (3 3)
]:
1— e
—VRAy——— 3.24
VR 07 ~ Reiv ( )
The intensities of the reflected and transmitted waves Ir and I are then:
4sin?(%)
Ip = ARAR = IhR 2 3.25
foORERE T T R)2 + ARsin?(2) (3.25)
1— R)?
It = AT Ar =1 ( ) (3.26)

(1 — R)?+4Rsin*(%)

With the incident intensity Iy = 060]A0|2. We used the trigonometric identities e =
cos(p) + isin(yp) and sin(2¢) = 2sin(p)cos(p) [49]. The two expressions in Eq. 3.26

are known as the Airy formulas and they are often stated using the coefficient of finesse
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Figure 3.3: a. Transmission and loss spectrum for a parallel plate Fabry-Perot resonator.
The fractions indicate the interface reflectivity. Shown is also the free spectral
range dv between the two adjacent mode peaks. b. The minimum intensity
in the resonator I,,;, and the ratio between on peak and off peak intensities
Imaz/ Imin as a function of interface reflectivity R.

F= (ﬁ% of a given resonator rather than its reflectivity:
I Fsin?(%) (3.27)
= 01+Fsin2(%) ‘
1
Ir = (3.28)

—
°1 + Fsin?(%)

The result of this is a set of peaks in the transmitted intensity Iz and a set of troughs
in the reflected intensity Ir. The higher the magnitude of F' due to higher interface
reflectivity, the narrower these peaks will be in terms of . It also affects the minima
between adjacent resonance peaks, as the interference condition becomes more strict and

therefore destructive interference more dominant as F' increases:

1 1—R\?

Translating these results into the realm of laser resonators, the plate of thickness ¢ becomes

a cavity of length L, and the transmitted and reflected waves become the viable cavity
lasing modes and the resonator’s loss spectrum, respectively.

The resulting spectral mode structure in a parallel plate resonator is shown in Fig. 3.3a. It
shows the light distribution and loss spectrum for a given resonator for different interface
reflectivities R. For an idealized, absorption-free resonator with no surface reflectivity,
there is no loss at any frequency. However, as the reflectivity increases, equivalent to

increasing the refractive index n, within the cavity, the spectral mode structure emerges.
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Regions of destructive interference result in high losses as light is coupled out of the
cavity. Regions of constructive interference, located at v, and v,4+1 in Fig. 3.3a, appear
and then narrow as more light is reflected at the interfaces. In order to ensure lasing,
the loss contrast between modal frequencies and intermodal regions needs to be strong
enough to suppress the spontaneous emission into intermodal parts of the spectrum. If
not suppressed, this emission can in turn get amplified by the gain medium. Since this
amplification will reduce the degree of population inversion, amplification of intermodal
light will reduce the gain at the desirable modal frequencies and is therefore an optical loss
mechanism in a lasing device. This contrast can be quantified using the quotient of the
intensity of the loss-less regions of the spectrum and the high loss regions, %, plotted
as a function of reflectivity in Fig. 3.3b. As the reflectivity increases, the intensity of

light between mode peaks I,,;, decreases, and the ratio ?Z‘Z increases. The magnitude
of the contrast necessary to achieve lasing depends on the shape of the gain and desired
lasing spectrum. A higher contrast will result in a better performing laser in almost all
aspects: reduced threshold current, higher efficiencies, reduced emission linewidths, and
reduced intensity noise. It therefore not an uncommon practice to add anti-reflective facet
coatings that maximize the reflectivity in the operating wavelength range of the laser.
These coatings can also act as mode selective elements within the cavity [46].

The spacing between resonator modes dv is schematically illustrated in Fig. 3.3a. Since
the path difference between v, and v, is constant, the spacing between modes, referred
to as the free spectral range dv of a resonator, is also a constant. Using the path difference
Al, we can state:

c c

Al 2L4/n2 — sin?(a)

where n, is the group index, which is equivalent to the refractive index in a dispersion-free

medium. For the parallel interface Fabry-Perot cavity, o = 0, and the expression for the

free spectral range reduces to:
c

Sl =
[0v] 2ngL

(3.31)

Note the dependence on the cavity length L is highly relevant: if we recall the condition for
wavelength multiplexing, certain channel spacings were required. This is the first reminder,
how ideally, a laser design keeps its final application throughout the development process.
A common method for stating the width of a broadened line is its width at half its
maximum intensity, referred to as full-width half-maximum (FWHM). In the FWHM of a

peak as a result of multi-beam interference in phase is ﬁ for R = 1, from which we can
derive the FWHM in frequency units Av as follows:
4 dv c 1—-R

- ot (3.32)
VF2r  2mngL /R
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The ratio between the resonator linewidth Av and free spectral range v is often referred
to as the finesse IF, and reduces as follows using Eq. 3.32:

F_(SV_TI‘\/E_W\/F

~Av 1—-R 2

(3.33)

This equation varies from the exact finesse of an non-ideal resonator when absorption is
included, but only slightly in the limit of R — 0. Interested readers are referred to the
work by Suter and Dietiker [105].
So far we have assumed perfectly flat and entirely parallel aligned surfaces defining the
ends of the cavity. In reality, imperfections and misalignment between the two surfaces
defining a cavity will result in a reduction of the finesse compared to the finesse calculated
from reflectivity alone. The total finesse for a resonator can therefore be approximated as
follows: . )

w7 = Z w2 (3.34)
where F? are the finesse due to the reflectivity, surface flatness, surface alignment, and
other properties of the cavity affecting the wave phase. The resulting broadening of the
interference peak can be used to associate a finesse. Other than facet reflectivity, the other
non-negligible contributions to the overall finesse in a monolithic Fabry-Perot cavity are
the facet flatness and the relative facet alignment, as well as diffraction losses [49]. For
flatness and alignment we can use the variation from the average flatness, As, to estimate

the resulting cavity finesse:
2\

Ffor = o (3.35)
Usually the flatness is quoted in As/A. The surface roughness Asgr/\ has a magnitude
below 10 for high quality monolithic cavities, as cleaving produces facets with near
atomic flatness in most monocrystalline semiconductors [106,107]. The path difference
due to facet misalignment by an angle 6, Asy is a function of the wedge between them
across the extent of the beam. Assuming we have a circular aperture with diameter a, the

path difference between the centre and edge of the aperture is then:
Asg = cos(f)a (3.36)

Since the monolithic laser diodes of this work are cleaved along crystallographic planes, the
facet misalignment is near negligible. More important are diffractive losses: however, these
are highly dependent on the design of the cavity and the resulting aperture as well as the
lateral shape of the mode [49]. We will therefore return to these losses in the next section

when we derive the spatial mode shape perpendicular to the axis of the resonator.
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Figure 3.4: Spatial mode shape a. perpendicular and b. parallel to the cavity axis for a
ridge waveguide Fabry-Perot cavity.

Spatial mode shape

For a Fabry-Perot cavity, the mode shape along the cavity axis is defined by the wave-
length, producing a series of nodes and anti-nodes terminating at the cavity facets. This is
the standing wave condition we arrived at in Eq. 3.5 and Eq. 3.7. For the semiconductor
cavities in this work, the length of the cavity L is significantly greater than its height and
width. It is therefore convenient to separate the modes into longitudinal modes along the
length of the cavity axis, and lateral modes in the plane perpendicular to the cavity.

The lateral shape of the mode is defined by diffraction losses, which are dependent on
the aperture. For a starting spatially uniform plane wave, successive passes through the
resonator will eventually result in a non-uniform field distribution. Let us assume we have
a cavity axis along Z, which places the lateral mode shape A(z,y) in the xy-plane. For
the plane mirror Fabry-Perot cavity, we can represent the path of the beam for multiple
passes as a series of circular apertures with diameter a through which the beam has to
pass N times. The beam pattern after the Nth pass is then the beam pattern after the
previous pass, N — 1, modified by the diffraction due to the aperture:

e—zk’p

p

cos(¢)dx'dy (3.37)

i
An(z,y) = Y /ANl(ﬂﬁlay/)
Here A\ and k are the wavelength and wavenumber of the diffracted wave, p = L? + (z —

)2 + (y — )2, and cos(¢) = L/p. After a number of passes, we reach an equilibrium,

where the beam pattern between successive apertures only varies by a constant, diffraction
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loss dependent factor:

with the amplitude attenuation factor C"

C = /1 —~pe (3.39)

¢ is the phase shift due to diffraction and «p is the fractional energy loss due to diffraction,

which can be estimated using the Fresnel number Np,esne; for a plane mirror resonator

[49]:

CL2

NFresnel = E

Here a is the diameter of the aperture, and L is the length of the cavity. The stationary

(3.40)

amplitude in the plane is then:
efikp

A(z,y) = —W//A(x’,y') ; cos(¢)dz'dy’ (3.41)

This equation has no analytical solutions, so several approximations exist [54, 108]. For

approximately quadratic mirrors of area 4a?, it can be split into integrals along both x
and y, if a << (L3/X)Y/* holds [49]. For a monolithic cavity similar to the one used in
this work, a = 10 pm and L = 1500 pm, designed for operation at A = 1550 nm, this
approximation holds. The solutions to Eq. 3.41 can then be represented by Hermite-

Gaussian functions [108]:
Ay (9, 2) = " Hyn (") Hy )~/ Pemiélzndd (3.42)

The solutions are the product of Hermite polynomials H,, and H), of mth and pth order,

—r2 Ju?

respectively, and a Gaussian function e multiplied by a phase factor, with 72 =
22 4+ y? The in-plane coordinates = and y are modified by the radial intensity distribution

measure w?(z):

w?(z) = % {1 + j;] (3.43)
rt = \/jx (3.44)
y* = \/jy (3.45)

The resulting field distributions can be found in various works, such as Fig. 18 in Fox
and Li [108] or Demtrdder Fig. 5.9 [49]. The modes are designated as transverse electric
standing waves (TE,,;), with the mode indices m and p representing the number of nodes

along x and y. The fundamental mode for rectangular waveguides is the mode for which
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m =1 and p =0, so TEjg. Most conventional semiconductor laser diodes are designed to
have low loss for the fundamental lateral mode and high loss for all higher order modes.
Similar to the longitudinal modes concentrating the energy from the gain medium into
a small set of modes in the emission spectrum, this design philosophy concentrates the
light emitted from the cavity into a single spatial mode that can be designed to ensure
high coupling efficiencies with other photonic components [46]. The intensity distribution
of the fundamental mode Iy is proportional to AgyAgy, and for m = p = 0 the Hermite

polynomials along each dimension simplify to 1, leaving us with a Gaussian beam shape:
ho(x,y, 2) = Tpe™ /") (3.46)

This will be the emission profile for our semiconductor laser, even though higher order

modes are possible if the loss for several lateral modes is similar.

3.3 Gain media

In its most general definition, a gain medium can be any material which has two or more
states connected via an optical transition that is more likely than non-radiative decay. Due
to the requirement of efficient coupling with the electric field, these states are electronic
states which are coupled via electric multipole transitions. One example are the electron
and hole band states in a semiconductor, which were discussed in the previous chapter.
Other systems are conceivable and see extensive use as well, and Tab. 3.3.1 provides
an overview of common laser gain media. As we saw in the discussion of the ideal two
level system (Ch. 2.3.1), the likelihood of an optical transition is proportional to the
inversion factor, i.e. the system shift from equilibrium to a condition where the excited
state has a higher population than the ground state, or fy > f;. This condition is referred
to as population inversion and a technologically relevant system needs to be capable of
maintaining population inversion easily. In the semiconductor example this would mean a
conduction band state filled with electrons and a coupled valence band state occupied by
holes. If a given material has a sufficiently slow non-radiative or parasitic radiative decay
of the excited state, either due to a small number of available decay paths or by virtue of
each available path being extremely slow, it will be comparatively easy to maintain the
population inversion and ensure that there are sufficient excited states available for light
amplification. If there are highly efficient parasitic decay paths, with decay rates greater
than the optical transition rates, maintaining the excited state and thereby consistent light
output from the gain medium will be impossible.

We will use a simple rate model to get a basic understanding of gain before we dive

into the underlying principles that affect gain, and especially the gain in semiconductor
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nanostructures. Presume we have a semiconductor laser with a single transition between
a conduction and a valence band state. Carriers in the conduction band will recombine
either radiatively while emitting a photon, via spontaneous or stimulated emission, or
non-radiatively through one of the many mechanisms discussed in Ch. 2. The number
of carriers in the conduction band state NN, is a measure for the available excited state
population which is capable of further light amplification. The number of photons in a
single optical mode matching the transition energy between the conduction and valence

band state is Npj,. The rate of change in both of these populations is then [109]:

dN, _ Ibias N

_ e _ (NN 3.47

dt ngain Ttot g( ) Ph ( )
dNpp Npn BN

=g(N)Npp — — + —— 3.48

= gV 4 (3.9

Jpias is the bias current density, ¢ is the elementary charge, dgq:n is the thickness of the
gain medium, 7,; and ¢, are the carrier and photon lifetimes, respectively, and 3 is the
fraction of the spontaneous emission that is coupled into this specific optical mode. We
will encounter most of these parameters again when discussing the lasing condition. Note
that 7 is the total carrier lifetime in this simplistic model, so it includes both radiative
and non-radiative processes. We will discuss the different processes’ contribution to this
lifetime when examining the Einstein coefficients for an idealized two level system. The
most important contributions to Eq. 3.48 from the gain medium are 7. and g(N.). Both
are strongly material and device dependent, and take some effort to extract experimen-
tally. There are various forms of the gain function g(N.), as different material systems
will have vastly different broadening and optical interaction characteristics [49]. We will
provide a brief overview over the different classes of materials that have seen usage as gain
media, discuss some general characteristics of an optical medium such as dispersion and
its Einstein coeflicients, and finalize our discussion by examining the gain and other laser

relevant characteristics of nanostructure semiconductor lasers.

3.3.1 Materials for gain media

Due to the nature of condensed matter, any potential host for the idealized two level sys-
tem will be subject to a myriad of perturbations, resulting in a gain medium featuring a
number of levels far greater than the idealized two discussed previously. Real-world gain
media feature a set of optically active transitions, which are either spaced sufficiently far
apart that they can be excited selectively or have low enough state densities that popula-
tion inversion can be achieved on multiple transitions concurrently. Generally, gain media

will have properties that combine both characteristics to varying degrees.
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Laser type Examples Pump method Advantages
Gas He-Ne, Ar, COq FElectrical discharge High damage threshold
N.d:YAG’. . . Low background absorption
Crystals Ti:sapphire, Optical absorption and high gain [110]
Er-doped fiber g1 &
. ) . . Similar to crystals, but lower
Ceramic Nd:YAG Optical absorption cost [111]
Free clectron LCLS@QSLAC, High enerev electron beam Access to extreme IR and UV
ee electro FLASH gh energy electron bea 112
Rhodamine 6G, . . Wavelength range flexibility
Dye Fluorescein Optical absorption [111]
Diode GaN, InGaAsP, Carrier injection Cost, size, and photonic inte-
AlGaAs . gration
Nuclear OKUYaN, IKAR a-particles; neutron: colli- Access to X-ray lasing [113]

sion

Table 3.1: Table of common gain media. Optical absorption refers to the absorption of light
at a higher energy (shorter wavelength) than the light eventually emitted from
the gain medium. Abbreviations used: Nd:YAG = neodymium-doped yttrium
aluminum garnet; LCLSQSLAC = Linac Coherent Light Source @ Stanford
Linear Accelerator, FLASH = Free electron laser in Hamburg

Types of gain media

There are a wide variety of materials that have been used for the purpose of amplifying
light, in various physical states, ranging from gasses and plasmas (e.g. He-Ne mixtures),
to liquids (e.g. dye-solutions) and solids, the latter being the most prolific source for
telecommunication applications. A non-exhaustive list of gain media and their most rele-
vant advantages and disadvantages are shown in Tab. 3.3.1. The most important aspect
of each gain medium is the shape of its gain. This defines the wavelength range for which
it can produce lasing emission, and determines the minimum width of optical pulses it
can form. Beyond that, almost all gain media share some other common properties: rela-
tively high quantum efficiency of the pump process to achieve reliable population inversion,
transparency to reduce the overall optical losses, chemical stability to avoid medium degra-
dation over time, and a high optical damage threshold to handle the intense concentration
of the electromagnetic field within the cavity [111]. The high field strengths will also result
in non-linear optical effects within the cavity, so a material’s optical dispersion and the
higher order susceptibilities are important factors for consideration [57,114]. For pulsed

lasers, the gain recovery time also becomes relevant [115,116].
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Figure 3.5: Relevant absorption and recombination processes inside a two-level system.
B1p, Bo1, and Ajg denote the Einstein coefficients for the radiative processes.

3.3.2 Einstein coefficients

There are several processes in dynamic equilibrium in each lasing device. They are outlined
in Fig. 3.5. In order to maintain conditions necessary for lasing, the system needs to be
in population inversion, so a greater population of electrons in an excited state |1) than in
the ground state |0). This is achieved through pumping, shifting electrons from the ground
into the excited state. The addition of this potential energy is most commonly achieved
optically via absorption of higher energy light or electrically through injection of carriers,
even though other methods are possible (see Tab. 3.3.1). For semiconductor diode lasers,
electrical injection creates a population of electrons in conduction band states and holes
in the valence band that are available for radiative recombination processes. Given the
presence of the ground state, every excited state will eventually decay into the ground
state spontaneously. The decay time is proportional to the coupling between the states. If
the states are coupled via the electronic multipole operator, the energy difference between
excited and ground state can be released in the form of light, a photon with energy
hw = AFE. This is the first of the two fundamental radiative recombination processes.
The other is stimulated radiative recombination, which follows a similar radiative decay
from the excited state to the ground state, but stimulated by an incoming photon rather
than occurring spontaneously. This has three important consequences: first, it allows the
amplification of a light particle, providing the light amplification aspect within a lasing
device. Second, the phase and wavevector of the stimulating and emitted photon will
be identical, resulting in coherence between the two and every subsequent photon they
stimulate. This is the origin of the temporal and spatial coherence of light emitted from a
laser. And lastly, this process preferentially stimulates photons with frequencies matching
the stimulating photon, resulting in the necessary feedback to obtain light that originates

from a small set of discrete modes rather than a continuum [49]. The last process in a
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gain medium is non-radiative decay. This process is in competition with radiative decay
paths and therefore represents a loss channel. The exact nature depends on the type of
gain medium. For semiconductor gain media, we examined a few parasitic recombination
mechanisms such as Shockley-Read-Hall and Auger recombination in the previous chapter.
While strongly material and device design dependent, Auger recombination processes will
generally be the dominant non-radiative loss channel in semiconductor materials at the
carrier concentrations necessary for lasing operation [46]. If non-radiative decay rates are
significantly faster than radiative recombination rates, achieving population inversion and
thereby lasing is impossible. It is therefore necessary to understand the rates at which
these transitions occur in a given system, for which one generally employs the Einstein
coeflicients.

The strength of an optical transition and its coupling to propagating electromagnetic
modes can be quantified using the Einstein A and B coefficients. They are dependent on
the the transition matrix element between the initial and final state |i) and |f), (f|ép|i),
which we encountered first in Eq. 2.45 [29,49]:

w 1 sain 2 _ 9i p(w)
B =——— = —DB; A4
= saplIeRl P = T B (3.49)
1 Wl o 2wind
A; — - ep i) |© = " B 3.50
f(w) 97 37T260h63’<f|ep|l>| a3 if ( )

With the degeneracy factors for the initial and final state g; and gy, the refractive index
of the gain medium n,., the vacuum permeability €y, the speed of light ¢, and the reduced
Planck coefficient h. g; and gy are relevant when considering systems with multiple degen-
erate levels acting as the ending and starting point of an transition. In a semiconductor
gain medium, this would be relevant for higher dimensional states, so transitions in bulk
and QW gain media, where multiple equivalent final states can be reached from a single
initial state. B;y and By; are referred to as the Einstein coefficients of absorption for
E; < Ey and induced emission for F; < Ey. Ay; describes the spontaneous radiative
decay of an excited state into a ground state, so is commonly referred to as the Einstein
coefficient of spontaneous emission. The two coefficients are correlated by the photon
energy density ppn(w) from Eq. 3.11 divided by the number of photons at given frequency,
Npp(w).

For a system in thermal equilibrium, this would relate to the total emission rate from a

given set of states as follows:
Rif(w) = Aig (@) + B ppn(w) = Aig (@) [L+ Npn ()] (3.51)

This rate dictates the rate at which radiative recombination occurs, and thereby the max-

imum allowable rates for non-radiative decay mechanisms [96]. The limited radiative re-
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combination rate is the reason why solid state gain media with internal crystal boundaries,
such as sintered optical ceramics, took multiple decades to become viable gain media. The
interfacial states at grain boundaries are efficient non-radiative recombination centres that

diminish the excited state population [111].

3.3.3 The lasing condition

As mentioned previously, in order for sustained lasing to occur, photon generation must
match and outpace photon loss in a given mode. From Eq. 3.51, the total rate of emission

from a single two level emitter is R;s(w), giving the excited state a radiative lifetime of

Tif(w) = m These photons are emitted into a frequency range Aw, as the linewidth

of any transition is broadened at least homogeneously as a result of de-phasing during the
finite transition time [29]. If there are p potential cavity modes within dw, the spontaneous
emission would be split into these modes and the total emission per emitter per mode

would be #p) per unit time. For stimulated emission, this is modified by the number

pTif(

of photons Ny, , already present in mode n that can stimulate further emission. The total
Nph,n

pTif(wn)’

We now consider the inversion factor we discussed earlier. Assuming there are N+

stimulated emission into mode n is then

emitters, with a fraction f; in the upper excited state and f; in the lower ground state.

The total photon generation rate into mode n is then [54]:

Nohn
Rohn = Nemit(fr — fi) —22"~ 3.52
ph,n emzt(ff fl)pTif (wﬂ) ( )
If the lifetime of the mode in the cavity p is t,, with the photon loss rate NZ‘”’ , lasing

starts if photon generation exceeds photon loss and the laser feedback is positive. This is

the lasing condition:
1 1
Nemi - fi)—/——— > — 3.53
it ) e o) (3:53)

The disappearance of NN, indicates that lasing can occur at any photon generation
rate. Since the cavity lifetime ¢, is related to the quality factor via Eq. 3.14, we could

alternatively use the quality factor of the cavity for mode n Q,:

W,
= Yn 54
=g (3.54)

Given the mode spacing dv for a Fabry-Perot resonator and assuming the mode spacing

and linewidth of the cavity resonance are much smaller than the transition linewidth,

Aw
2o’

Av << Aw. We can then state the mode density p = and the lasing condition in a
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given mode due to a single homogeneously broadened transition becomes:

2w
Nemit(fr — fi) 0—F7— >

1
Aerig@n) i (3.55)

Eq. 3.53 and 3.55 can give us some basic insight into the functionality of the device. first of
all, lasing can only occur once population inversion is achieved, since otherwise (ff—f;) <0
and the equality can not be satisfied. Additionally, increasing the resonator quality factor
will reduce the threshold for lasing, as raising @, will increase t,. Also, reducing the
linewidth or increasing the modal spacing will generally reduce the lasing onset, since
it reduces the competition between modes from a given transition. Lastly, increasing the
number of emitters is only useful if the product with the population inversion Nemit(ff— fi)
increases. So a higher number of emitters may not be beneficial due to a lower population
inversion since more carriers need to be injected to achieve a similar f. All of this is good
intuition to carry forward when examining the different parameters that affect the overall

operation of the laser.

3.3.4 Optical dispersion

All gain media will exhibit some degree of dispersion, so the refractive index varies as a
function of frequency (n, — n,(w)). We therefore need to differentiate between the group

velocity v, and the phase velocity vp:

w(k) e

W= (3.56)
dw(k) ¢

YT Tag ng(w) (8:57)

where w(k) is the dispersion relation, k = 27“ is the wavenumber, c is the speed of light

in vacuum and n,(w) and ng(w) are the real part of the refractive index and the group
refractive index of the medium, respectively. For a dispersion-free medium, w(k) is directly
proportional to k and v, = vy, resulting in the envelope of a pulse and its components
travelling at the same speed. If w(k) is linearly dependent on k, but there is a non-zero
offset, a wave packet envelope will travel at v, while its individual components will travel
at vp. The wave packet will stay coherent, identical to the dispersion-free case; the pulse
will experience no ”chirping” where high or low frequency components will travel at dif-
ferent velocities and stretch the pulse. Chirping occurs if w(k) is non-linear, which is the

case for most gain media, including semiconductors [54].
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3.3.5 Transition linewidths

Every transition is inherently broadened due to the finite timescale of the transition pro-
cess. This will cause de-phasing, which leads to a broadening of the transition in frequency
space. Since this de-phasing is identical for each emitter in a gain medium, it is referred
to as homogeneous broadening, and the resulting linewidth is sometimes referred to as a
transition’s natural linewidth. The resulting lineshape around a transition frequency w;ys
then takes a Lorentzian shape [49]:

1 Aw;r

Ihomo(w) =Ilo—
2 (w—wif)? + (Lo;f)

5 = loL(w,wif, Aw;y) (3.58)

where Aw; s is the full-width at half maximum and Iy is the total intensity [ Ijomo(w)dw.
The strength of the de-phasing and thereby the magnitude of Aw;; is a function of the
dampening of the dipole oscillation of an emitter. Stronger dampening will result in a
broader linewidths, as the difference in oscillation frequency between subsequent oscilla-
tions is greater [49]. Since every oscillator in a real material will experience some degree of
dampening, natural broadening is unavoidable. Natural broadening can also be thought
of as the effect of spontaneous emission: albeit small compared to the stimulated emission
rate, spontaneous emission into lasing modes does occur. The emitted light alters the
environment of its surroundings instantaneously, leading to a small phase jump of the op-
tical field within the cavity. This is identical to the de-phasing described previously [117].
However, in addition to the instantaneous phase change, there is also a delayed phase
change due to the change in field intensity when the photon is emitted spontaneously.
The field intensity and phase are coupled through the carrier density, which alters both
the real and imaginary parts of the refractive index [58,59]. The spontaneous emission
displaces the system from its steady-state, leading to relaxation oscillations which cause
a temporary change in the gain Ag(t) proportional to the change in the imaginary part

of the refractive index Ax(t) from its steady-state value:
2w
Ag(t) = —7Ali(t) (3.59)

The ratio between the total change in the real and imaginary parts of the refractive index
An,(t) during the spontaneous emission process can be used to quantify the broadening

due to the phase delay [117]:
AV

oy =
An,

The change in the refractive index immediately after spontaneous emission and resulting

(3.60)

phase delay cause further significant homogeneous broadening. The final linewidth of the

transition will then be Lorentzian in shape, but broadened by the linewidth enhancement
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factor 1 + algq [117]. The value for the « factor is usually around 5 for a typical semicon-
ducting laser, but smaller and sometimes even negative for QD and QDash lasers. Apart
from the often undesirable broadening of a continuous laser’s linewidth, this broadening
also lowers the efficiency of some non-linear effects, such as four-wave mixing, which in
turns reduces the mode-locking stability. Additionally, it drives other non-linear effects,
such as giant Kerr non-linearities and leads to self-frequency modulation [118].

In addition to the homogeneous broadening, there are other broadening mechanisms that
affect each emitter differently, and are therefore referred to as inhomogeneous broadening
mechanisms. For gas lasers, this would be something like Doppler broadening based on the
velocity distribution of emitting molecules [49]. In QD and QDash-based lasers, the dom-
inant inhomogeneous broadening mechanism is the size variation across the population of
dots or dashes [90,92,119]. As discussed in Ch. 2, these nanostructures self-assemble un-
der the certain growth conditions. However, the exact conditions such as temperature and
availability of reactants vary on the length scale of the average laser, leading to dots and
dashes with slight dimensional variability. Since a nanostructure’s dimensions, especially
its height, strongly affect its sub-band positions, the inevitable variation in size across
the ensemble of all nanostructures within the laser will lead to transitions in the vicinity
of the average transition energies [92,120]. The impact of size fluctuations is discussed
in more detail in 2.5.4. While beneficial in applications where an extremely broad gain
spectrum is useful, such as optical amplifiers or ultrashort pulsed lasers, size broadening
negatively affects the modulation bandwidth of QD and QDash lasers, due to decreased
differential gain [119]. Size broadening can be treated as an inhomogeneous broaden-
ing mechanism, since each nanostructure is affected differently. The resulting line shape
is generally Gaussian, rather than the Lorentzian line profile observed for homogeneous

broadening [90]:

| 1 ()
Imhomo(w) = \/ﬂée (361)

where § is the variation in energy due to the size fluctuation, and w;y represents the

average transition frequency for an ensemble of emitters. The order of magnitude for Ad is
generally 10s of meV, depending on whether or not the system in question features QDs or

QDashes [90,92]. This means it is generally much broader than the natural linewidth.

3.3.6 Gain saturation

The relationship between the ensemble of emitters determines more than just the linewidth,
however: a gain medium pumped to above threshold will experience gain saturation. The
saturation occurs due to the positive feedback between increased photon occupation of a

mode and the stimulated emission into it. If the gain medium is now pumped harder, the
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additional carriers will be converted into photons immediately rather than increasing the
gain any further. If a gain medium only features a single type of homogeneously broadened
emitter, this will result in a uniform depression of the gain across the entire spectrum.

The gain is essentially pinned at the lasing threshold value, something referred to as gain

homo

nomo(w) can be calculated

saturation [49]. The resulting, saturated homogeneous gain g

using the unsaturated gain function g(w):

1

gggfw(w) = Q(W)m

(3.62)
Here 3 is a parameter reflecting the degree of mode competition in the device.

For inhomogeneously broadened gain media, such as QDs and QDashes, not all emitters
can participate in a given transition wavelength. The pinning of the gain is therefore lim-
ited to the extent of the homogeneously broadened linewidth of a given sub-ensemble of
emitters, dw. Other transitions sufficiently far removed from the first transition experience
no saturation effect. The resulting gain profile is shown in Fig. 3.8a, where the dips in
the curve labelled IV. indicate the parts of the spectrum that are pinned. The width of
these dips reflects the homogeneously broadened transition linewidth, which grows with
increased bias (Eq. 3.58). Eventually, neighbouring sub-ensembles are broad enough to
contribute to nearby resonator modes, resulting in an increase in gain. However, this is
balanced by the mode competition between the modes now coupled together by homoge-
neous broadening, resulting in a overall reduction of the gain that is reduced compared to

an exclusively homogeneous gain medium:

1+

inhomo (w)
14+

sat

=g(w) (3.63)
We will discuss the specific gain functions used in this work in more detail in Ch. 4, where

we will also discuss the gain saturation parameters used.

3.4 Semiconductor diode lasers

The lasers we are concerned with in this work are semiconductor diode lasers, which
means they are electrically injected lasing devices with a gain medium based on bulk
or nanostructured semiconductor materials. All diode lasers share some fundamental
characteristics irrespective of the specific design and dimensionality of the gain region,

which we will briefly examine here.
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3.4.1 Waveguide design

Semiconductor lasers have several intrinsic advantages over other laser designs in terms
of ease of fabrication. As discussed earlier, the large refractive index difference between
the laser and the surrounding medium will result in comparatively high facet reflectivities
even for bare, uncoated facets. Additionally, the cleaving dynamics lead to smooth facets.
One more advantage is their refractive index: as it is significantly higher than air, optical
modes originating within a semiconductor material will remain within the semiconduc-
tor material through index guiding [121]. Semiconductor stacks are therefore their own
waveguides as well.

One of the most basic designs for a semiconductor laser is the stripe laser, which is a stack
of semiconducting layers with a metallic contact down the length of the stack. The stack is
separated into a n- and a p-doped half, separated by an undoped, intrinsic region, usually
the SCH, between them. The stripe laser, like most laser diodes, is therefore a pin-diode.
The semiconductor stack is cleaved along the growth direction to create a cavity, with the
cleaved facets acting as the cavity mirrors. Carriers are injected below the stripe, leading
to higher carrier concentrations in this region. Since gain increases with carrier density,
lasing will first start in the region below the stripe.

Stripe lasers are also referred to as gain guided lasers, as there is no confinement along
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Figure 3.6: Basic layout for a ridge waveguide laser diode, including cross-sections of the
a. and c. refractive index and b. and d. band structure.

x and the optical mode is only confined by the decrease in local gain as the mode extends
outwards from below the stripe. While easy to fabricate, this confinement method has

several drawbacks: significant lateral carrier leakage reduces the injection efficiency, and
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thereby increases the threshold current while reducing the slope efficiency of the devices.
It can also lead to higher order lateral modes achieving positive gain [50]. Modern semi-
conductor lasers therefore generally exhibit some form of lateral gain guiding within the
waveguide. The most effective method is by reducing the active region laterally, removing
most of the active region and leaving only the material below the top contact. The etched
area is then re-grown using a material with a lower refractive index, generally another
semiconductor with a larger band gap to obtain carrier confinement in addition to the
optical confinement. Due to the enclosed nature of the active region, lasers featuring the
active region etching and regrowth are referred to as buried heterostructure lasers. They
improve on the gain guided stripe laser in all aspects: apart from lower threshold currents
and higher efficiencies, they generally produce more symmetric lateral mode shapes, free
of higher order modes. They are also less susceptible to temperature affecting their per-
formance and capable of outputting significantly higher power than comparable striped
devices. Unfortunately, they are also rather complex to fabricate due to the etch and
growth steps [122]. A compromise between the two designs is the ridge waveguide laser,
schematically illustrated in Fig. 3.6. It features an isolated ridge of material that works to
both confine the mode and injected carriers laterally, as shown by the profile of the refrac-
tive index and band structure along 2’ in Fig. 3.6a. and b. These devices can be grown
in a single process and only require etching afterwards to define the ridge. This is more
economical to process due the elimination of the complex regrowth step over a non-planar
substrate leading to overall higher fabrication yields [123]. The performance of a ridge
waveguide laser will generally be slightly worse than a comparable buried heterostructure
device in nearly all quantifiable metrics [123-125]. However, the added complexity of
carrier leakage and parasitic capacitance in the regrown material can lead to significant
underperformance in buried heterostructures [126].

The device shown in Fig. 3.6 shows a common diode laser design pattern. The design
starts with n-type cladding at the bottom, since these devices are commonly grown on
n-type substrates due to their higher conductivity, making thicker layers less punishing in
terms of series resistance losses. The next layer in the semiconductor stack is the separate
confinement heterostructure (SCH). It has the role of confining the mode vertically, so its
refractive index should be greater than the indices of the surrounding cladding. These
layers are also referred to as optical confinement layers (OCLs). Additionally, the band
gap within the SCH should be smaller than the band gap in the cladding layers to confine
carriers in the vicinity of the active region and prevent carrier leakage across the active
region. Nestled within this confinement structure lies the active region. The band edge
diagram in Fig. 3.6d. shows a double heterostructure region as an example, but this
could just as easily be a MQW, QD or QDash gain region. Ideally we would like most

of the carriers injected into the device to enter this region and recombine here via stimu-
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lated radiative emission since the optical transitions in this region are designed to couple
to the optical modes of the cavity. The relative position of the active region within the
separate confinement heterostructure depends on the desired mode shape and absolute
gain of the device. Since p-doped semiconductors will generally have higher scattering
coefficients than n-doped material, it is desirable to minimize the overlap of the optical
mode with the p-type cladding to reduce optical losses. Additionally, the ridge etching
process can lead to ridge sidewall roughness, which increases scattering and thereby losses
further [127,128]. At the same time, increasing the distance between the bottom of the
ridge and the gain region will reduce the degree of lateral confinement. This can lead to
undesirable lateral mode shapes, and even result in higher order lateral modes achieving
positive overall gain for active regions with very high gain. Larger separation also increases
the distance between the p-side contact and the active region, introducing further resistive
loss. The correct placement of the active region is therefore a careful trade-off between
different characteristics, and also highly application specific. We examine the impact of
the separation between ridge and active region for our devices in 6.2.7. The entire device
is covered in a layer of an insulating dielectric material followed by a metallization that
acts to both confine the mode and act as the top contact through a small window in the
dielectric at the top of the ridge. This is the positive top contact for hole injection into
the device. The bottom, electron injecting contact can be achieved via another bottom-up

metallization step or by placing the device on a conductive medium.

3.4.2 Voltage, power, and current characteristics

The general behaviour of a laser diode in terms of the relationship between voltage, cur-
rent, and optical power is shown in Fig. 3.7. Please note that this is only a qualitative
illustration and the relationships between the bias range and on-set of different regimes
will be different in a real device. Also, the light power output prior to threshold is in-
dicated much larger than it would be in a real device. This graphic is only intended to
highlight the different operating regimes of a laser diode without any meaningful quanti-
tative relationships.

The most basic performance parameters are a laser’s diode voltage V; , resistance R ,
threshold current Iy, , and slope efficiency ng . They can be extracted from the current-
voltage (IV) and laser power-current (LI) characteristics. For the purpose of this work, the
stated diode voltage Vj is the intercept of the linear fit to the high forward bias regime of
the IV curve, while the resistance R is its inverse slope. Similarly, we extract the threshold
current Iy, from the linear fit to the linear, or small signal, regime of the LI curve, and

use its slope as the quoted slope efficiency ngy of the device. Note that we are generally
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Figure 3.7: Schematic a. current-voltage (IV) and b. laser power-current (LI) character-
istic for a diode laser. The diode voltage V; and the threshold current I;; are
indicated. The dashed lines illustrate the fit to linear sections of the charac-
teristics which are used to extract the resistance R and slope efficiency ny . c.
and d. show the derivative with respect to current of the two characteristics.
Roman numerals indicate the different operating regimes of a diode laser and
are discussed in the text.

measuring the single facet laser power of a device, rather than the total power emitted.
Since all devices tested in this work featured as-cleaved, uncoated facets, the emission
should be perfectly symmetric between both facets. Indeed, measuring the power from
both facets to verify this assumption showed negligible facet variability within the small
subset of devices tested in this manner.

There are five different laser operating regimes we identify for each plot in Fig. 3.7. While
some are clearly delineated by step-like changes in certain parameters, the transition be-

tween a few is a more continuous process with less clear boundaries. The first regime (I.) is
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the current blocking regime. Since a laser diode is a diode, it has a built in potential that
prevents meaningful current flow across the junction. While a small leakage current exists,
it is orders of magnitude below the threshold current. There is no significant current flow
until the applied bias voltage gets into the vicinity of the built-in potential, which we refer
to as a device’s bias voltage Vy throughout this work.

This is the second regime (II.), where the voltage is sufficient to cause the current across
the junction to increase by several orders of magnitude, while still remaining below the
threshold current Iy, . Due to the higher carrier densities in the active region as a result
of the increasing injection current, light begins to be emitted from the cavity. This is pre-
dominantly spontaneous emission, combined with amplified spontaneous emission (ASE)
into resonator modes [50]. The emission spectrum is a broad band of light at all available
transition wavelengths within the medium. The light also has neither spatial nor temporal
coherence and is emitted uniformly into space, albeit limited by the aperture of the cavity
design.

As the bias current is increased further, the population inversion f;— f; increases, and with
it the fraction of stimulated emission in the emitted light from the cavity. The transition
between regime II. and III. occurs when the lasing condition is met: as soon as stimulated
emission matches the round-trip losses of a single cavity mode, positive feedback sets in.
Photons in this mode will stimulate more photons being emitted into it, which in turn
will stimulate further emission into the mode. The device is now lasing and we are in the
linear lasing regime. In an ideal device, the chemical potentials for electrons and holes in
the regions of the material that are contributing to the lasing mode are now pinned: any
additional carriers injected into the mode region will be converted into photons, resulting
in no change in the carrier density in the active region. The gain at and in the vicinity of
resonator modes will stay at the threshold condition. In reality, lateral carrier spreading
will lead to more and more carriers getting injected into regions that are below the lasing
threshold, resulting in a change of occupation until the lasing condition is met there as
well. For devices with multiple weakly-coupled emitting layers, such as QWs of different
thicknesses or QD and QDash layers with vastly different morphologies between layers,
pinning can occur in multiple steps. However, this does require significant differences be-
tween energy levels in different layers, otherwise luminescent coupling will lead to uniform
chemical potentials between all active regions.

The light coupled out of the cavity is now almost Poissionian and almost entirely in
the lowest loss mode [101], as shown in Fig. 3.8. The broad spontaneous emission back-
ground remains, but is dwarfed in intensity by the lasing mode emission. The spectral
shape and spatial distribution of the gain varies as a function of carrier density and core
temperature, since they affect both carrier injection and distribution. The altered gain

may increase sufficiently to allow other modes, both lateral and longitudinal, to match the
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Figure 3.8: a. Schematic gain curves in the laser diode operating bias regimes outlined in
Fig. 3.7. This is a sample gain function for an inhomogeneous gain medium
since g(w,n,p) is highly material and device specific. «a,, represents the total
optical modal loss in the cavity, while dw represents the resonator mode spacing
(see Eq. 3.7). b. Statistical distribution of emitted photons as a function of
number of photons in a single mode laser. < S > is the average occupation of
the mode.

lasing condition. This is indicated by the second dip in the gain profile at wg;qe, where the
gain changes sufficiently to overcome the gain threshold.

