UNIVERSITY OF CAMBRIDGE
DEPARTMENT OF ENGINEERING

CENTRE FOR PHOTONIC SYSTEMS

Monolithic 1.3 um InAs/GaAs

Quantum Dot Lasers on Silicon:

Simulation and Experiment

Constanze Hantschmann

Hughes Hall

This dissertation is submitted for the degree of

Doctor of Philosophy
August 2020






To all first-year PhD students

il



v



Declaration

This dissertation is the result of my own work and includes nothing which is the outcome
of work done in collaboration except as declared in the Preface and specified in the text.
It is not substantially the same as any that I have submitted, or, is being concurrently
submitted for a degree or diploma or other qualification at the University of Cambridge or
any other University or similar institution except as declared in the Preface and specified
in the text. I further state that no substantial part of my dissertation has already been
submitted, or, is being concurrently submitted for any such degree, diploma or other
qualification at the University of Cambridge or any other University or similar institution
except as declared in the Preface and specified in the text.

This dissertation does not exceed 65,000 words in length, and it contains less than 150

figures.

Constanze Hantschmann, Hughes Hall

August 2020, Munich



vi



Constanze Hantschmann: Monolithic 1.3 um InAs/GaAs Quantum Dot Lasers on
Silicon: Stmulation and FExperiment

Abstract

1.3 um quantum dot (QD) lasers epitaxially grown on silicon have attracted great interest
as light source for silicon photonics and other optical communication applications. This
work focuses on improving the understanding of the physical mechanisms limiting the
performance of these devices, and on studying the laser dynamics with respect to data

transmission potential through simulation and experiment.

Dislocation-induced carrier loss is a major concern for the performance of QD lasers on
silicon. Part of this work aims, therefore, at identifying the processes degrading the laser
characteristics as well as on understanding the performance disparity between silicon-
based QD and quantum well (QW) devices. By using two specially extended types of rate
equation travelling-wave models it is found that enhanced carrier loss at higher dislocation
densities leads to a much larger laser threshold increase in QW than in QD lasers. The
QD laser’s increased tolerance to dislocations can be explained based on efficient and
ultrafast carrier capture into the QDs, where high energy barriers prevent them from
migrating into defects. The carrier density reduction in the higher energy continuum
layers is eventually reflected in a lower current injection efficiency and thus reduced light-
current slope, confirming experimentally observed trends of 1.3 um QD lasers on silicon.
In particular, a large minority carrier diffusion length is identified as a key parameter

inhibiting laser operation in QW-based devices.

The other part of this work focuses on investigating the QD lasers’ dynamics by means
of gain switching, small-signal and large-signal modulation. 150 ps short gain-switched
pulses, modulation bandwidths of 1.6 GHz to 2.3 GHz, and optical eyes at 1.5 Gb/s are
obtained from 2.5 mm long ridge-waveguide lasers grown and fabricated at University
College London. Numerical simulations reveal that the observed high-speed limitations
are a result of limited gain and a long photon lifetime, whereas suitability for 10 Gb/s
operation is predicted in an optimised laser design. It was, furthermore, found that
neither dislocation-induced carrier loss nor optical loss limit the modulation characteristics
fundamentally. The reduced carrier lifetime is, however, reflected in stronger damping of
the small-signal modulation curves. Apart from that, the overall device dynamics remain

governed by the QD physics.
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Chapter 1. Introduction

Chapter 1

Introduction

Bandwidth-thirsty web-based applications have drastically shaped the data communica-
tion infrastructure of the twentyfirst century. While online services such as cloud storage,
video streaming, and social media are already seamlessly integrated into many people’s
lives, there are various additional emerging Internet of Things (IoT) technologies whose
future impact is hard to estimate yet [I]. Smartphones and other mobile devices sit at the

heart of these developments, with mobile and wireless IP traffic having started to exceed
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(a) (b)

Figure 1.1: (a) Global internet traffic between 1992 and 2017 with estimate for 2022

from Cisco’s Visual Networking Index forecast 2017-2022 [1I]. (b) Historical view on the

aggregated pluggable optics front panel bandwidth using 10 Gb/s, 40 Gb/s, and 100 Gb/s

technology as published by Google [2]. 400 Gb/s and 800 Gb/s technology is anticipated
to be implemented in the near future.