If the carrier density is raised further by increasing the injection current density signif-
icantly above I, , the device will start to roll off in IV. due to different mechanisms
reducing the efficiency of optical conversion within the device. These mechanisms are gen-
erally related to an increase in the carrier density or the core temperature of the device,
with non-radiative recombination and resistive heating due to both carrier transport and
sub-band gap absorption providing the thermal energy for the temperature increase, as
discussed in 4.8. As we will discuss in 3.4.5, raising the temperature degrades the operation
of a device in multiple ways, predominantly by broadening the carrier distribution and
thereby reducing the peak gain. However, the dominant mechanism is an increasing frac-
tion of carriers recombining non-radiatively, mostly via Auger recombination which scales
with the carrier density product np, while stimulated recombination scales approximately
linearly with n or p. Auger recombination also becomes more efficient with temperature.
This creates a feedback loop where core temperature rises due to non-radiative recom-
bination, leading to a higher fraction of carriers recombining in this manner, raising the
temperature even higher. The end result is a reduction in the energy conversion efficiency,
apparent as the deviation in Fig. 3.7b. from the dashed linear slope. The two regimes
are easily differentiated in the derivative of the output power in Fig. 3.7d., where the
linear regime appears as a straight line at ng , while roll-off is delineated by the departure

towards 0. This work will examine the onset of roll-off for devices, for which we use the
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roll-off current I,.,. The definition used through this work is the current at which the slope
efficiency has decreased to 95% of its value in the linear regime.

If the device bias is increased still further, its lasing will break down as non-radiative
recombination overtakes stimulated recombination in magnitude. This is the final regime
V., the lasing breakdown regime, where additional bias current entered will result in less
overall light being emitted. The cause of this is merely a continuation of the dynamics
that drive roll-off. The beginning of the break down is marked by the slope efficiency
turning negative, again easily legible from the plot of differential efficiency in Fig. 3.7.
The definition of the lasing breakdown current, I;4, used in this work is based on the bias
at which the differential efficiency switches sign. Some devices will never enter this regime,
as they will undergo thermal breakdown as a result of the high field intensities within the
cavity much before the necessary carrier densities. This breakdown is mostly observed in
shorter cavities, where high carrier densities and low absolute gain prevent an optically

induced material breakdown.

3.4.3 Continuous wave and pulsed lasers

It is now time to start differentiating between lasers that emit a continuous stream of light
and those which emit a train of light pulses. The former are referred to as continuous wave,
or c¢w, lasers, while the later are intuitively referred to as pulsed lasers. The formation
of pulses either occurs spontaneously due to a combination of lasing on multiple modes
and phase-coupling between them, or can be introduced deterministically by introducing
additional components into the cavity to turn a continuous laser oscillation into a train of
pulses separated by T}yise, with width A7,y se. ﬁ, which is the rate of pulse emission,

is referred to as the repetition rate.

Actively driven pulsation

There are multiple ways to actively drive a cavity into emitting a train of pulses. A simple
approach is to modulate the pump at the desired repetition rate, which will cause the laser
to drift in and out of the lasing regime, resulting in pulsations. For an electrically driven
semiconductor laser, the repetition rate is limited by the carrier transport and the time
constant to establish the population inversion and necessary mode occupation within the
cavity, which can take several ns, depending on the emission rates. Reliable pulsation can
therefore only be achieved for repetition rates of a few MHz [49].

Another method of inducing pulsations is via Q-switching, where Q refers to the quality

factor of the cavity as described in Eq. 3.13. As we explored in the context of the lasing
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condition, the quality factor is a metric for the average photon lifetime within the cavity.
By introducing an element into the optical path that can alter the quality factor over
short timescales, the lasing threshold can be varied as a function of time. The contin-
uously pumped gain medium will build up a significant population inversion which will
not be depleted due to the low quality factor hindering the build-up of a significant self-
amplifying photon population in any resonator mode. If the quality factor is then switched
into the low loss regime, several modes in the resonator are now far exceeding the lasing
condition. A pulse forms that depletes the built-up population inversion. Afterwards, the
cavity is switched back into the high loss regime and the inversion is replenished. There
are many methods of varying the quality factor of a cavity, usually based on electro-optical
or acousto-optical modulators combined with a polarization selective element. The mod-
ulator alters the polarization state of the mode within the cavity, which results in varying
degrees of loss at the polarization filter. The repetition rates obtained in this manner are
generally limited by the bandwidth of the modulators, which generally lie in the 100s of
kHz [49,129].

Mode-locking

For single mode lasers, there is usually the need to include frequency-selective elements
such as narrow bandpass reflective coatings or distributed Bragg reflectors to select one
of multiple resonator modes that match or exceed the lasing condition and introduce
sufficient loss to suppress the rest. The output spectrum from a lasing device without
these mode-selecting optical elements will generally contain multiple, mutually incoherent
modes [49].

This incoherence between modes arises due the transitions contributing to the device gain
being inhomogeneously broadened, resulting in no defined phase relationship between the
different emitters in the medium. While there is no relationship between the phases of
the quantum mechanical states underlying the optical transitions, the different resonator
modes can be brought into coherence via an optical phase coupling mechanism. This will
introduce a fixed phase relationship between the modes, which results in a coherent su-
perposition of the amplitudes of the different lasing modes: the laser is now mode-locked.
The output will be a pulse train with pulse widths which are much narrower and repetition
rates that are much higher than what can be achieved in actively pulsated lasers without
coherent modes.

We can separate mode-locking into active and passive mode-locking, where one is the re-
sult of active external stimulation while the other is due to intrinsic interactions between

different regions of the device. The concept of active mode-locking is illustrative in under-
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standing how non-linear optical effects can have similar effects. We will therefore begin
our discussion by understanding the phenomenon of active mode-locking.

Presume a monochromatic light wave, with & || z and E = (E,, Ey):

E = Aycos(wot + ‘E‘z) (3.64)
If this wave is now amplitude-modulated at a frequency {2 << wy, it will generate two
additional waves with frequencies wg + 2 and wg — 2. Introducing some terminology
borrowed from early radio-frequency systems, wy is referred to as the carrier while wgy + 2

are its upper and lower sidebands. The modulator produces a transmission that is a
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Figure 3.9: Sideband generation due to an amplitude modulating element. a. Time-
domain signal with carrier and lower and upper side band. The modulation
signal is also depicted. T is the oscillation period of the carrier. b. Frequency-
domain transform of the signal. dw is the mode spacing in the resonator,
which is matched to the modulation frequency 2. Only the upper side-band is
cascaded through multiple resonator passes for clarity, even though the process
is symmetric about wy.

function of time ¢, modulation frequency 2, and modulation amplitude a < %:
PRY;
T(t) =To[l —a(l —cos(2))] =Ty |1 — 2asin (Et) (3.65)

where we used the trigonometric identity cos(2z) = 1 — 2sin(z/2). The new, modulated

amplitude of the nth monochromatic wave, an approximation of the resonator modes, is
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then [49]:

A, (t) = T A, 0 cos(wnt) = ToAno [1 —2a sinz(gt)] cos(wnt) (3.66)
= Ty A, [(1 — a) cos(wat) + g[cos((wn + Q)t) + cos((wn — Q)t)]} (3.67)

This is the sideband generation via amplitude modulation depicted in Fig. 3.9. For
Q= ng = dw the modulation frequency is matched to the mode-spacing of the resonator
from Eq. 3.7. The sidebands will then match the lasing condition and participate in
stimulated emission in neighbouring modes. As stimulated emission preserves the phase
relationship, the emission injected by the sidebands start to drive the ensemble of modes
into a coherent state [29]. The strength of this phase-coupling mechanism can be estimated

from the injected amplitude into the adjacent modes n + 1:

—

—

A
Apy1 = 70T0a cos(wn+1) (3.68)

For N modes above lasing threshold, phase-locked by the modulation, the output signal

is the linear superposition of all modes:

m
Aty =Y Aycos((wy + nQ)t) (3.69)
n=—m
Here we assumed that the gain is symmetric about wg, som = % and that the amplitudes

for each mode are equal ffn = /To. The gain profile will rarely be perfectly flat, so the latter
condition is rather weak. However, making these assumptions allows us to determine the

time-dependent intensity profile at the output port of the modulated laser:

s

- ‘QSin2(
sin?(2)

I(t) (AO cos?(wot) (3.70)

For time-independent /To, this results in a series of pulses separated by a cavity-length L

dependent period T}y se:
2L
Tpulse = (371)
Vg
The resulting pulse width depends on the N, the number of modes phase-locked together.
Since N increases with the gain bandwidth dwgqin for a fixed resonator mode spacing, a

broader gain shape will result in narrower pulses [49]:

Agideal _ 2 2 1

pr— pr— . 2
pulse 2m+1)Q  NQ  dwgain (3.72)
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Of course, we made several assumptions to arrive at this result, which may or may not be
accurate. We will re-examine the realistic limitations to pulse width in 3.4.4.

Using active amplitude modulation to introduce a fixed phase relationship between the
different cavity modes is experimentally difficult, as it requires the integration of a mod-
ulator into the cavity. Especially for monolithic semiconductor lasers, for which the ease
of fabrication is a significant consideration, introducing a microscopic modulator reduces
the appeal.

Fortunately, there are passive methods of introducing phase-locking modulation into the
cavity, allowing for passive mode-locked devices that will produce a train of pulses under
constant excitation. There are multiple approaches, one being a saturable absorber that
is introduced at either end of the cavity. This absorber with transitions lying in the gain
band has a strongly non-linear, saturating absorption: as intensity increases, absorption
decreases. Due to random fluctuations, the cavity will produce amplified emission pulses
at near-random times. A strong pulse will experience less loss in the saturable absorber
than a weaker pulse, and therefore be attenuated less. This allows the strong pulse to pick
up more intensity in the gain section of the device, which will further reduce its attenu-
ation in the saturable absorber. A positive feedback loop is established that selects one
pulse out of the random fluctuations and amplifies it while suppressing the rest. Once the
pulse has built up sufficient intensity to deplete the population inversion, no other pulses
exist within the cavity and mode-locking has been established [49].

An alternative way to think about this process is by picturing the saturable absorber as
an amplitude-modulating element, which operates at the repetition rate.

The effectiveness of passive mode-locking relies on a balance between the relaxation times
of the absorber section and gain recovery times in the gain sections of the laser. The sat-
urable absorber must return to its high absorption regime shortly after the intense pulse
has passed to ensure weaker pulses are suppressed effectively. The decay times 74, of the
states involved in the absorbing transitions therefore need to be much shorter than the
cavity round-trip time:

Tsat << Tpulse (373)

The gain recovery time 744, on the other hand, should ideally be close to the round-trip

time to ensure that only one pulse experiences significant amplification:
Tgain = Tpulse (374)

If it is too short, other pulses may deplete some of the inversion before the mode-locked
pulse arrives. On the other hand, if the gain recovery time is too long, the maximum gain
may fluctuate over time, leading to inconsistent pulse energies.

The realization of a saturable absorber in a monolithic semiconductor laser is quite simple:
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by separating the top contact into multiple sections that are electrically independent, bias
can be applied selectively to different sections. Since absorption is tied to the population
inversion (see Eq. 2.46), which can be controlled via electrical bias, this allows for a
tunable saturable absorption. Saturable absorber sections are generated by applying a
reverse bias, which can be tuned to optimize for short pulse creation [130]. Absorbers can
be separated into two categories: fast absorbers with 7, << A7pyse and slow absorbers
with Tear > ATpuse [115]. Most semiconductor saturable absorbers fall into the latter
category [114,115]. Note that the pulse width is generally much larger than the pulse
period, s0 ATy << Tpuise and Eq. 3.73 holds even for slow absorbers. Faster absorbers
will allow for narrower pulse widths, as the degree of coherence is greater due to a narrower
phase-matching window. However, there are other interactions that can result in narrow
pulses far below 7,4 from slow absorbers [114,115,130].

One more effect that should be mentioned is the Kerr effect [131]. Driven by the third-
order non-linearity induced by the refractive index change, it can lead to mode-locking in
systems with a high contrast in diffraction losses depending on beam sizing. The Kerr effect
leads to a spatial lensing effect that focusses the mode profile at high intensities. Using
a spatial filter to create the required diffraction loss contrast, this self-lensing rejects low
intensity, unfocused components. It can therefore act as an effective saturable absorption
mechanism, where reduced diffraction losses take the place of optical transparency in the
mechanism discussed earlier [132].

The final pulse shape of passively mode-locked laser, irrespective of underlying locking
mechanism, is the result of complex interactions between different mechanisms in the gain
medium. The pulse shape in Eq. 3.70 using the idealized assumption of equal mode
amplitudes A, isa good starting point to get an intuition about the behaviour of a pulsed
device, but lacks granularity when trying to describe realistic performance. Real gain
media have non-negligible gain dispersion and may experience saturation, which affects
its time dependent behaviour due to coupling with the refractive index [130]. This is the
case for semiconductors as we showed in Eq. 2.48. There is also the general dispersion of
the group refractive index ny(w) to consider, which alters the pulse shape due the different
travel times of varying spectral components and can weaken phase-matching phenomena
[133]. Lastly, phase noise can interfere with phase-locking mechanisms, leading to jitter
(variation of pulse period over time) or preventing stable mode-locking altogether [115].
All of these factors are heavily material dependent, so we will now discuss the relevant

mechanisms in the context of mode-locking in quantum dash lasers.
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3.4.4 Mode-locking in quantum dash lasers

The inhomogeneous broadening in quantum dot and dash gain media as a result of the
growth-induced size fluctuation causes very broad gain bandwidths, making them prime
candidates for both amplification and generation of mode-locked pulses [94,130,134]. Both
QDs and QDash devices that are passively mode-locked using saturable absorbers have
been shown [135-138].

Mode-locking in these devices can occur in the absence of a saturable absorber as well, in
so called single section devices, which were shown in InAs-InP as early as 2005 [136,139].
The mechanism driving the phases into coherence here is based on a non-linear effect: four
wave mixing. As indicated by the name, four wave mixing (FWM) mixes three optical
signals through a third order non-linearity, resulting in a fourth output frequency [140,141].
There are 12 possible output frequencies wy, which are all available linear superpositions

of the incoming frequencies wy, wi, and wy [142]:
wy = Fwg £ w1 £ wo (3.75)

We recommend the technical report by Thiel for a more in-depth treatment of four-wave
mixing [141]. In a semiconductor laser above threshold, the input frequencies will be the
resonator modes wy,, which means that the difference between any two modes is an integer
multiple of the resonator mode spacing dw. The resulting frequency wy will therefore also
lie on a resonator mode. Given the fact that the differences between frequencies dw will
be very small compared to the actually modal frequency w,, the output frequency will
be nearly degenerate with the input frequencies; this type of FWM is therefore gener-
ally referred to as nearly degenerate FWM (ND-FWM) [143]. This process is strongest
when phases between input fields are matched, so the amplitude of the output wave wy is
strongest when w;_3 are in-phase [141,144]. Similar to the effect of sidebands introduced
via amplitude modulation discussed earlier, the sidebands are now generated via ND-
FWM. This results in cross-talk between the different modes due to the mutual injection
of phase-matched photons. The system is therefore driven into a coherent, mode-locked
state.

The effect is quite strong in QDash gain media [145,146]. The origin of this strong four
wave mixing lies in SHB, depicted in Fig. 3.10a. The longitudinal spatial optical field
I,(z) of mode n generates nodes and anti-nodes, with the latter resulting in a localized
depletion of the carrier densities n and p through increased stimulated emission. Since the
refractive index n, changes with carrier density (see Eq. 2.55), longitudinal structure in
the carrier density translates into gain and refractive index structure. Given that the inho-
mogeneity arises as a result of anti-nodes of the optical field, the modulation of the carrier

density and thereby gain and refractive index occurs at the mode wavelength [147]. The
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Figure 3.10: a. Spatial hole burning for laser with its cavity axis along z. The four
parameters shown are the longitudinal intensity profile for the nth mode
I,,(z), the electron and hole carrier densities n and p, the optical gain, and
the change in refractive index due to injected carriers An,. b. Spectral
hole burning. The carrier distribution pictured schematically matches a bulk
semiconductor with a laser active state above the band gap E,, with the
equilibrium distribution indicated by the dashed line.

gain grating encourages multi-mode lasing by reducing the gain of the dominant mode in
favour of sidebands [148]. ND-FWM, on the other hand, is primarily driven by the index
grating [143]. In this way SHB first creates an ensemble of modes via the gain grating,
which are then phase-locked by the index grating [148].

There are two conditions for this mechanism to work effectively: first, the recombination
dynamics in semiconductors are sufficiently fast to allow multiple waves to interact via the
refractive index change. The relevant time scale is the beat frequency €2 = dw, which are
the harmonics in the polarization generated via FWM. As the resonator mode spacing usu-
ally lies in the range of 10'® Hz and carrier lifetimes for semiconductors are in range of 10710
s, this condition is met in most semiconductors [141,149,150]. Secondly, the spatial carrier
density grating needs to persist and not get washed out by carrier drift. The gradient in
carrier density will induce an electric potential opposed to it (see Ch. 4). This potential
induces a current reducing the non-uniformity. The ratio between the magnitude of this
current and the stimulated emission rate leading to the hole burning therefore defines the
maximum achievable contrast for the density grating. The high in-plane carrier mobilities
in bulk and QW regions lead to efficient carrier transport into the carrier-depleted regions,
washing out the induced density structure. The strong confinement in QDs and QDashes
lead to inefficient lateral coupling and low in-plane mobilities. This is why mode-locking
is significantly stronger in QD and QDash gain media [148,151,152].
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Another effect in semiconductors that can lead to FWM as well is spectral hole burning,
depicted in Fig. 3.10b. Here a process that is significantly faster than the intraband re-
laxation time will cause the occupation of a state to deplete rapidly, causing a hole in the
occupation function. This can extend the mechanism of spatial hole burning into the THz
range, as the index change behind the third order susceptibility is no longer limited by
the carrier lifetime but rather the time scale of intraband mechanisms. As these occur at
the sub-ps scale, this can enable mode-locking in short cavities with large mode-spacing
or high refractive indices [149]. Significant spectral hole burning was predicted for QDs
due to a phonon bottleneck limiting scattering into dots, but these estimates were later
proven to be overly pessimistic [153]. For this work, we are operating in the regime of

strong spatial hole burning where spectral hole burning is less relevant.

3.4.5 Temperature dependence of laser performance

All of the mechanisms that underlie a material’s ability to produce stimulated emission
of light are dependent on temperature, either directly or indirectly. In general, a higher
device temperature will lead to a degradation of laser performance in terms of efficiency
and noise characteristics. The current flow through the laser diode as well as all non-
radiative recombination processes will intrinsically elevate the temperature within the
gain region of a semiconductor lasing device anywhere from 10s to 100s of degrees above

ambient temperatures, depending on device geometry and heat shedding ability [154].

Band gap narrowing

There are several material parameters that show relatively large changes across the com-
mon operational laser range of 100-150°C. For most devices, the largest impact will arise
from the band gap narrowing as temperatures increase. A common empirical estimate of

band gap narrowing can be derived using the Varshni formula:

AT?
B+T

Ey(T) = E4(0K) — (3.76)
where T is the local temperature, and A and B are non-zero, phenomenological parame-
ters that are fit based on experimental data. For the common semiconductor alloys, these
are well known and have been tabulated as a function of constituent composition. The
narrowing results in a red-shift of the gain, either directly via band edge shifting in the
case of bulk gain media, or indirectly in the case of quantum-confined systems. For these

systems, the change in band structure as a function of temperature alters the potential
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Figure 3.11: a. Band gap as a function of temperature for the ingaasp_zyt material macro
in PICS3D, which was used for InP, InGaAsP, and InAs throughout the
model. The dependence is based on [76]. b. Density of occupied states
for InAs, ngp, for an idealized effective mass approximation bulk density of
states gsp. An inhomogeneous broadening of 10 meV was assumed for both
electrons and holes.

environment for the confined carriers. This affects the envelope wavefunctions, and leads
to a mediated shift of the sub-bands. This is one of the contributing factors to reduced
red-shift in quantum-confined laser gain media when compared to equivalent bulk materi-
als [46]. The band gap for semiconductor alloys relevant to this work are shown in 3.11a.
For devices where the lasing wavelength is determined by the gain medium, such as devices
featuring Fabry-Perot cavities, band gap narrowing will directly red-shift the lasing emis-
sion. For highly spectrally sensitive parts of the device, such as anti-reflective coatings,
distributed Bragg reflectors, or other strongly phase-sensitive components, this will lead
to a significant decrease in device performance. For single-mode lasers, this is due to re-
duced light extraction efficiency and ineffective side-band suppression resulting in broader

linewidths and increased intensity noise.

Carrier distribution broadening

With increasing device temperature, the energy available to individual carriers increases
as well. As more thermal energy becomes available, carrier distributions broaden, as more
states become energetically accessible. This can be seen in 3.11b., where we see a broad-
ening of the occupation and a slight decrease in the occupation density at the peak of the

distribution. For a bulk gain medium, this will broaden the gain, reducing the available
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material gain at the band edges. Quantum-confined systems will behave differently. De-
pending on the relative position of the occupation density maximum and the sub-bands of
the lower dimensional system, there are two possible scenarios. If the energetic difference
between the distribution peak and the sub-bands is low initially, or the sub-bands are de-
tuned towards the band extrema, the broadening of the energy distribution and the shift
of the distribution peak will reduce the gain. Alternatively, if the misalignment is detuned
away from the band extrema, gain will increase while detuning between sub-bands and
the distribution peak decreases. Gain will decrease once the thermal shift exceeds the
red-shifted sub-band detuning [155].

Apart from reducing the carrier occupation in states available for stimulated optical tran-
sition, the distribution broadening also has other effects that negatively impact device
performance. Carriers near the high energy tails are in closer energetic proximity to band
edges of confining barriers and are therefore more likely to undergo thermionic promo-
tion into states within the barrier. While a fraction of these carriers is recaptured, this
increases the carrier density in non-lasing parts of the device, leading to higher levels of
parasitic recombination, either via spontaneous radiative recombination at wavelengths
away from the laser operation range or non-radiative mechanisms such as Shockley-Read-
Hall or Auger recombination. The thermionic promotion mechanism is phonon mediated
and therefore increases with temperature, as more lattice phonons become available for

carrier-phonon scattering.

Non-radiative recombination mechanisms

Since a lot of non-radiative recombination processes in semiconductors are mediated by
lattice phonons, these processes generally show a strong dependence of their efficiency on
temperature. This is true for Shockley-Read-Hall processes, and to an extent as well for

Auger mechanisms.

Other effects

There are also, weaker effects that come into play as temperature increases. The increasing
number of lattice phonons results in higher intrinsic carrier concentrations, leading to more
minority carriers and thereby promoting non-radiative recombination mechanisms. The
impact of this effect is generally small, however, as thermally promoted minority carrier
concentrations are generally dwarfed by either extrinsic carriers due to defects or carrier
influx due to leakage across the active region.

As phonon modes become more occupied with temperatures, the probability of carrier-

phonon interactions increases, leading to a decrease in mobility. This decrease is generally
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quite slight however, and without a noticeable decrease in conductivity, since the mobility

decrease is compensated by an increase in majority carrier densities with temperature.

3.5 Mode-locked quantum dash lasers

As the last part of this chapter, we will summarize the literature findings for quantum
dash lasers. We follow and supplement the two comprehensive review papers by Khan and
Ooi on the subject, as well as the earlier work by Reithmaier et al [94, 156, 157].

The benefits of reducing the dimensionality of a gain medium to zero to improve the char-
acteristics of the laser it supported were first postulated by Arakawa and Sakaki in 1982.
The idea was that a reduced density of states would in turn reduce the degree of thermal
distribution broadening, leading to better performance at elevated temperatures [158].
This proved to be correct for QWs, which were already being investigated, and even
more so for self-assembled quantum dots, which had received less scientific interest at this
point due to the relative infancy of advanced semiconductor growth methods [157]. QDs
demonstrated several other desirable qualities as well: low room-temperature threshold
currents, small linewidth enhancement factors as a result of reduced spontaneous emis-
sion, wide, bias-tunable wavelength ranges, combined with reduced sensitivity to optical
feedback, and reduced threshold current increase and lasing wavelength shifting with tem-
perature [159-171]. The carrier dynamics were also found to be sufficiently fast to support
narrow pulse formation for potential mode locking [130,172]. Lastly, the reduced in-plane
mobility due to carrier localization within dots allowed for patterning of the active re-
gion without introducing significant surface recombination at the etched interfaces [173].
The first devices were based on InAs and InGaAs dots lattice-matched to GaAs, which
emit into the O-band near 1300 nm. For long haul fiber communications, minimizing
optical losses maximizes the distance between repeaters, hence emission into the C-band
near 1550 nm is desirable, as shown in Fig. 2.10. However, the large lattice mismatch
of 7 % between InAs and GaAs leads to significant compressive stress within the InAs
QDs. This leads to band gap widening, while also hindering the self-assembled growth of
large dots, which makes dot emission around 1550 nm difficult to achieve in this material
system [85,157]. Alternative growth strategies using metamorphic buffers proved to be
difficult and saw limited uptake due to high defect densities [157,174]. Especially since
switching material systems proved to be a path of less resistance. The lattice mismatch
between InAs and InP is significantly smaller at 3 % than the 7 % observed for InAs-GaAs,
resulting in InAs-InP QDs being more easily tuned towards C-band emission than their
GaAs and InGaAs counterparts. The first lasers featuring InAs-InP QDs were grown by
Saito et al. in 2001 [175]. These initial devices were grown on InP(311)B miscut sub-

strates: the non-baseplane growth surface facilitates island formation, leading to higher
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dot densities to counter the higher island formation energy in InAs-InP due to the reduced
lattice mismatch. The different substrate orientation also resulted in QD ensembles with
less size dispersion, and with reduced QD wavefunction symmetry compared to InP(001)
substrates [176]. However, they later fell out of favour when reliable high density growth
could be achieved on InP(001) substrates due to the added complexity in device processing
for miscut substrates [157].

When using InP(001) substrates, a curious effect was observed: under the correct growth
conditions and given the right buffer layers, QDs would elongate along the (011) crystallo-
graphic orientation during the island formation process, forming wire like structures that
were dubbed quantum dashes (QDashes) as they resembled a combination of both dots
and dashes, putting them in the regime of quasi-OD dimensionality [85,177]. This had
been observed earlier in other material systems, but proved to be a preferred growth mode
in InAs-InP [94]. The self-assembled dashes far outperformed earlier top-down fabricated
dashes that suffered from processing related limitations with regards to dash orientation,
surface quality, and dash density [85,178]. The first laser based on this new generation of
InAs-InP quantum dashes was demonstrated by Wang et al, using InAs sandwiched be-
tween InAlGaAs barriers emitting between 1600 and 1660 nm [85]. Gain media based on
QDashes offer similar advantages to QDs when compared with bulk and QW gain media,
and even outperform QDs in certain other aspects [157]. The differences between QDs and
QDashes are mostly related to the in-plane carrier mobility and changed density of states.
QDashes generally produce a higher and broader optical gain profile than equivalent QDs:
the higher peak gain leads to lower threshold currents, while the larger gain bandwidth
is beneficial in broadband amplification and the formation of narrow pulses [130, 172].
QD-based gain media on the other hand exhibit lower phase noise, which is excellent for
stable mode-locking over wide spectral bands [179]. They are therefore often employed
as active regions in passively mode-locked lasers [136]. These produce an optical fre-
quency comb, as discussed in 3.4.4, which find application in spectroscopy, clock recovery
for all-optical signal processing, wavelength multiplexing, and mm-wave generation over
fiber [25,82,94,156,179-184]. Additionally, QDs and QDashes are resilient to defects and
strain, making them ideal candidates for monolithic integration into silicon photonics,
which offers both flexibility and scalability [185, 186].
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The purpose of this chapter is to explain the methodology used to derive the results
presented in this work. This work combines experimental characterization with numerical
simulation to provide a comprehensive analysis of the properties of quantum dash lasers.
This chapter starts with a short discussion of the details of the device growth, which
was conducted at the National Research Council of Canada and the Canadian Photonics
Fabrication Centre. We then describe the various experimental methods that were used to
characterize the devices. The chapter concludes with a thorough discussion of numerical
optoelectronic device simulation, examining the methods, models, and assumptions that

underpin Crosslight PICS3D, the commercial solver that was used for this work.

4.1 Device growth

The devices in this work were not fabricated by the candidate, but instead provided by
collaborators at the National Research Council of Canada, with parts of the growth done
by the Canadian Photonics Fabrication Centre (CPFC). The layers up to the etch stop
were grown on 3”7 wafers using chemical beam epitaxy (CBE, see 2.5) by P. J. Poole.
The layers comprising the ridge were then grown using metal-organic chemical vapour
deposition (MOCVD) at the CPFC, which also handled patterning, etching, and cleaving
fully processed wafers into lasing bars of different lengths. While in theory the device
design explored here could be grown in a single step, the two-step process was used due to
the relative cost of InP growth for both systems and the higher interface quality achieved.
The dopants used were Zn and Si for p- and n-type, respectively. A detailed description
of the fabrication process can be found in [187] and [188], with the details of the QDash
growth explained in [84].
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4.2 Experimental methods

Given the simplifications and assumptions necessary to facilitate the model, it is important
to have a comparison with experimental data to get an intuition how the model predictions
compare to physical reality. For this purpose we compare devices simulated at different
cavity lengths and temperatures with data derived from fabricated devices. While dif-
ferent device designs were simulated and tested, only results for the baseline design are
presented here. chapter Ch. 6 includes further comparison between simulated predictions

and experimental results for different device designs.

4.2.1 Note on origin of data

Not all of the experimental data in this work was captured by the author. If any data
was captured by a person other than the author, it will be credited in the caption of the
graph or table. Significant contributors were Ping Zhao, who conducted all measurements
on the semi-automated bar testing setup, and Ras-Jeevan K. Obhi, who conducted AFM
studies of the dashes and was part of the photoluminescence measurements. The different

contributions to this work are

4.2.2 Photoluminescence

Figure 4.1: Photoluminescence measurement setup.

The photoluminescence was measured using the setup shown in Fig. 4.1. It features
several lasers, of which we used the 532 and 1064 nm devices in this work. The setup
operates in a confocal geometry, with a biconvex lens acting as the focusing and collection
optic. The detector used is a Horiba Synapse InGaAs/Symphony II unit, cryogenically
cooled to liquid nitrogen temperatures, mounted on a Horiba spectrometer with 300 to

1200 g/mm gratings.
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Figure 4.2: Comparison between LI characteristic measured using the semi-automatic and
manual measurement setups for both pulsed and continuous bias of a 2000 pm
cavity at 293 K. The semi-automatic data was measured by Ping Zhao.

4.2.3 LI and IV characteristics

Two different setups, both located at the NRC, were used to characterize the LI and
IV characteristics for the devices. After growth and fabrication, wafers were cleaved
into bars featuring approximately 30 devices each. A semi-automatic setup was used
to characterize these devices. The device is contacted from above by two probes and
grounded via the brass sample mount. A thermoelectric cooler (TEC) keeps the devices
at a set temperature. The TEC is controlled by a Keithley 2510-AT TEC controller, while
the diode is controlled by a Keithley 2520 Pulsed Laser Diode System.The light out is
collected by a Ge photodetector, which is aligned with the centre of the bar and remains
static throughout the measurement. The probes then move automatically between the
different devices on the bar, collecting an LI and IV characteristic for each device. Due
to the extent of the beam and the distance between the lasing device and the detector,
some of the light output of the device is not captured, leading to an underestimation of
the power output and thereby the slope efficiency of devices measured in this setup.

In addition to the semi-automatic measurements, we therefore also conducted manual LI
characterization measurements. These use a similar setup, however the top probes are
aligned manually. A second Ge detector with an active area significantly larger than the
expected beam diameter is placed in close physical proximity to the device-under-test
(DUT). It therefore captures a larger portion of the light than the semi-automatic setup,

with a difference between the two setups of approximately 7 %, as shown in Fig. 4.2. The
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manual setup also features a TEC, capable of maintaining temperatures of up to 80°C.
Most of the data in this thesis was captured using this setup.

The bias current supplied to the laser being tested can either be applied continuously or in
short pulses. The former represents the operating conditions of the device more accurately,
while the latter avoids heating effects. While the model is capable of reproducing self-
heating, as outlined in 4.8. Unless explicitly mentioned, all data in this thesis therefore
reflects measurements conducted using biases pulsed with 3 us periods and 0.5% duty
cycles. The difference in results obtained for the same 2000 pm cavity between the two
measurement setups used, as well as a comparison between pulsed and continuous (direct

current) bias measurements is shown in Fig. 4.2.

4.2.4 Spectral measurements

The spectral characteristics of the devices were assessed in three ways: the detector in
the semi-automatic setup can be replaced by a fiber-coupling lens, which couples the light
output of the laser into an optical spectrum analyzer (OSA) via single mode (SM) fiber.
This setup was used to get an initial idea of the spectra emitted across a given laser bar.
In order to do temperature sweeps and obtain higher resolution spectra, a second setup
was used additionally, which also uses a lens-coupled fiber collimation to send light into
a Yokogawa AQ6370D OSA. The power supply used was a Tektronix PS2521G and the
diode and TEC were controlled by an ILX Lightwave LDC-3722 laser diode controller. The
light was switched between an optical power meter and the OSA using a JDS Uniphase
SC-series fiber-optical switch. Given the slightly different sample mount geometry and
the TEC used, this setup was only capable of reaching temperatures around 50°C reliably,
hence there is no spectral data at higher temperatures.

Since the devices we are investigating are mode-locked lasers, a third setup was used to
assess the degree of mode-locking. For this, the laser output was fiber-coupled using a lens,
and then split between an OSA, an Anritsu MS9740A, and a 100 GHz bandwidth Finisar
XPDV4120R photodiode connected to a signal analyzer (SA), a Keysight Model-N9030A
with a bandwidth of 50 GHz. Different parts of the spectrum could be selected for either
path by adding a fiber-coupled mechanically adjustable Fabry-Perot filter cavity.

4.2.5 Dispersion

The last relevant measurement setup used the setup pictured in Fig. 4.3a. It was used to
assess the group velocity dispersion (GVD) of the cavity, by allowing measurement of the
group refractive index by comparing the delay between two pulses travelling along optical

paths with different lengths. By comparing the delay between spectral components of
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Figure 4.3: a. Setup used for measurement of the dispersion compensation. b. Complete
lasing spectrum (black) and 1 nm slices from the measurement arm adjustable
bandwidth-tunable filter (ABW-TF) used for quantifying the group velocity
dispersion (shades of blue), with c. close up near the peak of the lasing spec-
trum. d. spectrum after the reference arm ABW-TF, with the 0.87 nm 3 dB

bandwidth indicated.

the pulses received at the end of both paths, the group refractive index could be inferred.
Two adjustable bandwidth tunable filters (ABW-TFs) with 3 dB bandwidths around 1 nm

were used to select different parts of the spectrum in reference and measurement arm. The

reference arm was kept near the centre of the comb at 1537 nm, while the measurement arm

was tuned to different parts of the spectrum. The wide bandwidth meant that somewhere

between 7 to 8 longitudinal modes were fell within the 3 dB window, as shown in Fig.

112



4 Numerical and experimental methodology

4.3d. This measurement is based on the experiment described by Faugeron et al [51]. The
setup was slightly modified, by moving the adjustable fiber into the shared path prior to
the beam splitter. The delay can still be compensated in this manner, and it allows the
measurement of devices with greater temporal drift without having to add fiber to both
paths. As the path difference between both arms remains small, the time of emission
between pulses arriving at each photodiode is small. Each path is terminated by a large
bandwidth photodiode, 30 and 50 GHz for reference and measurement arm, respectively,
with the signal combined into a 30 GHz bandwidth oscilloscope. The tunable filters were
adjustable Fabry-Perot filter cavities.

4.3 Numerical methods

There are many ways to model semiconductor diode lasers, which can be grouped into one
of two archetypes: analytical and numerical models [115]. Analytical models generally
take the form of rate equation-based models which abstract a device into sets of interact-
ing carrier populations. These rate equations often include phenomenological constants
to capture the effect of device geometry, such as injection efficiencies and mode overlaps.
Numerical models are often spatially- and/or temporally-resolved representations to cap-
ture effects related to spatial carrier inhomogeneities over time. The evolution of the
system as parameters are varied relies on solving partial differential equations (PDEs)
over a discretized representation of the physical system, which allows to treat more com-
plex geometries self-consistently without using stand-in phenomenological constants. The
cost is often complexity, as the solution of PDEs over large matrices comes with a com-
putational penalty that often calls for more severe approximations than rate equations
models will [46]. One approach is not inherently superior to the other and they both have
their appropriate use cases.

One of the objectives of this work is building an understand of how the geometry of a
mode-locked laser relates to its performance. The device we are trying to emulate is
therefore more appropriately represented using a spatially-resolved approach based on a
Finite Element Mesh (FEM). We used a commercial semiconductor simulation software,
Crosslight PICS3D, which is a tool to define complex semiconductor structures, spatially
discretize them into meshes, and then solve drift-diffusion equations on these meshes which
can be coupled to secondary sets of equations, such as self-consistent optical mode and
heat generation and transport calculations. We will now examine the different components

of the numerical simulation of devices in the formalism used within PICS3D.
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Figure 4.4: Simulation flow in PICS3D and Python wrapper.

4.4 Simulation flow

The process of device simulation in PICS3D is outlined in Fig. 4.4. The first step is
the definition of the device geometry by defining the device layer by layer, specifying the
material each layer is composed of. The geometry is then spatially discretized, resulting
in a mesh with each node of the mesh associated with a specific material. The material
definition occurs by specifying material macros, which we will discuss in 4.4.2. The dis-
cretization in PICS3D creates triangular elements in the xy-plane, that are then extruded

along z into prisms. The xy-plane mesh used in the this work is shown in Fig. 4.5. With

a. b.

o 1 2 3 4 5 6 7
x [um]

Figure 4.5: Mesh used in the simulation, a. full device and inset b. active region.
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the geometry defined and discretized, the next step is setting up the solvers. There are
three separate solvers that are called in a PICS3D device simulations: a drift-diffusion
solver which handles the transport, generation, and recombination of charge carriers, a
quantum mechanical (QM) solver that calculates confined states for any two-dimensional
confinement regions in the device, and an optical solver that treats the interaction between
the optical field and carrier population in the device. There is also an optional heat solver
that gets called to reproduce the effects of self-heating in the device. The different solvers
are called in the order shown in Fig. 4.4: after the bias is varied, the carrier distribution
and potential are re-evaluated by the drift-diffusion solver. After a solution within the
error margin is found, the QM solver is called, recalculating the QW states due possible
shifts in the band edge position as a result of applied bias. Note that only QW states are
recalculated, while QD and QDash states are treated as static. After the self-consistent
quantum mechanical states are found, the optical solver is called. The solver determines
spatial and longitudinal modes based on the altered quantum mechanical states and car-
rier distributions. If self-heating effects are to be included, the final step of the solver
subroutine will then calculate heat generation and flow given the optical field and carrier
profiles calculated in the previous steps. Once this solver has successfully converged on a
solution within the margin of error as well, the bias step is considered complete. The bias
is then altered, and each solver is called again, using the previous solution as its initial
state.

The separation of the calculations into separate steps of the solution means that the final
result is not entirely self-consistent, as the feedback between the different solvers is delayed
to the subsequent solver step. However, the bias is altered in steps that are small relative
to the absolute bias, which means the lack of direct feedback is unlikely to converge to a
solution that is different from a truly self-consistent model. And the separation of solvers
decreases the complexity of the problem by orders of magnitude, making it a worthwhile
trade-off [189].

4.4.1 Simulation setup

While there is support for running simulations in batches in PICS3D, it is limited in its
ability to significantly alter the underlying simulation beyond changing a few basic pa-
rameters. One contribution of this thesis was the development of a more sophisticated
interface to interact with PICS3D. The interface was done in Python, a third genera-
tion object oriented programming language, but it also makes use of CMAKE and the
C-language pre-compiler to conduct basic logic operations within the simulation support
files required by PICS3D. The CMAKE /precompiler approach was originally developed
by Matt Wilkins, and incorporated into the Python interface as these tools offer powerful
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internal consistency and file handling capabilities that would have been difficult to build
ab-initio.

Before making use of the interface, a simulation skeleton needs to be created. PICS3D
requires a .layer file that specifies the layers and materials used, including thickness, com-
position and doping. Other required files, such as .geo, .msh, .mater, and .doping are
generated from this .layer file using layer3d.exe, a tool provided by PICS3D. The second
user-defined file required is a .sol file that instructs the solver on what kind of simulation to
run on the given geometry and contains additional parameters defining the device. Lastly,
a .plt file defines which parameters should be extracted from the solver results in the post-
processing stage. The skeleton simulation needs to contain these three files, .layer, .sol,
and .plt. Any parameter that is to be exposed to the interface needs to be given a unique
variable name in the file. The variable name will then be replaced by a context-sensitive
value based on user input in the pre-processing stage of simulation creation.

The core of the Python interface is sim_create . This object handles the creation and
execution of simulations, as well as post-processing and archiving. sim_create needs to be
called with directions to locate the predefined skeleton simulation, a directory in which
to store simulation files during the calculations, and where to archive the simulation once
completed. Additionally, a dict-instance can be passed, which contains parameters that
are to be varied for the specific simulation at hand. This dict has two functions: keywords
matching variable names defined in the simulation skeleton will be replaced by the value
matching that keyword during the simulation processing stage. The second function is to
provide inputs to simulation sub-modules. Before running the full simulation, sim_create
can be provided with a list of sub-modules to run at any stage of the simulation. These
sub-modules are Python modules following a standard template that instructs sim_create
when and how to execute their contained code. These sub-modules contain a variety of
capabilities, from ensuring that the separate confinement heterostructure height matches a
certain value when quantum dash layer numbers or barrier widths are altered, to running
a separate quantum mechanical pre-calculation prior to full device simulation to allow
parameters sweeps across different QD designs. To ease integration of additional modules
the sub-module manager integrated into sim_create contains functionality to ensure that
they are executed in a manner that ensures that two modules altering the same parameter
avoid race conditions.

When sim_create is called, it creates a new directory with an unique name based on the
provided simulation parameters in the specified calculation directory. It then copies all
the files from the skeleton simulation into the new directory. After ensuring all files were
moved successfully, simulation sub-modules which are flagged as pre-processing modules
are run. Once completed, variables in the simulation skeleton files matching keywords in

the simulation parameter dictionary are replaced. Sub-modules flagged as post-processing
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are then run. The simulation is now ready for calculation, and PICS3D is called by
sim_create to run the simulation.

While the simulation is running, the command line output produced by the solver is read
out and interpreted. Different parameters, such as current error on various parameters,
center wavelength, and peak gain are plotted continuously to allow the user to monitor
the status of the calculation.

Once the simulation has run its course, the simulation directory is cleaned to remove tem-
porary simulation files that contain no relevant information and the simulation is archived.
In addition to sim_create , the suite of Python tools written for PICS3D also includes Sim-
Data , SimShepherd , and opti . SimData allows post-processing of simulation results,
most notably it allows read-out and compression of the binary results created during sim-
ulation. This is useful, as it allows for advanced insight into device performance, such
as localized recombination maps to identify sources of loss within the devices. SimShep-
herd is a tool that creates a "flock” of agents that can run simulations independently
and in parallel to use of distributed computing resources efficiently. It also enables opt:
, an interface for optimization algorithms to interact with PICS3D. opti can instruct the
simulation agents created by SimShepherd and analyse the results, comparing them with
a pre-defined objective function. opti currently only includes a stochastic optimization
algorithm, but it could be easily extended to arbitrary optimization algorithms, such as

genetic functions or other machine learning approaches.

4.4.2 Material macros

As indicated previously, the material definition in PICS3D occurs via material macros. A
material macro is a bundled set of parameters that generally reflect one specific material,
such as Ti, Ag, or air, or compound semiconductors, such as InAs, GaAs, or InGaAsP. It
will contain material parameters relevant for the simulation, such as the band gap, car-
rier mobilities, effective masses, and refractive indices. While there is a vast collection of
material parameters fro semiconductors in the scientific literature, they have been mostly
determined for binary semiconductor alloys such as GaAs. Even for technologically rele-
vant compound semiconductors such as InGaAsP, the sheer size of the parameter space
renders experimental determination of the parameters for every possible composition pro-
hibitively resource-intensive. The material parameters for quarternary semiconductors are
therefore commonly inferred based on an interpolation of the parameters of the constituent
binary compounds. This interpolation is approximately linear for most parameters in In-
GaAsP, with a slight deviation referred to as "bowing” for some parameters [76]. We will
not elaborate on the specific material models used, as most parameters are based on the

standard values provided by PICS3D, which are primarily derived from [76]. The specific
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Parameter InAs InP 1.15Q  InAlAs InGaAs

E, [eV]  0.352 [190] 1.31 1.08 145 [191] 0.477

Ay [eV]  0.500 [192]  0.108 0.23 - 0.15

e 0.023 [193]  0.08 0.07  0.049 0.01

Mah 0.41 [193] 0.531 [194] 0.47 . 10.145

i 0.027 [194] 0.121 [194] - - 0.02
0

Table 4.1: Band structure related material parameters at room temperature used in the
single band model. Band gap E, and heavy-split-off hole splitting A, as well
as effective masses m} and mj, are evaluated at the I'-point along [100]. The
effective hole masses are for the parabolic approximation to the heavy hole band.
The parameters for Inggi5Gag 1s5A80.405P0.505 are a result of interpolations
between the properties for the binary constituent compounds. All parameters
are stated at 293 K. If not citation is provided, parameters are from [76].

values used in this work can be found in Tab. 4.1.

For active regions, which are regions that interact with the optical field strongly, a second
type of macro needs to be provided. These are called complex macros and contain addi-
tional material parameters, relevant to the calculation of quantum mechanical states and
optical transitions. These macros will also contain additional band structure parameters,
such as the band offset for X /L-band states near I', and parameters that feed into a 8x8
k-p calculation of confined states. It should be noted that PICS3D only supports k-p
state calculations for quantum wells, while quantum dashes and dots states are based on
parabolic bands as discussed in 4.6. The complex macros also set a flag for the quantum
mechanical and optical solver to consider regions using the macros in their calculation

step.

4.5 Drift diffusion simulation

At the heart of each spatially resolved semiconductor simulation lies the Poisson equa-

tion:

€nE —
OqDCVV = _n+p+(pconf _nconf)+ND(1 _fD) _NAfA+Zth(6j _ftj) (41)

J

-V

We have dropped the dependence on position 7 for all parameters as a matter of conve-
nience, and will continue to do so in this chapter unless explicitly mentioned otherwise.
On the left side, we have the vacuum permittivity €y, the low-frequency component of
the dielectric function epc, the fundamental charge ¢, and the local electric potential

V. n and p are the electron and hole concentrations in bulk states, while p..,; and
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Neony are carriers located in QDashes. Ny and Np are the acceptor and donor densities,
with the occupied acceptor and donor fractions f4 and fp. Assuming shallow impurities,

‘E(C’v) — E(D,A)} < kT, all doping atoms should be fully thermalized:

1

fp= T (4.2)
1+ Le *57T
9D
1
fa=—— =%+ (4.3)

1 TkpT
1+ o€

with the degeneracy factors g4 = 4 and gp = 2 due to the spin degeneracy, combined
with the light and heavy hole bands for acceptors. Ep and E4 are the absolute energetic
positions of the donor and acceptor state, while €;,, and €7, are the chemical potentials,
also referred to as the quasi-Fermi levels, for electrons and holes.

The last term in Eq. 4.1 includes the presence of different trap states, denoted by j, which
E(e) — Eij| >> kpT.

Ny; is then the density of trap states of species j, and f; is its occupation fraction:

are deep within the band gap compared to the more shallow donors,

Cn,jN1,j + CpsP

Jtj =
T eng(n+n1g) + o+ pry)

(4.4)

Here ¢, ; and ¢, ; are the capture coefficients for electrons and holes of the jth trap species
and ny j and p1,; are the concentrations of trapped electron and holes when €y (;, ,) coincides
with the energy level of the trap state [195]. §; is either 1 or 0, depending on whether or
not the jth trap is negatively or positively charged in its unoccupied state [189)].

The inclusion of The Poisson equation describes the electric potential that arises in a device
which is trying to maintain charge balance between the different charge-carrying entities
within it. Given that charge must be preserved overall, a set of continuity equations

arises:

1_ - . 1
&Vt]n - Z RSJ) - Rrad,spon - Rrad,stim - RAuge'r + Gopt(t) - ;(Jn,'m - Jn,out) (45)
J

on Ofp
4N a 4.
ot P ot (46)
1_ - , 1
&VJp + Z Rg]) + Rrad,spon + Rrad,stim + RAuger - Gopt(t) + E(Jp,in - Jp,out) (4-7)
J
dp dfa
— N, 2Aa 4.
ot TN (48)

The change in local carrier density over time is the sum of the change in local electron
and hole current densities J_;L and J_;,, the Shockley-Read-Hall recombination rate REZJ;)
due to the trap states j, the spontaneous and stimulated radiative recombination rates
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Ry ad spon and Ryqq stim, and the optical generation rate Gop(t). As we will examine in 4.7,
the radiative recombination rates are the connection between the drift-diffusion carrier
transport model and the generation of laser light from the device. The last term on the
right hand side represents the interaction of the mobile carrier population and the carriers
that are captured into and escaped from the confined states. These states interact with
the larger drift-diffusion simulation via the electron and hole capture and release currents
Jnp)in a0d Jin ) out- We will discuss their impact in 4.6. The two terms on the right
side include the immobile donor and acceptor atoms represented by N4 and Np and the
free carrier densities n and p which are mobile and can therefore contribute to currents
directly. The currents J_;l and J; are proportional to the potentials their respective carriers

are subjected to, denoted by the gradient in their respective chemical potentials:

J, = qnpnVep, = o, Ver, (4.9)
jp = qpupVepp = opVesy (4.10)

Where pi, and p,, are the electron and hole mobilities, ¢ is the elementary charge, and o,

and o, the conductivities discussed in Ch. 2.

4.5.1 Hydrodynamic model

The equations Eq. 4.1, 4.8, and 4.10 are sufficient to describe the basic movement of
charge carriers and their creation via optical absorption and annihilation due to various
recombination mechanisms. However, this approach does not track the occupation func-
tion of the carriers, it just tracks the carrier densities and implicitly assumes that carriers
are distributed according to Fermi-Dirac statistics. This assumption is valid if we assume
that our intraband dynamics are sufficiently fast to always return to a perfectly thermal-
ized distribution of carriers. The relevant timescale for comparison is the characteristic
time of the processes we are most interested in. In a laser, these processes are optical
transitions, which have lifetimes in the ns range [149]. As we explored in the section on
spectral hole burning in 3.4.4, intraband dynamics are generally much faster than this in
the sub-ps range [149,153]. In most scenarios, the assumption of perfect thermalization is
therefore valid.

A problem arises when carriers are scattering between systems with different dimensional-
ities: the coupling between the separate confinement heterostructure (SCH), the wetting
layer (WL) and the ensemble of dots is often much slower than the interaction of carri-
ers in the same band in a bulk semiconductor [196-198]. There are therefore often two
or more carrier populations existing in parallel: one in the lowest energy configuration,

which has undergone thermalization, and one at a higher energy that exists as a result of
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the mismatch between thermalization and carrier injection rates. In these cases, there is
the need to track different carrier occupations existing at different energies. The chemical
potential €, ) can be converted into an energy by dividing it by the Boltzmann con-
stant kp, to yield a Fermi temperature of the distribution T;. Since the higher energy
carrier population will be described by a greater chemical potential, associated with a
higher temperature, non-thermalized carriers are also referred to as hot carriers. They
can be included in the three equation formalism by introducing two more equations that
describe the intraband dynamics for electrons and holes when deviating from Fermi-Dirac
statistics [199,200]:

VS + Rt = Ve Jo o+ = = == (4.11)
o , = p(d —dp) _ A(pw)
VS, + Ry + VE, - J, — = (4.12)

With the electron and hole energy flux densities S, and §p:

10

VS, = —gfnw - gunmwvwvgp = 10

5=
§qu_)' + H,upmu')'Vu_i (4.13)

The driving force of the hydrodynamic carrier current is the carrier energy «w, which is a

displacement from the equilibrium carrier energy wy = 3kQBT. The T in this case refers to

the lattice temperature, which is the final temperature for fully thermalized carriers. 7,
is an energy relaxation time that describes the characteristic time for carriers to scatter
from the hot carrier population towards the cooler population in thermal equilibrium with
the lattice [199].

Adding hydrodynamic carrier transport to the model means solving Eqgs. 4.12, plus a

modification to the current densities:

. 2

In = pin [—nvw + X+ Yo+ §V(nu7) — nu?Vln(m;)} (4.14)
- 2 - . “

Ty =t |90 X+ By 3 = 3 V(i) — 0G| (4.15)

Where m;, and m,, are the effective electron and hole masses. ¢ here is the electric

potential in units of energy (multiplied by ¢), x the electronic affinity, and ~, and ~,

reflect a correction to the Fermi-Dirac distribution:

E.—¢
Fy o (=5A42)
n = kT =BT 4.16
0 B n <€6f7”_EC/kBT ( )
er,—E
F1/2( f}: TU)
= kpT'1 =BT 4.17
o= B n(esfm_Ec/k'BT (4.17)
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We will describe the Fermi-Dirac integral F; /5 in the next section in the context of carrier
distribution. PICS3D generally makes use of the hydrodynamic model whenever hot
carriers are considered, which will mostly be in the regions of the device that are most
relevant to its operation. These are the active regions, which we will discuss in the next

section.

4.5.2 Active and passive device regions

In order to reduce the computational overhead, PICS3D separates the device into active
and passive regions. For regions that have a large bearing on the functionality of the
device, multiple bands are modelled and their relative occupation tracked. The calcula-
tions done to arrive at their band structure are also more complex, using up to 8 band
k - p-derived bands rather than a single parabolic band, as we will explore in the next
section. For a laser, these regions are generally the gain medium, surrounding barriers,
and the SCH. Since the gain medium is the only part of the device that (ideally) actively
participates in optical processes, these regions are referred to as a active. Active regions
feature more detailed model representations, which comes at an increased computational
cost. Other parts of the device, such as the substrate or cladding layers, require less detail
to capture their impact to on the overall behaviour. Since there are no optical transitions
actively participating in the light emission from from these regions, they are referred to as
passive. Passive regions forego detail to ensure reasonable overall calculation time. The
choice of whether or not a region is active or passive is provided by the user indirectly, by
selecting certain material macros that provide additional parameters necessary to carry
out the more detailed calculation.

An explicit list of which regions of the device are considered active and passive is provided

in Ch. 5, where we discuss the specifics of the geometry of the device and its representation.

4.5.3 Band structure

There are a few inherent physical approximations in the treatment of band structure:
first and foremost, the single band model is employed everywhere in the device outside
of the active regions. This means a truncation of the number of bands considered to one
conduction and two valence bands. Since the lowest energy band gap exists at the I'-point
for all zincblende crystals considered here, we are using its energy as the conduction and
valence band edge. For the conduction band, the assumption is that other band minima,
such as L- or X-valley are far enough removed in terms of energy and momentum that they

are largely inaccessible for carriers injected into the I'-valley [29]. Similarly, we assume
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that the split-off band for holes is sufficiently far from the band edge that it has negligible
occupation compared with the degenerate heavy hole band. Given the energy splitting
for the split-off band Ay rnas of 0.5 eV (Tab. 4.1) this assumption seems appropriate.
While the light and heavy hole bands are degenerate, or nearly degenerate for unstressed
zincblende semiconductors near I' (see Ch. 2), the effective density of states (DOS) is
much smaller for light compared to heavy holes, due to DOS scaling with effective mass.

The effective mass used is a reduced mass based on light and heavy hole masses m;;, and

mup:
3/2

my = (my,” + m222)2/3 (4.18)
The reduced mass is dominated by heavy holes. Due to the band and spin degeneracies, the
valence band DOS is multiplied by a factor of four rather than the two for the conduction
band. This leads to a much higher effective density of states for holes than electrons.
Within active regions, two additional bands are considered: the electronic L-band as well
as the light hole band. We only treat strain empirically as an effect that alters the band
gap, and forego its impact on other band parameters such as the effective mass. While
these models are available in PICS3D, they add computational overhead. The additional
bands have the highest relevance for the confined states calculated in the microscopic sub-
simulation, as discussed in 4.6: the additional bands result in additional confined states
in the vicinity of the barrier band edge, as pictured in Fig. 5.6¢c. Outside of the dashes
the additional bands are less relevant, for the reasons stated earlier when justifying the
single band approximation. We do not observe any confined states, as we will discuss in
more detail in 5.4.
As we discussed in Ch. 2, when bringing two semiconductors into contact, there is the
potential for band discontinuities. The most relevant discontinuity in our work is the offset
between InAs, Ingg15Gag.185A50.405P0.505 , and InP, as this defines the most significant
barriers in the baseline device. We used a split of the band gap discontinuity AE, of
60/40, meaning the offset in the conduction band AE, = 0.6AE,, while AE, = 0.4AE,.
This is based on values commonly used in the field [76,92,155].

4.5.4 Carrier mobility

The mobilities for carriers for materials are defined explicitly in PICS3D, and not directly
linked to the effective mass, as one would expect from Eq. 2.37. They are provided as
part of the material parameters for both active and passive regions. Since the mobility

is strongly dependent on the impurity density via impurity scattering, the expressions for
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the mobility include an impurity correction term:

Hn,2 — Hn,1

/“Lnyo - /“Lnyl + ND+NA+Z]' th Qn (419)
1+ ()
_ Hp,2 — Hp,1
Hp,0 = Hp,1 + Np+Na+3 . Nij Qp (420)
14 (P

Here fin, 1, tin,2, Nn,r, and o, are phenomenological fitting constants based on experimental
data.

However, we also need to take into field effects, which can lead to velocity saturation [29].
We therefore plug the expressions for y,0 and f,0 into an additional set of equations.
The hole mobility can simply be split into two regimes: a low-field, constant mobility
regime where the value is the field-independent j, ¢ and equal to the value calculated
above. At higher field intensities, drift velocity saturation sets in, which presents as a
1/ ’E ’ dependency, where ’E
mobility then reads:

is the local electric field. The overall expression for the hole

Lip.,0 for |E] < E,o

Hp = E(n,p)

. (4.21)

Where E),( is a reference field that defines the onset of the saturation regime.
For electrons, the approach is a little bit more complex, taking into account the scattering
between valleys that can occur if the fields get sufficiently large [29]. The expression for

the electron mobility p, is then:

— 3
n,sa E
_ Hno + (ttn,0 UE;L,Ot) (E‘n,|o>
Hn = 2\
1+ (m)

Where v, 5q¢ is the saturation velocity, which can be approximated as i, 0FEp 0.

(4.22)

During initial calibration of the model, we found that the conductivity for p-type InP was
far below what we estimated from experiments. An alternative hole mobility model that
included a temperature dependence of the hole mobility as well was therefore implemented.
PICS3D enables this via the import of value tables, which we used to substitute the hole
mobility for p-type InP and InGaAsP. The model was based on work by Benzaquen et al.
for Zn-doped InP [201]. It includes terms for hole scattering on ionized impurities, longi-
tudinal and transverse acoustic phonons as well as polar and non-polar optical phonons,
as well as piezoelectric phonons. The extensive parametrization is well laid out in [201]

and shall not be repeated here.
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4.5.5 Carrier distributions

The carrier distributions in PICS3D are treated to varying levels of detail, depending on
how pertinent the regions are to the overall device behaviour. We will therefore split the

discussion of the carrier distributions between active and passive regions.

Passive device regions

In order to evaluate carrier distributions throughout the device, PICS3D uses a density
of states based on a single, parabolic band for all passive semiconductor regions. The

electron and hole carrier densities n and p at a given point within the device are then:

E _
n=NPF (kB;f”> (4.23)
B
p=NI"Fs (”Zﬂ”) (4.24)

€rn and €, are the local chemical potentials for electrons and holes, respectively, £, and
E, are the conduction and valence band edge, kg is the Boltzmann constant, and T is
the local temperature. The impact of dopants is reflected in the altered positions of €y ,,
and ey, which move close to the conduction and valence bands as dopant densities are
increased. N3P and N3P are the effective, three-dimensional densities of state for the

conduction and valence band, and defined as follows:

3
1 [mikgT]?2
N3P — —_ | e 4.2
‘ ﬁ[ mh? } 2
3
1 ’I’)’L*kBT 2
N3P — —_ | ThP 4.2
’ \/é[ mh? ] 20

With the effective masses for electron and holes, m? and mj. Lastly, F1 is the complete
2

Fermi-Dirac integral of order %, generally defined as follows [202]:

1 R
Fi(x) = dt 4.2

(@) F(j+1)/0 e+ 1 (427)
With the gamma function I'(j + 1):

F(j—l—l):/ tle tdt (4.28)
0
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In the case of order %, this is equal to:

N

1 & t
F = dt 4.29

This is rather unwieldy, but can be approximated as proposed by Bednarczyk and Bed-

narczyk [203] into something more numerically convenient:

Fy(2) ~ e_xijl(x) (4.30)
U(z) = Z\/iw(x)—% (4.31)
v(z) = 2 + 50 + 33.62 <1 - 0.686*017(“1)2) (4.32)

Our expressions for the carrier concentrations then read as follows:

1 [m:ka]g

n:ﬁ mh?
54 —1
Tt 3 e (B an ' 5o 4 sy 6Be—Cin (1 g gge 0 gt 2 -
B — — 6——4 —0. B
¢ TN Ay kT ¢
(4.33)
_ 1 [mikT]?
p V2 | wh?
_37-1
cfp—Ev 3 €f - F 4 €r, — I 7017(M+1)2 8
BT 42 ) 50+ 33.6 12— (1 —0.68¢ T EET
c +4ﬁ[< kT >+ M kT ¢ ?
(4.34)

The resulting carrier concentrations as a function of relative quasi-Fermi level position,
€rn — Ec and E, — €7, are plotted in Fig 4.6. The effective masses are based on InP, and

can be found in 8.1.
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Figure 4.6: Lines: electron and hole concentrations n and p as a function of separation
between band edges AE = E. — €5, = €7, — E, at 293 (solid) and 343 K
(dashed). The filled areas indicate the idealized DOS for a bulk semiconductor
in the single band approximation, matching the right hand side of the graph.
Effective masses are based on InP (Tab. 4.1) [76].

Active device regions

Carrier densities in areas of the semiconductor that are designated active and therefore
modelled in terms of their optical transitions are approached differently than passive re-
gions. PICS3D was designed with bulk and MQW lasers in mind. The general approach
is therefore to solve for one-dimensionally confined quantum mechanical states, forming
sub-bands that span the entire extent of the active region in question. The density of
states is then a two-dimensional density of states as discussed in 2.2.9, rather than the
bulk expressions mentioned before. When no confined states can be found, the model
defaults to the bulk carrier distributions described in the previous section. For an active
region with confined states j, the expression for the two-dimensional density of states then

reads:

well

D 1 (2) Ui
n®P)(z,y) = P ij kBTln(l +e BT ) (4.35)
J

Where hy,; is the thickness of the QW, p;.QD) is the two-dimensional density of states
for the jth confined state, with Ej(x,y) being its absolute energy. ef,(x,y) is the local
chemical potential for electrons. An equivalent expression can be written for holes. Further
details on this matter can be found in Ch. 8 of [189).

As we will discuss in 4.6, the treatment of dots and dashes in PICS3D adds additional states
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Figure 4.7: a. Shockley-Read-Hall and b. Auger recombination, showing both the mo-
mentum transfer to a hole (ehh) and electron (eeh). c. thermalization to the
band edge via phonon scattering.

to a designated hosting layer, reflecting the presence of embedded confined structures. The
interaction between these states and the surrounding layers is described in that section at
length as well.

For both types of systems, the carrier density is still the product of the density of states
and respective conduction and valence band occupation functions. The density of states

is the only variation between the two.

4.5.6 Recombination

Apart from radiative recombination, three other forms of recombination are considered
in PICS3D: Auger recombination due to carrier-carrier scattering, Shockley-Read-Hall re-

combination due to mid-gap defects, and surface recombination due to interfacial states.

Shockley-Read-Hall

Shockley-Read-Hall (SRH) recombination, shown in Fig. 4.7a., requires deep traps to facil-
itate a non-radiative interband transition, so it is intimately linked to the deep trap density

Ni; we encountered earlier. The recombination rates for electrons and holes are then a
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combination of the density of traps, their effectiveness at capturing carriers quantified by

their capture coefficients c(, ;) ;, and their occupation f;:

RY) = ¢, inNyj(1— fij) — enjnijNej fij (4.36)
RYP = ¢ ipNej fij = ep,jp1,iNei (1 = fij) (4.37)
With the definition of the capture coefficients Clnp),j:
8kpT
c Opn,jln =0 - (4.38)
™) g = "IN TmE
8kpT
g g — g 2B 4.39
Cpj = Op,jUp = Op,j o ( )

The capture coefficients can be related to the SRH lifetimes of the carrier due to the jth

trap state:
1

- =c Ny (4.40)
TSRH(np).; (n,p),j 1Vt

For multiple deep trap states simultaneously present, the total SRH lifetime is a summation

= Z (4.41)

TSRH,(n,p),j

over all traps [29]:

TSRH,(n

The occupation of the traps is naturally linked, as scattering of a carrier into a trap
occupied by a carrier of the opposite charge will annihilate the carrier pair and result in

the trap becoming available for future carrier capture:

ol fti . .
Nyj— = R{) — R (4.42)
From which naturally, arises the steady state occupation (% = 0) in Eq. 4.4, with

Rsprp = Z R(t] ) = Z R, (19) " This trap formalism is also used to treat recombination due
to interface states. Interfaces between materials will often introduce a variety of states
that are located near the centre of the band gap, making them efficient non-radiative
recombination centres. In PICS3D, a surface population of states can be defined, that

then add to the local recombination rate via Eq. 4.37.

Auger recombination

Auger recombination is a three-particle process where the recombination energy is trans-
ferred to a tertiary carrier, either an electron (eeh) or hole (ehh) [204,205]. These pro-

cesses will also sometimes be named using the semiconductor bands involved: for example,
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a CHCC process involves a conduction band electron (C) recombining with a heavy hole
(H), with the energy transferred into a third conduction band electron (C) that is elevated
into an excited Auger state within the conduction band (C) [206]. The recombination can
occur with or without momentum conservation between the carrier depending on whether
it occurs directly or indirectly with phonon involvement. It can also make use of inter-
mediary states, so for example a recombination between a split-off hole, conduction band
electron resulting in a light hole entering an excited state within its band [207].

The standard Auger model included in PICS3D uses carrier specific Auger recombination
coefficients Cyyq (np) t0 capture the complicated electron-electron and electron-phonon
interactions. This approach does not treat the Coulomb enhancement due to carrier at-
traction at high carrier densities and instead assumes non-interacting quasi-free carriers to

maintain ease of treatment [205,207]. The simplified Auger recombination rate is then:
Rauger = (Caugnn + Caug,pp) (np + 7%2) (4.43)

Where n; is the intrinsic carrier density. The Auger coefficients are temperature and
material dependent due to the effect of band structure and especially band gaps on the
efficiency of the scattering process [208,209]. This is reflected in a material-specific def-
inition of the Auger coefficients in PICS3D, as well as a temperature dependence of the

Auger-coefficient:

_ Baug,(n.p)
Caug,(np) = Caug,(np)0¢ "7 (4.44)
Where Coyyg (np),0 18 a reference Auger coefficient. This dependence reflects the fact that

Auger recombination becomes more efficient at higher temperatures, another driver of
laser performance degradation at elevated temperatures.

The formula in Eq. 4.43 is appropriate for bulk semiconductors and was shown to be
adequately accurate to represent the mechanism inside QWs [210]. For QDs and QDashes
however, carriers are strongly localized which means the overlap between wavefunctions
of carriers in different dashes is small. Recombination can therefore only occur between
carriers in the same dot [198]. The result is a change in the overall recombination me-
chanics [211]. For example, Auger scattering can couple the WL carrier population with
confined states, adding another channel for populating QDs and thereby actually improv-
ing device efficiency [212]. However, there is experimental evidence for InAs-InP QDashes
that a cubic dependence on carrier density for the Auger mechanism persists at room tem-
perature and above [213]. Coupling between dots and the WL is thought to be sufficiently
high at these temperatures that WL carriers become available to support Auger recombi-
nation similar to the bulk scenario. Eq. 4.43 is then a valid approximation, especially for
dots with high degeneracy of its states, which fits the description of QDashes [214,215].
This is confirmed by Dogonkin et al., who calculate the Auger coefficients for InGaAsP
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quantum wires and find an expression that supports usage of Eq.s 4.43 and 4.44, at least
for temperatures above 200 K [215].

While there is not method for redefining the Auger recombination rate calculation in
PICS3D, another model can be substituted when an external gain table is imported.
PICS3D then supports the additional import of externally calculated Auger recombina-
tion rates, which can be interpolated as a function of carrier density, pn-ratio, temperature,
and electric field strength. This would allow the import of a gain model different from Eq.
4.43 for the active region. While this was not done in the context of this thesis, Python
scripts to write PICS3D readable gain tables including Auger rates can be found in the
appendix.

4.6 Treatment of quantum dots and dashes

While PICS3D supports self-consistent calculation of quantum-mechanical states for QWs
during the full drift-diffusion simulation, QDs and QDashes are integrated statically. For
QDs and QDashes, states are calculated prior to the full simulation in a separate definition
and calculation step. They are then placed in the full device simulation using a reference
layer with added quantum mechanical states. Changes in the states due to a change in the
band structure as a result of the dynamic conditions within the cavity are therefore not
captured by this approach. However, given the work by Obhi et al. that developed the
dash model that the states used in this thesis are based on, we expect the overall change to

be minimal compared to the inhomogeneous broadening as a result of size fluctuations [83].

4.6.1 Calculating confined states

The confined states that are embedded into the full device simulation are obtained via an
implementation of an effective refractive index-like (ERI-like) method for the Schrédinger
equation. This method delivers quantum mechanical states based on the confining poten-
tial of a single quantum dot or dash in isolation [216].

Assuming that there is no interaction between electronic motion along different dimen-
sions, the wavefunction for a particle can then be split into three components, one along

each axis. The single particle wavefunction can then be written as:

\I’cmz,ny,nz = Xeyng (x)Xc,ny (y)Xc,nz (2) (4.45)

where the subscript ¢ indicates that these are conduction band states, and x¢n, (),

Xe,ny (y), and Xcn.(z) are the envelope functions along x, y, and z, respectively. ng,
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ny, and n, are sub-band indices along each dimension. An analogous function Ve me,my,m:
can be written for holes in the valence band. The decomposition along different axes is
most appropriate when the extent of the structure varies greatly along each dimension, so
L, << L, << L, in the coordinate system used throughout this work [69]. With typical
dash dimensions of 3 X 20 X 300 nm?>, this condition is well met by the system under
investigation [83].

We state the time-independent, one-dimensional Schrédinger equation for the conduction

band particle along the orientation with the strongest confinement, y in our problem:

h 9

“omragE T V)| Xem (8) = Eerten, (v) (4.46)

Here V.(2) is the potential in the conduction band and E.,, is the eigenvalue of the nth
sub-band for electrons along y. For a simple symmetric well of depth AE,,, extending
from —L,/2 to +L, /2, the conduction band potential is then:

Vi) =4 ol < Lu/2 (4.47)
AE., |yl > L,/2

We can then approximate the envelope functions as follows:

M ly| < Ly/2 and [ = even
_ . m

A cos

Be WV B Bendy) > 1, /2

*

* bar 15 the barrier effective mass. A
b

m is the effective mass within the well, while m

*
e well

and B are normalization constants.

The energy levels can then be solved using:

m:,well (AECJJ - Ec,ny) _ tan (Ly 2mz’w€”EC7ny/h> e (4.49)
M bar Ecn, —cot (Ly 2msz€”Ec,ny/h> ny, = odd .

Once the eigenenergies along y have been calculated, the next strongest confinement is
along the width of the dash, which happens to be z in our choice of coordinates. The well
depth along z, AFE, ;, is modified by the eigenenergy along y, resulting in the following
potential:

0, |x| < L,/2

Ve(w) = (4.50)
AE.; — Ecp, |7| > Ly/2
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We find the eigenstates along x using a similar approach to Eq.s 4.48 and 4.49, resulting
in the nth conduction band state eigenenergy along x, E. ., . Using this energy, we then
arrive at the final potential along the least confined dimension z. The potential is modified

using both the eigenenergies along y and x:

o [0 4] < Laf2 wsh
-(2) = .
AE., — Ecn, — Ecpn, 2| > L./2

After determining ., , the final eigenenergy of the state with quantum numbers n,, n,,

and n, is then just the superposition of the three:
Ec,nlm = Lieng + Ec,ny + Ec,nz (452)

The process for holes is analogous, using the valence band edges to define the potentials.
In reality, the potential for the dashes treated in this work have a more complex shape:
there is a GaAs sublayer at the bottom and the barrier layers are Ing g15Gag.185AS0.405P0.595
(also referred to as 1.15Q) below the dash and InP above it, leading to an asymmetric well
overall. Instead of the analytical states in Eq. 4.48, the states in PICS3D are therefore
derived numerically. The potential along each dimension is discretized, and then solved
in a manner similar to the solution to the lateral mode problem discussed in 4.7, with the
band structure replacing the effective index.

The calculated electron and hole states are exported into a file that lists the energy of
each state (e, for electrons and €, for holes in Fig. 4.8) in relation to a conduction or
valence band reference energy E.,) .y The reference band energy is the energy of the
first barrier layer from the bottom. This reflects the intended implementation of QD and
QDash states in PICS3D, which are integrated into the device simulation via a hosting
layer whose band edges will become the new reference energies.

While PICS3D has the capability to use up to 8x8 k-p based quantum mechanical states
when QWs are considered, the model used for QDashes is much simpler: it assumes
isolated, parabolic bands for both conduction and valence bands. The lifted degeneracy
for light and heavy hole bands in InP-lattice matched InAs is treated by conducting
separate calculations for the light and heavy hole band confinement potentials. The usage
of parabolic bands implicitly neglects the in-plane effective mass anisotropy due to the

anisotropic strain, which would introduce a correction to the calculated state energies.

4.6.2 Integration with the full device simulation

The integration of QDashes into a full laser simulation in PICS3D is facilitated by treating

the calculated dash states as subbands within the full device. The states are calculated
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Figure 4.8: Connection between energies in the a. QD and b. device simulation in
PICS3D.

prior to the full device simulation in a separate numerical model and are not varied as
a function of dynamic simulation parameters. To place the subbands both spatially and
energetically within the full device simulation, they are assigned a hosting layer. The states
due to the QDashes are embedded within this layer, adding to its density of states. All
states are associated with a broadening energy, A€;nhomo that reflects the inhomogeneous
broadening due to size fluctuations. The connection between the microscopic simulation
of a single QD and the full device simulation are outlined in Fig. 4.8. The various energies
referenced in the reference file output by the Schrg”dinger solver in PICS3D are shown
within a schematic QD or QDash device structure. E(.,,) s are the Ref. energy for the
conduction and valence band, respectively, while E. ) por and E(c ) por map to Potential
bottom and Barrier height for their respective bands. The absolute position of the QDash
subbands depends on the relative eigenenergy of the state, E,, for electron and FE,, for

hole states, plus the reference energy € ) res:

(dev) (QDash)

e(n,m) = E(va)7h08t + 6(0,1}),7‘8]“ + E(n,m) (453)

where E(. ) nost 18 the conduction or valence band edge of the host material. Other
parameters that are needed to calculate the optical transition strength, such as the effective
mass or the dipole moment, are supplied via a second material macro which defines the

material of the QDash. Bulk parameters are generally assumed for these parameters,
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rather than conducting a full quantum mechanical calculation.

An issue arises due the asymmetry of the layer structure (wetting layer/dash/capping
layer) of the dashes used in this work. The hosting layer has to be considered active,
so either be a quantum well or part of complex multi-quantum well. PICS3D states in
the manual that it allows the integration of embedded layers into hosting layer defined
using a symmetric-type macro. These macros are used to implement symmetric QWs
with a barrier /well /barrier structure, with the well hosting the QD subbands. The barrier
material used during the QD simulation is expected to match the barrier material in the
device simulation. This allows integration of the common dot-in-well (DWELL) and dot-
in-bar (DBAR) structures, but unfortunately can not replicate asymmetrical structures,
such as the barrier/wetting layer/dash/capping layer/barrier structure we are examining
in this work. To circumvent this problem, a complex multi-quantum well macro was used,
with the QD states embedded into the capping layer. While an error flag is printed to the
simulation log when forcing it to add embedded states to an unsupported asymmetrical
MQW structure, the results indicate a correct integration of the embedded levels. This
asymmetrical structure using the complex MQW structure is used whenever a wetting
layer is include in the model.

There is also an issue when using states calculated based on a QD structure that is not
exactly replicated in the full device structure. For the devices examined in this work,
the GaAs sublayer beneath the InAs wetting layer was not included in the full device
simulation. Since the reference energy is based on the first layer that uses a complex
material macro in the microscopic model, its absence in the full device simulation can
result in energy levels being placed incorrectly. This has been rectified by altering the
reference energy, with €., oy in Fig. 4.8a. indicating the altered reference energy. A
Python script to implement this shift is included in laser_tools

pics3d.

QDash states effect on carrier density

As the states due to the presence of QDashes gets added to a hosting layer, the approach

for PICS3D to combine the densities of states into one total density. The resulting carrier

density for the QDL is then a combination of the carriers within the hosting layer ngv?/)
and the carriers captured into the QDashes nggi sh:
(2D) _ (2D) (2D)
Mhost — MQw T TQDash (4.54)

An analogue equation could be written for holes. These are two-dimensional carrier den-

sities, so they will later need to be translated into three-dimensional densities to interact

135



4 Numerical and experimental methodology

with the bulk carrier densities n and p treated by the drift-diffusion solver. The total con-
centration of carriers in the QDashes is calculated using the surface density of QDashes,

NQDash, and the Fermi occupation functions f..) (see Eq. 2.31):
WCD) =257 Nopash(5)fo(Fns) (1.55)
QDash QDash\S)Jc\Lin,s .
n S

where n is the quantum number of the dash state, s denotes a size counting parameter
that reflects the size broadening of a given dash and the factor 2 appears as a result of the
spin degeneracy. Again, an analogue equation for holes could be written using the hole
occupation function f,(E,, s). Note that this treatment assumes QDashes can be treated
as elongated QDs. We will examine this assumption in more detail later when comparing
the gain functions for QDs and QDashes. The difference in the DOS for treatment of the
structures as zero- vs one-dimensional quantum confined systems is shown in Fig. 5.6d.
A broadening of the states of 40 meV is assumed for both dimensionalities. The density
of states for dots is much smaller than for dashes, while the shapes are very similar, even
without considering the occupation function. The density of states is difficult to examine
experimentally, as it is most commonly measured using scanning tunneling microscopy.
This involves approaching a surface using a conductive tip until tunneling transport occurs.
As dashes are capped and then covered in a barrier material, which both result in a change
to the electronic confinement and thereby alter the density of states, this measurement is
exceedingly difficult for the dash ensemble we are interested here. We therefore opted to

scale the density of states and observe how it affects the overall device behaviour.

4.6.3 Carrier capture and escape

An important aspect of the operation of QQDash devices is the intralayer coupling between
dashes as well as the coupling between the dashes and the unconfined carriers in the
separate confinement heterostructure (SCH). As explained above, the QDash states are
embedded within a hosting layer. The coupling between the dash states and the device
at large is reflected in the rate of exchange between carriers in the hosting layer and
surrounding barriers and the ones confined within the dashes. If coupling is strong, the
difference will be small as carriers can easily move into and out of the dash states. If it is
weak, and carriers are confined within the dash, and they will follow a different occupation
function than the hosting layer carriers. It assumes strong coupling between dashes, either
direct or mediated by a wetting layers. We therefore assume an even and fully thermalized
carrier population within the dash ensemble. The dash and hosting layer states are then
treated as one level each of a two-level system. The hosting layer states represent hot

carriers, which move across the hosting layer without interacting with the dash states.
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Figure 4.9: Carrier capture and escape into the quantum dash layer. €y, and €y, are the

chemical potentials for electrons and holes at arbitrary bias, while e;efl) and

e;ez) are the potentials at equilibrium. Other variables are defined in the text.

The dash ensemble itself represents the fully thermalized state. The rate of change of the
electron density within the dash ensemble ngpgsn, is then [217]:

anDash _ NQDash

dt Tinterband

+ Jn,in + Jn,out - Jn,hot (456)

This is also depicted in Fig. 4.9. Here we turned the two-dimensional electron density we
examined in the previous section into a three-dimensional quantity using the thickness of
the hosting layer. Tinterband 1S the interband recombination time, which depends on the
available recombination paths from the confined level. J;, and .J,,; are the thermionic
in- and out-flowing currents from the two-level system of hosting layer states and dash

ensemble into the surrounding semiconductor. These currents can be defined in terms of
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capture and escape currents into the barrier to the left and right of the hosting layer:

4.57
4.58
4.59

Jn,in = Jn,cap,left + Jn,cap,right
= Vn,left@n,leftnleft + ’Yn,rightﬁn,v"ightnright

Jmout = Jn,esc,left + Jn,esc,right
(eq)

_ (eq) _ e
= TIn,leftUn,leftTe + Vn,rightUn,right ;g ht

(4.57)
(4.58)
(4.59)
(4.60)

4.60

Injleft and vy right are phenomenological capture coefficients; these coefficients represent
the effect of carrier scattering at the quantum well interfaces. @, cf; and ny.p; are the
thermal velocity and density for electrons in the left barrier region, while vy, ;ign¢ and
Nright are the equivalent parameters for the right interface. The average thermal electron
velocities in the barriers, barvy jcre and barvy, rignt, reflect the energetic distribution of

carriers on either side of the well. They are defined as [189]:

_ kT
Un,(left,right) = \/ (461)

*
2me,(left,right) d

where m;‘;(le Fhoright) A€ the effective masses in the left and right barrier, respectively. In

order to extract the current density of electrons escaping, the equilibrium carrier densities

(eq) (eq)
left right

of hosting layer and barrier layers are in equilibrium.

n, ¢, and n are used, representing the density of electrons when the chemical potentials
The last term in Eq. 4.56, J,, ho represents the partial electron current that remains ”hot”,

so moves across the hosting layer without scattering:

Fn,eschDashUn,esc
hhost

Jn,hot = (462)
where F), .. is the fraction of electrons escaping from the dashes as a function of total
carrier density, while vy, ¢sc is an escape velocity based on the effective mass and thickness

of the hosting layer:
2mh

*
dm}

(4.63)

Un,esc =

From this an ”escape time” for electrons, after which they will be thermalized on average,
can be calculated:

h
host (464)

Tn,esc = F
Un,escl'n,esc

All the equations in this section were written for electrons, but are applied analogously to
holes.