Chapter 1. Introduction

PC traffic. Specifically smartphones have evolved into the central communication hub for
Facebook, Twitter, Youtube etc. as well as into the main interface for a variety of IoT
devices ranging from household appliances over medical applications to on-demand video

surveillance via the cloud [1].

In the past thirty years, global internet traffic has grown exponentially from an av-
erage of only 100 GB per day in 1992, to 100 GB per second in 2002 and to 46,600 GB
per second in 2017, as can be seen in Fig. [I.1[a) [I]. It goes without saying that this
explosively growing stream of transmitted data places extensive demands on the existing
communication networks. Single-lane data rates in fibre optics based optical interconnects
have recently been upgraded from 10 Gb/s to 25 Gb/s in state-of-the-art data centres.
Combined with multiple parallel optical lanes and higher order modulation schemes, ag-
gregated data rates of 100 Gb/s per interface are currently achieved, whereas even higher
rates of 400 Gb/s and 800 Gb/s are envisioned for future generations of data centres and
high-performance computers (Fig. [L.1(b)) [2H4]. At present, the trend moves additionally
towards building hyperscale data centres to provide higher computational power, although
power consumption, heat generation, as well as manufacturing and operation cost place
major constraints on the corresponding architecture and technology [5, [6]. The actual
networking bottleneck, however, is created at the copper-based electrical interconnects

for on-chip and chip-to-chip communications, which approach their limits in providing

the demanded bandwidth [7-9].

Silicon photonics, which allows the monolithic integration of data centre interconnect
main functionalities including modulating, waveguiding, multiplexing, and light detection
on a single silicon die, is believed to be a key enabling technology for meeting next-
generation performance requirements at minimised cost per chip [3]. Moving high-speed
optical links to the chip level and exploiting their inherent parallelism promises on-chip
data rates in the Terabit regime while keeping power consumption and heat generation
low [6l 10]. Monolithic silicon photonic integrated circuits hold a further cost advantage
compared with traditional components due to reduced processing, packaging, and testing
cost with increasing level of integration [3, [11]. Moreover, foundries could take full advan-

tage of the highly mature complementary metal-oxide-semiconductor (CMOS) electronics

2



Chapter 1. Introduction

infrastructure that enables high-volume manufacturing based on inexpensive large-area

silicon wafers [12].

So far, progress on fully monolithic photonic circuits has been quite limited due to the
lack of a high-quality silicon-based light source. Silicon is inherently a rather inefficient
light emitter due to its indirect bandgap nature, so that integrating high-optical-gain
ITI-V lasers based on GaAs or InP is deemed the most promising approach for meeting
performance requirements of practical applications [I3]. Due to the large lattice constant
and thermal coefficient mismatch to silicon, however, epitaxial I1I-V growth on silicon
substrates results in a high density of threading dislocations propagating into the laser
active region and deteriorating the device performance [14]. Off-chip, flip-chip bonded,
and wafer-bonded lasers are currently the only commercially available alternatives, despite
undermining the high-volume cost advantage due to the costly laser integration process

I3, 15].

The first realisation of 1.3 pm InAs/GaAs quantum dot (QD) lasers epitaxially grown
on silicon substrate in 2011 was, therefore, a considerable technological breakthrough
[16]. Compared with standard bulk or quantum well (QW) active regions, QDs turned
out to have an increased tolerance to crystal defects, allowing laser operation at defect
densities of four to five orders of magnitude higher than acceptable for commercial GaAs-
and InP-based QW devices [I7]. In the years to follow, monolithic 1.3 pm QD lasers on
silicon evolved rapidly from proof-of-concept lasers operating under pulsed injection only
to high-performance devices gaining considerable attention from industry and academia
alike [12]. State-of-the-art devices have demonstrated continuous-wave (cw) operation at
over 100 °C [18-21], ultralow threshold currents and current densities of 4.8 mA [22] and
62.5 A/cm? [13], single-facet maximum output powers of more than 175 mW [23] 24],
and extrapolated lifetimes of more than three million hours [23]. These promising early
results may eventually open the door for the industrialisation of monolithic ITI-V lasers on
silicon for silicon photonics and beyond in the mid- to longer-term future. Some possible

applications will be discussed in the next section.