In addition to the fundamental thermionic model, there a variety of additional leakage
models that can be activated in PICS3D. These effectively add a further contribution to

the escape current from the confined states, attempting to capture other carrier leakage
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mechanisms, primarily due to Auger-related carrier excitation above the confining barrier.
There are three implementations that ship with PICS3D: a combination of Auger and
thermionic emission, as well as direct and indirect Auger carrier excitation. All three add

another contribution to Jy ous:

Jn,Auger = qUef fMabove = qveﬁﬁnconf (465)

where an identical equation could be written for holes. napove is the fraction of confined
electrons above the barrier, which is approximated by a fraction 3 of the total confined
electron population nc.,s. This factor is actually a constant, even though in reality it
should vary as a function of bias as the distribution of carriers shifts. All three models
deliver different expressions for the effective escape velocity wveg, which fulfills a similar
role to the thermal capture velocity vy, described earlier. Since these processes are Auger

mediated, they increase in efficiency super-linearly with carrier density [189].

4.7 Optical calculations

In order to represent the propagation of waves within the laser, we use the semi-classical
approach of quantum mechanical electron levels and classical electromagnetism for the
electrical field. The following sections largely restate the formalism employed by PICS3D
as outlined in the manual [189]. Further explanations were added to parts of the derivation

of the formalism to provide further context.

4.7.1 Maxwell’s equations

For such a classical electromagnetic wave, the relationship between its electric and mag-
netic field components E and H are represented by the Maxwell equations [50] for the
electric and magnetic field E and H:

oD OP 4 oOE oP .

e A T T (4.66)
. 0B oH

VXE=—"-=—pp— 4.67

% o~ o (4.67)

with the displacement field 5, the polarization density P, the electrical conductivity o,
and the dielectric function e, as well as the magnetic induction B and vacuum permeability

po- Here we used the following expression for the displacement field:

D=cFE+P (4.68)
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Its gradient, V - 5, is equal to the charge density p:
V-D=p (4.69)

This is equivalent to Poisson’s equation in Eq. 4.1.

The magnetic field H and the magnetic induction are linked by the magnetization M:
L1 - o
H=—B-M (4.70)

Ho

Since the magnetization of the zincblende semiconductors we are interested with in this

work is negligible, M = 0. We are then left with a reduced set of Maxwell’s equations:

VE=;4p—VP) (4.71)
0
VB =0 (4.72)
. 0B
E+— = 4,
VX E+o-=0 (4.73)
S OF . 9P

Since we are interested in the electrical field at optical frequencies, the net charge transport
via current J is negligible. For an electric field and magnetic induction oscillating at

angular frequency w, we can introduce the time dependence by appending the factor

e—iwt:
B(t) = Bye ™! (4.75)
E(t) = Ege (4.76)
P(t) = Pye ™! (4.77)
Eq.s 4.74 then simplify further into:
VxE+iwB=0 (4.78)
V x B - iweouoﬁ = iwuoﬁ (4.79)

The polarization can be split into an electric field induced polarization term and a contribu-
tion from spontaneous emission, something which we touch upon in 3.2.3 when discussing

the homogeneous broadening of a transition. The total polarization P then reads as:

ﬁ = EO(Gtot — 1)E + ﬁspon (480)
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—

Pypon is driven by random spontaneous emission events, which is unrelated to the present
optical field E. Re-arranging Eq. 4.79 and 4.80 allows substituting for B:

~VXVXE+ WQEQGtOtM()E = —uowzﬁspon (4.81)

Assuming an electrically neutral semiconductor on the length and time scale of the oscil-

lation, VE =0and -V X V X E = V2E. Using ¢ = 601%, we then arrive at a vector
wave equation describing the interaction between the optical field and the semiconducting
material:
27 w? o 25
V°E + thOtE = — oW Pspon (482)

Most of the interaction between the optical wave and the material is captured by the
dielectric function €;;, which incorporates absorptive losses and gain amplification in
addition to the dampening of the electric field due to polarization [189]. A more thorough
discussion of the dielectric function can be found in 2.3.3. The random nature of the
spontaneous emission affecting ﬁspon results in Eq. 4.82 being a stochastic differential

—

equation. Given its random nature, we expect <Pspon> = 0. It then fulfills all criteria for

a Langevin force F, [218]:
ﬁw = _Mowzﬁspon (483)
With this force defined, we can state the wave equation for the electric field as used by
PICS3D: )
V2E+ eiuE = F, (4.84)
c
We will now use it to get a feeling for how it relates to the computations done by PICS3D

at every step of the optical solver.

4.7.2 The scalar wave equation

The electric field is a vectorial quantity. However, the orientation of the transition dipoles
responsible for stimulating laser emission generally favour emission along a certain axis.
This leads to a linear polarization, and we can therefore collapse E into a scalar quantity
FE with an implied orientation along the linear polarization axis. With y as the growth
direction, which is the normal to the substrate plane, the light emitted from the cavity via
stimulated emission will predominantly be polarized along y. For now however, we will
only assume that the linear polarization lies in the zy-plane.

The scalar wave equation is just Eq. 4.84 reduced to one dimension:

2
V2E + %etotE ~F, (4.85)
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The waveguide design we are interested in is a Fabry-Perot cavity which is confined
transversally and extends along the longitudinal direction. As a result, the mode will
be comprised of a longitudinal component E(z) and a transverse component ¢(z,y) (see
Ch. 3 for a more thorough discussion). We will also assume that we are dealing with a
monochromatic wave with angular frequency w, as the resonator linewidth dw is small (=
10° Hz) compared to the frequency of the light oscillation (~ 10'* Hz).

Building on the discussion outlined in 3.2.3, we assume there is a complete set of orthogonal
transverse modes ¢, (z,y) that satisfy the following equation:

2 92 w2 ,
2 + 873/2 + 9.2 dnlx,y) + Cjﬁtotﬁbn(%y) = k*(2)pn(z,y) (4.86)

Using the wavenumber along z, k(z):
w
k(z) = ;neff(z) (4.87)

neff(2) is the z-dependent effective refractive index, which simplifies the complex lateral
structure into a single quantity that varies with mode shape. It also incorporates effects
such as longitudinal spatial hole burning that occur along the length of the cavity.

If ¢p(z,y) are orthogonal and form a complete set, which we assumed earlier, the final

lateral mode ¢(z,y) can be written as a linear superposition of modes ¢y, (x,y):
¢(JZ‘, y) = Z An¢n(x7 y) (4'88)
n

with the linear coefficients A,;:

_ [z y)d(x,y)dr_ (pul®)
[ o (@, 9)bn(@,y)d7 — (Pnlén)

Using the combined scalar electric field E(x,y, z) = E(z) |¢) in Eq. 4.85 then yields:

An (4.89)

82 82 82 2
ot e+ g B0 + Bl o) = F, (4.90)

Here a weak z-dependence of the lateral mode shape is assumed, g—; |¢) &= 0. Similarly,
E(z) is invariant along = and y, so %E(z) = aa—;E(z) = 0. We can then split the first
term into two parts using the [product rule (3% [g(x)f(z)] = g(:ﬂ)%gf) + 8%7(5)]"(:17)):

82 82 82 2
BO) | gz + ] 10+ 10) 5B @) + B @l = (49D
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We can rearrange this to resemble the lateral mode condition in Eq. 4.86:
2

9 2586+ BC) ([ s + s | + Sy ) 1) = (1.92)

Substituting the linear superposition for |¢):

2 2 2 w
’¢> 8822E(Z)+E<2)(|:aax2+88y2:| etot)ZA ’(bn = w (493)
2 2 2 2
9 5B+ B0 Y A + 5 }rm Cewlon) =F, (490
2
\¢>§Z ZA k*(2) |én) = Fu, (4.95)

where we used the lateral mode condition from Eq. 4.86 for |¢y,).
Multiplying both sides by (¢,|, we can start towards reducing the dependence to one

dimension:
2
(6ul6) 5o BG) + B(:) Y Ak (2) (9nlén) = (o] F (1.96)

2
(6016) 55 B(2) + B (2) (6nl9) = (n] F. (1.97)
2

(0010} | 5B ) + B = (Gl . (4.98)

The Langevin force is a vector |F,,), so we undertake one last rearrangement:
0? 9
(0016} | 5B + FREE)] = 0l (4.99)
0’ (o] Fu)
—E(2) + k*(2)E(2) =
= N

We therefore have a problem that is split into two parts: a lateral solution that interacts

= f(2) (4.100)

with the lateral waveguide structure via (¢,|F,) and a longitudinal solution that is af-
fected by the effective refractive index along z integrated into k%(z). As we have assumed
that the second derivative of the lateral solution with respect to z is negligible, this ap-
proach primarily holds for longitudinal waveguides with slowly varying longitudinal index
profiles. Armed with this solution, we will now look at the solution approach using Green’s

function.
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4.7.3 Green’s function

A common method of solving partial differential equations that has found applications in
all parts of physics and especially solid state physics employs the Green’s function to solve

equations of the following form [219,220]:
Lu(z) = f(2) (4.101)

where L is a linear differential operator and f(z) is an arbitrary function. It has solutions
u(z):
u(z) = /f(zs)g(z, zs)dzs (4.102)

with the Green’s function G(z, z5):
G(z,25) = 0(z — zs) (4.103)

with the delta function d(z —z;). The Green’s function method allows building the desired
function, u(z) in this case, by evaluating f(z) at a continuous set of points z; and arriving
at partial solutions G(z, z5). Via integration these partial solutions can then be combined
into a formal solution of the whole problem. This works well for the longitudinal waveguide
problem, as we can expend the solution from one location unto the whole device. Using
the boundary conditions, a solution can be determined in one location, like a facet, and
then extended across the entire waveguide.

For the mode problem we considered in the previous section, we arrived at a differential
equation in Eq. 4.100. It featured a linear operator acting on the longitudinal electric
field E(z). We restate the problem, rewriting it in a manner that makes the resemblance
more apparent: 52

Lu(z) = [622 + kQ(z)] u(z) = f(z) (4.104)

There are multiple ways to continue this solution process, with PICS3D implementing an

approach using the Wronskian W to arrive at solutions for u(z) from a known solution

determined via boundary conditions.

4.7.4 The Wronskian

Assuming we have two differentiable functions w(z) and v(z), we can write a square matrix

using the original functions and their derivatives w’(z) and v’(z). The Wronskian W is
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then the determinant of this square matrix:

w(z) w'(z
W(z) = det (2) () = w(2)v'(2) — v(2)w'(2) (4.105)

v(z) V(2)
The determinant has the property that it vanishes if w(z) and v(z) are linear dependent
on one another. This is a useful criterion to find orthogonal functions. Additionally, if the
two functions are independent, but both represents solutions for a homogeneous equation

such as Lu(z), the z-dependence of W vanishes:
dzW(z) = w(z)v"(z) —v(z)w"(z) =0 (4.106)

Given that a%u(z) = —k?(2)u(z), we find that this conditions holds for Eq. 4.104.
This is very useful if one solution is already known. Assuming we have found w(z) using

Lw(z) = 0, the Wronskian allows determining a second independent solution v(z):

W =w(2)v'(z) —v(z)w'(2) (4.107)
- wQ(Z)d% Z((ZZ)) (4.108)

A second, independent solution to £ can then be found using the constant value for W

and integrating:
21
— [ 4.1
o(z) = Wan(2) / ok (4.100)

This can now be employed to find formal solutions to Eq. 4.104. Substituting u(z) =

w(z)v(z), we obtain the following equation:
vLw(z) + w(2)v"(2) + 2w (2)V(2) = f(2) (4.110)

We can substitute Z(z) for w(z), where Z(z) is the solution to £LZ; = 0:

V() 281/(2 - Zfl(é)) (4.111)

/
We now multiply this equation by % (gig)) — (?(@) :

e (58) R ) - S 5 oo

~—
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Using the equality in Eq. 4.108, we can find an expression for W, also substituting Zs(z)

for v(z):
£ (29)- 2
£ (323

Where we used the z-independence of W again. This can be arranged to arrive at an
/
expression for the middle term in Eq. 4.112. First, we substitute -2~ = (Z2(Z)> :

Z3i(2) Z1(z)
Zo(2)\" Zy(2)\' Z}(2)
(z0) -—(23) 25 )
We then rearrange and multiply by v'(z):
21(2) (Z2(2) (%)),
QZl(z) <Z1(z)> v'(z) = (Zl(z)> v'(2) (4.117)

Eq. 4.112 then reads as following:

() - (G) -3 (5)

The left hand side clearly implies the quotient rule, so we can collapse it into the following

expression:
v (22N (%)), Z()\'" 4 v(2)
"o(ze) - (7e) - 1(Z5)] gy
The right hand term in Eq. 4.118 can also be simplified, using W? = Z{(2) [(% Eg)l] 2:
f(2) (Za(z)\ _ fz) (W
41(2) (ziz)) = Z() <Z%<z>> (4.120)
2
= fx) (Z?}(ZJ (4.121)
f(2)Z1(2)
= Tl (4.122)
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The second order inhomogeneous equation can then be written in an equivalent first order

form: i e A
V(z) f(2)Zi(=
% <§2EZ;>, = W (4.123)

We can then arrive at an expression for v/(z) via integration:

vy = (20Y [ Lm0, 2

Lastly, we notice the similarity to the product rule for the right hand side:

A (51500 - (5 300 215
R e A

f(Z) 2(2)

By adding to both sides of Eq. 4.124, we obtain an expression for one part of the

solution to the Green s function u(z) = Z1(2)v(2):

<>“W“ il e e
z /Z ) 4 +/2221%22(z)dz (4.128)

The complete solution is then:

w(z) = 71 (=) / JAZE) 4, 4 7y [T1E2E) 4 (4199
. w
z1 and zo can be regarded as the starting and ending points of the longitudinal cavity,
making Z;(z) and Zs(z) the functions describing the longitudinal optical field propagating
into the cavity from each facet. Z;(z) satisfies the boundary condition at z;, while Z5(2)
satisfies it at z. Using u(z), we can then build the Green’s function using f(z) = §(z —
Zs):

G(z,25) = Za(z) /Z 5(2_;}8)21(2) dz + Zi(z) /22 6(2_;\}5)22(2) dz (4.130)

= % [Z21(2) Z2(25)O (25 — 2) + Z2(2) Z1(25)O (2 — 25)] (4.131)

With the Heaviside step function ©. From this we can arrive at the longitudinal electric

field E(z):
:/f(zs)g(z,zs)dzs (4.132)
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where f(zs) is the spontaneous emission noise at z; as stated in Eq. 4.100.

As we will discuss in Ch. 5 when examining the assumptions underlying this simulation
work, the use of this Green’s function formalism prevents PICS3D from representing the
ultrafast dynamics underlying mode-locking. This approach breaks down if the boundary
conditions for the two facets of the longitudinal cavity are vastly different. They therefore
need to be in equilibrium for the solution derived via integration of G(z, z5) to be appro-
priate. This is true for slowly varying time transients, as one would observe when pulsing
the applied bias for example. For a modulation in the kHz to MHz range, the cavity round
trip time (see Eq. 3.71) is small enough that a new equilibrium between facets can be
established over a negligible fraction of the modulation period. The cavity perturbation is
varying sufficiently slowly for the cavity to follow. During passive mode-locking processes,
the cavity conditions vary on the same time scale as the round trip time. The facets are
therefore not in equilibrium and the solutions derived via the Green’s function method are
unfortunately invalid. We will justify the use of PICS3D irrespective of this limitation in
Ch. 5.

4.7.5 Langevin forces and spectral diffusion coefficients

Due to the random nature of spontaneous emission, the expectation values for the Langevin
forces over both space and time are zero, as the quantum fluctuations driving the emis-
sion are entirely uncorrelated. The correlation function between the driving force at two

different frequencies and locations is therefore:
(Fu(F)|F5 (7)) = 2Dpp«(F)0(7 — ) (w — w') (4.133)

Note, that unlike the previous section where we denoted the derivative using the prime
symbol, here it just denotes a frequency or position different from the original one. As
previously, we will assume that we are dealing with a monochromatic wave, so we can

drop the dependency on w. Given that the linear energy density is [189]:

sutio = 2e0mng (BN [ [lo6)|®dyds = 2emm, (EGIY (4139

Where ¢q is the vacuum permittivity, n is complex refractive index, and ng4 is the group
refractive index at w. s, is the photon density at w, reduced to a linear density along z.
We combine this with another expression for the linear energy density, derived using the
solutions to the Green’s function for a cavity with perfectly reflective facets [189]:

_ 2Dpp«(2)

2
(BEI%) = =g, (4.135)

148



4 Numerical and experimental methodology

where k is the wavenumber along z, which we presume to be uniform and « is the imaginary
part of the refractive index. A more thorough derivation of this result can be found in D7
of [189]. Combining the two expressions, we arrive at an expression for the noise power in

the nth mode P,, due to spontaneous emission:

2Dpp«(2)

4.136
8|k| %k ( )

P, = vgs,hw = 2vg negning
where vy, is the group velocity for the nth mode, see Eq. 3.57. However, this noise power
P, can also be derived using the average mode occupation number (n,):

hw (nw)

P=—" 4.1
5 (4.137)

Setting the two expression for the noise power into the nth mode equal, we can arrive at

an expression for the spectral diffusion coefficient:

KPRk (nw)

TCEYT

DFF* (Z) (4.138)
Here we will make two important substitutions: first of all, we use the relationship between
the local longitudinal gain function g(z) and the complex part of the refractive index to
replace £ = —3(hw,z). Then we assume that the change in |k| over z is small due

2

22
to negligible loss, so we can replace |k 2 with %2 c¢*. The resulting expression for the

diffusion coefficient is then:

hw?g(hw, z) (1)

me3eg

QDFF* (Z) = — (4139)

Finally, we need an expression for the mode occupation:

(ny,) = <emk;quF - 1> (4.140)

where VF is the chemical potential for the photons. Using a relationship between the
spectral gain (fw, z) and the bulk spontaneous recombination rate 7gpon (fiw) in a medium,

allows replacing the right side:

Ts on(hw) fw—aVp
hw,z) = 22 —2 11 —¢ FBT 4.141
olho.z) = e [1 - 5 (4.141)
with the photon mode density D(fw):

)3 hudil (4.142)
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The product g(hw, z) (n,) can then be used to eliminate the photon potential Vp:

_ 7spon (Aw)

g(hw,z) <7’Lw> = ng(hw)

(4.143)

The result is an expression for the diffusion coefficient that looks something like this:

Drpe(z) = Fuor'spon () wh (4.144)
2n2vg€q

This can be simplified further by introducing the integral [ [ ¢% (x, y)7spon (hw) dn (2, y)dydz,
which is equal to (¢n|7spon(Aw) |¢pn). This accounts for a simplification we have made:
Tspon(Aw) is a local variable, which varies both longitudinally and across the cross-section
of the laser. The integral allows eliminating the transverse dependence, as the magnitude
of the lateral optical mode is used to arrive at z-dependent spontaneous emission rate.
Removing this inconsistency we used until now, we arrive at the final spectral diffusion

coeflicient, the driving force for random noise in the lasing modes:

h2w7r <¢n‘ 7"spon(h(")) |¢n>
2n2v4€p

Dpps(hw, z) = (4.145)
with now have an approach for determining the lateral optical modes ¢, (x,y) from the
vectorial wave equation in Eq. 4.84 and corresponding longitudinal optical fields E(z) via
the Green’s function in Eq. 4.101. Without too much technical detail, we will now briefly

examine how to numerically find solutions to either problem.

4.7.6 Numerical approach

Throughout this section, we will assume we are dealing with transverse electric (TE) modes
of the form E = (E,, E,,0). The lateral modes can be determined using the vectorial wave

equation, which we examined earlier:

V20 (,y) + ko(€opt (€, y) — nZfp)n(,y) = 0 (4.146)

€opt (%, y) is the high frequency dielectric constant and n.sy is the effective index, specific
to mode ¢, (x,y). PICS3D offers multiple ways of calculating this effective index, includ-
ing an effective index method (EIM) and purely analytical approximations using Gaussian
mode profiles. The effective index method is relevant as it works as the foundation of
the Schrodinger solver used to calculate the confined states of isolated QDs and QDashes.
Eq. 4.146 is solved using a restarted Arnoldi iterator which operates on the sparse matrix
constructed from the mesh nodes. Its technical details go beyond the scope of this work

and we point the reader to texts such as Saad et al. for further details [221]. In essence,
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it will iteratively alter n.s¢ and ¢p(z,y) until Eq. 4.146 is satisfied.
Once lateral mode solutions are found, and n.ys is known, the Green’s function approach
that we outlined previously is used to find partial solutions to E(z). The approach em-
ployed by PICS3D computes a round trip gain, grre(w). This is a complex quantity,
which captures all the amplitude- and phase-altering effects that light travelling within
the cavity is subjected to during one round trip. The abstract formulation of the problem
then reads as follows:

W(w) =1-grra(w) (4.147)

The local minima to this equation are the longitudinal modes on which light is emitted
from the cavity [222]. PICS3D finds these zeroes using the previously calculated ners due
to the lateral modes combined with the longitudinal gain.

This is a natural transition to the next section: the accurate description of a laser requires
an accurate description of its gain. Gain is generally described using the gain function,
which links internal states of the semiconductor with its ability to amplify light. We will
now examine three gain functions that apply to this work: one for quantum wells, one for
quantum dots, and lastly, an attempt at introducing a gain function specific to quantum

dashes.

4.7.7 Gain calculations

The gain function is strongly dependent on a variety of material parameters. Some of these
parameters are a function of bias, most notably the quasi-Fermi levels e¢,,(7) and €y ,(7),
which determine the inversion factor and thereby the strength of light amplification. Since
the inversion factor for a given carrier density varies strongly with the shape and magnitude
for the DOS, different degrees of dimensional confinement result in vastly different gain
functions. There are therefore three relevant models we will discuss: first, there is the
internal model for quantum well transitions, relevant for transitions in any thin piece of
semiconductor in the active region, i.e. the barriers and the wetting layer. Secondly, the
quantum dot model used for some parts of the work where we treat quantum dashes as
elongated dots. The last gain model we will discuss is based on Gioannini’s development
of a quantum dash gain functions in the InAs/InAlGaAs system, which we attempted to
recreate and alter for the InAs/InGaAsP system [92,192]. We do not succeed, but share

our progress in the interest of potential future research.
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Gain model for quantum wells

As QDs are treated as embedded states in a QW, the resulting gain functions contains
contributions from both the QW and the QDs:

Jhost = TQWIQW + 9QD (4.148)

Here gow and ggp are the gain functions for the QW and the QDash, respectively, with
row denoting the area fraction of the wetting layer compared to the QDashes. The hosting
layer in the model is the InP capping layer, which has a band gap around 1.32 eV at room
temperature, far greater than the transition energy of the QDashes around = 0.8 eV [76].
The gain contribution from the hosting layer is therefore negligible.

For the wetting layer, however, comprised of InAs and with heights of & 1 nm, can be
relevant. Transitions between confined wetting layer states can lie closer to the dash state
transitions, even though the expectation value would still be for a transition that is ~
100 meV removed from the ground state transition of the dashes [223]. Depending on the
degree of broadening, the wetting layer may then have an impact on transitions between
higher lying states.

Assuming no band mixing and parabolic bands, the gain function for quantum wells can
be stated as:

g) (4.149)

gow (hw) = Z Z 5ijgij(hw)%L(hw — B,

tog
where g;j(hw) is the gain between the jth conduction and ith valence band state, E% is
the optical transition energy between them, and 7 is a time constant reflecting the degree
of homogeneous broadening. d;; is the Dirac delta function, which appears for symmetry
reasons we discussed in Ch. 2. L(hw — E?j, 2) is a Lorentzian broadening function, which
we first encountered in Eq. 3.58. The gain for a given set of states g;;(hw) can be written

as:

€r

() (4.150)

gig () = S 3| 2y () = fi()

Ny

pij(hw) is the joint density of states between the ith and jth state, while n, and €, are
the real parts of the refractive index and dielectric function, with ¢ being the speed of
light [224]. |Hi;|? is another variant of the transition matrix element we encountered

before, which we can expand into [189]:

2 (4 2hw 2
= () () as1)

ij are the interband dipole moments, for which PICS3D uses a formulation based on

Yamada et al [225]. (f; — fi) is the inversion factor, which we calculate using the chemical
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potentials for electrons and holes:

-1
E?*'mij/n%(hwa?j)fef’p

l14+e kT

fj(hw)_fz(hw) =|1+e kT

-1
E;-)fmij/nLj (hwa?j)fef,n ]

(4.152)

Where 1/m;; = 1/m; +1/m; . This is the fundamental gain model used by

Gain model for quantum dots

The quantum dot gain model included in PICS3D is largely based on work by Dikshit and
Pikal, which was developed for pyramidal InAs/InGaAs dots [226]. The gain function for
a QD is the sum of the contributions from all electron and hole states denoted by n and

m:

T¢* MZNop

2
wegemgnghpost

gop(hw) ="

n,m

Bep (mln) Gs(hw — Enm)[fe(hw) — fo(hw)]  (4.153)

The summation »_ is actually a double summation over all possible combinations of

n,m
n and m. Other variables are the elementary charge ¢, the speed of light in vacuum c ,
the reduced Planck constant A, the vacuum permittivity €g, is the electron mass myg, is
the real part of the refractive index n,, and hpos is the thickness of the hosting layer.
The transition dipole element from Eq. 2.45 is split into an absolute transition moment
sz and the overlap integral (m|n), both assuming that the dependency on the electronic
wavefunction wavevector k is weak. Ngp is the surface density of QDs, while ., is the

dot coupling factor:
1

N, coupled

Bep = (4.154)

where Neoypieq is the number of dots coupled into one quantum mechanical state, either
vertically between layers with thin barriers, or within a layer due to close proximity of dots.
This factor prevents counting the same state multiple times. The Gaussian broadening

function Gs(hw — Ej, m,s) represents the inhomogeneous size broadening:

1 _ (hw—En,m)*
G (hu) — E , ) = e 2075277,ho1fn0 (4155)
° o OinhomoV 27

where 0;nhomo 18 the inhomogeneous broadening energy, usually on the order of a few 10s

of meVs for self-assembled QDashes [92,227]. PICS3D uses an equivalent inhomogeneous
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scattering time T;,homo instead:

h

Oinhomo

Tinhomo = (4.156)
The spontaneous recombination rate is very similar to the gain function, and reads as
follows for the QD:

wq nrM Nob 9
Rspon = , 8|1, Gs(hw — Epm.s) fell — fold 4.157
ponap =3 2 ms sl )Gl = Boan)fl1 = Jlder (4150

Eq. 4.153 is the gain function used for QDs in PICS3D and the gain model used when em-
bedded states are used without calling an external gain model. It implicitly assumes that
the homogeneous broadening is insignificant compared to the inhomogeneous broadening.
The dimensionality factors in through the occupation factors for the conduction and va-
lence band, f. and f,. The position of the chemical potentials, or quasi-Fermi levels, €y,
and €y, depends on the position and density of available states and the injected carrier
density. For a material with a lower number of available states, i.e. lower density of states,
the chemical potentials respond stronger as current is injected. This means inversion is
obtained more easily. The correct representation of the density of states is therefore im-
portant to accurately capture the carrier dynamics in a device. PICS3D allows altering
the density of states using the dos_reduction_factor option in the qdot_material command
that defines the details of the QD integration. It allows linearly scaling the density of
states of the QDs, which was used in this work to obtain a threshold current and slope

efficiency that matches experimental results.

Gain model for quantum dashes

While PICS3D does not allow access to the density of states (DOS) of the QD, it allows
the import of externally calculated gain functions. This is done via gain tables, which
tabulate the gain as a function of photon energy, temperature, carrier density, electron-
hole ratio, and applied field. The values from the table act as reference points between
which PICS3D interpolates the local gain value to use based on the local variables. This
can be combined with an externally defined relationship between chemical potentials and
carrier density, allowing the indirect integration of a custom density of states.

To gain model we choose as a one-dimensional stand in is based on work done by Gioannini
on InAs/InP dashes with InAlGaAs barriers [192]. It poses that there is a degree of mixing
between wetting layer and dash states, resulting in three different contributions to the gain
due to transitions between confined states, transition between confined and mixed dash-

wetting layer states, and wetting layer transitions. These terms are gcop, f(hw), Imized(Aw),
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and gy (Aw), respectively:

C Nwire
Geonf (hw) = o Z Puyire,j /Mb‘ (nm)| szre,g( €) [fn(En) — fp(Em)] L(hw — €, 0)de

(4.158)

mizeatho) = 12 [ [ I MR ) ()| (B = Sy (E)] Ll = €,0)dby
(4.159)
gwilhe) = 12 [ MU0 2 2P ule — (B~ Bul [fa(E) — fylEu) Ll - ¢, )de
(4.160)

where o is a broadening energy that includes both homogeneous and inhomogeneous broad-
ening. With Cy [92]:

h 2
Cp= —— q (4.161)
M{eoN-C
map, is a reduced effective mass:
1 1 1
=—+— (4.162)
map,  mME  my
The total gain is then:
gtot(hw) = I'wires [gconf(hw) + gmixed(hw)] + FWLQWL(hW) (4-163)

Here ule — (E; — Ey)] is a step function, and pyre ; is the one-dimensional joint density

of states:
1 2m, 1

pwire,j(e) = ﬁ\/; h2 € — (En — Em)

(4.164)

where E,, and E,, are confined electron and hole states within the dash, while F; are E,,
states within the wetting layer. The energy variable € represents the transition energy,

which is defined as follows:

e=¢€+ep,+ Ey (4.165)
h? -
€e =By + 5 k> (4.166)
me,(wire,WL)
h? -
eh = E(mu) + 5 K’ (4.167)

*
h,(wire,W L)

For confined states, the momentum dependence due to the last term is dropped. Other

parameters are defined in [192].
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4.8 Adding thermal effects

There are several heating mechanisms active within the device, which raise the device
temperature and thereby alter the flow of carriers by changing the band structure and
other material properties. The change in the temperature profile at a position 7 within a

material is a combination of transport and generation [228]:

dr(®) 1
dt— p(F)C(7)

where p is the density of a material, C'(7) is its specific heat capacity, kr is the thermal

(k7 V2T(7) + Q(7) (4.168)

conductivity, V2 is the Laplace operator, and Q() a local heating term. We will explore
this heating term in the next section.

Before we dive into the different heating contributions, we also need to keep in mind that
thermal gradients induce a thermoelectric current, proportional to the local thermoelectric

powers P, (7) and P,(7), for electrons and holes respectively:

Po(F) = k; [—Z —v+In <N’§D)] (4.169)
P, (F) = k(f [—; —v+In (Af‘:w)] (4.170)
(4.171)

with the Boltzmann constant kp, the carrier densities n and p, the effective carrier densi-
ties for the conduction and valence band N3P and N3P and the field-dependent carrier
relaxation factor v, which we will assume to be equal to —% throughout this work [189,229].

The resulting thermal carrier currents are then:

_;L,thermal = _QNnPnVT (4172)
j thermal = _QNpPpVT (4173)

)

These currents move opposite the thermal gradient. Since we expect the core of the laser
cavity to be hotter than the contact regions, this current will oppose the bias current.

The main contributions to Q(7) are non-radiative recombination releasing phonons, Joule
heating due to both the DC current bias and the dissipation of optical energy via intra-
band absorption, as well as Thomson and Peltier heating terms due thermoelectric power

gradients:

Q(F)) - Qnon—?"ad(f‘) + QJoule(F) + QThomson (T_) + QPeltier ('F) + Qrad(m (4174)
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Note this expression also includes Q,qq(7), a term that includes the cooling effect of the
light emission out of the cavity, both due to spontaneous and stimulated radiative recom-

bination:

Qraa(F) = — / (Rapon (00, 7) -+ Rotimn (w2, 7)) hdeo (4.175)

where Rgpon(w, ) and Rgim(w, ) are the spontaneous and stimulated radiative recombina-
tion rates, and w is the frequency of the emitted light. In practice, the spectral dependency
of these rates is ignored and the integral approximated with Rspon (w, ') + Rstim (w, 7)) uw.
We are assuming that the average emitted photon has energy fiw = 11, (7) — pp(7). pin(7)
and p,(7) represent the chemical potentials for electrons and holes in this context.

Regarding the heating terms, the heating due to non-radiative recombination is depen-
dent on the overall fraction of injected carriers recombining in this manner, which varies
throughout the device. The energy converted into heat Qpon—rqd(7) is then proportional
to the local difference in chemical potentials Agp(7) multiplied by the non-radiative recom-

bination rate Ry, rqd(7), assuming no hot carriers in the device [230,231]:

Qnon—rad(":‘) = Rnon—rad(F)A:u(F) (4176)

The non-radiative recombination rate depends on the local carrier densities, temperature,
and density of defects, as discussed previously. Auger recombination benefits from both the
increase in carrier densities and an overall higher efficiency of its carrier-carrier scattering
mechanism, leading it to become the dominant recombination mechanism most devices at
high bias and therefore the primary source of recombination heat [154,198].

The other source of heat is Joule heating. Joule heating occurs as a result of carrier
scattering events with other carriers and the lattice, all releasing phonons and thereby
raising the temperature of the lattice. The heat produced is proportional to the product
of the local current density J and electric field E, which can be simplified to include the

electrical conductivity o(7) via J = o(7)E:

1

72
e J (4.177)

Q Joute(T) = Jcot E =

Since the conductivity at low frequencies is vastly different than conductivity at high
frequencies, we will therefore separate the Joule heating into two terms: a DC term
Q joute,pc (7) for the current induced heating and a high frequency term @ jouie,optical (7)
due to optical absorption. The DC term in a semiconductor will see contributions due to

both the electron and hole currents J_;L and j;):

1 1
QJoule,DC(F) = qnunjz + qp,upjg (4178)
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where n and p are the electron and hole densities, respectively, and p, and p, their
mobilities.
The optical part is related to the intraband losses, which are captured by the background

absorption coefficient «y; [189]:

= 2
S(7) hw?n,; ‘E(W)‘
2R e (w)| Bw)

QJoule,optical(F) = (4179)

2
’dw

where S(7) is the photon density, ‘E" (w)‘2 is the intensity of the optical electric field, n,
is the real part of the refractive index, and kg is the wave number of the central mode in
vacuum [189]. This expression assumes that the spread of relevant frequencies around the
central lasing frequency is small, and therefore we can ignore the spectral dependence of
S(7) the photon density, and the refractive index n,..

The last two heating terms are due to the variation of the thermoelectric power due to

temperature (Qrromson (7)) and carrier density (Q peitier(T)):

_ o 45 (7) 7 A5y ()
QThomson(F) = _T(Jn dT VT + Jp a7 VT) (4180)
) . dP,(7) G
QPeltier(r) = _T(Jn dn Vn + Jp (fp Vp) (4181)
(4.182)

We now have an expression for all the contributions to the local heat generation within
an arbitrary device. The next step is to examine the boundary conditions at the edges of
the simulation to define insulating or thermally conductive boundaries. PICS3D supports
three types of conductive boundaries: type I has a defined temperature that will remain
unchanged, representing an infinite heat bath such as a thermoelectric cooler (TEC). Type
IT specifies a specific heat flow that can be extracted from this contact per unit time, a
scenario that is similar to a heat spreader with an inelastic heat dissipation. The last
boundary type, type III, represents a boundary at fixed temperature, but with its own
thermal conductivity. This boundary is useful when trying to represent a device with poor
thermal contact with the TEC [189].

4.9 Version control

Since Crosslight PICS3D is a commercial software package it is subject to updates and
changes to its operation. Throughout this work, three different yearly releases of the
software were used: 2020, 2021, and 2022. Versions below 0.6.0 are based on the 2020
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Figure 4.10: Comparison of the prediction of various model versions for a 1500 pm cavity
at 293 K.

release, versions between 0.6.0 and 0.8.0 are based on the 2021 release and everything
>0.8.0 uses the 2022 version. Unfortunately the only way to maintain access to the
software was by using the latest version, which resulted in this yearly change. The data
presented in this work is from versions 0.7.1, 0.7.2, 0.7.3, and 0.7.4 based on the 2021
version. As new versions are published, implementation details are changed. The most
important change occurred in the complex multi-quantum well implementation for the
2022 version, which resulted in the previously functional integration of the QDashes into
an asymmetrical MQW structure breaking. This thesis was completed using the 2021
version for which the wetting layer integration was still functional. A comparison between
the results prediction by different version of the simulations is shown in Fig. 4.10.

Some of the simulation data presented in Chapter 6 is based on model version 0.6.1, which
is an earlier iteration of the model, which did not use a wetting layer. A comparison with
version 0.7.1 is shown in Fig. 4.10. The main difference between v0.7.1 and v0.7.2 is a
different definition of the MQW, where layers are re-arranged to separate each QDL into
its own separate MQW structure rather than one structure encompassing all QDLs. The
change to the 0.7.3 version is additional functionality, with additional PICS3D parameters
being exposed to the Python wrapper, and the wetting layer was removed temporarily.
0.7.4 reverts to a an all encompassing MQW structure, and introduces fixed electron and
hole capture time constants. Various other material parameters are also adjusted between

versions; a complete list of changes can be found in the ridge_laser simulation directory.
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5.1 Baseline laser design
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Figure 5.1: a. Vertical linecut at x = 0 of band edges F. and F,, with the chemical
potential for electrons and holes, €7, and €f,, and b. refractive index at
Ipias = 100 mA for a 1500 pm cavity length device at room temperature. c.
shows a schematic cross-section of a halved device, with specific regions and
dimensions of the device labelled. The device is symmetric across . The green
lines indicate the extent of the top and bottom contact. The cut-out d. shows
the active region with five QDLs. Note that the long axis of the dashes is
actually perpendicular to the cavity length.
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There are a variety of device designs that were simulated, grown and characterized within
the context of this work. They were all based on a baseline design, of which a schematic
cross-section is shown in Fig. 5.1c., with a cut-out of the active region in Fig. 5.1d.

The values for each dimension can be found in 5.1. Only half the design is shown, as
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Region Dimension Value [nm]
Ridge Rohmic 100
hm’dge 1600
Wmetal 200
Wdielectric 220
Wridge 2260
Etch heteh 30
Spacer Nspacer 160
SCH hscu 350
Nasym 265
Active hQ DL 11
hbm‘ 6
heap 5
Substrate  hgupstrate 500
Wdevice 7350

Table 5.1: Dimensions for the baseline design

it is perfectly symmetric about x. Only half the device was simulated as well to reduce
the numerical complexity. The laser design of all the devices examined in this work is a
ridge waveguide laser. The ridge waveguide serves two purposes: provide lateral optical
confinement, as the ridge width is close to the desired width of the optical mode, and reduce
lateral current spreading. The optical cavity is formed by the semiconductor material, with
the semiconductor/air interfaces at the facets acting as cavity mirrors. Current enters the
device through the substrate and from the top of the ridge. Ridge waveguide laser diodes

are described in more detail in 3.4.1.

5.1.1 Substrate

The devices are grown on n-type (100) InP substrates, with (100) || z. The substrate is
thinned to allow better thermal contact between device and heat sink. It is useful for
future discussion to divide the device into a n- and a p-side, depending on which carrier
type is in the majority. In this model, we modelled a substrate thickness of 500 nm, which
we found to be sufficiently thick for all electric field components of the optical mode to
fully dissipate. Due to the high mobility of electrons in n-doped InP, the series resistance
of the substrate was negligible compared to the active region and p-side cladding, resulting

in thicker substrates not contributing significantly to overall device resistance.
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5.1.2 Active region

The boundary between the n- and p-side is the active region, the part of the device
where stimulated emission provides optical gain to the lasing mode. We will consider
everything below it to be part of the n-side of the device, and everything above it p-side.
For the baseline design, the active region consists of five layers of QDLs (shown in Fig.
5.1d.), spaced tgpr, = 11 nm apart. Each layer consists of a GaAs sublayer, roughly one
monolayer thick. This layer’s primary purpose is adding stress to the following layers.
However, its thinness and the high growth temperature result in strong intermixing with
nearby layers. This layer is therefore only included as a Ga-rich section of the barrier. On
top of the sublayer, an InAs wetting layer (WL) is grown. While several monolayers (4-5)
are deposited, the exact thickness of the layer after the capping process is unclear due to
the complex growth dynamics for As/P, which were discussed in Ch. 5.4. The release of
the accumulated stress leads to QDash formation via island growth, a complex process
that is discussed more thoroughly in 2.5. These dashes are essentially elongated QDs, with
their elongated axis oriented perpendicular to the cavity axis, as this maximizes optical
gain [238,239]. The layers are capped with t.,, = 5nm InP. Due to the implementation of
QD and QDashes in PICS3D, this layer functions as the hosting layer for the dot levels and
dash subbands. The QDL sandwich is completed with another barrier, with a thickness

tpar = 6 nm. This barrier is thinned to make space for the wetting layer in our model.

5.1.3 Separate confinement heterostructure

The active region is nestled within a separate confinement heterostructure (SCH), some-
times also referred to as an optical confinement layer (OCL). It consists of hscg = 350
nm of Inggi5Gag.185A80.405P0.595 , which confines both carriers and the optical mode.
Since Ing g15Gag.185A50.405P0.505 is a quarternary compound lattice matched to InP, with
a bulk bandgap of 1.08 eV, corresponding to an optical transition wavelength of 1.15 pm,
therefore Ing g15Gag.185A80.405P0.505 18 also commonly referred to as 1.15Q. The alignment
of the bands between 1.15Q and n- or p-doped InP leads to the formation of a barrier for
minority carriers. This can be observed in Fig. 5.1a., where we see a barrier for electrons
in the conduction band E. at around 0.75 pm, and for holes in the valence band FE, at
0.5 pm. This prevents their respective spillage into the opposing majority carrier type
regions, where they would function as minority carriers, increasing recombination losses.
The second function of the SCH is optical confinement: it has a higher refractive index
than the InP cladding (see Fig. 5.1b.). This confines the optical mode vertically and
reduces its overlap with the p-cladding or the metallization layer, which are both sources
of increased scattering and thereby optical loss [121]. p-doped InP has a much higher free

carrier absorption coefficient than n-doped InP and the dielectric and metallization layers
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are sources of surface roughness and plasmons scattering the optical mode field. As we
will discuss in the context of the spacer layer thickness, minimizing mode overlap with
these regions while balancing transport losses is therefore paramount to optimizing device
performance. The active region is offset towards the p-side of the device to reduce the
transport loss of holes within the SCH. While this does increase hole injection efficiency, it
decreases optical gain slightly, as overlap between the optical mode and the active region

is reduced. The offset therefore needs to be balanced carefully.

5.1.4 Spacer

On top of the SCH sits a thin spacer region of p-doped InP, with Agpgcer ~ 160 nm. Its
thickness is a trade-off between different loss mechanism again, and it will be discussed in
more detail in Ch. 6.2.7. In short, a thinner spacer will reduce lateral current leakage and
recombination losses, but increase scattering due to the increased overlap of the optical
mode with the p-doped InP and the metallization layer. If optical losses for the funda-
mental lateral mode are too large as a result of this, multimode lasing can be observed,
as higher order lateral modes see sufficient gain to compete with the fundamental mode.
This is undesirable for multiple reasons, both related to detrimental efficiency and noise

characteristics, as we will explore in 6.2.7. The spacer is doped to N, = 51017 cm™ .

5.1.5 Etch stop

In order to define the ridge, an etch needs to be performed that selectively removes ma-
terial. While using a highly anisotropic etch to select for a vertical rather than lateral
etch process, calibrating the etch depth precisely is difficult. Composition and doping
levels of the layers make a process based on timing alone difficult, as each of these will
alter the amount of etch time in a sometimes difficult to predict manner. In order to
prevent ”punch-through”, an etch that removes material from deeper within the device
than desired, an etch stop is introduced at the bottom of the ridge. This is an alloy that
has a slower etch rate than the etch target material (in this case p-InP and pt+-InGaAs)
to prevent small variances in etch time from removing material from below it. For the
baseline device, the etch stop is composed of Ing g15Gag.185A80.405P0.595 , the same 1.15Q
alloy that is used to define the SCH. The thickness of the etch stop is 10 nm, with a 10
nm grading layer on each side due to an assumed intermixing between the 1.15Q and the
adjacent InP, making for a total etch stop thickness of 30 nm. The band edge structure
of the etch stop can be seen at y = 1 pm in Fig. 5.1a. It represents a thin barrier for

holes, and confining well for electrons. As we will see when we do a thorough analysis of
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the carrier densities within the device, the etch stop efficiently collects minority electrons,
leading them to recombine in the etch stop rather than elsewhere on the p-side. Since
they were already the result of leakage across the active region, this has no significant

detrimental effect on the device behaviour.

5.1.6 Ridge

The ridge itself consists of h,jqge = 1600 nm p-doped InP, with hpmic = 100 nm of heavily
p-doped InGaAs at the top to facilitate an ohmic contact to the Ti:Au metallization. The
doping level throughout the ridge is uniform, slightly higher than the spacer at N, =
1-10'® cm™ | rising to 2-10' cm™ in the ohmic contact layer. The ridge is covered in
Weielectric = 220 nm silicon nitride, which electrically isolates it from the metallization.
The metallization, in these devices an Ti:Au alloy, allows the electrical connection of the
devices through the top contacts and acts as a heat sink. The thickness of the metallization
varies as a result of the asymmetry of the deposition, but can be assumed to be around

Winetal = 200 nm.

5.2 Model assumptions

As indicated in Ch. 4, in order to perform numerical simulations over extended device
areas, significant simplifications need to be made in order to minimize computation time.
There are therefore several assumptions that were made to simulate the devices in this
work. Some are a direct result of the usage of PICS3D, as its implementation makes some
implicit assumptions with regards to the semiconductor physics treated. Some of these
approaches were outlined in the previous chapter (Ch. 4) where we discussed the modelling
approach in PICS3D, and we will therefore only include pointers to the relevant sections
here. Other assumptions were made by us with respect to material or structural parameters
that were inaccessible experimentally, or to simplify the model whenever possible to limit

the computation time.

5.2.1 Time independent simulation of a pulsed device

The largest assumption made during this work was using a PICS3D steady-state model
to represent the pulsed behaviour of a mode-locked laser. PICS3D does not support
modelling modelling due to the computational approach taken by the software. The as-
sumptions justifying the usage of the Green’s method, which is employed to solve the

partial differential equations for the optical modes, require time-scales that are greater
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than several cavity round trip times Tpyse (see Eq. 3.71). It assumes an established mode
shape that satisfies the boundary conditions at both ends of the cavity. This means that
a comparatively slow modulation of a device at RF frequencies in the kHz to low MHz
range could be represented, while anything above can not be represented [189].

The dynamics driving mode-locking, active or passive, occur on shorter time-scales, as
the modulation frequency has to match the cavity mode-spacing dw, which is in the GHz
range (see 3.4.4). Representing the full dynamics of mode-locking in PICS3D is therefore
not possible. However, insights can still be gained from the steady-state representation of
the device that are translatable into the pulsed domain.

The approach of this work is therefore as follows: treating the steady-state model as a time
averaged representation of the pulsed device, we aim to extract fundamental operational
parameters, such as resistance, diode voltage, threshold current, and slope efficiency, inter-
nal modal loss, and internal efficiency as a function of device design parameters. As energy
conservation must hold irrespective of the time-dependence of the underlying mechanisms,
we aim to understand the flow of energy within the device and where losses occur due to
geometric and material limitations.

Naturally, this approach limits the reliability of its predictions. The largest discrepancy
arises due to the difference in light intensity distribution within the cavity between the
mode-locked pulsed device and the steady-state representation. Due to the lack of a well-
defined phase relationship, the intensity profile is relatively uniform, lacking the short
range localization observed in mode-locking. This results in several differences between
the two states: the higher peak intensity of the pulse results in much stronger optical non-
linearities, reflected in a reduced refractive index change for the steady state. The effects
related to spatial hole burning are therefore also weakened. The most relevant effect is
the gain non-linearity, which reduces the sideband suppression and is much weaker for the
steady than the pulsed state. This results in an overestimation of the gain in the model
presented here.

Another discrepancy is due to the occupation of higher lying dash states. For device
with several transitions of roughly equal dipole moment, the gain will be maximized at
the transition energy of states with the maximum population inversion. Generally, for a
steady state device, this will be the ground state, or an excited state very close to the
ground state, depending on the carrier dynamics within one dash. In a pulsed device with
short gain recovery times (Tgqin << Tpuise/2), carriers are allowed to build up within the
active region. These carriers will occupy higher lying states within the quantum dash.
This leads to a gain shape that is broader, with increased flatness at the top.

As a final note, and as we will discuss in the final chapter, a more self-consistent approach
includes a time-dependent model that captures these effects implicitly. Several of these
models can be found in literature, e.g. [148,240,241]. While they are able to reflect lon-
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gitudinal spatial non-uniformity, they generally forego lateral variation of the waveguide.
The device geometry is only included abstractly, using phenomenological parameters such
as capture constants, current spreading, and injection efficiencies. Using the laterally re-
solved steady-state model, these parameters can be extracted directly rather than used as
fitting parameters or estimated from references. Especially when looking to optimize the
device geometry, the impact on these parameters due to a design change can be examined
accurately. Data from the steady-state model can therefore be used to enhance the accu-
racy of a time-dependent model to provide a more self-consistent picture of the full device

and all aspects of operation.

5.2.2 Lateral optical modes

For most simulations, we assume that there is only a single lateral mode (TEq) with
higher order lateral modes experiencing negligible gain and therefore remaining below the
lasing threshold. To ensure this condition is fulfilled, we modelled the inclusion of higher
order modes for the baseline design for a L = 1500 pum cavity at different temperatures.
The results are shown in Fig. 5.2. While all modes are contributing to the light output
below Iy, , once lasing sets in the fundamental TE;9p mode (Mode 1 in Fig. 5.2e.-h.)
dominates. Spontaneous emission into other modes remains, but its fraction of total
device emission decreases and becomes negligible with increasing overall device output.
At elevated temperatures, the contribution from higher order modes to the overall light
emission remains more relevant, but even then it never exceeds more than 40% of the
overall light output. Since the operational window of these devices is generally at injection
current densities exceeding 2J;, higher order lateral modes have negligible impact on
overall device behaviour. This justifies the inclusion of only a single lateral mode in the
lateral mode search. Only when parameters that alter the waveguide, or the position of
the gain section within it, are varied will a check for higher order modes be performed, as
it results in a significant increase in the computation time of the model. We will explicitly
indicate whenever multi-mode operation is considered. Including higher order modes is
most relevant when the spatial gain or loss profile is altered significantly, for example when

varying the relative position of the SCH to the bottom of the ridge.
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Figure 5.2: a. - d. Contour lines for the lateral mode shape. The thick black line indicates
the lower edge of the ridge dielectric, while the thinner lines show the extent
of the SCH. e. - h. Fractional contribution to the overall light output by
mode as a function of injection current. The dashed vertical line indicates the
threshold current Iy, .

5.2.3 Boundary conditions

We assume a Neumann boundary condition for the left boundary; derivatives of the elec-
tric field eigenfunctions are assumed to be negligible here. This selects for optical modes
with even symmetry, such as the fundamental transverse electric mode, TE g. Given the
perpendicular orientation of the QDashes relative to the cavity axis and thereby propaga-
tion direction of the optical mode, we can also exclude transverse magnetic modes (TMM),

as the orientation of the QDash dipole suppresses emission into magnetic modes.

5.2.4 Ohmic contacts

PICS3D assumes that there is little to no contact resistance at the interface. This is

019

ensured by introducing an extremely high acceptor dopant density of 2-1 cm™ at the top

contact, combined the usage of a Ti:Pt:Au alloy that produces very low contact resistances.
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The resulting resistivity from literature suggests values below 10 Qcm™ [242,243]. Using
these values, we can calculate an absolute contact resistance R. using the contact area
A

Re = peAe = 107° - L(ridge,device) (5.1)

For L = 1.5-10 m, the resulting contact resistances are below 10" (), with total device

resistances = 1 (). Treating the contacts as ohmic is therefore justified.

5.2.5 Fixed refractive indices in passive regions

Both the real and imaginary parts of the refractive index of a bulk semiconductor are
strongest in the vicinity of its optical transitions, as outlined in the discussion of Egs.
2.53 and 2.54. The real part scales with ﬁ while the imaginary part features an even
stronger proximity dependence in the Dirc;c delta function dependent on the separation
between the field and dipole oscillations. We will therefore make the assumption that only
the real components of the refractive index are relevant outside of the active region of the
device. The passive regions of the lasing device, such as the n- and p-cladding, and the
SCH, all feature band gaps above the operating regime of the laser, and we assume only
negligible densities of optically active defects within the gap. The large relative distance

between transition and modal frequencies also means the factor ﬁ varies little for

cv n

different modal angular frequencies w,, so we assume n, to be a frequency-independent
quantity. We will therefore treat them as isotropic media with a loss-less linear response
to the optical fields in the cavity. This assumption is baked into PICS3D and can not be

circumvented.

5.2.6 Interface grading

During heterostructure growth, compositional changes can occur with near atomistic
abruptness as we briefly outlined in 2.5. However, some degree of intermixing at an
interface is inevitable given the high thermal energy available under normal semiconduc-
tor growth conditions around 500°C. Species from the growth interface will diffuse into
the material, with the exact rate of intermixing dependent on the precise growth condi-
tions. Most interfaces in heterostructures will therefore feature a compositional gradient
between adjacent layers rather than an abrupt, step-like profile. And even if the interface
is atomically smooth, the material properties will vary across the interface due to the
broken symmetry. As the translational symmetry is broken by the compositional change,
many of the assumptions underpinning the solid state physics we discussed in chapter Ch.
2 break down. The result are properties that are unique to the interface rather than the

two materials interfacing [32].
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In the discretized numerical representation, truly abrupt interfaces are the default. As
mesh nodes are assigned a specific material, the change in material properties can vary
abruptly. While unrealistic, this is often unproblematic if the change is minimal, but can
lead to convergence issues for the numerical solver since it can result in large variable
gradients.

The unrealistic interface abruptness also has a large impact when two heavily-doped mate-
rials with identical dopant polarity interface. The abrupt change in the affinity and band
gap leads to a large discontinuity in the band structure. This induces a depletion region
that blocks current flow. The depletion region presents as a large resistance at low injec-
tion currents, leading to an overestimation of V; in the model. The solution to overcome
this issue is the introduction of a graded region, that blends one composition into another.
The larger spatial extent of the band structure changes prevents the formation of a deeply
depleted interface region, reducing the V; of the device.

We use this grading between several layers: the interface between the substrate and the
SCH, the SCH and the spacer, the spacer and the etch stop, and the etch stop and the
ridge material are all graded with a grading length of hg,qg4ing = 10 nm. While much larger
than the length over which physical intermixing at the interfaces is expected, it represents
the long range alteration of the material properties due to the aforementioned symmetry
break at the interface. Additionally, carrier tunnelling would reduce the impact of the
depletion zone, which is not represented in the model outside of active regions [32,189].
Interface grading is therefore a compromise that captures the impact of both physical

effects at heterojunctions outside of the active region.

5.2.7 Static quantum-mechanical states

As explained in 4.6, the QDash states used in this model are calculated prior to the
full device simulation and do not change as a function of bias and temperature. This
assumption is reasonable if the change in level positions is negligible compared to the the

size broadening of a &= 40 meV.

5.2.8 Absence of self-heating

While we discuss the mechanisms driving self-heating in the device in this section, we
would like to note that the versions of the model used to produce the results presented in
this work did not use this self-heating formalism. Initial testing revealed a severe under-
estimation of the core temperatures compared to literature [155]. This could be due to a
variety of causes. Careful re-examination of the simulation results and further experimen-

tal work is required to ascertain how to correct this discrepancy. We therefore chose to not
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include self-heating in the current version of the model. When elevated temperatures are
simulated, the temperature is varied uniformly across the device and further heating of
any specific region is ignored. As we compare the predictions of the simulation primarily
with results from pulsed measurements, in which heating effects should play a secondary

role, this should be a valid assumption to make.

5.3 Comparing numerical results with experimental data

To conduct meaningful quantitative modelling, access to experimental results is incredibly
important. Comparing numerical prediction with experimental truth allows validation
and verification of the plethora of assumptions and simplifications that were made in
order to be able to obtain a numerical representation of the device. The following sections
will therefore compare the predictions of the model with experimental results to highlight
areas where the model can provide useful information to inform device design, and areas
where additional work and auxiliary models are required to provide useful insight.

There were certain material parameters which were difficult to obtain experimentally, such
as the exact size and shape of the dots, and thereby the density of states, or the degree of
tunneling across the QDLs. These parameters were used as fitting parameters to obtain

matching with experimental data.

5.4 Wetting layer inclusion

The growth of InAs quantum dashes studied in this work occurs in multiple steps, as
described in 2.5, one of which is the deposition of an InAs wetting layer. It facilitates the
self-assembled formation of quantum dashes, and is partially consumed during the island
formation and subsequent capping process. The fraction of wetting layer that is consumed
in these two steps, either by incorporating into the dashes or by being integrated into the
cap is unclear and difficult to assess experimentally. The initial deposition only amounts
to a few monolayers, resulting in a thickness below 2 nm generally. This is difficult to
accurately characterize experimentally, due to the proximity of the thickness of the re-
maining layer to the resolution limit of highly resolved transmission electron microscopy
(HR-TEM) [86,232]. From a volumetric standpoint, full strain relaxation of the wetting
layer into the dashes leaves excess material, since the dashes can not accomodate the en-
tire InAs material deposited. This points towards a wetting layer remaining between the
sublayer and dashes themselves. There is however very strong As/P-exchange, which con-
verts InAs into InP as a result of the comparatively higher volatility of As. This process

is very sensitive to the growth conditions, especially temperature and phosphorus partial
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pressure [233,234]. While As/P-driven material removal at the top of the dash has been
studied intensely due to its reduction of dash height variability and thereby inhomoge-
neous broadening, the dynamics between the dashes are less well studied [86,88,235,236].
Both a complete removal and large fraction are feasible given the growth conditions.
Given the difficulty of examining the wetting layer’s existence and thickness directly, an
indirect characterization method is required [237]. Since the wetting layer is effectively a
QW, it creates a series of confined states, which are optically coupled and will therefore
have a spectroscopic fingerprint. The simplest way to observe this fingerprint is using
luminescence, which will show additional emission due to radiative recombination on wet-
ting layer transitions [80,87]. Unfortunately, depending on the energetic proximity of the
wetting layer transitions to the quantum dash levels and the coupling strength between the
two, wetting layer transitions may be drowned out in both electro- and photo-luminescence
spectroscopic characterization by emission from QDash states, especially at higher tem-
peratures [80].

Fig. 5.3 shows PL spectra taken from a reference sample which featured a QDL stack
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Figure 5.3: Photoluminescence power spectra for a reference QDL stack. The measure-
ments were done at 298 K, using a 532 nm diode laser as the pump.

grown in an identical manner to the ones used throughout this work. We do not observe
any notable transition from the wetting layer. The peak near 1600 nm is an artifact due
to the pump laser. There are two potential explanations for the lack of change: either
the wetting layer is not present due to the As/P exchange process discussed earlier or the
wetting layer is strongly coupled to the dash population, resulting in negligible emission

from these states compared with QDash emission.
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Lacking definitive experimental data on the existence and extent of the wetting layer, we
chose to model devices both with and without a wetting layer to observe its impact on
the overall device behaviour. The inclusion of the wetting layer in PICS3D is difficult, as
the software is designed around symmetric wetting layers as found in DBAR or DWELL
structures [238]. For the devices in this work, the wetting and barrier layers are composed
of different materials, InAs and 1.15Q, which complicates their inclusion in PICS3D. This
process is discussed in more detail in 4.6. All models other than those used in versions
0.6.1 and 0.7.3 include a wetting layer, as it results in a significantly better match between

experiment and simulation.

5.4.1 Calculated quantum dash states

11 nm Expected growth
shape
DSimuIation
8 nm
hdashI
4 nm
? .GaAs

0 nm st Dwe & 1150

Figure 5.4: a. Rectangular prism dash with relevant dimensions, b. quantum dash layer
structure with sub-layer, wetting and capping layer sandwiched between two
1.15Q barrier layers, and c. AFM image of uncapped quantum dashes with
dimensions of single dash added.

For this work, the dashes were based on simulations done in the context of R.-J. K. Obhi’s
work, published in [120] and [83]. There were several simplifications made in order to be
able to treat the dashes in PICS3D. The AFM image shown in Fig. 5.4a. shows that there
are a variety of different dash morphologies that appear as a result of the self-assembled
formation process, ranging from short dashes with low lateral aspect ratios resembling
dots to long dashes resembling wires with very high aspect ratios. The majority of dashes
additionally exhibit a non-uniformity of their cross-section along their length. The cross-
section of dashes after deposition of the capping layer was not analyzed for this work, but
the surface growth dynamics of dash formation in InAs/InP favour a slight angle of the
dash facets [91]. However, we found the integration of angled facets had no meaningful

impact on the resulting dash states. In order to treat these dashes meaningfully within
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a. Subband index = 1 b. Subband index = 2 c. Subband index = 3 d. Subband index = 11
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Figure 5.5: Spatial extent of electronic wavefunctions in the conduction band at 20% of
the highest probability density for four different subbands and their respective
quantum indices.

PICS3D, we reduce the wide assortment of dashes to a single representative dash, which we
approximate as a rectangular prism shown in Fig. 5.4b. with dimensions hgqsh - Waash Ldash
of 1.5-20-300 nm?. We treat the variation in dash length and cross-section along said length
by applying a Gaussian broadening function to the energy levels derived from the repre-
sentative dash. Similar results were found by others for InAs/InAlGaAs dashes [192]. The
material surrounding the dash is shown in Fig. 5.4c. The dash is grown on top of a GaAs
sub-layer and InAs wetting layer and is capped by an InP layer. The thicknesses of the
different layers used in the representative dash are listed in Tab. 5.2.

The calculation of quantum mechanical states in PICS3D is described in 4.6. The re-

Dimension Value [nm]

heap 5
hdash 1.5
Wdash 20
Ldash 300
hwr 0.6

hsup 0.3

Table 5.2: Dimensions for the representative quantum dash used in this work. See Fig.
5.4 for definitions of parameters.

sults for the reference dash are shown in Fig. 5.5. Each figure shows the surface of the
wavefunction at 20% of the maximum probability density for states at different subband
indices.

Due to the low longitudinal confinement, increasing subband indices map to increasing
longitudinal quantum numbers. This trend holds for both electron and hole states. Higher
order modes along x only start to appear at higher energies. For electronic subband in-

dices above 11 increasing subband indices hail from both n, = 0 with high n,, and n, =1
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with low n,. The large contrast in confinement energies along y compared to the other
dimensions results in no higher order modes along y appearing within the 33 lowest en-
ergy states probed. The pattern is similar for holes, but due to the higher hole mass, the
transition occurs at a comparatively higher energy offset.

The full spectrum of electron and hole states near the I" valley are shown in Fig. 5.6a and
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Figure 5.6: Calculated confined states for a. electrons (ng, ny, n;) and b. hole states
(mz, my, m.). The level position is shown as a function of longitudinal dash
index n, for electrons and m, for holes. n, = m, = 0 for all shown states
are for . c¢. band edge potential for a cut through the centre of a dash along
the growth direction y. The solid line reflects the band edges within dashes,
while the dashed line reflects the profile in a barrier region. The coloured lines
show the position of the confined states within the dash potential. d. density
of states (DOS) for the quantum dashes, barrier and capping material. Note
that the DOS for the dashes has been multiplied by a factor of 102 .

b. The higher lying L band as well as the deeply confined light hole band are not shown.
The predicted states were 100 meV (electrons) and 150 meV (holes) removed from the
lowest energy I' state, sufficiently far to not contribute meaningfully to the overall gain
profile near the design wavelength of 1550 nm. For the electronic states, the L-band levels
are also very close to the barrier band edge, resulting in shallow confinement and enabling
significant carrier escape via these states.

For electrons, the first 33 states separate into three bands belonging to n, = 0,1,2. The
difference in confinement energies for n, = 0 and n, =1 at n, = 0 is 19 meV, decreasing
at higher n,. The initial difference between states with n, = 1 and n, = 2, is higher at
approximately 25 meV, indicating super-linear scaling of eigenenergies with mode volume.
While three bands are observed for electrons, only two appear for holes given the larger
effective mass. The resulting dispersion with n, is also flatter for the same reason. Oth-

erwise the hole and electronic states have very similar shapes, leading to large overlap
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integrals.

The relative position of the confined levels within the potential of the dash is shown in
Fig. 5.6¢c. Given the 40/60 band offset split between conduction and valence band between
InAs and InP, the confinement is much deeper for holes than for electrons. The barrier
height for the lowest energy electronic state is approximately 50 meV, compared to nearly
250 meV for the lowest energy hole state. As a result, electrons should be able to traverse
the QDL stack much more easily than holes. Laser device performance should be affected
by this change in two ways. First, hole starvation should result in radiative efficiency
losses within the QDLs, as electrons accumulate, leading to spill out into adjacent layers.
Additionally, electron leakage across the QDL stack and subsequent injection into the p-
side cladding as minority carriers results in increased non-radiative recombination losses
compared to a device with greater carrier confinement. This is addressed by adding a elec-

tron blocking layer at the top of the SCH, a design change which is discussed in Chapter 6.

For both electrons and holes, we only consider a subset of the states for the full device
simulation. The five lowest-lying energy states are used for both electrons and holes, as
these have the largest impact of the narrow band of wavelengths around 1550 nm this work
is interested in. Due to the low barrier heights of higher lying states, they should also
experience an increasing degree of carrier escape into the nearby bulk band edge states in
the 1.15Q barrier. The effect of the higher lying levels should therefore be well captured
by the smaller subset of states. This also has the benefit of decreasing the computation
time by a factor of up to six compared to using the full ensemble of states.

The densities of states (DOS) shown in Fig. 5.6d. are calculated based on the reduced
ensemble of states. The basis of these densities is are based on the simplified parabolic
models we found in Ch. 2, assuming a dot/dash density of 10!° cm™ and a broadening
of 40 meV. The former is based on estimates from AFM studies presented in [83], while
the latter is based on fitting of room-temperature photoluminescence spectra (see Fig.
5.3). The DOS due to the dashes is dwarfed by the bulk states, which are orders of
magnitude higher. The high energy tail of the electronic DOS even shows some overlap
with the 1.15Q barrier DOS, indicating a high degree of coupling between the two. Note
the lack of a similar overlap for the hole states. In the next chapter we will discuss the
shortcomings of treating the dashes as three-dimensionally confined entities, but the shape
of the carrier density between a broadened one- and zero-dimensional system is actually
very similar near the peak of the distribution. The main difference are the existence of
the tail of higher energy states for one-dimensional dashes, and the resulting coupling
between non-degenerate transitions in these gain media, and the magnitude of the DOS.
Since spatial or spectral hole burning is not included within the model, foregoing the tail

states has no meaningful impact on the predictions. With respect to the magnitude, a
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simple multiplication of the DOS is easily implementable into PICS3D, which was used to
achieve matching between simulation and experiment in terms of threshold current and

slope efficiency.

5.4.2 Inclusion of advanced gain model

PICS3D only supports gain models for quantum wells and quantum dots natively, but other
gain models can be implemented by providing a tabulated set of gain curves as a function
carrier concentrations, electron-hole ratios, temperatures, and electric fields. In order to
capture the quantum dash-like gain spectrum, a secondary gain model was therefore sought
out. The model chosen was based on Gioannini’s work on InAs/InAlGaAs dashes [192].
The dashes studied in the publication resemble the dashes studied in this work, and the
inclusion of an optional wetting layer contribution is useful given the uncertainty in terms
of the wetting layer presence in this work. The details of the model are examined in 4.7.7.
Since we did not have access to the original calculation code, we attempted to recreate
the results from the publication. After building a Python implementation of the model,
we compared it with results from the model for InAs/InP QDashes in with InAlGaAs
barriers. A comparison between the calculations based on parameters either taken directly
or inferred from the paper and supporting works and the results presented in the paper

is shown in Fig. 5.7. We are comparing two scenarios: we assume there is no wetting
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Figure 5.7: Performance of the recreated QDash model from [192] for a. with and b.
without a wetting layer.

layer for Fig. 5.7a., meaning the only contribution to the gain is due to geonr. The results
match the results presented in the paper quite well, with only a small discrepancy towards
higher energies. The mismatch gets much larger when a wetting layer is considered in

Fig. 5.7b. The shape of the gain curves does not agree in several places, indicating that
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there is disagreement between the contributions from the various transitions considered
in this work. The source of the disagreement is most likely a result of the implementation
of the dispersion relations for the hybrid wetting layer-dash states coupled with the error
introduced when extracting the states from the scanned publication.

Having implemented the model to a degree of acceptable accuracy, the next issue was
applying it to the InAs-InP material system. While material parameters e.g. band gaps
and offsets, dipole moments, effective masses, could be transferred from PICS3D, two
crucial sets of input parameters were harder to obtain: accurate quantum mechanical
states and quasi-Fermi levels. As discussed in 4.6, PICS3D uses a three-dimensionally
confined particle-in-a-box approach to calculate states. For cylindrical, lens-shaped, or
pyramidal dots with low lateral aspect ratios, this delivers a set of states separated by 10s
of meVs. For the dashes in this work, the extent along z is > Age Broglie (see Eq. 2.63).
Confinement along z is therefore weak, leading to the tightly spaced band of states shown
in Fig. 5.6a and b, with states separated by less than 1 meV. The result is therefore a band
of observed states, rather than discrete states. The treatment of dashes that are confined
in the xy-plane and propagate as plane waves along z is not supported in PICS3D. To
circumvent this limitation and avoid setting up an external quantum mechanical solver, we
attempted to use refined versions of the three-dimensionally confined states. let us assume
that the main difference between the quasi-one dimensional dash states we are seeking and
the zero-dimensional states predicted by the PICS3D solver is an energy correction that
reflects the different mode shape along z. From each QD band (n,m), the energy for
the (n,m), = 0 state (see Fig. 5.6a,b) is taken as the starting point for the expected
energy level of the QDash state. These states were then used as input parameters to
the dash gain model described above, and compared with experimental gain data. Each
state was then allowed to vary freely within a 30 meV range of its starting value. The
objective was matching of experimental gain data gathered via Hakki-Paoli decomposition
of bias-dependent lasing spectra. Carrier densities from previous, QD-based simulations
were used to estimate electron and hole quasi-Fermi levels.

Despite different optimization algorithms and parameter bound relaxation, we could not
achieve a satisfactory match between experimental data and the output of the gain model.
Fitting both quasi-Fermi levels and confined energies led to no fit that worked well across
the whole spectrum and was consistent across different injected carrier densities. The
optimization would also get stuck in local extrema consistently. We therefore concluded
that, for this study, the full implementation of the quantum dash gain model will require
implementing an additional quantum mechanical solver to obtain coupled quantum dash
and wetting layer states. We are hoping to revisit this model in the future to compare it
with results obtained using the QD-like model.
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Figure 5.8: Comparison between simulated and experimental data measured on the semi-
automatic LIV setup for a 1500 pm baseline device at 293 K. a. IV-
characteristic, and b. LI-characteristic, their derivatives in c¢. and d.. Ex-
perimental data was collected by Ping Zhao.

5.4.3 Voltage-current and current-power characteristics

Fig. 5.8 shows a comparison between numerical and experimental LI and IV curves and
their derivatives for a 1500 pm cavity of the baseline design described previously. Both
measurement and simulation was conducted at a temperature of 293 K. The experimental
results were measured on the semi-automatic measurement setup, which underestimates
the emitted power from the device. We therefore expect the experimental LI characteris-
tic to be yield slightly lower power overall. Experiment and simulation show significant
overlap, but there are some subtle differences. The transition of the diode from current
blocking to conducting occurs at a lower bias voltage for the simulated device. It also
occurs over a more protracted range of biases, while the switch is near instantaneous for
the real device. This points to a discrepancy in the band structure between model and

the real physical system. Since the band structure is built on a variety of assumptions,
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especially in the proximity of the quantum dash layers, this is to be expected. As discussed
in 5.2, the model includes grading layers at some interfaces to avoid an overestimation of
the resistance due to the limitations of the numerical solver in highly depleted regions of
the device. The turn-on over an extended bias range indicates that the band structure in
other regions may also require further investigation.

When comparing the LI characteristics in Fig. 5.8b., we see a slight overestimation of
the slope efficiency of the model, while the threshold appears accurate. The model also
exhibits a distinct super-linearity at currents below 200 mA. Instead of an efficiency de-
crease with increasing bias, as expected and observed for the experimental device, the
simulated device first increases in efficiency before rolling off towards higher bias. The
cause is a loss mechanism that decreases with current density, rather than increases. This
is incommensurate with loss in semiconductors, indicating an artifact of the simulation.
We observe this super-linearity decreasing when electron transport across the QDLs is
artificially scaled to mimic significant hot carrier currents. However, increasing the hot
carrier transport leads to an overestimation of slope efficiencies at elevated temperatures.
The inclusion of a temperature dependent electron hot carrier model is therefore consid-
ered for the future. This could also potentially address the mismatch in high injection
roll-off, which is stronger for simulation than experiment. To examine the accuracy of rep-
resenting cavity length dependent mechanisms, we plot the diode voltage V; , resistance R
, threshold current Iy, , and differential efficiency ng4 as a function of cavity length in Fig.
5.9. The match between experiment and simulation is generally quite good, even though
there are some notable features. As discussed previously, the barriers to transport across
the quantum dash layers may not be represented accurately, leading to the slow diode
switching. This means we do not expect the diode voltage extracted via linear fitting of
Fig. 5.8a. to be entirely accurate. For similar reasons, the mismatch in R is expected, but
as we capture the overall trend well it should not affect the accuracy of model predictions
in a meaningful manner.

For the threshold current, the model overestimates I, for short cavities, while underesti-
mating it for longer cavities. This indicates that optical losses are too low, which would
benefit longer cavities more than their shorter counterparts, leading to the switch from
over to underestimation. Additionally, recombination appears to play a more significant
role in the model representation than it should. Since Auger recombination is the largest
contributor to overall recombination, it is the most likely source of this discrepancy. How-
ever, decreasing the coefficient leads to an underestimation of the threshold current at
higher temperatures. We remind ourselves that the Auger recombination mechanisms
dominating in QDs and QDashes are different from their counterparts in QWs and bulk
devices. The formalism described in 4.5.6 may therefore not be entirely accurate given
the different and much reduced density of states for QDashes compared to QWs. Alter-
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Figure 5.9: Comparison between simulated and measured LIV parameters. a. diode turn-
on voltage V; , b. resistance R , c. threshold current Iy, , and d. differential
efficiency ng as a function of cavity length at 293 K. The shaded area indicates
twice the the standard deviation around the mean value for the experimen-
tal data measured on the semi-automatic LIV setup. Experimental data was
collected by Ping Zhao.

native models can be found in literature and could potentially offer better matching of
experimental results [198,214,215]. However, they are difficult to integrate into PICS3D
without also simultaneously including a custom gain model. This is therefore something
to consider for future expansion of the model.

The slope or differential efficiency for the device is pictured in Fig. 5.9d. While the model
slightly over-estimates the efficiency, its cavity length dependence is captured quite well.
As we recall from 4.2.3, the data measured using the semi-automatic underestimates the
light output from the device by approximately 7 %. The difference between experiment
and simulation, however, is closer to 25 %. As for the threshold current, the general over-
estimation indicates that the background loss may be underestimated and requires some

further attention. The super-linearity due to electron blocking in the QDLs also affects
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the accuracy of this fit. Lastly, the time-independent model experiences significantly less
gain non-linearity, as photon densities in are lower than they are within the mode-locked
device. All these factors play into the discrepancy between experiment and simulation

and are difficult to separate out.

5.4.4 Characteristic temperatures

As we are interested in the temperature stability of our device performance, we now turn to
examining the temperature dependence of the threshold current and the external quantum
efficiency, as these will have the largest bearing on the light output of the device. The

external quantum efficiency is defined as:

q

= n 5.2
=g (5.2)
Where w, is the angular frequency of the central longitudinal mode in a comb.
The temperature dependence of parameters is conventionally quoted using a parameter’s
characteristic temperature. The characteristic temperature 7, is related to the parameter

value p at a given temperature 1" as follows:

lﬂm=m@®+%T (5.3)
¢
Plotting the natural logarithm of a parameter as a function of temperature, T, can be
extracted from the slope of the linear regression. Ty and 77 are the characteristic temper-
atures extracted in this manner for the threshold current and external quantum efficiency,
respectively. Fig. 5.10 shows the results for the baseline design at 1500 pm cavity length.
The model overestimates the temperature stability of the device both in terms of thresh-
old current and external quantum efficiency, with relative errors for Ty and T of 21% and
11%, respectively. As temperature increases, the distribution of carriers broadens as the
average ensemble energy rises, as shown in Fig. 3.11. The shape of the DOS modulates
the strength of the broadening, and thereby the change in gain shape and magnitude with
temperature. A broader density of states will experience a stronger reduction in gain.
The DOS based on the quantum dot-like approach used in this thesis is much smaller and
narrower than the DOS one would obtain if the QDashes had more wire-like character.
A comparison can be found in Fig. 5.6d., where we see a significant high energy tail for
the one-dimensional system, which is lacking for QDs. The degree of gain broadening is
therefore reduced, resulting in a device with a higher temperature stability.
The stronger discrepancy for the threshold current than the efficiency points towards an-
other source of the problem: recombination. As mentioned previously, Auger mechanisms

are the largest contributor to recombination near threshold. Due to higher scattering
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Figure 5.10: Comparison of simulated and measured temperature dependence of a. Iy,
and b. 74 for a 1500 pm cavity between the simulated and experimental
baseline design device. Experimental data was collected by Ping Zhao.

efficiencies as carrier velocities increase, Auger mechanisms become more effective as tem-
perature increases, in addition to the natural increase due to higher carrier densities. This
is reflected in the empirical formula in Eq. 4.44, which features an ”activation energy” for
the scattering process that scales the Auger coefficient with temperature. This energy is
essentially a fitting parameter, but the many interactions between this coefficient and the
overall device behaviour require different values as a function of cavity length. The inclu-
sion of a microscopic Auger model should be able to rectify this difference and allow a less

empirical approach to the exact magnitude of Auger recombination within the device.

5.4.5 Internal efficiency and loss

To differentiate between length dependent effects due to parasitic recombination and ab-
sorption by the active region, and the internal dynamics of the laser, we can use the

internal differential quantum efficiency [244,245]:

n = Jstim _ 1
‘ J —Jwn neact(L) —amL

(5.4)
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Figure 5.11: Comparison between external efficiencies for experimental and simulated re-
sults. The experimental value is multiplied by 1.07 to account for the usage
of data from the semi-automatic measurement setup. Experimental data was
collected by Ping Zhao.

With the stimulated current density Jgsm, the total carrier density J, and the threshold
current density Jy,. 7; is then the fraction of the injection current that is converted into
stimulated emission. As the right hand side of Eq. 5.4 indicates, this can be done using a
linear regression to the cavity length L dependent external differential quantum efficiency
Next (L), which yields both n; and the internal loss ay,.

A comparison between experimental and simulated efficiency is shown in Fig. 5.11.
The simulated differential internal efficiency is much higher than the experimental value,
which was to be expected given the higher overall slope efficiency. At the same time, the
internal optical loss «; is nearly identical between experiment and simulation, indicating
that the discrepancy is not due to the scaling of the background scattering alone as we
first assumed. A possible source of this discrepancy is the degree of lateral current spread-
ing below the ridge, which may be underrepresented in the simulation. If we extrapolate
the efficiency for a four layer device from Fig. 6.3c., we obtain a value of around 0.58.
For a four layer baseline device grown later, the distance between the separate confine-
ment heterostructure and the bottom ridge was shrunk by approximately 20 nm due to
a miscalibration during the growth. Its differential internal efficiency is shown in Fig.
8.2a. and lies at approximately 0.62. This increase in efficiency is expected if the driving

factor for the discrepancy is lateral current spreading, as the lateral current confinement
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Figure 5.12: Comparison between experimental and simulated lasing spectra and gain
curves for 750 pm baseline device at 293 K. a. Ll-characteristic, b. las-
ing spectrum at Ip;qs = 250 mA and c. sub-threshold gain curves. Red dots
indicate results derived from experimental data, while solid grey lines are
interpolated simulation results.

from the ridge remains stronger and coerces the current into the region right below the
ridge. More work is needed however, and as additional devices with wider ridges were
also fabricated, an additional experimental study can assess the overall impact of current
spreading. If it lies at the root of the difference in differential internal efficiency, the dis-
crepancy between simulation and experiment should increase further as ridges get wider

and the overestimation of the lateral current spreading efficiency gets worse.

5.4.6 Spectral properties

We will now turn our attention towards the output spectrum and the gain curves from
these devices. The output spectrum is where we expect the greatest divergence between
model and simulation. Due to the much stronger spatial hole burning for the mode-locked
device, the relative intensity between modes should be significantly more even than for
the time-independent model.

Fig. 5.12b. confirms this reality, as the model predicts continuous wave operation on
a single mode while the actual device produces the frequency comb that we expect. We
can also see that the centre of the comb is blue-shifted by almost 10 nm for the real
device. This is due to the difference in gain shape between experiment and simulation,
shown in Fig. 5.12c. The experimental gain was calculated from sub-threshold emission
spectra using the Hakki-Paoli-derived Cassidy method, using a script developed at the
NRC [246,247].
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There is a significant discrepancy between the gain profile from the model and the profile
derived from experimental data. Note that this is the material gain, rather than the
sometimes quoted net gain. Apart from the blue-shift of the position of the gain peak, its
magnitude is also more responsive to the changing bias than the simulated gain. The last
thing to note is the gain bandwidth, which changes more dramatically than the width of
the simulated result.

The more dramatic change in gain with injected current for the experimental results
indicates a smaller overall DOS than what is included in the model. Since the dash
density is an estimate based on experimental results, the difference must stem from the
calculated dash states [120]. It implies that the overall number of states participating in
the amplification is lower than anticipated. This contrasts with the underestimation of the
slope efficiency and temperature dependence, and indicates that the gain model requires
some further attention to discern the root cause of the discrepancy.