Chapter 1. Introduction

1.1 Applications of Monolithic ITI-V Lasers on Silicon

Silicon photonics for high-capacity optical links in data- and computercom was so far the
main driver behind developing monolithic III-V lasers on silicon, as co-packaging optics
with electronics is believed to be the only way to overcome the electronic bandwidth bot-
tleneck while also reducing power consumption and heat generation. There are, however,
multiple applications where III-V gain blocks on silicon may be required and where they

may even improve the performance of the original device.

1.1.1 Directly Modulated Standalone Laser

During the process of realising III-V QD lasers grown on silicon, a logical early step is to
assess the performance and use of the unintegrated standalone device first. QD lasers have
commonly a slower modulation response than QW devices. The advantage of QD lasers
on silicon for communication applications beyond silicon photonics will, therefore, be less
based on their high-speed properties, but rather on their potential as low-cost emitters
in applications where cost rather than performance is decisive. The direct growth on
silicon rather than native GaAs or InP substrate should lead to considerable cost savings,
as the GaAs and InP substrates price is 14-fold and 38-fold greater than silicon [25].
As a consequence, directly modulated devices grown on GaAs-on-Si virtual substrates
have great potential as inexpensive alternatives for new emerging markets such as the 5G

mobile network and fibre-to-the-X (FTTX) business or residential optical access [26].

Passive Optical Networks (PONs) can fulfil the respective optical access network re-
quirements of low power and cost, high capacity, and low latency using low-bandwidth
optics [27]. 10 Gb/s class optics will be extensively used in the next-generation 10G-PON
and show in principle also potential for up- and downstream transmission at > 25 Gb/s
[28-32]. With millions of optical accesses worldwide and a substantial growth rate [33],
PONs are gaining attractivity worldwide, so that there could be a great demand for

inexpensive lower-bandwidth lasers such as QD lasers on silicon.

4



Chapter 1. Introduction

1.1.2 Integrated Light Source for Silicon Photonics

1. Data Centre Optics

Optical interconnects are key in supplying high-speed connectivity in data centres. Fig.[1.2
shows that all interconnections beyond the rack and top of rack level are made optically,
as optical links outperform electrical ones at Gigabit data rates (> 10 Gb/s) and longer
distances £ 50 m [34] 35]. For link distances of up to about 100 m to 300 m, 850 nm
GaAs-based vertical-cavity surface-emitting lasers (VCSELs) are used in combination with
multimode optical fibres [2]. For long reach optics connecting multiple data centre build-
ings, for example, 1.3 wm InP-based distributed feedback (DFB) lasers and singlemode
fibres are used due to limitation of the bandwidth-distance product of multimode fibres
[36-38]. Although the optical transceivers interface directly with each server, compara-
tively long distances have to be spanned by electrical interconnects, as the lasers are only
mounted at the edge of the board [39]. Electrical rack-to-rack, board-to-board, and even

on-chip communications form here the classical electrical performance bottleneck [35], 40].

& & L L Super spine/core

J— (=] =a J— [ (=] (=] (= Spine

I I e Leaf

Top of rack
(ToR)

Figure 1.2: Intra data centre network topology with optical interconnects being shown in
orange [41].

By moving photonics as closely as possible to the chip level and minimising electrical
interconnect distances rather than using standard pluggable optics, higher bandwidths
with lower latencies can be provided [39, 42]. A high-performance silicon-based light
source is, consequently, integral for data centre silicon photonics. Monolithic 1.3 pum

InAs/GaAs QD lasers on silicon hold great promise of overcoming present integration

5



Chapter 1. Introduction

limitations and show, additionally, many physical properties desirable in optical commu-
nication components (further discussed in Chapter . Since next data centre gener-
ations will require single-lane data rates of at least 25 Gb/s, which state-of-the-art QD
lasers are unlikely to meet, external rather than direct modulation appears to be the more

workable solution in this case.