A comparison between the experimental and simulated dispersion is shown in Fig. 5.14.
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Figure 5.13: Group refractive index for a simulated 2000 pm cavity for different injection
levels.

Note that while a 4000 pm cavity was measured, a 2000 pm cavity was simulated. This
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the availability of fully mounted devices. Fig. 5.13 shows the simulated group

refractive index as a function of injection current. The group refractive index stabilizes

after the threshold current density is reached, indicating that it is a predominantly gain

driven phenomenon. The different injection current densities between the experimental

and simulated device should therefore result in a quantitative but not qualitative difference

between the two devices.

The expectation would be a less pronounced change in the

experimental device as carrier densities are lower.

The normal dispersion of the experimental device was compensated using varying lengths
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Figure 5.14: a. Comparison between experimental group delay with varying levels of fiber

compensation and simulated results extrapolated from group index calcula-
tions. The wavelength offset assumes a centre lasing wavelength of 1537 nm
(experimental) and 1555 nm (simulated). b. Simulated and c. experimental
group refractive index. The experimental index is based on the mostly com-
pensated configuration with 420 m of fibre in-line of both measurement arms.
All measurements were conducted at 400 mA injection current. A 4000 pm
cavity was measured experimentally while a 2000 pm cavity was simulated.

of silica single mode fibre with an anomalous dispersion of 14.3 ps/nm/km. This allows
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near full compensation of the linear contribution to the group delay, leaving a quadratic
dependence. From the free spectral range we can extract a group refractive index near the
centre of the lasing emission, and combined with the delay measured in Fig. 5.14a. for the
linearly compensated case, we can estimate the experimental group refractive index shown
in Fig. 5.14c. The model predicts a much weaker group refractive index dispersion than
is observed experimentally. The sources of this discrepancy are predominantly due to two
factors: the overestimated density of states in the model results in a weaker response of
the refractive index to injected carriers, leading to this underestimation of the refractive
index change. Additionally, there are the non-linear contributions to the index change in
the model are orders of magnitude below their real-life counterparts due to the absence
of pulse formation in the model. A comparison between the experimental and simulated

results is therefore mostly pointless.

5.5 Understanding carrier distributions

A model which captures the underlying physics at play within the real-life device correctly
needs to reproduce behaviours for different geometries and test conditions without the need
for calibration factors. However, certain material parameters are difficult to access or even
estimate from experimental data. These need to be treated as free ”fitting” parameters of
the simulation. Ideally, their number should be kept small to avoid excessive assumptions
from casting additional doubt on simulated outcomes. Fitted parameters should therefore
be independent of device length or test temperature, or their geometry or temperature-
dependence needs to be captured in a separate sub-model.

In order to understand how the model and its assumptions may misrepresent the physical
reality of the device, it is important to understand the impact of each region within
the device on its overall behaviour. Since most semiconductor recombination processes
scale at least linearly with carrier density, understanding where carriers accumulate in
the device can help pinpoint which models and mechanism are not represented accurately.
Additionally, determining where carriers are accumulating within the device can be helpful
in determining points to address with potential design changes. For this purpose, Fig. 5.15
shows the carrier concentration for a 750 and 1500 pm device at 293 and 343 K. We will
discuss the ratio between the two carrier types in different regions of the device in the next
section. For now, the discussion will be focussed on where carriers accumulate in absolute
terms. We can see that carrier densities are very similar for the majority carrier type, as
the electron density on the n-side (left side) and hole density on the p-side (right side)
are largely unaffected by device length (L), temperature (7'), and bias (Ipies ). Outside
of majority carrier type areas, carrier concentrations for both types are high within the
active region (labelled Active in Fig. 5.15b.), etch stop (labelled Etch in Fig. 5.15b.)
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Figure 5.15: LI curve and carrier concentration profiles C(L, T, Iy;qs) at the symmetry line
for the active region. Devices of cavity lengths of 750 and 1500 pm were
simulated at a. - ¢. 293 K and d. - f. 343 K. The dashed lines in a. and d.
are measured experimental LI curves. The bias points at which the carrier
densities are sampled are marked in a. and d.

and to a lesser degree within the separate confinement heterostructure (SCH). These
are regions where altering material parameters is more likely to affect carrier transport
and recombination dynamics and thereby device behaviour, and additional care must be
taken to choose parameters that result in a reasonable physical state of the device. The
comparison for different lengths and temperatures will follow in the context of comparison
with a baseline device, which will highlight the change of each parameter more clearly

than can be extracted from the absolute density plot with its large range of densities.

5.5.1 Hole-electron ratio

In order to assess how altering a material parameter, such as an Auger coefficient, will
affect the length and temperature dependence of the simulation accuracy, it is useful to

compare how carrier densities vary as we increase device length and temperature. While
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Figure 5.16: LI curve and hole-electron (or pn) ratio, £, at the symmetry line for the active

region. Devices of cavity lengths of 750 and 1500 pm were simulated at 293
K (a. - c.) and 343 K (d. - f.). The bias points at which the ratios are
sampled are marked in a. and d.

they will vary everywhere in the device, their variation is most relevant in parts of the
device where the electron-hole ratio approaches unity. For example, most recombination
mechanisms scale linearly or higher with the carrier density product. Examining the
hole-electron ratio, or pn-ratio , can show which areas of a device have equal densities of
electrons and holes, resulting in high levels of recombination. The pn-ratio for a 750 and
1500 pm device are shown in Fig. 5.16 for the active region (Fig. 5.16b. and e.) and the
entire core region (Fig. 5.16c. and f.). The top row is at 293 K, while the bottom row
represents the same devices but at a uniform device temperature of 343 K.

The first thing to note is the nearly completely unaffected pn-ratio in the active region as
bias is increased, with most change instead occurring on the (right) p-side of the device.
Higher bias currents lead to a significant increase in minority electron carrier densities,
leading to a depression of the pn-ratio . This effect is equally strong in short and long
cavities, both decreasing by approximately 10® as current is increased from 100 mA to

350 mA, even though shorter cavities have a higher minority carrier density (and thereby
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lower pn-ratio ) overall. This is the second notable detail, the higher pn-ratio for the
greater cavity length outside of the n-side core region. The shorter devices have a uniform
pn-ratio closer to 1, higher than the longer devices ratio of 102 near the n-InP/core
interface, only reaching 1 near the quantum dash layer (QDL) layer stack. The larger
difference between short and long device pn-ratio on the p-side, rather than the n-side,
indicate that electrons are more easily traversing the device for the shorter cavity lengths.
This seems to be related to the active region in the centre, as hole accumulation in the
QDLs and especially wetting layers is more pronounced for the longer devices. Overall,
the pn-ratio in the wetting layers is far above one for longer devices, while for shorter
devices, the ratio is much closer to one, indicating that any recombination within the
wetting layers is going to affect their behaviour much stronger. In the barriers between
layers, longer devices show an excess of holes, while shorter devices accumulate electrons
here.

Within the QDLs themselves, holes and electrons are very evenly matched. There is a
small interlayer asymmetry, with QDLs near the n-side showing pn-ratio slightly below
1. This is observed for both short and long devices at 293 K, but only persists for the
longer device at 343 K. For the shorter cavity, the pn-ratio in the QDLs near the n-side
approaches unity as device temperature increases, indicating improved carrier transport
across the QDL-stack with temperature. Either electrons are more effectively transported
across the stack, away from the n-side, to recombine further into the stack or become
minority carriers on the p-side, or holes are transported more efficiently, and thereby
balance the carrier density in the first stack.

A possible explanation lies within the wetting layer working as a carrier blockade: if we
presume hole transport is hindered by positively charged wetting layers due to repulsion,
the much lowered hole carrier density in the shorter device’s wetting layers explains why
interlayer asymmetry improves as devices get hotter.

Whatever the specific mechanism blocking electron transport might be, it is inversely
proportional to carrier density. Temperature and injection current density both reduce
the pn-ratio across the device. For example, as the uniform device temperature is increased
to 343 K, the pn-ratio decreases by roughly two orders of magnitude in the active region,
and nearly three orders of magnitude near the etch stop. The pn-ratio within the etch
stop itself appears to approach a cavity length dependent limit, that is closer to unity
than anywhere else in the n- or p-side cladding.

The significant accumulation of holes in the wetting layers goes against previous findings
in literature for QD systems, which observe the opposite effect [248]. It should be noted
that there are two significant differences between the results presented here and the work
by [248]. Firstly, the QDs examined in [248] are grown in DWELL structures. Firstly,

the carrier-confining DWELLs are 11.5 nm wide, compared to the < 1 nm wetting layer
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thickness in the devices studied in our work. The narrower wetting layer results in a
much larger confinement energy for the two-dimensional states, moving them further from
the bottom of the potential well and into closer proximity to the barrier. Secondly, [248]
examines QDs in the InAs/GaAs system, while we examine InAs/InP QDashes. The
slightly larger band gap of GaAs compared to InP (Eé?ggﬁi — Eé??gg) ~ 0.1eV') provides
additional confinement. As a result of both of these differences, electronic well states
are significantly closer to the barrier edge than hole ones. Electron escape from well
states is therefore much faster than the equivalent hole mechanism, leading to the severely
asymmetrical occupation in favour of holes within the wetting layer. In [248] both electron
and hole DWELL states experience similar confinement energies, with the hole confinement
energy even being slightly smaller. The difference in effective masses therefore dominates
transport, leading to electron rather than hole accumulation in contrast to the trend
observed for the devices in this work.

To summarize, we can note the following observations from examining the pn-ratio :

e Since pn-ratio is approximately unity within the QDLs, transport across the active
region of neither carrier type seems to be hindered to the point of causing a significant

intralayer electron-hole occupation asymmetry.

e For short devices, the barrier layers between QDLs are hole-starved, while for long

devices there are too few electrons.

e The areas where we expect recombination to be strongest are the n-side core, the
QDLs, and the etch stop. Everywhere else the pn-ratio is far from unity, indicating

that a lack of one carrier type is going to starve recombination.

e The wetting layer trap holes more efficiently than electrons, and has a larger impact

for shorter than longer devices.

5.5.2 Comparison with a baseline device

To illustrate the difference between short and long devices at low and high temperatures,
Fig. 5.17 shows the normalized electron and hole concentrations for a slice along the y-axis
in the centre of one of the device facets. The normalization is done with respect to the
carrier concentration of an 1500 pm device at 293 K and an applied bias current of 100
mA, which functions as a baseline device for the rest of this work. The parameters for
this simulation can be found in 8.1.

The first thing to note is that the electron density is more affected by device length,

temperature, and injected current density than holes are. Concentration ratios are far
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Figure 5.17: LI curve and normalized carrier concentration profiles C(L, T, Iy;qs) at the
symmetry line for the full device. Devices of cavity lengths of 750 and 1500
nm were simulated at 293 K (a. - ¢.) and 343 K (d. - f.). The normalization
was done using the electron and hole carrier densities of the 1500 pm cavity
at 293 K for Ip;,s = 100 mA. The bias points at which the carrier densities
are sampled are marked in a. and d.

larger on the p-side (right side of the graph) than on the n-side (left side of the graph),
indicating that the minority carrier injection increases more strongly for electrons than
holes. It also scales super-linearly with injection current density: while the 750 pm devices
have twice the current density, the minority carrier density increases by five orders of
magnitude. This effect is weaker when device temperatures are increased, with the ratio
in electron density between long and short cavities at 343 K being only three orders of
magnitude apart. Due to the overall higher carrier density in shorter devices, the impact
of thermally activated carriers is smaller as they represent a smaller fraction of the overall
carrier population. For similar reasons, the increase in electron density with bias is smaller
for devices at higher temperatures.

The cavity length dependent increase in electron density is not spatially uniform, with

several noteworthy details: as mentioned previously, the increase is more significant on
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the p-side, so above the active region, where shorter devices have approximately 10° more
carriers than their longer counterparts. For longer devices, transport across the etch stop
is also much improved with bias given that there are now more carriers reaching the
depletion zones around the etch stop. For shorter devices, where depletion zones are much
thinner, there is a much smaller increase in the minority carrier density above the etch stop
compared to below it. Therefore, carrier movement across it does not change significantly
with bias.

Regarding holes, the concentration on the p-side remains unchanged as bias, temperature,
and device length increase, excluding the etch stop near 1 um. Above the etch stop, the
carrier density increases, and decreases below it. The accumulation above the etch stop is
stronger at higher temperatures, and the difference between the shorter and longer device
decreases.

Regarding the n-side, there is very limited change for both devices with bias. Interestingly,
for the longer device the hole concentration near the active region decreases with increasing
bias, with a cross-over point roughly 50 nm below the active region. Above this point, there
is a monotonous decrease in normalized hole density with increasing bias, while below it,
there is a decrease below 200 mA, followed by an increase above that bias current. There
is no such cross-over for the devices at higher temperature and shorter cavity lengths. The
hole concentration on the n-side is significantly higher for the shorter device, approximately
two orders of magnitude, pointing to easier hole transport across the QDL stack, which

agrees with the observations for the pn-ratio -plots.
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Impact of structural design variations on

device performance

6.1 Defining a design goal

A design optimization stands and falls with its objective function. There is a large list
of performance characteristics that can be employed to assess the performance of a given
laser device [249]:

e Threshold current: a lower threshold current is an indicator of higher efficiency
as non-radiative (and thereby parasitic) recombination effects in semiconductors

become more pronounced at higher carrier densities.

e Slope efficiency refers to the relationship between injection current and laser power
above threshold. A higher slope indicates a higher efficiency as carriers are converted

into photons rather than lost to non-radiative processes.

e Wall plug efficiency: optical power output normalized by electrical power input.
Similar to slope efficiency, but taking the efficiency of the supporting electrical sys-
tem into account, which may include active cooling solutions, rectifiers, and other

components required to operate the lasing device from an AC power source.

e Spectral linewidth: in the context of lasers for communication networks, linewidth
limits the data channel density and thereby overall transmission rates in wavelength
multiplexing as well as frequency and phase-shift keying [250]. For quantum commu-
nication schemes, it also limits the coherence length and thereby the distance over

which data can be transferred at high fidelity.
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e Output noise: the discrete nature of the optical transitions responsible for laser
emission results in a Poissonian noise component (shot noise) that can not be
avoided. However, other processes, such as cavity jitter, can further raise this noise
level [250]. Low noise figures are desirable for low power operation as well as long

haul networks with extended repeater spacings.

e Temperature stability: the insensitivity of key laser characteristics to a change
in temperature is crucial in maintaining signal strength and fidelity, and raises the

economic viability of a laser design by reducing the active cooling requirement.

e Physical size: many applications for lasers require arrays of lasers or devices that
fit within a small physical package. Lateral dimension of the laser can therefore be
a factor when matching laser and application. The monolithic integration of many
diode lasers allows for extremely tight packaging and is one of the drivers behind

their ubiquity.

This is a non-exhaustive list, and there are other characteristics that are relevant for mode-
locked devices especially, such as pulse width, pulse shape, and repetition rate.

For this work, we decided to focus on the temperature stability of the threshold current
and slope efficiency, as these were both parameters that should be less affected by the
limitations of PICS3D when trying to represent a mode-locked device. The numerical
predictions should therefore afford the necessary quantitative accuracy to provide mean-
ingful feedback for an more informed laser fabrication run. The goal is to develop a device
with the lowest possible threshold current and highest possible slope efficiency at elevated
temperatures, aiming to achieve the highest possible light output at a given bias current
without introducing excessive noise.

There were also two boundary conditions to the optimization process: the final device
would ideally operate at a repetition rate of approximately 11 GHz, which meant a cavity
length of 1500 pm (see Eq.3.71). Additionally, the device was to remain growable within
a single step, which meant that certain design changes were out of the question. This
was motivated by considerations for the potential economics of these devices, as the hope
is that these will become part of utility scale network projects were unit prices play a
significant role. Armed with the knowledge about the inner dynamics of the baseline de-
vice, as well as the design goal, in an addition to the understanding of the limits to the
optimization space, we therefore set out to examine potential pathways towards a higher

performing device.
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Design change Section Primary author Simulated Fabricated
Tunneling injection 6.2.1 C. E. Valdivia - -
Tunnel diode contacts 6.2.2 G. M. Hasan - -
Buried heterojunction 6.2.4 S. W. Schaefer - -

Heat spreaders 6.2.3 S. W. Schaefer - -
Number of quantum dash layers 6.2.5 S. W. Schaefer Yes Yes
Quantum dash layer spacing 6.2.6 S. W. Schaefer Yes Yes
SCH-ridge separation 6.2.7 S. W. Schaefer Yes -
Unipolar barrier layers 6.2.8 S. W. Schaefer Yes Yes

Table 6.1: Topics investigated during the literature review.

6.2 Design variations

Semiconductor lasers have been the subject of intense research for the better part of 7
decades, resulting in a wealth of knowledge about different laser designs in various mate-
rial systems. The first step in design optimization was therefore a survey of existing work,
and seeing if design changes that were successful in other material systems or slightly dif-
ferent laser designs could be applied to the device designed by researchers at the NRC. The
original literature review was conducted by Christopher E. Valdivia, Gazi M. Hasan, and
the author. The topics covered and the primary author for each topic within the original
review document is indicated in Tab. 6.1 to allow delineation between work done by the
author and others. Not all the potentially beneficial design changes could be investigated
given the finite resources and time frame of the project. The design changes that were
either modeled and/or fabricated are indicated in Tab. 6.1 and shown schematically in

Fig. 6.1. Due to the timeline of the project, the growths were separated into two design
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Figure 6.1: Overview over design changes that were investigated using numerical simula-
tion. Underlined designs were fabricated and tested.

and growth cycles, with knowledge gained from the first cycle of devices grown informing

potential designs for the second cycle. The first cycle was concerned with determining the
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6 Impact of structural design variations on device performance

optimal number of QDLs to match the design considerations. As outlined in 6.2.5, the
results indicated that four QDLs provided the best high temperature performance, so the
second cycle was based on devices featuring four QDLs.

The following sections will examine the literature for each design change, discuss results
from the model and experiment where available, and then conclude with a direct compar-

ison between the experimental results for the various designs grown in the second cycle.

6.2.1 Tunneling injection

This section is a summary of literature research done by Gazi M. Hasan which was edited
by C. E. Valdivia.

The many advantages of QD and QDash lasers over bulk and QW-based devices, such as
lower threshold current, increased temperature stability, broader gain and reduced disper-
sion, only partially manifested. For example, while characteristic temperatures are higher
for QD and QDash devices, they are significantly lower than the theoretical limit would
suggest [158]. This is due to a variety of reasons, with one of the greatest contributors
being the large relative size of the density of states in the vicinity of the dash due to
wetting layer and barrier states compared to the states within the QDs and QDashes.
These states siphon carriers from injection into the dots and dashes, limiting the degree
of population inversion achievable [251]. This limits the gain, with in addition to parasitic
recombination in the optically inactive barrier and wetting layers, leads to an increase in
threshold currents and higher characteristics temperatures [252].

A potential solution to avoid this accumulation in the vicinity of the QDL is the addition
of quantum well (QW) in close physical proximity to the QDL which facilitates transport
into the QD via tunneling between the QW and QD states [253]. The two-dimensional den-
sity of states is large enough to provide a reservoir of thermalized carriers, which reduces
the carrier leakage and thereby parasitic recombination from active region. Additional
advantages include linewidth enhancement factors, higher differential gain, and reduced
gain compression and chirp. Lastly, it also has been shown to increase the characteristic
temperature [254-256]. There are several successful demonstrations employing injection
QWs for InAs/InP QDs, predominantly using InGaAs wells tuned to the lowest electronic
state in the QD [257-260]. Holes generally thermalize faster, so adding an injection well
targeting confined hole states offers a smaller performance improvement [260,261]. How-
ever, there are studies that include both which indicate that even higher temperature
stabilities can be obtained this way [252,262]. In order to optimize the current transferred
between the injection well and the confined state, resonance between the two is ideal, even
though an energetic mismatch between the states can be accomodated if it is a multiple

of phonon energies in the layer structure. This enables carrier transfer via resonant and
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phonon-assisted tunneling, leading to overall higher injection efficiencies [259,263].

The effective introduction of tunneling injection wells requires close knowledge of the struc-
ture and available confined states within the QDs and QDashes. At the time of assessing
which design changes to consider, there was some doubt regarding the accuracy of the
dash states calculated via PICS3D. Furthermore, the addition of the injection wells would
have required extensive fabrication and characterization work to obtain structures with
sufficiently high quality to obtain a positive effect on the overall device behaviour. The
growth of the injection wells also alters the growth conditions for the QDL stack in the
active region. This could lead to a chirping of the layers, where QDashes grown in different
layers vary as a result of a globally changing strain or composition profile. Considering
these factors, we decided to forego an investigation of tunneling injection at this point,
and may revisit at a later date in the context of a more extensive study using a more

mature version of the model.

6.2.2 Tunnel diode contacts

In general, for equivalently doped material, p-type semiconductors will have higher re-
sistivity, and greater absorption and scattering coefficients, the latter due to intervalence
band absorption, than n-type material [29]. The uniformity of the carrier injection into
the active region is highly relevant to the maximum attainable gain, leading to better
performing devices [264,265]. Uniform injection requires lower resistivity, which requires
an increase in the dopant density for p-type material, which further reduces the optical
properties and introduces additional defect sites for parasitic recombination.

A potential solution that has been explored is switching the p-type cladding to n-type and
adding a tunneling junction above the active region that allows conversion of injected elec-
trons into holes within the active region. For InGaAsP lattice matched to InP a tunneling
junctions consisting of pt-AlAs/n*-InP have shown low resistivity and to be compara-
tively easy to fabricate [264,266].

While these junctions are highly relevant in vertical cavity surface emitting lasers (VC-
SELs), where the mode has a large overlap with the p-type cladding, the overlap in the
devices tested here is much smaller, as shown in Fig. 3.4a. The effort of developing a high
quality tunnel junction stands in stark contrast to the potential benefits of slightly reduced
resistive and absorption losses. We therefore decided to forego a thorough investigation of

this design change for the time being.
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6.2.3 Heat spreaders

A higher core temperature reduces the performance if through various mechanisms, which
we discussed in Ch. 3.4.5. The key points are related to the change in band structure, and
carrier density and distribution. The narrowing of band gaps reduces the effectiveness of
current blocking structure, such as the barrier layers discussed in 6.2.8. As more thermal
energy becomes available to carriers, the occupation of higher lying states increases. For
barriers, this means the effective barrier height, which may already be reduced due to
band gap narrowing, decreases further. In confined systems, such as QDs and QDashes,
the higher lying states will be closer to the barrier band edge, enabling carrier escape into
the barriers. The broadening of the carrier distribution also results in fewer carriers at
a given energy, reducing the gain while broadening the gain bandwidth. Depending on
the structure of the energy levels, this can also mean a dramatic change in the emission
wavelength as lasing occurs on a different set of states [267]. An increase in temperature
will also lead to additional minority carriers becoming available due to thermal promotion,
leading to increased parasitic recombination in the cladding. As the refractive index varies
with temperature as well, a high core temperature can reduce the optical mode confinement
by reducing the refractive index contrast between the core and cladding layers, in addition
to causing an overall shift of the longitudinal mode structure.

Most of the heat is generated near the peak of the mode due to optical absorption, and in
the active region due to resistive heating and recombination heat, as we discussed in 4.8.
For most devices, these two regions are identical. Removing heat from the active region is
an easy way to improve almost all laser performance parameters. There are multiple ways
to increase the amount of heat removed, all focused on decreasing the thermal resistance
between the active region and an external heat sink. One simple approach is reducing the
distance between heat sink and active region by mounting the device upside down, as to
avoid the high thermal resistance of the substrate [268,269]. The reduction in thermal
resistance can be significant, reducing it by a quarter for InGaAsP devices on InP wafers
and halving for GaAs and Si devices when combined with a heat spreading superstructure
[270,271]. Since the thermal resistivity of most semiconductors, especially when grown
as heterostructures, is rather low, the addition of a highly thermally conductive material
in the vicinity of the active region can cut down on the thermal resistance. Au and
diamond heat spreaders fashioned by enclosing the active region have shown to increase
the characteristic temperatures for VCSELs significantly [271,272]. A similar integration
for edge-emitting ridge waveguide lasers would be significantly more involved, akin to
burying the heterojunction.

For this reason and the lack of accurate thermal transport modeling in the current version
of the model, we decided to not investigate the addition of heat spreaders further. Once

the model is capable of more reliable quantitative prediction of the device temperature,
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the integration of heat spreaders will be re-examined. We will discuss this further in the

outlook.

6.2.4 Buried heterojunction

As outlined in 3.4.1, buried heterojunction waveguides offer several advantages over broad
area and ridge waveguides. The added material facilitates more efficient removal of heat,
increasing the heat removed from the active region by approximately one third, and in-
creases the mode confinement, leading to increased intensity near the active region and
thereby to higher gain [273-275]. This leads to improved temperature stability, and over-
all lower threshold currents and was shown to allow the operation of InAs/InP QD lasers
at up to 90°C [276-278]. The general approach to fabrication of buried heterojunctions
is the re-deposition of a semi-insulating variant of the cladding layer material unto an
exposed ridge waveguide. The ridge waveguide etch followed by a regrowth in addition to
the requirement for high quality current blocking layers renders buried heterojunctions to
be both more complex to fabricate and reduces the overall production yield [273,278,279].
These factors make buried heterojunction costlier to produce than ridge waveguides [275].
There are alternative approaches that can be grown in a single step, however these face
issues with current leakage that requires further expensive processing to resolve [280]. The
strong confinement due to the buried heterojunction can result in an asymmetrical far field
lateral mode shape, which, depending on the application, might require further packaging
optics to obtain a suitable mode shape [272].

Due to the constraint for the design optimization to not cause a significant increase in
the fabrication complexity of the devices, we opted to not investigate this approach fur-
ther. While it has clear benefits, these are not necessarily outweighed by the economic

drawbacks.

6.2.5 Number of quantum dash layers

One of the issues that arises as a result of quantum-confined gain sections in lasers is the
limited overlap between the optical mode and the gain region. Quantum wells (QWSs)
usually feature thicknesses of a few nanometers, while the extent of the mode is several
microns, as shown in Fig. 3.4. Quantum dots (QDs) and quantum dashes (QDashes) have
even less overlap, which can limit the absolute device gain despite high material gain. The
solution is adding additional layers, thereby increasing the total gain area.

However, as we recall from Eq. 3.53, lasing is dependent on the degree of population in-
version. The greater the number of states, the larger the injected carrier density has to be

to achieve sufficient inversion for lasing. This means higher threshold currents, resulting
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in greater recombination losses and reduced overall power efficiency [281]. Greater overlap
between the active region and the mode also results in a larger fraction of spontaneously
emitted photons coupling into the lasing modes, increasing the phase noise and cavity
jitter and broadening the spectral linewidth [117,282]. Determining the optimal number
of QDLs is therefore crucial to optimizing the device performance. This is therefore the
first parameter we decided to investigate.

The results of preliminary simulation and subsequent device fabrication are shown in Fig.
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Figure 6.2: a. LI characteristic and b. - e. LIV parameters for baseline design devices
with varying numbers of quantum dash layers (QDLs). Devices with four
or less QDLs did not lase consistently, so were not included in these plots.
The bars on the experimental data indicate the standard deviation for the
experimental parameters. Experimental data was collected by Ping Zhao.

6.2. Devices with 5 to 12 QDLs were simulated, and devices with 3, 5, 8, and 12 QDLs
were fabricated and characterized using the semi-automatic setup.

The simulated devices do not capture the physical reality in several important ways, espe-
cially for higher QDL numbers. The series resistance R and diode voltage V; both increase
with layer number, while they only show a small change in the fabricated devices. This
indicates that the simulation of transport across the QDL stack within the model requires
further calibration. The approach in this work was to scale the hot carrier currents to
achieve reasonable resistances for five layer devices. Comparison with experimental re-
sults for higher layer numbers clearly show that these currents are either not sufficiently
enhanced yet, or there is another strong mechanism transporting carriers across the QDL
stack. It is possible that higher lying dash states near the barrier edge play an important

role, even though simulations that included states lying near the barrier for this purpose
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showed no significant difference in resistance. It is also worth noting that the band struc-
ture in PICS3D uses abrupt junctions at each interface, as the scaling approach used
elsewhere in the device was not possible due to the limited layer thicknesses. While this
did not necessarily result in the formation of depletion layers, the band discontinuity at
the interfaces is potentially too great and requires a slight decrease.
For the threshold current I;; , the simulation results agree qualitatively, while quanti-
tatively they predict a threshold current that is off by a factor of two. The obvious
implication is that the magnitude of the density of states is too large, or recombination
mechanism coefficients require rescaling, as discussed in 4.5.6. As indicated previously, an
update to the gain and Auger models is one of the next steps for this work to narrow the
gap between experiment and numerical prediction, improving the accuracy.
Lastly, when comparing differential efficiency ng between fabricated and simulated devices,
a trend opposite to what was observed for I;;, appears: while the simulation predictions
are quantitatively not far from the experimental data, qualitative agreement is poor. The
model predicts an improvement in slope efficiency as layers get added, while the opposite is
true experimentally. This contrast in results can have a variety of root causes: if transport
across the QDL stack is highly inefficient, parasitic absorption from QDLs with incomplete
inversion would put a limit on the number of QDLs that is desirable. Additionally, gain
suppression and broadening as a result of pulsed operation are mechanisms that are not
captured by the model, but are potentially significant mechanisms that reduce the gain
and can help to explain the gap between prediction and observation. Implementation of
a more sophisticated gain model and occupation functions, combined with shifting to a
time-domain model should help address these issues.
Overall, the insight gained for device design is that more layers result in a higher threshold
current as well as reduced slope efficiency due to the additional absorption from unoccu-
pied states. It is therefore prudent to use the smallest possible number of QDLs that
fulfill the lasing condition for the given cavity when examining I, and ng alone. How-
ever, there is an additional consideration to be made: as further QDLs are added, the
temperature-dependence of the device is expected to decrease, reflected in higher char-
acteristic temperatures. The suspected cause is a decrease in the electron escape from
the active region. The small energetic difference between confined dash states and the
barrier in the conduction band, as shown in Fig. 5.6¢c., result in electron escape acting
as a significant loss mechanism for these devices [283]. If the occupation of each dash is
lowered, the occupation of higher lying states is less likely.

Fig. 6.3a. and b. therefore show the characteristic temperatures Ty and 73 for the
threshold current and slope efficiency as a function of QDL number. The stability of the
threshold current peaks around 8 layers, while the slope efficiency is most stable for the

three layer device. The highest power output should therefore be achieved by a device
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Figure 6.3: a. Ty and b. 17 for a 1500 nm cavity, as well as c. internal efficiency 7;n:
and d. modal loss o041 as a function of quantum dash layer number Ngprp,.
The devices were measured at temperatures between 293 to 323 K and cavities
ranging from 500 to 2000 pm were used to extract the internal efficiency and
modal loss. Experimental data was collected by Ping Zhao.

with a number of layers between these two. Linear extrapolation indicates that four QDLs
is the most sensible trade-off. The second stage of design changes was therefore based on

a four layer device.

6.2.6 Quantum dash layer spacing

While there is a plethora of work assessing the impact of barrier widths when adding
tunnelling injection wells, there is no clear investigation into the effect the spacing has
beyond the impact on QDash morphology due to strain [84,284]. There appear to be
different philosophies regarding optimal layer separation, with some designs favouring
barriers thicker than the baseline design explored in this work. In the InAlGaAs system,
Schwertberger et al. grow 25 nm barriers [237,285], while even thicker 30 to 40 nm barriers
are used in InGaAsP devices [286,287]. We therefore decided to investigate the impact the
spacing has on the performance of our lasing device. The simulated and experimental re-
sults are shown in Fig. 6.4. They values are normalized by the four quantum dash baseline
value for dgpr, = 11 nm. Over 30 devices were sampled for each value of dgpr,, with the
values presented in Fig. 6.4 manual measurements from two representative devices with

average performance. As we will discuss in 6.3.2, most devices exhibit lasing on multiple
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lateral modes beyond a certain bias point. The fitting underlying the plot was done in the
regime between threshold current and the onset of lateral multimode lasing. The devices
sampled for this section are the baseline, design 1, and . This change is depicted
in Fig. 6.1b.

The simulation predicted a significant improvement of properties as the distance be-
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Figure 6.4: Normalized LIV parameters a. diode voltage, b. series resistance, c. threshold
current, d. slope efficiency, as well as characteristic temperatures e. Ty and f.
Ty for a 1500 pm device from growth cycle 2. The numbers are normalized by
the baseline value for the second growth cycle. Absolute experimental values
are presented in 6.3. The data is for cw measurements.

tween adjacent QDLs increases, most notably a significant decrease in threshold current
coupled with an increase in slope efficiency, especially at elevated temperatures. This
should lead to an overall improvement of Ty and 77 . Comparing against experimental
results, the improvement in threshold current only appears for the thicker barrier, while it
actually increases for 25 nm QDL spacing, contrary to the simulated prediction. The slope
efficiency does not see the predicted doubling, and there is further research in assessing
why this prediction was made by the model. The efficiency remains mostly unchanged,
with a small decrease for the middle layer spacing. The severe overestimation of the im-
provement could be due to the lack of core heating in the model. As carriers attain higher
thermal energies, the leakage suppressing effect of the thicker barriers becomes increasingly
irrelevant. The absence of the necessary hot carriers to drive this degradation mechanisms
in the model lead it to vastly overestimate the improvement that can be garnered from

separating the layers further.
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In terms of temperature stability, a decrease of Tp with dgpy, indicates that increased layer
spacing deteriorates the threshold current slightly. However, since Iy, is smaller for the
larger QDL spacing, the end result is a performance increase at elevated temperatures.
This is also partially due to the increase of T} with QDL period, improving by roughly 10%
compared to the baseline design for the thickest barrier. The trends match the simulated
predictions, albeit the predicted changes are more severe for both Ty and 77 . The dis-
crepancy is most likely a result of incorrect band offsets at the unipolar barrier interfaces,
resulting in more efficient carrier escape prevention numerically than is observed in the
physical device.

The end result is of increasing the QDL period is higher emission at elevated temperatures,
which means making this relatively easy design change is a worthwhile exercise to reduce
high temperature threshold currents by about 5% with no significant performance penalty

in any other regard.

6.2.7 Separate confinement heterostructure-ridge separation
Mode 1 b. Mode 2 C. Mode 3 d.
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Figure 6.5: Mode shape and relative power distribution between a. - d. the first four
lateral modes for e. - h. hgpgeer = 100 nm and i. - 1. hgpgeer = 250 nm.

As we discussed in the section on tunnel diode contacts (6.2.2), the overlap of the optical
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mode with the p-cladding is generally detrimental to device performance due to higher
optical scattering coefficients. As discussed previously, this is predominantly due to in-
tervalence band absorption and the surface roughness of the ridge sides as a result of the
etch process. Reducing the overlap between the optical mode and the ridge can therefore
be beneficial. Increasing the distance between the separate confinement heterostructure
(SCH), which defines the vertical mode centre, and the ridge is the simplest way to reduce
the overlap.

However, increasing this distance has two drawbacks: the fraction of injected carriers lost
to lateral current spreading will also increase, leading to additional parasitic recombina-
tion outside of the mode volume. More importantly, since the refractive index profile of
the ridge also acts as the horizontal wave guide, reducing the overlap reduces its efficacy.
If the overlap is reduced too far, this can lead to higher order lateral modes achieving suf-
ficient gain to start lasing as the device becomes effectively gain guided. This is generally
undesirable, as most applications require a single optical mode as close to TE;g in shape
(Fig. 6.5a.) as possible.

Incidentally, if the SCH is moved too close to the bottom of the ridge, lasing on multi-
ple lateral modes can occur as well. Due to the aforementioned increase in losses as the
overlap between optical mode and ridge increases, a large overlap can increase the gain
threshold of the fundamental mode to the point where it matches the threshold of other
modes. Determining the correct separation between the bottom of the ridge and SCH is
therefore essential to achieve the highest possible performance.

Fig. 6.5 shows the predicted lateral optical modes and relative distribution of optical
power between those modes for devices simulated with two different separation distances
between the ridge bottom and SCH. The model includes up to 5 simultaneously active
lateral modes, of which we show the first four. The value for hgpgcer in the baseline design
is 160 nm, and the figure depicts the expected relative contribution from each mode. We
can see that thinning the spacer by 60 nm to 100 nm still results in the fundamental mode
dominating the emission spectrum, with negligible contributions from other modes. Only
at higher device temperatures a contribution from the other modes can be observed, and
even then the emission is still predominantly into the first mode.

The picture is different when the SCH is moved further away from the bottom of the ridge.
Here the contribution from other modes starts to play a major role at much lower tem-
peratures, culminating in a completely even distribution of energy between the different
lateral modes modes at 70°C. The large separation results in a loss of horizontal mode
guiding, and as lateral current leakage increases the higher order modes see sufficient gain
to also start lasing.

Based on further discussion with the researchers at the NRC, work done in the context

of other projects on similar laser designs has shown that the model predictions for the
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thinning of the spacer layer are inaccurate. Results presented in 6.3.2 confirm this pic-
ture: due to an issue during the growth process, all devices have a spacer thickness of
approximately 140 nm, 20 nm thinner than targeted. And as we will explore, this has a
profound effect on the lasing behaviour above a certain threshold. A secondary, slightly
tilted lateral mode appears for almost all devices, disrupting the mode-locking mechanism.
The model does not predict this mode.

What it does predict, however, is a decrease of all lasing parameters. Threshold current
and slope efficiency for the thinner spacer are higher and lower than baseline, by roughly
4% and 8 %. Combined with the uncertainty regarding the accuracy of simulated lateral
mode shapes, we decided to forego exploring this design variation further without addi-

tional work on the model, especially with respect to gain and lateral current transport.

6.2.8 Unipolar barrier layers

Stimulated recombination within the active region is the only contribution to laser output
power within the device. Every other form of recombination represents a loss mechanism
that decreases the device performance. Guiding injected carriers into regions of the device
where it contributes to stimulated emission and preventing it from leaking elsewhere is a
governing design principle within laser design. It is one of the factors driving the higher
performance of ridge waveguide lasers over gain-guided devices, as the ridge acts as a
guide for both the optical mode and the carriers injected from the top. This reduces the
lateral leakage into regions that have little to no overlap with the optical mode. The sep-
arate confinement heterostructure (SCH) fulfills a similar role, preventing carrier leakage
across the active region into the cladding region of opposite polarity. The effectiveness
of the SCH in achieving this change is linked to the height of the barrier for holes at the
n-cladding/SCH and electrons at the SCH /p-cladding interfaces.

The height of this barrier is primarily related to the semiconductor compositions and
relative dopant concentrations, which are subject to external design considerations such
as resistivity and band gap. If the barriers are too small to inhibit carrier leakage, a
layer can be interposed at the interface with more suitable barriers. This is a common
strategy in organic semiconductors, which often integrate both electron and hole blocking
layers to prevent carriers from escaping [288,289]. For semiconductor devices, the selective
carrier blocking layers have seen application in infrared detectors, where a reduction in
dark current and collection efficiency are seen after blocking layer introduction [290]. The
short radiative lifetimes in semiconductors combined with the efficient current blocking
in heterostructures reduce the impact of carrier leakage to overall loss compared to or-
ganic semiconductors [291]. Since adding further layers adds fabrication complexity and

generally results in a penalty to majority carrier transport and additional parasitic recom-
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bination. This is a worthwhile trade-off in material systems with longer radiative lifetimes,
such as InGaN/GaN diodes, but generally unfavourable for InGaAsP/InP [292]. While
unfavourable for ridge waveguide devices, current blocking structures are an essential part
of buried heterojunction lasers. For these devices, parasitic currents through the cladding
are a significant contribution to overall loss, which can be mitigated using blocking struc-
tures [279,293].

In order to determine whether or not unipolar barriers are a worthwhile design change
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Figure 6.6: Band offsets for undoped InAlAs with a. - b. 1.15QInP and ¢. - d. InP
for the conduction and valence band. All semiconductors are assumed to be
undoped.

to investigate, we conducted simulations adding carrier blocking layers to the device at
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both the top and the bottom of the SCH. This is depicted in Fig. 6.1d. We experimented
with different compositions, selecting InAlAs as a blocking material. It had been grown
successfully at high quality on InP-lattice matched InGaAsP by our collaborators at the
NRC. It has sufficiently large band offsets with both cladding and SCH materials as shown
in Fig. 6.6 to act as an effective carrier blocking structure and can be doped to select for
either carrier type by altering the band alignment. The layer was integrated by replac-
ing sub-ridge p-cladding with InAlAs, maintaining a total thickness of Agpgcer of 160 nm.
Preliminary simulations indicated that blocking structures at the bottom of the SCH had
an overall negative impact on performance, while adding them at the SCH/p-cladding
interface resulted in a meaningful improvement of overall performance. The devices were
grown accordingly, and the experimental results for the 1500 pm devices are shown in Fig.
6.7. Here we compare three different designs: the baseline design for the second growth
cycle, which does not include an InAlAs barrier, and design 3 and design 4, which include
a 30 nm and 100 nm InAlAs barrier at the SCH/p-cladding interface. All other parameters
remain unchanged.