2. LiDAR

Light detection and ranging (LiDAR) is becoming increasingly popular for 3D sensing in
autonomous cars. However, classic LIDAR systems as depicted in Fig.[I.3]tend to be bulky
and expensive, as they require beam steering optics or flash illumination with high peak
laser power [43]. Silicon photonics has the potential to alleviate many of these system
constraints by offering a compact, low-cost, and CMOS-compatible alternative to current
approaches [43]. Bhargava et al., for example, have demonstrated an integrated LiDAR
system using frequency-modulation continuous-wave (FMCW) detection and a silicon
photonic optical phased array for beam steering [44]. FMCW LiDAR offers higher preci-
sion than other common detection types such as pulsed LiDAR or amplitude-modulation
cw detection [45], while eliminating the need for high-speed electronic circuitry [46]. In a
monolithic silicon photonics LiIDAR system, the external 1550 nm singlemode laser used

in [44] could be replaced by a tunable QD laser grown on silicon as demonstrated in [47].
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Figure 1.3: Schematic of a basic LiDAR system [45]. Using a silicon photonics platform

instead, light could be provided by a tunable QD laser grown on silicon and guided by

silicon waveguides and couplers. Optical phased arrays for the transmitted and received
light can replace bulky and slow beam steering optics.
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Beyond these two examples, there are of course many more applications such as in cam-
era technology [48, 49], metrology [50], and biosensing and medicine [51], [52], for instance,
where monolithic silicon photonic integrated circuits have the potential to drastically re-
duce component or fabrication cost, increase the performance, or enable completely new

functionalities [53].

1.1.3 Other Niche Applications

Besides their main application for optical communications, silicon-based 1.3 um QD lasers
offer the possibility of designing optical devices showing enhanced functionality compared
with their original, purely III-V-based counterparts. One such example could be a mono-
lithic III-V-on-Si DFB laser with its index grating etched into the passive silicon sub-
strate. As silicon shows a smaller carrier- [54-56] and temperature-induced refractive
index change than GaAs and InP [57], this could result in more stable operation. A
hybrid version of such a device, has been demonstrated in 2011 by Srinivasan et al. [58],

for example.

Narrow linewidth lasers are another example showing improved performance when
integrated with silicon. Long cavities are required to reduce the laser’s emission linewidth
[59], and the propagation loss in silicon is one order of magnitude lower than in GaAs
or InP [I7]. Coupling the photons from the III-V gain region into a long silicon-based
ring cavity is, consequently, a promising approach and could find applications in coherent
transceivers or LIDAR [60]. The ring configuration provides also an opportunity for

wavelength tuning.

Lastly, silicon-based QD lasers show potential as single-mode high-power lasers, for
example as pump source for praseodymium-doped (PDFAs) or erbium-doped fibre am-
plifiers (EDFAs) in O-band and C-band communication systems. Whereas QD active
regions are traditionally not deployed in high-power semiconductor devices, QD lasers
on silicon have actually a number of properties that would be desirable for applications
where not only high power, but also high brightness is required. Poor beam quality re-
sulting from antiguiding effects and irregular contributions of longitudinal and transverse

modes due to the carrier density dependence of the refractive index are common issues in

7
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high-power broad-area semiconductor lasers [61], [62]. This coupling between the carrier
density and the refractive index is expressed through the antiguiding factor or linewidth
enhancement factor oy, respectively [63]. QD lasers happen to have a near-zero linewidth
enhancement factor [64], meaning filamentation issues may be alleviated. Since heat man-
agement is a further concern at high pump levels, a moderate high-power QD laser grown
on silicon could further benefit from silicon’s natural heat sinking resulting from its high
thermal conductivity [12]. Although QD lasers suffered traditionally from low power and
gain saturation, recent publications of monolithic 1.3 um QD lasers on silicon reported
on front-facet output powers of 185 mW [23], which shows great promise for high-power
operation in a suitable laser design. For PDFA pumping, silicon-based lasers could be
realised using small InAs/GaAs QDs for emission at 1020 nm [65] or 1047 nm [66], or
could be alternatively based on InAs/InP QDs for EDFA pumping at around 1.5 um [67].