The addition of the additional barrier material results in a small decrease in the diode
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Figure 6.7: Normalized LIV parameters a. diode voltage, b. series resistance, c. threshold
current, d. slope efficiency, as well as characteristic temperatures e. Ty and f.
Ty for a 1500 pm device from growth cycle 2. The numbers are normalized by
the baseline value for the second growth cycle. Absolute experimental values
are presented in 6.3. The data is for cw measurements.

voltage at higher temperatures. The resistance decreases for the thinner barrier and then
rises by approximately 50% at 70°C for the hypnipoiartop = 100 nm device compared to the

baseline. This should be reflected in an overall increase in power draw from the device at
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a given current. This is counteracted by a noticeable reduction in threshold current. The
improvement due to the addition of the blocking layer is larger at lower temperatures.
This is reflected in a slight drop in Tj , indicating that the blocking efficiency for electrons
decreases with temperature. This is due to reduced barrier offsets and higher energy elec-
trons observing thinner tunnelling barriers with temperature.

Interestingly, the trend for both threshold current and slope efficiency is not monotone for
increasing hynipolar,top- For the thinner barrier, the resistance actually decreases compared
to the barrier-less baseline design. This points towards an enhancement of current flow
across the SCH/p-cladding interface, leading to better hole injection but also enhancing
electron leakage reflected in higher threshold currents and lower slope efficiencies. The
exact nature of this enhancement is unclear, and the subject of future research into the
mechanism that drives this behaviour.

When we compare the predictions made by the simulation with the final device results,
there is agreement in some parts and discrepancy in others. The prediction of the thresh-
old current improvement is overestimated by the simulation, but the trend towards lower
improvement with elevated temperature holds. For most other parameters, the predic-
tions are quite far from the experimental reference. The predicted trend for resistance
as a function of hypipolartop is inverted compared to the experimental results. For the
diode voltage, the temperature dependent trend for hynipotar,top = 100 nm is also inverted
compared to the experimental observation. This culminates in a large underestimation
of the threshold current temperature dependence coupled with a large overestimation of
the slope efficiency stability. These results point towards a likely issue with the transport
modelled at the unipolar barrier being vastly different from the physical reality. This is a

starting point for future work on further improving the model.

6.3 Comparison of experimental results for second growth cycle

Identifier Design QDL period Unipolar barrier thickness

dQDL [nm] hum’polar,top [nm]
B Baseline 11 -
1 Design 1 25 -
2 50 -
3 Design 3 11 30
4 Design 4 11 100
5 25 100
6 50 100

Table 6.2: Designs chosen for fabrication in the second growth cycle.

After examining the results of the different design variations in isolation, we will now
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examine them in direct comparison to see if any further trends emerge. Of the proposed
designs for the second growth cycle, six were chosen for fabrication, with designs selected
to allow for evaluation of three different aspects important to future laser designs: first, the
role of quantum dash layer separation (baseline with design 1 and 2), discussed in 6.2.6,
second, the impact of increased carrier confinement on overall device behaviour (baseline
with design 3 and 4) in 6.2.8, and third, the interplay between both design changes (design
4, 5, and 6). The selected designs and their designations can be found in Tab. 6.2. They
can be separated into three runs, each targeting a different device parameter. Here we will
now present an overarching comparison between the experimental results for the different
designs and compare them relative to one another. Note that the baseline for the second
cycle differs from the baseline design discussed in 5 by having one quantum dash layers

less.
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Figure 6.8: Experimental single facet laser power as a function of cw bias current density
Jpias for the different designs at increasing temperature. Column indices in-
dicate the six different design alterations, while rows are related to the four
cavity lengths (a.-f. 750 pm, g.-1. 1000 pm, m.-r. 1500 pm, and s.-x. 2000
nm) fabricated and tested. The dashed line indicates the reference baseline

design.
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6.3.1 Experimental LIV curves

Fig. 6.8 shows the resultant single facet laser power curves as a function of bias current
density for all six design alterations at the four cavity lengths examined in this work, with
the batch 2 baseline for each cavity length and temperature as a dashed line. A minimum
of two devices were measured at each cavity length, chosen based on preliminary semi-
automated but less accurate measurement of the entire bar. This allowed selecting the
devices with the most average characteristics to represent each design. All devices were
measured consecutively at seven temperatures, ranging from 20°C to 80°C, with a two
minute hold time prior to measurement at each temperature. The temperature refers to
the temperature of the heated stage, rather than the internal temperature of the device,
which expected to be higher by 40 - 60 K [155]. All devices were measured with both
pulsed (3 ws pulse width, 1% duty cycle) and continuous (cw) bias. Unless stated explic-
itly, bias in this section will refer to cw bias. The maximum bias current was increased
linearly from 400 to 700 mA as cavity lengths increased. The resulting reduced maximum
current density for larger cavity lengths was chosen to avoid damage at the uncoated facets

as a result of their higher optical power density.

6.3.2 Lateral multi-mode lasing

The first thing to note is the discontinuities that all device designs experience, especially
at longer cavity lengths. This is most likely a result of insufficient distance between the
separate confinement heterostructure (SCH) and the bottom of the ridge. As discussed in
Ch. 6.2.7, this has two main effects: higher current densities below the ridge as current
spreading is reduced and increased optical losses for even symmetry modes. Modes with
even symmetry, such as TEqq, are centred below the ridge and therefore show larger over-
lap with the sides of the ridge. The first higher order lateral mode has odd symmetry, and
is therefore less affected by these losses due to its central position being further away from
the ridge. A more thorough explanation of the lateral mode structure can be found in Ch.
6.2.7. In addition, the reduced current spreading leads to higher carrier densities in the
active region, which can further exacerbate this problem. As the available gain increases,
mode-selective mechanisms such as spatial hole burning can be overwhelmed, allowing for
similar gain conditions for more than one lasing state. These two effects combined lead to
metastable behaviour, where multiple stable lasing states are accessible with only minimal
perturbation. A comparatively small change in bias seems to be sufficient to move the
system from one metastable state to another. The different lasing states can have differ-
ent efficiencies and losses, which seems to be the case in the case of the batch 2 lasing

devices. As the laser moves from one lasing regime to the next, it appears to oscillate
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between different lasing states. The difference in efficiencies leads to sharp changes in the
LI characteristic, which we observe as the discontinuous jumps in power. These jumps are
more prevalent for longer cavities at higher biases, and are reproducible between separate
measurements and devices. For example, Fig. 6.9 shows the cw-LI characteristic and its
second derivative for the baseline design at 20°C before and after the temperature sweep.
Since the first derivative is the instantaneous slope efficiency, its second derivative can be
useful in identifying abrupt changes of slope efficiencies, indicative of a switch in the lasing
state. The two curves and their curves coincide significantly, showing discontinuities at
very similar bias values. This indicates that the source of the bias switching is based on
competing internal states of the laser rather than spurious external noise. The curves for
two separate devices, D1 and D2, also show a high degree of similarity. The bias condi-
tions at which a switch occurs do vary slightly for the different devices of the same cavity
length, but are generally in close proximity to one another. It is therefore unlikely that
the metastable lasing is the result of localized fabrication inhomogeneities and rather the
product of the overall design.

While Fig. 6.9 shows the behaviour for the baseline design at 20°C, how do the other
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Figure 6.9: Experimental single facet laser power as a function of cw bias current Ip;,
for the baseline design at 20°C. The right axes shows the second derivative of
the laser power to aid with the identification of lasing state switching. The
measurements were conducted before and after the temperature sweep. L1 and
L2 refer to the measurement taken from two separate devices on the same bar.
For cavity lengths of a. 750 pm, b. 1000 pm, c. 1500 pm, and d. 2000 pm.

design changes affect the stability of the lasing state? For this purpose, the normalized
second derivative for the devices in Fig. 6.8 is plotted in Fig. 6.10. The first peak is re-
lated to the lasing turn-on at the threshold current density. Similarly for 750 pum cavities,
which experience roll-off severe enough to completely subdue lasing emission, the final
peak at elevated temperatures (>50°C) is the lasing turn-off. All other peaks are related

to rapid changes in the lasing state which are accompanied by discontinuities in the slope
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efficiency, or noise in the measurement setup. To reduce the impact of the latter, all data
was subjected to a 10 mA wide boxcar filter. The boxcar width of 10 mA represents 6
data points.

The expectation for a device operating in a stable lasing state would be a single peak
at turn-on and an optional second peak at very high current densities for turn-off for
sufficiently short cavities. Looking at all the devices tested in Fig. 6.10, the behaviour
for devices seems to relatively uniform across the bars cleaved at different cavity lengths.
Examples of this are the baseline and design 4 devices with 750 pm cavity lengths (Fig.
6.10a. and e.). These devices also seem more impervious to relative device position: de-
vices closer to the edge of the bar, where factors such as strain and facet damage from the
cleaving process are more pronounced, can have significantly reduced device performance.
This can be seen most strongly for the short cavity devices with designs 1, 2, and 3 (Fig.
6.10b., c., and d.). The second derivative is dominated by noise towards the upper edge
as the devices fail to maintain even a metastable lasing state.

If we compare the overall lasing behaviour uniformity, we observe that most bars show
relatively similar onsets of lasing across all their devices, and, when present, similar bias
values at which an additional lasing state starts to interfere, e.g. Fig. 6.100. For these
1500 pm long cavities of the baseline design, there seems to be an interfering lasing state
that experiences sufficient gain at around 10 kA /cm?, which is very similar for all devices
in the bar. However, there is a secondary transition that occurs near 14 to 18 kA /cm?,
which varies slightly in onset bias current density for the different devices. We can there-
fore conclude that gain for the secondary, competing lasing state is significantly affected
by the small device to device fabrication inhomogeneities for devices on the same bar.
This is also exemplified by bars such as the 1000 pm cavities for baseline and design 4
(Fig. 6.10h. and l.): the devices near the centre of the bar behave much differently to the
ones in closer proximity to the edges. For the baseline design, this results in very stable
lasing for central devices and a significant amount of instability near the edges. For design
4, the effect is the opposite, with devices near the centre showing instability at lower bias
current densities and the outer devices remaining stable until nearly double the bias is
reached. This further emphasizes the fickle balance between the two lasing state, and the
relative ease with which the interfering state or states are suppressed.

Observing larger trends across all devices and designs, we see that longer cavities worsen
the instability, an expected result of the lower relative gain threshold of other lasing states
given the higher absolute gain in longer cavities. Additionally, at room temperature,
most design changes seem to favour the perturbing state over the initial lasing state. The
baseline (leftmost column in Fig. 6.10) generally represents the least perturbed LI-curve.
Design 4 performs similarly for the 750 pm cavities, but then shows marginally greater

instability as cavity lengths increase, especially at very high current densities. There are
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no clear trends with QDL spacing or unipolar barrier thickness, apart from small changes
in the onset of the instability. The impact of temperature on the lasing instability can
be examined using the temperature-dependent second derivative curves in Fig. 6.11. We
can see that temperature seems to suppress the instability, starting as early as 30°C and
upwards in the case of the baseline design cleaved to 750 pm cavity length (Fig. 6.11a.).
There is a disturbance in the lasing state at lower temperatures, indicated by the peak
near 18 kA /cm?, which then disappears as device temperature decreases. This indicates
that there is a minimum gain condition that enables the second state to become viable
which is easily suppressed, as even the small increase in device temperature by 10 K
entirely prohibits the cavity shifting into the alternate lasing state. If we compare the
performance of the 750 pm baseline design with the other designs, we notice that most
other designs seem to decrease the stability of the initial lasing state. Only design 4,
which adds a 100 nm thick InAlAs barrier at the top of the SCH to the baseline design,
appears to improve the stability. Design 4 also has the lowest threshold current density
and highest slope efficiency of all devices, which we will discuss in more detail in the next
section. The addition of only 30 nm of InAlAs in design 3 seems to move the onset of the
metastability to lower current densities and stabilize it there, as it can be observed at up
to 40°C. There seems to be a highly non-linear change in behaviour between the thinner
and thicker barrier layer. This may be due to mode pulling as a result of the refractive
index change.
Increasing the QDL layer period seems to increase the instability. Designs 1 and 2, with
QDL periods of 25 and 50 nm, respectively, show instabilities at up to 50°C, much higher
than the baseline design with its 11 nm QDL period. It is noteworthy that the behaviour
for design 2 was very different between the two devices tested, with one device exhibiting
no instability whatsoever. This is also apparent in the first derivative plots in Fig. 8.4.
However, using the LIV data from the semi-automatic setup, where each device on the
laser bar was tested at room temperature (see Fig. 6.10), extending the QDL spacing
seems to increase the instability. In this setup, devices are contacted automatically and
measured using a wide-area sensor, therefore the light collection efficiency of the setup
changes with the device position on the bar. This and the larger distance between device
and sensor leads result from this setup to generally underestimate the device efficiency,
while they should be qualitatively very similar to the manual measurement. The small
difference in contacting the devices between the manual and the automatic setup, with
contact points chosen to coincide for both setups, seems to be sufficient to avoid meaning-
ful state instability.

It is difficult to distinguish between a shift in lateral and longitudinal mode structure
laying at the root of the meta-stability from a lasing state’s power output alone. We

therefore conducted two measurements: one was observing the mode-locked signal using
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the setup described in 4.2.4 and a measurement of the far-field mode shape. The latter
measurement was conducted by Mohamed Rahim. It shows that there is a second lateral
mode that sets in and competes with the fundamental mode, resulting in the discontinu-
ities in the LI shape. The higher order mode is however not the mode the model predicts,
shown in Fig. 5.2b. Instead, it has a similar shape to the fundamental mode, but with its
wavevector slightly tilted with respect to the cavity axis along x.

The instability has a distinct signature in the spectral output of the laser as well, as can
be seen in Fig. 6.12a. For a 1500 pm long cavity, applied biases below 300 mA result in a
single stable lasing mode. As bias is increased further, the second lasing state is reached,
with two stable co-existing modes. Its spectroscopic signature can first be spotted around
325 mA, with several short wavelength longitudinal modes starting to show emission in-
tensities that are within an order of magnitude of the longitudinal modes belonging to
the fundamental lateral mode. As bias is increased further, these shorter modes increase
in intensity until they are within a few dBm of the original modes, eventually forming
a distinct lobe in the gain at around 360 mA bias. This lobe trends towards shorter
wavelengths as bias increases, decreasing in relative intensity as it becomes energetically
further separated from the initial lobe. The result is a distinct Y-shape.

The mechanism driving the continued red-shift is unclear, but combined with the asym-
metric far-field mode shape observed, there appears to be some fundamental asymmetry
to the cavity. The origin of this asymmetry is the subject of current research, as it has

potential for multiple combs coexisting within the same cavity.
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Figure 6.10: Normalized and offset second derivative of single facet laser power as a func-
tion of cw bias current density Jp;qs for the different designs at room tem-
perature, measured using the semi-automatic bar testing setup. The power
data has been averaged prior to gradient calculation using a 10 mA wide ker-
nel. Column indices indicate the baseline and six different design alterations,
while rows correspond to the four cavity lengths (a.-g. 750 pm, h.-n. 1000
pm, o.-u. 1500 pm, and v.-€. 2000 pm) fabricated and tested.
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Figure 6.11: Normalized and offset second derivative of manually measured single facet
laser power as a function of cw bias current density Jp;qs for the different
designs at increasing temperature. Dashed lines are the results from the
second device on the same bar. The power data has been averaged prior to
gradient calculation using a 10 mA wide kernel. Column indices indicate the
baseline and six different design alterations, while rows correspond to the four
cavity lengths (a.-g. 750 pm, h.-n. 1000 pm, o.-u. 1500 pm, and v.-&. 2000
nm) fabricated and tested.
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6.3.3 Comparison of LIV parameters

The lasing instability caused by the appearance of the second mode, a result of the acci-
dental thinning of hAgpecer for the second growth cycle, only affects devices above a 100 to
200 mA. Using a fitting window for fitting the LI and IV characteristics below the onset of
lateral multimode lasing, we can therefore extract parameter values that should reflect the
performance of a device without the thinned spacer. Note that each value is based on a
minimum of two separate devices. The devices were selected using a preliminary testing of
a full laser bar containing 30 devices, from which two representative device were selected
and remeasured using the manual measurement setup. The temperature dependent mea-
surements were conducted successively, with a two minute hold time to allow the device
to settle into the new temperature. While no error bars are provided, given the relatively
small sample size, Fig. 8.3 in the appendix provides an overview of the spread of values
observed for different devices for the same design.

Fig. 6.13 shows the trends for the diode voltage for all the designs studied in the second
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Figure 6.13: V; extracted from experimental data for the six chosen design changes and the
baseline comparison as a function of temperature for the four cavity lengths
manufactured, a. 750, b. 1000, c. 1500 and d. 2000 pmAbsolute values in
a. - d., with normalized values in e. - h..

growth cycle, both for pulsed and cw bias. We observe a general decrease in diode voltage,
most notable for devices with increased QDL spacing. Overall the diode voltage for the
shortest devices with the highest overall carrier densities is affected the most, while the
changes for the longer cavities are smaller. A curious trend is the decrease in diode voltage

for design 4, which is more significant for the 750 and 1500 pm devices than for 1000 and
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2000 pm ones. However, absolute changes are below 100 meV at 20°C and below 150 meV
at 80°C, so overall small compared to the changes we observe for the resistance.

For the resistance, the differences are more dramatic. Almost all design variants tested
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Figure 6.14: R extracted from experimental data for the six chosen design changes and the
baseline comparison as a function of temperature for the four cavity lengths
manufactured, a. 750, b. 1000, c. 1500 and d. 2000 pmAbsolute values in
a. - d., with normalized values in e. - h..

result in an increase of device resistance, with the changes generally being more dra-
matic towards higher temperatures. Only design 1 and 3 show resistivities similar to the
baseline. This is curious, as design 3 introduces a 30 nm InAlAs barrier layer at the
SCH /p-cladding interface, which is expected to inhibit hole injection into the separate
confinement heterostructure. No significant reduction of the hole transport is observed.
A greater resistivity is observed for designs 4-6, which all feature much thicker 100 nm
barrier layers. , which has no such layer but features an increased QDL spacing of
50 nm shows an equivalently large change in the resistance. The increase for these designs
is more pronounced for cw than pulsed bias, higher temperatures, and shorter cavities,
pointing to a heating related effect that is more relevant for these designs. Whatever
the mechanism, the outcome is a significant resistance penalty for these design, with a
doubling of the resistance for 750 pm devices and a 50% increase around the target device
length of 1500 pm. Since this will reduce the absolute power efficiency, identifying the
cause of this resistance increase is a worthwhile goal for future research.

Fig. 6.15 shows a comparison between the threshold currents for the different designs,
and we see some encouraging trends. While design 1 and 3 cause an increase in the thresh-

old current, especially as devices get longer, all other designs improve upon the baseline
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Figure 6.15: I;;, extracted from experimental data for the six chosen design changes and
the baseline comparison as a function of temperature for the four cavity
lengths manufactured, a. 750, b. 1000, c. 1500 and d. 2000 pmAbsolute
values in a. - d., with normalized values in e. - h..

design. The largest improvement is seen for the 100 nm InAlAs devices from design 4,
which show a 10 to 15 % reduction in threshold depending on cavity length and tem-
perature. The reduction is greater at lower temperatures, but still amounts to roughly
10% at 80°C. What is interesting to observe is that while both and design 4
cause a reduction of the threshold current, their combination in , which combines
the 50 nm QDL period with a 100 nm thick InAlAs blocking layer, performs worse than
the 100 nm InAlAs device with the baseline QDL period of 11 nm. If they were both
addressing the same issue and thereby improve the device performance through the same
mechanism, the expectation would be coincidence of design 4 and ©. The fact that
performs worse indicates that the two improvement mechanisms are counteracting one
another. The ordering of design 4, 5 and ¢ strengthen this line of reasoning further: the
threshold current for 6 is greater than the current for 5, which is greater than the current
for 4. All three feature the barrier layer, but have increasing QDL periods of 11, 25, and
50 nm. So as the period increases, the benefit gleaned from the addition of the unipo-
lar barrier decreases. This behaviour is more pronounced for longer cavities, where the
overlap between the optical mode and the active region plays a larger role in the overall
device behaviour. Examination of the simulation results for these devices did not reveal
an obvious culprit for this behaviour, but further simulation with an updated model may
provide the necessary insight to determine what is driving this curious behaviour.

In terms of slope efficiency, shown in Fig. 6.16, almost all designs perform worse than
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6 Impact of structural design variations on device performance
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Figure 6.16: ng extracted from experimental data for the six chosen design changes and the
baseline comparison as a function of temperature for the four cavity lengths
manufactured, a. 750, b. 1000, c¢. 1500 and d. 2000 pmAbsolute values in
a. - d., with normalized values in e. - h..

the baseline design, even though the changes are comparatively small apart from design
3 and 0. We would like to note that we see a similar pattern as we did for the threshold
current in terms of the performance of design 4 and ” being greater than their combination
in . The same trends discussed previously hold here as well, with performance
increasing from , to 5 to 4. For the threshold current, this behaviour was more
pronounced for the longer cavities at higher temperatures, which holds true within the
slope efficiency as well.

The outlying behaviour of the 1000 pm cavity is notable, as it is the only cavity length for
which any design change exhibits an improved efficiency. Design 4 is the best performing
design variation here as well, offering a 12% efficiency increase over the baseline design.
This could be the result of a crossover point between two different loss mechanisms, one
increasing with carrier density and another with cavity length. The lack of instability
for both 750 and 1000 pm cavities as seen in Fig. 6.8e. and 1. indicate that this is not
the result of a fitting issue, as both maintain lasing in the fundamental mode for nearly
the entire bias range probed. Simulation with the most recent version of the model and
further analysis of the experimental results is required to determine what the origin of this

bump in efficiency could be.
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Figure 6.17: Absolute characteristic temperatures a. Ty and b. T; , and relative to the
baseline (c. and d.).

6.3.4 Characteristic temperatures

Fig. 6.17 shows the characteristic temperatures for the different designs. The bars are
based on the diagonal of the covariance matrix of the linear regression to the LIV param-
eters and indicate confidence intervals for each characteristic temperature.

For Ty , we observe a general decrease in the temperature stability, except for design 3
which sees a small bump for short cavities. However, this mostly illustrates the short-
comings of Ty as a metric, as it artificially inflates the temperature stability of devices
with large threshold currents. The discussion will mostly focus on values for continuous
bias measurements, as these translate into final device operation most easily. Almost all
designs exhibit the highest relative characteristic temperature of their threshold current
compared to baseline between 1000 and 1500 pm, with both shorter and longer devices
generally performing worse. The only design that refutes this trend is design 2, which
peaks at 750 pm.

The difference in Ty between pulsed (empty boxes) and direct current (filled boxes) mea-
surements also shows the significant role that heating plays in these devices. The differ-
ence is between 5 and 6 K for most devices, indicating that some representation within
the model is necessary to achieve a closer approximation of the physical device.

For T , trends are relatively uniform again. The biggest improvement in terms of temper-
ature stability stems from design 2, which sees a nearly 20% increase for its 750 pmcavity.
As it had a slope efficiency nearly identical to the baseline device, this indicates a quite

useful improvement of overall device behaviour. Further work investigating whether or not
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6 Impact of structural design variations on device performance

this design change increases susceptibility to roll-off, which we could not examine due to

the lasing instability, is necessary, but it appears as a promising pathway towards higher

performing short cavity lasers.

Even more promising is design 4, which has shown lower threshold current densities and

comparable slope efficiencies with values for T} that are just slightly below baseline. While

its Ty is lower by roughly 5 K, the significant difference in threshold current results in higher

emission for all device lengths, and at all temperatures. Especially at higher temperatures

near 80°C, the design 4 devices provide several milliwatts more than other designs.

6.3.5 Comparison with original design
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Figure 6.18: Experimental device performance parameters at 293 K normalized by the
values for baseline design (B0) at varying cavity lengths, a. diode voltage

Vi, b.
efficiency ng .

series resistance R , c. threshold current I, , and d. differential

The ultimate purpose of this work was to take improve the baseline design B0 in terms of
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Figure 6.19: Experimental device performance parameters for 1000 pm devices normalized
by the values for baseline design (B0) at varying cavity temperatures, a.
diode voltage V; , b. series resistance R , c. threshold current I, , and d.
differential efficiency ng .

its sensitivity to elevated temperatures and gain bandwidth. As discussed in the previous
sections, there were two designs that were the most promising in terms of performance
improvement over the second growth cycle baseline. These designs were design 2, which
featured a QDL spacing increased to 50 nm, and design 4, which added a 100 nm InAlAs
barrier at SCH:p-InP interface. For comparison purposes, we will also consider design 6,
which combines the two aforementioned design changes, in this section. Examining the
device performance at room temperature in Fig. 6.18, we can see a significant improvement
over the initial baseline design that was used at the outset of this thesis. While diode
voltages are slightly higher and there is a significant penalty to the series resistance, all
designs offer a significantly reduction of the threshold current density, which is coupled
with an increase of the slope efficiency for designs 2 and 4. This is predominantly due to
the reduction of QDLs from 5 to 4 in the updated design. The improvement trend holds

as the device temperatures are increased: Fig. 6.19 shows the temperature trends for 1000
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6 Impact of structural design variations on device performance

pm devices. Series resistance creeps further upwards compared to the baseline design,
and the improvement in threshold current is smaller at higher temperatures than near
room temperature. However, the differential efficiency of the optimized designs further
improves on the baseline devices at higher temperatures. The addition of a 100 nm InAlAs
electron blocking layer therefore represents a meaningful improvement of the overall device
performance at higher temperatures.

To obtain a quantitative measure for the degree of improvement, we examine the wall
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Figure 6.20: Experimental wall plug efficiency at Ij;,s = 300 mA for 1000 pm (dashed
lines) and 2000 pm (solid lines) devices normalized by the values for baseline
design (B0) at varying device temperatures.

plug efficiency (WPE) of the lasers. This quantity is defined as follows:

2*P5F

WPE =
Ibias %ias

(6.1)
with the single facet optical power output Psr and the bias current Ij;,s and voltage Vi;qs.
This measure quantifies the ability of a device to turn injected electrical power into output
optical power. The definition given here uses a definition commonly used for lasers and
other optoelectronic devices, even though it is not the true wall plug efficiency, as it omits
losses due to supporting systems such as power supplies and cooling equipment.

The comparison in terms of wall plug efficiencies for the improved and baseline designs
are shown in Fig. 6.20. The efficiency improvement lies anywhere between 8 to 20% for
shorter cavities. The efficiency gain increases with temperature for all designs, with de-
signs 2 and 4 showing a marked deviation from the baseline device behaviour near 70°C.

This indicates that the barrier preventing electron overspill into the p-side is working as
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6 Impact of structural design variations on device performance

intended.

Another objective of this work was attempting to broaden the lasing spectrum to increase
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a. Normalized experimental lasing spectra current for different device designs. The spectra
were captured at room temperature under 300 mA of injection using 1500 pm devices. BO:
Batch 1 baseline, B: Batch 2 baseline, D2: Design 2, D4: Design 4. b. lasing spectrum
bandwidth at 3 dB offset.

the number of available data transmission channels per device. Due to the limitations of
the simulation software used, the predictions of the numerical model were unlikely to pro-
vide meaningful quantitative insight into the spectral characteristics of the final device.
As Fig. 6.21 shows, the design changes did not alter the width of the lasing spectrum
significantly, apart from the appearance of a secondary comb due to the higher order lat-
eral mode we discussed earlier, which can be seen near shorter wavelengths for design 2 in
Fig. 6.21a. The shape of the spectra does not change significantly between the different
designs, even though design 4 produces a slightly flatter lasing spectrum. The result is a 3
dB spectral width that is comparatively uniform for all designs, with a small broadening
of approximately 1 nm for the best performing design. If this device is to be used for data
transmission, the suppression of the higher order mode requires further investigation, as it
may interfere with mode-locking. However, as temperature increases and the higher order
lateral mode is suppressed by increasing loss, the device mode-locks reliably.

As shown here, the end result of this work is an new device design that offers improved
performance at higher temperatures without sacrificing spectral bandwidth. While the
appearance of the additional lateral mode is a significant issue that requires further inves-
tigation, devices using design 4 already outperform the initial device design over a wide

window of operating conditions, especially in the context of elevated temperatures.
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Conclusion and outlook

Mode-locked quantum dash lasers are a promising light source for expanding the ever-
increasing capacity requirements of optical networks. Due to the high number of modes
and short pulse widths, they can provide light sources for large numbers of channels
via wavelength and time-domain multiplexing schemes. Since one mode-locked laser can
replace a whole array of single frequency lasers, this has the potential to be both more

economical to deploy and increase the energy efficiency of the entire system.

The main contribution of this work is the development of a quantum dash laser model in
Crosslight PICS3D, a commercial simulation platform. With respect to future scientific
research, this allows interrogating a much larger variety of potential design changes than
would have been possible by experiment alone. It also allows a level of insight into the
device that is challenging to achieve experimentally. For example, obtaining a quantitative
and spatially resolved picture of the different contributions to loss can not be obtained
from experiment, but is accessible via simulation.

In a technological context, for quantum dash lasers to become commercially viable and
therefore see widespread application, their development cost needs to decrease. The po-
tential benefits obtained by employing mode-locked QD and QDash lasers rather than
established QW devices currently do not outweigh the significant research and develop-
ment cost required to turn these devices into products. The telecommunications industry
is generally conservative when it comes to the adaptation of new technologies, as com-
ponent reliability is paramount for their eventual operation in networks. The barrier to
commercialization therefore needs to be as low as possible. The model developed in this
work is built on a commercial laser simulation platform, Crosslight PICS3D, which means

there is a lower barrier for integration into existing commercial research processes.

Another contribution of this thesis is the investigation of the impact of different design

parameters outlined in Ch. 6. With the aim of optimizing the device performance at ele-
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7 Conclusion and outlook

vated temperatures and guided by model results, lasers incorporating three different design
changes were fabricated and characterized. The changes investigated were an altered num-
ber of quantum dash layers, increased spacing between dash layers, and introduction of a
carrier blocking layer at the top of the separate confinement heterostructure.

Increasing the number of layers results in an overall reduction of light output, while low-
ering it to less than four layers results in an unfavourable increase in threshold current
with temperature. A reduction in quantum dash layer number from five to four is found
to provide an overall benefit to high temperature operation. A significant reduction of
threshold current is observed when increasing the spacing of quantum dash layers, accom-
panied by a minor decrease in slope efficiency. The change also causes a minor reduction
in the temperature stability of the threshold current, while simultaneously improving the
stability of the slope efficiency.

The addition of an electron leakage blocking barrier at the interface between the separate
confinement heterostructure and the p-side cladding also shows potential for incorpora-
tion into future designs. A 100 nm thick InAlAs barrier results in a significant decrease in
threshold current and a small increase of the slope efficiency. Especially at high tempera-
tures, this change results in a meaningful improvement of the overall device performance.
The end result is an increase in the wall plug efficiency of these devices of up to 20%,
without a change in the gain bandwidth.

Interestingly, combining the two design changes by widening the distance between adja-
cent quantum dash layers while adding an unipolar barrier cancels the benefits obtained
from either variation. Overall, the device combining a thick InAlAs barrier with the layer
spacing of the baseline design was found to be the highest performing. However, there is
more research to be done on the simulation side, as the mechanism driving this behaviour

is currently unclear.

The last significant contribution of this work is the creation of a Python interface to
allow advanced scripts to interact with the Crosslight PICS3D layer of the model. This
has multiple potential applications for future research. It allowed this work to conduct
vast parameter sweeps with relative ease. Executing simulations based on Python scripts
made it possible to access a much larger parameter space than would have been possible
otherwise. It also allowed for feedback-driven design optimization, which was implemented
but is not shown in this thesis. Even larger parameter spaces can be explored using an
optimization algorithm. The Python interface allows the algorithm to analyze simulation
results to obtain an input to its objective function and then use this feedback to inform
the parameters of the next optimization step can allow future design studies to explore
even larger parameter spaces.

Data created by the wide parameter sweeps also allows exploration of the design space by

other means. The model and scripting interface can create large data sets which enable
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7 Conclusion and outlook

machine-learning based design optimization methods. As proven by the recent acceleration
of large language model development, these methods scale very efficiently with their data
set size [294]. Generation of this data is prohibitively time- and resource-intensive when
done experimentally. For meaningful analysis via machine learning, this model and others
like it are therefore a necessity to allow accelerated device development, further reducing

the barrier to commercialization for this technology.

Looking forward, there are several steps in the future with the model established. While
the model delivers reliable predictions for some structural parameters, its results deviate
from experiment for others. For example, the data discussed in Ch. 6 has not been com-
pared to the model beyond the discussion presented there. It holds information on aspects
of the model that do not capture the physical system. One important aspect is the via-
bility of the quantum dot-like model. As described in section 4.7.7, there are gain models
that may be more suitable to the representation of quantum dashes than the quantum
dot-like model used in this work. The implementation of one such model was started, but
there is further work necessary in order to integrate it fully with the existing model.

Another improvement to the model would be capturing mode-locking behavior. Due to
the limitations of the formalism used in PICS3D, which we explained in section 4.7, an
extension to the model is required. There is a body of work on time-domain models de-
scribing the mode-locking dynamics in quantum dot and dash lasers [148, 240, 241, 295].
As discussed in Ch. 5, these will often feature phenomenological parameters that capture
some aspects of the material response, carrier dynamics or geometry that are computation-
ally expensive to integrate self-consistently. Examples would be the lateral mode shape or
the carrier injection efficiency. Both are parameters that vary as a function of injection
current, either directly due to gain shaping or indirectly due to heating effects. Integration
of parameters calculated using the time-independent PICS3D model can provide a closer

approximation of the real cavity conditions, improving the precision of the whole model.

As a final point, out of the long list of potential design changes, only two were examined
in the context of this thesis. Several variations were not explored due to the current
limitations of the model. The added fabrication complexity of design changes such as
heat spreaders and tunneling carrier injection wells requires numerical support to justify
the significant amount of engineering work required for their integration. For example,
injection wells require near resonance between the dash levels and the sub-bands within
the injection well, which requires quantitatively accurate models to guide the fabrication
process. Once the accuracy of the model has been improved, this list of changes provides
an obvious starting point for future investigations in the process of bringing mode-locked

quantum dash laser technology to the optical networks of the future.
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Appendix

8.1 Simulation variables

Standard simulation parameters used in v0.7.4. This is identical to the file base_params.csv

in ridge_laser.

#
#

H H OH H

base_params.csv

Parameters that can be specified dynamically using the Python wrapper
— for CrosslightSim

Comments can be inserted with ’#’

Empty lines will be ignored

Version refers to the version the functionality of a parameter was last
— altered, ’-’ indicates that it is unclear

Past version 0.5.0, this refers to when a parameter was first introduced
— .

CHANGE LOG

[0.6.1] 2022-10-14 Moved from .xls to .csv file to enable easier version
— control via git

Added ability to read .csv base_param files in seb_pkg/crosslight/

— sim_create/read_baseparams

[0.7.0] 2022-10-31 Added INCLUDE_UNIPOLAR_BARRIER
2022-11-01 Added INCLUDE_BALLAST

[0.7.1] 2022-11-06 Added ability to dynamically define new C-Preparser (
— CPP) keywords by adding the keyword (CPP_KEYWORD) to the notes of a
<> parameter

sim_create.py will then add these parameters to a list of
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—> parameters to apply to each file

PARAMETER UNIT VALUE VERSION DESCRIPTION

#
ettty | -—————— | -—————
SN

# OPTICAL MATERIAL PARAMETERS

SN
SN
BACKL0OSS_QD m$~{-1}$ 450 - Background loss for QD-type
<> structures
BACKLOSS_QW m$~{-1}$ 100 - Background loss for QW-type
<> structures
GAIN_CROSS_SATURATION - no 0.7.2 {yes,no} switches between the
— general suppression (’no’) or cross-saturation model (’yes’)
GAIN_SATURATION_COEFF m$~3$ 0 0.7.2 Gain saturation coefficient

<> epsilon, see p.772 in the manual. NOTE: VALUE > O while enable gain
—> suppression, even if GAIN_CROSS_SATURATION=no

INGAASP_ELEC_CARR_LOSS m$~2$ 5e-23 0.4.13 Free-carrier absorption
— coefficient for electrons in InGaAsP
INGAASP_HOLE_CARR_LOSS m$~2$ 5e-23 0.4.13 Free-carrier absorption
— coefficient for holes in InGaAsP
INP_ELEC_CARR_LOSS m$"2$ 5e-23 0.4.13 Free-carrier absorption
— coefficient for electrons in InP
INP_HOLE_CARR_LOSS m$°2$ 5e-23 0.4.13 Free-carrier absorption
— coefficient for holes in InP
ACT_NCARR_LOSS m$~2$ 5e-23 0.4.13 Free-carrier absorption
— coefficient for electrons in cx-InGaAsP/InP
ACT_PCARR_LOSS m$~2$ 3e-22 0.4.13 Free-carrier absorption
— coefficient for holes in cx-InGaAsP/InP
TAR_WAVEL nm 1550 - Target wavelength for the center of the
— mode-searching algorithm
R_RIGHT_FACET - 0.32 - Reflectivity of right laser facet
R_LEFT_FACET - 0.32 - Reflectivity of left laser facet
DIPOLE_SCALING_QW - 1 - Scaling of dipole transition element

< in the active region for QW devices
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DIPOLE_SCALING_QD - 1 - Scaling the dipole transition element
< in the active region for QD devices
LONG_IGNORE_RTG_PHASE - no 0.7.3 Ignores the longitudinal phase

< in the mode search -> enable in conjunction with gain saturation

# DEVICE

N
SN
# [0.7.1] 2022-12-02 Added dynamic definition of thickness of p-side and n
— —-side SCH layers
# Changed offset between sub-ridge p-cladding and active region to 50
— nm (previous 30 nm)
OCL_PSIDE1_THICK 0.020 -> 0.040
# 2023-01-22 Changed standard ridge height to 1.5 um to match

**+

— experimental growth (1.38 um previously)

basis_model - qd 0.4.8 {qd,qw} Tells the model whether or not
<~ to run a QDash or QW simulation

ZLENGTH um 1500 0.4.8 Length of the ridge waveguide

LAY_THICK um 0.290 0.4.8 Thickness of lower SCH (minus 30 nm)
— to ensure OCL is always TAR_OCL um thick

TAR_OCL um 0.350 - Target thickness of 0OCL

NUM_WELLS - 5 - Number of wells/QDLs in active region

SUBSTR_THICK um 0.500 - Thickness of substrate; if auto_device
— 1is active, will be thinned so device is always TAR_DEV um thick.

ES_THICK um 0.010 - Thickness of the etch stop center

TAR_DEVICE um 2.350 - Target device thickness

RIDGE_SCWID um 1.13 - Width of the semiconductor in the ridge
—

RIDGE_DEWID um 0.22 - Width of the dielectric in the ridge

RIDGE_METWID um 0.17 - Width of the side-metallization

BASE_WID um 6 - Extent of the device simulation beyond the
<~ base

QW_TOP_OCL_THICK um 0.025 - Thickness of upper OCL layer for QW
— device

QD_TOP_OCL_THICK um 0.030 - Thickness of upper OCL layer for QD

<~ device; relevant for LAY_THICK calculation even if not in qd_core
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CAP_THICK um 0.005 - Thickness of capping layer; WL, BAR, and
< CAP should add to 0.010 um

STRAIN_THICK um 0.001 - [DEPRECATED] Thickness of straining
— layer

BAR_THICK um 0.006 - [QDash only]: Barrier thickness (will
< have 1 nm substracted for matching layer and WL_THICK for wetting
— layer)

UPPER_CLAD_THICK  um 0.160 - Target thickness of the p-InP

— cladding between active region and etch stop. Will get thinned by
— grading of THJ and ES

GRADE_LENGTH_ES um 0.010 - Length over which etch stop is
— graded on either end

GRADE_LENGTH_BHJ  um 0.010 - Length over which n-InP:1.15Q
<~ junction is graded.

GRADE_LENGTH_THJ  um 0.010 0.4.13 Length over which 1.15Q:p-InP
< junction is graded. Overwritten if INCLUDE_UNIPOLAR_BARRIER is ’yes
— 7.

ES_INP_TOP_THICK um 0.040 0.4.13 Thickness of InP layer on top
<~ of etch stop that gets thinner as grading layer thickness rises

OCL_PSIDEO_THICK um 0.010 0.7.1 Thickness of the first layer
< above the active region on the p-side of the SCH

OCL_PSIDE1_THICK um 0.020 0.7.1 Thickness of the second layer
<~ above the active region on the p-side of the SCH

OCL_NSIDEO_THICK um 0.020 0.7.1 Thickness of the first layer
< above the bulk of the SCH on the n-side of the SCH

OCL_NSIDE1_THICK um 0.010 0.7.1 Thickness of the second layer
< above the bulk of the SCH on the n-side of the SCH

DIELECTRIC_RIDGE_THICK um 0.200 0.7.1 Thickness of the dielectric
<~ layer at the base of the ridge

MAIN_RIDGE_THICK um 1.060 0.7.1 Thickness/height of main ridge
— body

METAL_RIDGE_THICK um 0.200 0.7.1 Thickness of metallization
<~ layer at the base of the ridge

TOP_OHMIC_THICK um 0.100 0.7.1 Thickness of the heavily-doped

— InGaAs contact layer at the top of the device

# DASH

—
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SN
# [0.7.0] 2022-11-02 Added automatic calculation of QD_HOST_MATER_NUM in
— seb_pkg/crosslight/sim_create.py
# [0.7.1] 2023-01-19 Added dynamic change of level position using
< ALTER_ENERGY_LEVEL. Note: Level truncation happens first.

QD_HOST_MATER_NUM - 5 0.4.13 Material number associated with QD
< host material. Automatically calculated by seb_pkg\crosslight\

< sim_create.py

LOAD_SPECIFIC_QD - no 0.5.0 {yes,no} Instruct CrosslightSim to
— replace the box.qdd file with one taken from ridge_laser\qd_lib
QD_LIBRARY - qdot_v0.4.0 0.5.0 Name of directory to take box.
— qdd from; must be located in ridge_laser\qd_lib

TRUNCATE_QDD - no 0.6.0 {yes,no} whether or not to truncate
< the .qdd file

NUM_STATES_ELEC - 3 0.6.0 Number of electronic states to
< truncate the .qdd file to

NUM_STATES_HOLE - 3 0.6.0 Number of hole states to truncate
<~ the .qdd file to

ALTER_ENERGY_LEVELS - no 0.7.1 {yes,no} whether or not to alter
<~ the .qdd file energy levels

BAND_TO_ALTER - HH 0.7.1 {LH, HH, BOTH} Decides which valence
— band levels are altered (LH: Light-Hole, HH: Heavy-Hole, BOTH: LH
— and HH)

DASH_ELECO_OFFSET eV 0.000 0.7.1 Modification of first electron

> level. Higher levels can be modified by changing the number
— following ELEC (e.g. DASH_ELEC3_OFFSET to change the 4th level
— position)

DASH_HOLEO_OFFSET eV 0.000 0.7.1 Modification of first hole
— level. Higher levels can be modified by changing the number
— following HOLE (e.g. DASH_HOLE3_OFFSET to change the 4th level

— position)

ALTER_LEVEL_SPACING - no 0.7.1 {yes,no} Whether or not to alter
—> the level spacing between adjacent QDash levels

DASH_ELEC_SPACING - 1 0.7.1 Factor by which to squeeze the
— electron levels

DASH_HOLE_SPACING - 1 0.7.1 Factor by which to squeeze the hole

<~ level spacing
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QD_DENS m$~{-3}$ lel4d - QD surface density

WET_RATIO - 0.1 - Wetting area ratio of (Ds vs. wetting
— layer (no appreciable impact)

DOS_RED_FAC - 1.4 - QD density of states reduction factor (
— artificial)

QD_TAU_BROADEN s le-13 - Broadening of QD energy levels. Sum
< of inhomogneous broadening due to size/composition fluctuation and

<~ intraband scattering

QDASH_GA_FRACTION - 0.0001 0.5.1 Gallium fraction in QD material
< ; Indium content is defined as 1-f(Ga)
QDASH_AS_FRACTION - 0.9999 0.5.1 Arsenide fraction in QD
— material; Phosphorous content is defined as 1-f(Ga)
QDASH_HEIGHT um 0.003 0.5.1 Height of the QD to be used for
~— height in qdot_layer_mater
AVERAGE_COUPLED_DOTS - 1 0.5.1 Number of dots coupled on average
MODE_SEARCH_NUM - 40 0.6.0 Number of longitudinal modes

— explored
ENERGY_BROADENING s 0.3e-13 0.6.0 Broadening energy of each dash

— —transition

# WETTING LAYER

(ﬁ

(%
# [0.6.1] 2022-10-14 This was an alternative approach to including the
— wetting layer by modelling it as a incredibly dense set of trap

— states. No longer in use.

INCLUDE_WETTING_LAYER - no 0.5.0 (CPP_KEYWORD) Turn the usage of
— the wetting layer on selectively

WL_THICK um 0.0003 - Thickness of wetting layer; WL and BAR
— should add to 0.005 um

WL_DONLEVEL eV 0.335 0.4.8 [DEPRECATED] Offset of WL donor
< trap level from conduction band of 1.15Q

WL_ACCLEVEL eV 0.613 0.4.8 [DEPRECATED] Offset of WL acceptor
— trap level from conduction band of 1.15Q

WL_2LD0S m2 lelb 0.4.11 [DEPRECATED] Trap density representing
> local density of states of the WL

WL_nTAU s le-9 0.4.8 [DEPRECATED] Trapping/detrapping time
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— constant for WL

WL_pTAU S le-9 0.4.8 [DEPRECATED] Trapping/detrapping time
— constant for WL

WL_nRECVEL m/s 1e6 0.4.10 [DEPRECATED] Recombination velocity
<~ representing recombination in the WL

WL_pRECVEL m/s 1e6 0.4.7 [DEPRECATED] Recombination velocity

— representing recombination in the WL

# BALLAST LAYER

SN
s

# [0.7.0] 2022-11-01 Added ballast layer within the substrate layer

#  2022-11-02 Moved material definition from PICS3D into seb_pkg/
— crosslight/sim_create.py

INCLUDE_BALLAST - no 0.7.0 (CPP_KEYWORD) {yes,no} Include a
< pure ballast layer within the substrate that pulls the mode away
— from the ridge

SUBBALL_GA_FRACTION - 0.500 0.7.0 Gallium fraction in hybrid
< ballast layer material; Indium content is defined as 1-f(Ga)
SUBBALL_AS_FRACTION - 0.500 0.7.0 Arsenide fraction in hybrid
— ballast layer material; Phosphide content is defined as 1-f(As)
SUBBALL_BOT_THICK um 0.400 0.7.0 Thickness of the substrate
— below the ballast layer
SUBBALL_BAL_THICK um 0.050 0.7.0 Thickness of the ballast layer
SUBBALL_TOP_THICK um 0.010 0.7.0 Distance between the SCH and
< the substrate
SUBBALL_GRADE_THICK  um 0.003 0.7.0 Thickness of the grading

> layer between the substrate and ballast layer material

# HYBRID BALLAST LAYER

(%
(_>
# [0.6.1] 2022-10-14 Added the hybrid ballast layer below the active

— region

INCLUDE_HYBRID_BALLAST - no 0.6.1 (CPP_KEYWORD) {yes, no}
< Include a hybrid ballast/hole-blocking layer below the active

239




8 Appendix

— region

HYBBALL_X_FRACTION - 0.185 0.6.1 Gallium fraction in hybrid
< ballast layer material; Indium content is defined as 1-f(Ga) / 1-f(
< Ga)-f(Al) (latter for INGAALAS_HYBBALL=yes)

HYBBALL_Y_FRACTION - 0.405 0.6.1 Arsenide/Aluminum (no/yes for
— INGAALAS_HYBBALL) fraction in hybrid ballast layer material; Indium
< /Phosphide content is defined as 1-f(Ga)-f(Al) / 1 - f(As)

HYBBALL_BOT_THICK um 0.100 0.6.1 Thickness of the n-side facing
<~ 1.15Q. Will be auto-thinned to ensure OCL meets target thickness.
HYBBALL_BAL_THICK um 0.005 0.6.1 Thickness of the hybrid ballast

<~ layer
HYBBALL_TOP_THICK  um 0.030 0.6.1 Distance between the active

— region and ballast layer (not incl. HYBBAL_GRADE_THICK)
HYBBALL_GRADE_THICK  um 0.003 0.6.1 Thickness of the grading

— layer between ballast and 1.15Q
INGAALAS_HYBBALL - no 0.7.0 (CPP_KEYWORD) {yes, no} Use

< InGaAlAs macros instead of InGaAsP for hybrid ballast
HYBBALL_MATERIAL - ingaasp_xyt 0.7.0 Material of the hybrid

<~ ballast layer
HYBBALL_GRADE_MATERIAL - ingaasp_grading_off 0.7.0 Material to grade

<~ 1in and out of the hybrid ballast layer

# UNIPOLAR BARRIER LAYER

Cﬁ

SN
# [0.7.0] 2022-10-28 Added a unipolar barrier layer at the OCL-p-cladding
— interface; requries further material libary definitions (grading

— layers, etc.)

# Will override GRADE_LENGTH_THJ]

#  2022-11-01 Changed definitions to make it clear that this layer is to
— block predominantly electrons

INCLUDE_ELEC_BARRIER - no 0.7.0 (CPP_KEYWORD) {yes, no} whether
<~ or not to include a unipolar barrier layer between OCL and p-
— cladding

UNIPOLAR_ELEC_GA_FRACTION - 0.0001 0.7.0 Gallium fraction in
< unipolar electron barrier layer material; Indium content is defined
— as 1-f(Ga)-f(Al)
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UNIPOLAR_ELEC_AL_FRACTION - 0.5000 0.7.0 Aluminum fraction in
< unipolar electron barrier layer material; Indium content is defined
— as 1-f(Ga)-f(Al)

UNIPOLAR_ELEC_THICK  um 0.005 0.7.0 Thickness of the unipolar
— electron barrier layer
UNIPOLAR_ELEC_GRADE_THICK um 0.003 0.7.0 Thickness of the grading

< layer on each side of the unipolar electron barrier

# ETCH STOP

SN
SN

# [0.7.1] 2023-05-04 Added commands to programmatically alter the etch
< stop composition

# Moved commands from BAND PARAMETERS pertaining to the etch stop
< here

ES_AFFINITY_MOD eV -0.025 0.4.13 Value by which to shift the
— bulk affinity of the etch stop and associated grading layers

ES_BANDGAP_MOD eV 0 0.4.13 Value by which to change the band
— gap (and thereby position of the valence band) of the etch stop and

<~ associated grading layers

ES_GA_FRACTION - 0.214 0.7.1 Gallium fraction inside the etch
< stop

ES_AS_FRACTION - 0.468 0.7.1 Arsenide fraction inside the etch
< stop

# DOPING
s
—

DOP_LEVEL_NCORE m$~{-3}$  1E+20 - n-doping on the n-side of the
— 0OCL

DOP_LEVEL_PCORE m$~{-3}$  1E+20 - p-doping on the p-side of the
— 0OCL

DOP_LEVEL_BAR m$~{-3}$  1E+20 - p-doping of the barrier between
< QDs/QWs

DOP_LEVEL_ACT m$~{-3}$  1E+20 - p-doping in the active layer (QW

— or QDL): also doping level of WL
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DOP_LEVEL_SUBRIDGE m$"{-3}$ 5E+23 0.6.0 p-doping the sub-ridge p-
<~ cladding
DOP_LEVEL_INP_TOP m$~"{-3}$ ©5E+24 0.6.0 p-doping in the layer on
<~ top of the etch stop
DOP_LEVEL_RIDGE n$~{-3}3 1E+24 0.6.0 p-doping in the ridge
DOP_LEVEL_SUBSTRATE m$~{-3}$ 1E+24 0.7.0 n-doping in the substrate
DOP_LEVEL_ES m$~{-3}$ 1E+20 0.7.0 p-doping in the etch stop
DON_LEVEL_nINP eV 0.0262 0.4.13 Activation energy of donor
< species n-InP
ACC_LEVEL_nINP eV 0.0262 0.4.10 Activation energy of acceptor-
< like trap species n-InP
ACC_DENS_nINP m$~{-3}$ 1e21 - Density of acceptor-like trap
< species in n-InP
DON_LEVEL_pINP eV 0.0262 - Activation energy of acceptor
< species p-InP
ACC_LEVEL_pINP eV 0.0262 - Activation energy of donor-like
< trap species p-InP
DON_DENS_pINP m$~{-3}$ 1e21 - Density of donor-like trap species
<~ in p-InP
QDL_TRAP_DENS m$~{-3}$ 1le21 - Density of QDL defect state
QDL_TRAP_LEVEL eV 0.540 - Energy level of 1.15Q defect state w
— .r.t. to conduction band
QDL_TRAP_NCAPCROSS m$~2% 1.5e-19 - Electron capture cross

— section for QDL layer trap state (based on Fe-center, Bimberg,
— 1997)

QDL_TRAP_PCAPCROSS m$"2$ 4e-20 - Hole capture cross section for
— QDL layer trap state (based on Fe-center, Bimberg, 1997)
OCL_TRAP_DENS m$~{-3}$ 1le21 - Density of 1.15Q defect state
OCL_TRAP_LEVEL eV 0.675 - Energy level of QDL defect state w.r
— .t. to conduction band
OCL_TRAP_NCAPCROSS m$~2$ 1.5e-19 - Electron capture cross
— section for 1.15Q midgap defect (based on Fe-center, Bimberg, 1997)
SN
OCL_TRAP_PCAPCROSS  m$~2$ 4e-20 - Hole capture cross section for
— 1.15Q midgap defect (based on Fe-center, Bimberg, 1997)
WL_TRAP_DENS m$~{-3}$ 1le21 - Density of WL defect state
WL_TRAP_LEVEL eV 0.175 - Energy level of WL defect state w.r.t

< . to conduction band
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WL_TRAP_NCAPCROSS m$°2$ 1.5e-19 - Electron capture cross section
— for WL defect (based on Fe-center, Bimberg, 1997)
WL_TRAP_PCAPCROSS m$~2$ 4e-20 - Hole capture cross section for

— WL defect (based on Fe-center, Bimberg, 1997)

# THERMAL AND HEATING

N
SN
TEMP K 293 - Temperature at which the mesh nodes will be
<~ initialized
HEAT_ON - no - (CPP_KEYWORD) {yes,no} enable the heat
< generation and flow simulation in the device
HEAT_SIMPLE - no 0.7.4 (CPP_KEYWORD) {yes,no} enable the
< simplified heat generation and flow simulation in the device
HEAT_OPTABS - yes - {yes,no} whether or not to consider
< optical absorption for the heating calculation
THERMAL_COND_SUBSTR  W/m/K 0.8 0.5.1 2D thermal conductivity of
< the InP substrate, assuming 625 um thick InP
HEAT_TRANSIENT - yes 0.7.2 {yes,no} Whether or not to use a

< heat transient for the model

# PYTHON CONTROL

Cﬁ

<

auto_wavel - no 0.4.10 Enables the algorithm to automatically
<~ guess the center lasing wavelength
auto_device - no - Enables the algorithm to thin the
— substrate to obtain an overall device thickness of TAR_DEVICE
auto_0CL - yes - Enables the algorithm to thin the SCH to
< obtain an OCL thickness equal to TAR_OCL
auto_memory - yes - Enables the algorithm to dynamically
< calculate the amount of RAM to allocate additionally for large
— matrices
GAIN_CALC_ONLY - yes 0.5.1 (CPP_KEYWORD) Only do the (much

— shorter) gain calculation
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# TUNNELING TRANSPORT

(%
Cﬁ
# [0.7.1] 2023-03-22 Added QTRANS_TAU_TDEP and QTRANS_TAU_REFT for

< temperature-dep. carrier capture rates in the MQW region

TUN_ON - no - (CPP_KEYWORD) {yes,no} Enables/disables
< tunneling in the device
AUTO_TUN_RANGE um 2e-2 0.4.7 Range for the tunneling junctions

— added to the model via auto_tunneling

AUTO_TUN_BARHEIGHT eV 0.1 0.4.7 Minimum barrier height (in eV)
— to trigger an automatically set up tunneling region via
< auto_tunneling

BOT_HJ_TYPE - propagation_matrix - barrier model for electron
< tunneling model at n-InP:1.15Q interface

BOT_HJ_SCALEFAC - 1 - Tunneling scaling factor for n-InP:1.15

— Q interface

TOP_HJ_TYPE - propagation_matrix 0.4.12 barrier model for
< electron tunneling model at 1.15Q:p-InP interface

TOP_HJ_SCALEFAC - 1 0.4.8 Tunneling scaling factor for 1.15Q:p
<~ —InP interface

QTRANS_SEQTRANS - yes - Sequential [yes] or collective [no]
<> quantum transport

QTRANS_SEQCAP - yes - Sequential carrier capture

QTRANS_COLCAP - no - Collective carrier capture

QTRANS_WBT - hot_auger_indirect - Transport model for
<~ q_transport command

QTRANS_NEIGHBOUR - 1 - Furthest neighbour the carrier can
— travel to (1 = nearest neightbours)

QTRANS_ELEC_FLYOVERFAC - 1 - Scaling factor for electron
— flyover over MQW region

QTRANS_ELEC_CAPFAC - 1 - Scaling factor for non-local electron
<> capture by MQW region

QTRANS_HOLE_FLYOVERFAC - 1 - Scaling factor for hole flyover
— over MQW region

QTRANS_HOLE_CAPFAC - 1 - Scaling factor for non-local hole
— capture by MQW region

QTRANS_ELEC_MFP um 0.01 - Electron mean free path for quantum
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< transport model

QTRANS_HOLE_MFP um 0.01 - Hole mean free path for quantum
< transport model
QTRANS_TAU_TDEP - no 0.7.1 For trap_detrap_tau: whether or not

— to scale the capture rate with temperature (assuming time
— constants are provided at QTRANS_TAU_REFT)

QTRANS_TAU_REFT K 20 0.7.1 For trap_detrap_tau: reference
— temperature if QTRANS_TAU_TDEP = yes

QTRANS_ELEC_TAU s le-12 - For trap_detrap_tau: trapping time
— for electrons in QW trapping/detrapping model

QTRANS_HOLE_TAU s le-12 - For trap_detrap_tau: trapping time
— for holes in QW trapping/detrapping model

QTRANS_DYNAMIC_TAU - no 0.7.2 For trap_detrap_tau: enable
< cavity length-dependent hole trap time calculation

QTRANS_DTAU_SCALING - 1 0.7.2 For trap_detrap_tau: scaling
— factor for length-dep. hole trap-time scaling

QTRANS_DTAU_EXPONENT - 1 0.7.2 For trap_detrap_tau: exponent for
— length-dep. hole trap-time scaling

QTRANS_DTAU_SLOPE  s/um 3.2e-14 0.7.2 For trap_detrap_tau: linear
< slope for linear hole trap time interpolation

QTRANS_DTAU_OFFSET s -1.14e-11 0.7.2 For trap_detrap_tau: time
— offset for linear hole trap time interpolation

QTRANS_ES_MFP um 0.100 - [DEPRECATED] Mean-free path of
< carriers at etch stop

QTRANS_ES_CARMOB  m$~{2}$/(Vs) 0.100 - [DEPRECATED] Carrier
<~ mobility for etch stop non-local transport

QTRANS_ES_CARTYPE - hole - A{electron, hole} Carrier type for
< which tunneling through the etch stop is to be considered

QTRANS_ES_TAU s le-12 - [DEPRECATED] Characteristic trapping
< time for carriers in etch stop

QTRANS_ES_SCALEFAC - 1 - Tunneling scaling factor for
< tunneling across etch stop

QTRANS_ES_BROADWID kT 1 - Broadening of energy width in units
— of kT

QTRANS_HOTAUGER_THRESH m$~{-3}$ 8e23 - Carrier density within MQW
< region at which hot Auger carrier escape from (Ws is considered

QTRANS_HOTAUGER_CN m$°6$/s 0 - Electron coefficient for Auger

<> assisted carrier escape from active region
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QTRANS_HOTAUGER_CP  m$~6$/s 2e-39 - Hole coefficient for Auger

> assisted carrier escape from active region

# MOBILITIES

¢y =m==========—==—=—=———————————————o————oo————————o————oo———o——o—o——oo L _——
SN

HMOB_INP_PASS m$~28/Vs  0.0037 - [DEPRECATED] Hole mobility of
<~ InP in passive regions

HMOB_INP_ACT m$~28/Vs  0.0037 - [DEPRECATED] Hole mobility of InP
— 1in active regions

HMOB_INGAASP_PASS m$~2$/Vs  0.0037 - [DEPRECATED] Hole mobility in

— InGaAsP

# AUGER RECOMBINATION

>

—

AUGER_ACT_ENERGY_QW eV 0.060 0.4.7 Activation energy of
— dominating Auger recombination process for (QW; based on J. Piprek,
— 2000
AUGER_COEFF_QW m$~{6}$s$"{-1}$ 1.7169e-39 0.4.7 Reference
< coefficient of Auger process for QW; based on J. Piprek, 2000
AUGERN_ACT_ENERGY_QD eV 0.060 0.7.1 Activation energy of
< dominating Auger recombination process for electrons in QD
AUGERN_COEFF_QD m$~6$/s 2.9e-38 0.4.11 Reference electron
< coefficient of Auger process for QD
AUGERP_ACT_ENERGY_QD eV 0.060 0.7.1 Activation energy of
> dominating Auger recombination process for holes in QD
AUGERP_COEFF_QD m$~6$/s 2.9e-38 0.4.11 Reference hole
< coefficient of Auger process for QD
AUGERN_COEFF_INGAASP_XYT m$~6$/s 8e-41 0.4.13 Electron Auger
— recombination coefficient for InGaAsP
AUGERP_COEFF_INGAASP_XYT m$~6$/s 8e-41 0.4.13 Hole Auger
— recombination coefficient for InGaAsP
AUGERN_WL m$~{6}$s$"{-1}$ 8E-39 0.4.13 Electron Auger
< recombination coefficient in wetting layer
AUGERP_WL m$~{6}$s$"{-1}$ 8E-39 0.4.13 Hole Auger recombination
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— coefficient in wetting layer

AUGERN_ES m$~{6}$s$"{-1}$ 8E-39 0.5.0 Electron Auger
< recombination coefficient in etch stop

AUGERP_ES m$~{6}$s$"{-1}$ 8E-39 0.5.0 Hole Auger recombination
< coefficient in etch stop

AUGERN_CORE m$~{6}$s$°{-1}$ 8E-39 0.5.0 [DEPRECATED] Electron
— Auger recombination coefficient in 1.15Q

AUGERP_CORE m$~{6}$s$"{-1}$ 8E-39 0.5.0 [DEPRECATED] Hole Auger
< recombination coefficient in 1.15Q

AUGERN_ACTIVE m$~{6}$s$"{-1}$ 4e-39 0.4.13 [DEPRECATED] Electron
— Auger recombination coefficient in QD/QW

AUGERP_ACTIVE m$~{6}$s$"{-1}$ 4E-39 0.4.13 [DEPRECATED] Hole Auger

<% recombination coefficient in QD/QW

# BAND PARAMETERS

%
—>
THJ_AFFINITY_MOD eV 0.050 0.4.13 Value by which to shift the
< bulk affinity of the top heterojunction
THJ_BANDGAP_MOD eV 0 0.4.13 Value by which to change the band

— gap (and thereby position of the valence band) of the top

< heterojunction

BHJ_AFFINITY_MOD eV 0 0.4.13 Value by which to shift the bulk
— affinity of the bottom heterojunction
BHJ_BANDGAP_MOD eV 0 0.4.13 Value by which to change the band

— gap (and thereby position of the valence band) of the bottom
— heterojunction
QW_BAND_OFFSET - 0.6 0.4.13 Ratio of total band offset that is
< due to the conduction band discontinuity in the QW (Note:
— symmetric for both sides)
QD_HOST_BAND_OFFSET - 0.36 0.4.13 Ratio of total band offset
< that is due to the conduction band discontinuity in the QD host
— material
QD_DOT_BAND_OFFSET - 0.36 0.4.15 Ratio of total band offset that

<~ 1s due to the conduction band discontinuity in the QD dot material

# NEWTON SOLVER PARAMETERS
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Cﬁ
(%
# [0.7.1] 2023-04-20 Added USE_SELF_CONSISTENT to allow ability to conduct

<~ simulations self-consistently

MAINMB MB 1024 - Memory added to numerical solver to
< accommodate more complex meshes

SPARSEMB MB 1024 - Memory added to sparse filler to support
— terms far off the diagonal

SCAN1_VALUETO \Y 0.4 - Value at which to stop the scan and
< proceed to the next step

SCAN1_STEPPRINT v 0.2 0.4.10 Interval at which to save a cross
<~ -section of simulation parameters

SCAN1_STEPINIT v le-4 0.4.10 Initial step size for solver

SCAN1_STEPMAX v 0.1 - Maximum step size for solver

SCAN2_VALUETO \Y 1 - Value at which to stop the scan and
< proceed to the next step

SCAN2_STEPPRINT v 0.2 - Interval at which to save a cross-
< section of simulation parameters

SCAN2_STEPINIT v le-4 - Initial step size for solver

SCAN2_STEPMAX \Y 0.1 - Maximum step size for solver

CURR_AUTOVAL A le-4 - Current value for which to switch from
— voltage-driven to current driven simulation

SCAN3_VALUETO A 0.15 - Value at which to stop the scan and
— proceed to the next scan

SCAN3_STEPPRINT A 0.2 - Interval at which to save a cross-
<~ section of simulation parameters

SCAN3_STEPINIT A 2e-4 - Initial step size for solver

SCAN3_STEPMAX A 2e-3 - Maximum step size for solver

SCAN3_STEPMIN A le-7 - Minimum step size for solver

RTGAIN_AUTOVAL - 0.5 - Round-trip gain value at which to
< proceed to the next scan

RTGAIN_AUTOWITHIN - 0.05 - Round-trip gain range at which it is
<> considered in sufficient proximity to RTGAIN_AUTOVAL

SCAN4_VALUETO A 0.15 - Value at which to stop the scan and
< proceed to the next step

SCAN4_STEPPRINT A 0.02 - Interval at which to save a cross-

< section of simulation parameters
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SCAN4_STEPINIT A le-6 - Initial step size for solver
SCAN4_STEPMAX A 0.01 - Maximum step size for solver
SCAN4_STEPMIN A le-10 - Minimum step size for solver
NEWT_DAMP_EQ - 5 - Damping factor between steps of the Newton
<~ solver for equilibrium calculation
NEWT_VARTOL_EQ - 1e-9 - Relative tolerance for variable
< solution for equilibrium calculation
NEWT_RESTOL_EQ - 1e-9 - Relative tolerance for residual for
< equilibrium calculation
NEWT_MAX_ITER_EQ - 100 - Maximum number of iterations for
< equilibrium calculation
NEWT_OPT_ITER_EQ - 15 - Optimum number of iterations for
< equilibrium calculation
NEWT_STOP_ITER_EQ - 50 — Number of iterations after which to
< evaluate solution trend for equilibrium calculation
NEWT_DAMP_BIAS - 2.5 - Damping factor between steps of the
< Newton solver for bias calculation
NEWT_VARTOL_BIAS - le-4 - Relative tolerance for variable
< solution for bias calculation
NEWT_RESTOL_BIAS - le-4 - Relative tolerance for residual for
< bias calculation
NEWT_MAX_ITER_BIAS - 20 - Maximum number of iterations for
~— bias calculation
NEWT_OPT_ITER_BIAS - 12 - Optimum number of iterations for
~— bias calculation
NEWT_STOP_ITER_BIAS - 15 - Number of iterations after which to
<~ evaluate solution trend for bias calculation
NEWT_DAMP_NTH - 2.5 - Damping factor between steps of the
~— Newton solver for bias calculation
NEWT_VARTOL_NTH - le-4 - Relative tolerance for variable
< solution for near threshold calculation
NEWT_RESTOL_NTH - le-4 - Relative tolerance for residual for
~— near threshold calculation
NEWT_MAX_ITER_NTH - 20 - Maximum number of iterations for near
— threshold calculation
NEWT_OPT_ITER_NTH - 12 - Optimum number of iterations for near

<~ threshold calculation
NEWT_STOP_ITER_NTH - 15 - Number of iterations after which to
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— evaluate solution trend for near calculation

RTG_PHASEDENS - 1.25e25 0.4.8 Phase density used for round-trip
— gain calculation
ZPLANES - 11 0.4.8 Number of planes modelled between the two

— facets of the waveguide
MQW_CALC - yes - {yes,no} whether or not to update the MQW
< energy level calculation for calculations near threshold and above
TRANSIENT_ON - yes 0.4.7 (CPP_KEYWORD) {yes,no} whether or not
<> to use a transient to solve the last scan step of the model.

— Improves stability.

TRANSIENT_TIME s 10 - Time scale for the solver to ramp from
— the initial to final value
USE_SELF_CONSISTENT - no 0.7.1 (CPP_KEYWORD) {yes,no} whether

<~ or not to use the self-consistent Schrodinger solver

# MULTIPLE LATERAL MODES

—>
%
# [0.7.1] 2022-11-03 Added search for multiple lateral modes

EXPLORE_MULTIPLE_MODES - no 0.7.1 (CPP_KEYWORD) {yes,no} Allows
< the solver to look for multiple lateral modes

MM_NUM_LATMODES - 2 0.7.1 Number of lateral modes to search
— for

# IMPORTED GAIN

SN
s

[0.7.1] 2022-11-04 Added ability to import gain dynamically

#  2022-11-25 Added dynamic gain table offsets as well as dynamic

**

— extrapolation commands
#  2023-01-24 Added gain calculation and re-adjustment before full

— calculation

IMPORTED_GAIN - no 0.7.1 (CPP_KEYWORD) {yes,no} whether or not
<~ to read the gain from a file rather than allowing Crosslight to
<~ calculate it at each step

GAIN_TABLE - experimental 0.7.1 Name of the gain table to be
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< imported into the main simulation (minus the .txt)

EXPORTED_GAIN - no 0.7.1 (CPP_KEYWORD) {yes,no} whether or not
— to export the gain table from the gain-calculation
GT_CONC_OFFSET_UPPER 1/m$"{-3}$ 0O 0.7.1 Offset (positive or
— negative) for upper concentration limit
GT_CONC_OFFSET_LOWER 1/m$"{-3}$ O 0.7.1 Offset (positive or
— negative) for lower concentration limit
GT_EXTRAP_ENERGY - yes 0.7.1 {yes,no} Whether or not to

— extrapolate the gain for energies outside of the range provided by
— the gain table

GT_EXTRAP_CONC - yes 0.7.1 {yes,no} Whether or not to
— extrapolate the gain for concentrations outside of the range
< provided by the gain table

GT_EXTRAP_PNR - no 0.7.1 {yes,no} Whether or not to
< extrapolate the gain for pn-ratios outside of the range provided by
— the gain table

GT_EXTRAP_T - yes 0.7.1 {yes,no} Whether or not to
— extrapolate the gain for temperatures outside of the range provided
<~ by the gain table

GT_EXTRAP_FIELD - no 0.7.1 {yes,no} Whether or not to
< extrapolate the gain for bias fields outside of the range provided

— by the gain table

REIMPORT_GAIN - no 0.7.1 {yes,no} Export and re-import gain to
<~ speed up calculation

ALTER_GAIN - no 0.7.1 {yes,no} Modify the gain table

GT_IMPORT_INDEX - no 0.7.1 {yes,no} whether or not to import
< the index from the gain table

GT_IMPORT_SPON - no 0.7.1 {yes,no} whether or not to import
<~ the spontaneous emission from the gain table

GT_NRG_OFFSET eV 0 0.7.1 Offset by which to shift the
— calculated gain profile

GT_GAIN_FAC - 1 0.7.1 Factor by which gain taken from .gain

< calculation is multiplied: gain = gain_calc * GT_GAIN_FAC +
< GT_GAIN_OFFSET

GT_GAIN_OFFSET 1/m 0 0.7.1 Offset to add to the gain profile:
< gain = gain_calc * GT_GAIN_FAC + GT_GAIN_OFFSET
GT_INDEX_FAC - 1 0.7.1 Factor by which index taken from .gain

< calculation is multiplied: index = index * GT_INDEX_FAC +
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< GT_INDEX_OFFSET

GT_INDEX_OFFSET - 0 0.7.1 Offset to add to the index profile:
< index = index * GT_INDEX_FAC + GT_INDEX_OFFSET
GT_CONC_MIN 1/m3 1e22 0.7.1 Lower electron concentration limit

— of QD gain calculation
GT_CONC_MAX 1/m3 le24 0.7.1 Upper electron concentration limit
— of QD gain calculation

# MESHING

N
N

# [0.7.1] 2023-04-07 Added dynamic wetting layer mesh line adjustment,
— depending on thickness [WIP]

BAR_HMESH_LINES - 6 - Horizontal mesh lines for the barrier
— layer
WL_HMESCH_DYNAMIC - no 0.7.1 {yes,no} Whether or not to adjust

< the number of horizontal wetting layer mesh lines dynamically based
<~ on WL_HMESH_SPACING

WL_HMESH_SPACING nm 0.2 0.7.1 Target distance between adjacent
< horizontal mesh lines in the wetting layer

WL_HMESH_LINES - 2 - Horizontal mesh lines for the wetting
— layer

CAP_HMESH_LINES - 5 - Horizontal mesh lines for the capping
— layer

8.2 Distribution of LIV parameters for baseline design
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Figure 8.1: Distribution of extracted parameters at room temperature of all measured ex-
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senting the mean value.
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8.3 Second growth cycle

8.3.1 Internal efficiency and modal loss
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Figure 8.2: a. Internal efficiency 7; and b. modal loss «;, and relative to the baseline (c.
and d.).

8.3.2 AIl LIV parameters
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Figure 8.3: All LIV parameters measured for devices from the second growth cycle. Within

each column, device temperature increases from left to right.

8.3.3 LI curves: first derivative
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8.3.4 Characteristic temperature fitting
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Figure 8.5: Fitting of characteristic temperature Ty of the threshold current Iy, for exper-
imental data in batch 2 for pulsed (a. - g.) and continuous bias (h. - n.) for
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8.4 Code snippets

This section provides sample code that was useful in the analysis of various experimental
laser characteristics, as well as scripts that may find use by future users of Crosslight
PICS3D. This includes the beginnings of an interface to create PICS3D simulation files
using Python rather than the built in software (simc.reate.py). There are additional
scripts which allow runing simulations on a separate server without the need to remote
to it simpandler.py. Most of these scripts will require access to the seb,kg-module which
was created during this project. The module is available in the SUNLAB repository or

upon request from the author.

8.4.1 Data analysis functions

These are functions used to read, format, and graph data from both experiment and

simulation.

Fitting LIV curves

This function will return the threshold current and slope efficiency for an LI curve. data
should be a two-column vector, with the first column representing bias current and the

second laser power.

def fit_LI(data, rel_thresh=0.05, upper_thresh=0.8, output_lims=False,
— verbose=False,

method=’legacy’, covariance=False, ith_range=75, ith_offset=20,

min_ith=5, max_ith=200, smooth_offset=5, avoid_fit=False):

Return a line fit (eta, y-intercept, threshold) to the lasing portion of
— an L-I curve.

fitted curve L = p[0]*I + p[1]

slope efficiency = p[0]

threshold current = -p[1]/p[0]

nmmnnn

# ______________________________________________________________________
# LEGACY METHOD
if method == ’legacy’:

tdat = datal[(datal:, 1] > rel_thresh * datal:, 1].max()), :]

261




8 Appendix

tdat = tdat[tdat[:, 0] <= upper_thresh * tdat[np.argmax(tdat[:, 1])
— , 0], :]

elif method == ’dynamic_upper_thresh’:

tdat = datal[(datal[:, 1] > rel_thresh * datal:, 1].max()), :]

grad = np.gradient(tdat[:, 1], tdat[:, 0])

if np.mean(grad[-5:]) <= np.mean(grad[:5]):
# Significant roll-off detected
roll_off_idx = np.max(np.argwhere(grad >= upper_thresh*np.
— mean(grad[:5])))
if roll_off_idx <= tdat.shapel[0]:
roll_off_idx =1
else:
roll_off_idx = np.min(np.argwhere(tdat[:, 1] <=
< upper_thresh * np.max(tdat[:, 1]1)))

if verbose:
print (f’dynamic_upper_thresh: roll-off at {tdat[

< roll_off_idx, 0]}, mA.”)

tdat = tdat[:roll_off_idx, :]

# _____________________________________________________________
# FILTER POTENTIAL ROLL-OFF AND BREAKDOWN SECTIONS OF THE LI-CURVE
elif method == ’filter_rolloff_breakdown’:

# Temporary threshhold current

rel_thresh_idx = np.min(np.argwhere(datal[:, 1] >= rel_thresh * data

— [:, 11.max())) - 1
ith = datal[rel_thresh_idx, O]
if verbose:
print (£’ Ith: {ith:.2f} mA’)

# Determine roll-off and break down current bias

iro, _, ibd, _ = find_rolloff_and_breakdown(ith, datal[:, 0], data

— [, 1D

if iro is None:
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# No roll-off detected
iro = datal[:, 0].max()
else:
if verbose:
print (£’LI: roll-off detected at {iro:.1f} mA.’)
if ibd is None:
# No breakdown detected
ibd = datal:, 0].max()
else:
if verbose:
print (£’LI: megative differential efficiency,,

< detected at_ {ibd:.1f} mA.’)

hard_limit = data[np.max(np.argwhere(datal:,1] <= 0.9 * datal:, 1].
— max())), 0]

ulim = np.min([hard_limit, iro, ibd])

if verbose:
print (f’Lower limit: {datalrel_thresh_idx,0]:.2f} mA’)
print (f’Upper limit: {ulim:.2f} mA’)

upper_lim_idx = np.argmin(np.abs(datal:, 0] - ulim)) + 1
if verbose:
print (£’ {upper_lim_idx - rel_thresh_idx} steps used for
< fitting.’)
if upper_lim_idx - rel_thresh_idx <= 2:
tdat = np.array([[0, 0]])
else:

tdat = datal[rel_thresh_idx:upper_lim_idx, :]

elif method == ’ith_range’:

bias = datal:, 0]
power = datal:, 1]

# Calculate the first derivative

first_gradient = np.gradient(power, bias)

# Filter the first derivative for potentially highly discontinuous
# Disabled by smooth_offset = 0

263




8 Appendix

if smooth_offset > O:
disc_idxs = np.argwhere(np.abs(first_gradient) > 0.5)
if disc_idxs.__len__() > O:
disc_idxs = disc_idxs[0]
disc_idxs = np.append(disc_idxs, [int(np.min(
< disc_idxs) - (idx + 1)) for idx in range(
< smooth_offset)])
disc_idxs = np.append(disc_idxs, [int(np.max(
< disc_idxs) + (idx + 1)) for idx in range(

< smooth_offset)])

disc_idxs = np.clip(disc_idxs, 0, len(first_gradient
) - 1)
first_gradient[disc_idxs] = 0
# Calculate the second derivative

second_gradient = np.gradient(first_gradient, bias)

xvals = bias[bias < max_ith]

yvals = second_gradient[bias < max_ith]
yvals = yvals[xvals > min_ith]

xvals = xvals[xvals > min_ith]

# Temporary threshold current

peaks = signal.find_peaks(yvals, prominence=8e-3)

if peaks[0].__len__() == 0:
max_dx = np.argmax(yvals)

if verbose:
print(f’Fellubackutouusingumaximumuvalueutoudetermineupeaku

— at_{xvals[max_dx]:.2f} mA’)
else:

max_dx = int(np.min(peaks[0]))
ith_p = xvals[max_dx]
if verbose:

print (f’Start | End of fit range: {ith_p:.1f} | {ith_p+
< ith_range:.1f} mA’)
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idxs = np.intersectld(np.argwhere(bias > ith_p + ith_offset), np.
< argwhere(bias < ith_p + ith_offset + ith_range))
tdat = datalidxs, :]

# Fit the remainder of the LI-curve (if available)
if tdat[:, 1].sum() == O:
print (’plot_Li: Filtering of linear section impossible. Using full
— range.’)
tdat = data
p = np.polyfit(tdat[:, 0], tdat[:, 1], 1, cov=covariance)
if covariance:
dnd, dith = np.diag(p[1])
p = plo]
dith = dith/p[0]

lower_lim, upper_lim = tdat[0, 0], tdat[-1, O]

nd, b, ith = p[0], pl[1], -p[1] / p[0O]

# Overwrite linear fit values with ones derived using ’ith_range’

if method == ’ith_range’ and avoid_fit:
ith = ith_p
nd = np.interp(ith_p + 5, tdat[:, 0], np.gradient(tdat[:, 1], tdat
— [:, 01))
b = -ith*nd

if covariance:
dnd, dith = 0, O

return_tuple = [nd, b, ith]
if output_lims:

return_tuple.append([lower_lim, upper_lim])
if covariance:

return_tuple.extend([dnd, dith])

return return_tuple
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sim_data.py

# sim_data
# Class struct designed to handle the output from Crosslight’s Pics3D

— software suite

# Directory structure expected by SimData:

# <sim_dir>

# |- <sim>.zp_000x (number of .zp files = number of simulation steps)

# [- <sim>.sol

# |- <sim>.msh (mesh and simulation output files are expected to have the
<~ same mname)

# |- data {This dir and subdirs are created by .unpack}

# |- raw

# [- <sim>_step000zx

# [-’absorption_zy’ etc.

# [- plots

# |- vtk_files

# |- movies

# Gets the verston of the device from the absolute device path
# ’directory’ method assumes it is saved in the path structure in GDrive)
# ’file’ method assumes 1t contains a .txt file with the version number as
— 1ts name
def get_version(sim_dir, method=’file’):
return clp.get_version(sim_dir, method)
class SimData:
def __init__(self, sim_dir, save_dir=’default’, load_data=True,

< overwrite=False):

8.4.2 Creating PICS3D files

These functions require a C++ pre-compiler cpp (or gpp) and a version of make, accessible
by the system. These come pre-loaded with most Linux distributions but may require
external tools such as MinGW32 on Windows.

sim_create.py
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class CrosslightSim:
def __init__(self, sim_vars, base_var_file, input_dir, calc_dir,

— SimSheep=None, overwrite=False, **kwargs):
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