1.2 Organisation and Aim of this Dissertation

The aim of this dissertation is to improve the understanding of the physical mechanisms
currently limiting the suitability of InAs/GaAs QD lasers on silicon for commercial ap-
plications. At the time this PhD project was conducted, very little was known about the
physical properties of this novel kind of laser and about to what extent they might be
different from conventional InAs QDs on grown on GaAs. Most publications reported
primarily on improvements in semiconductor growth technology in conjunction with im-
proved light-current performance of the mostly very simple laser structures. However,
there was a distinct lack of studies looking beyond these basic device characteristics, for
instance in the form of theoretical studies investigating the underlying laser parameters
responsible for the observed behaviour. In addition, the high-speed data transmission
potential of QD lasers on silicon was not addressed at all, despite being one of the key
selling points for silicon photonics. This dissertation focuses, therefore, on two main
aspects. First, the role of dislocations is investigated theoretically in order to identify
how exactly dislocations impair the static performance of QD lasers on silicon, and why

lasers with QD active regions are more immune to these effects compared with QWs.

8
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Secondly, the data transmission potential of monolithic 1.3 um QD lasers on silicon is

studied through experiment and simulation.

This dissertation is organised as follows. This first chapter has given an introduction
into the underlying motivation and the possible applications driving the progress on pho-
tonic integrated circuits and more specifically 1.3 pm InAs/GaAs QD lasers monolithically
grown on silicon substrates. Chapter [2| will outline the fundamental operating principles
of semiconductor diode lasers, covering the essentials of the double-heterostructure, ac-
tive region types, and an analytical rate equation description of a semiconductor laser’s
static and dynamic properties. A detailed introduction into III-V lasers on silicon will
be given in chapter [3] After discussing the problems associated with integrating lasers
on silicon and introducing the to date main laser integration approaches, the special re-
quirements of epitaxial IT1I-V growth on silicon substrates will be discussed. Finally, a
review of recent achievements regarding the static performance of monolithic 1.3 pm QD
lasers on silicon will be presented. This is then followed by a detailed explanation of the
used theoretical model, on which the results of the following chapters are based, and its
numerical implementation in chapter [} This chapter also touches on common choices of
modelling parameters for InAs QD lasers on native substrate, and how these differ for

their counterparts on silicon substrate.

Chapters [5] to [7| contain the main experimental and theoretical results of this work.
Chapter |p| presents a theoretical study on the role of dislocations in monolithic ITI-V lasers
on silicon. Two approaches are presented here, with the first one based on macroscopi-
cally averaged laser parameters describing the performance deterioration with dislocation
density, while the second, high resolution approach allows insights into the local phe-
nomena of the optical gain, carrier, and photon density distribution in the presence of
dislocations. Both approaches point to the role of carrier migration into defects and ex-
plain the superior performance of QD over QW-based active regions. Chapters [f] and
investigate the dynamic properties of monolithic QD lasers grown on silicon, beginning
by reviewing their so far investigated dynamic properties. The here presented studies
on gain switching and small-signal modulation are supported by numerical simulations

and aim particularly at understanding the experimentally observed performance limita-
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tions, at modelling the fastest achievable modulation speeds in a high-speed optimised

laser design, and at studying the potential impact of the silicon substrate. Chapter [§ will

finally conclude this dissertation and give an outlook on what is likely to come next for

monolithic InAs QD lasers on silicon.

1.

10

3 Achievements of this Work

The theoretical work of this PhD project has contributed to advancing the knowledge
on III-V lasers on silicon by publishing two of the first theoretical studies, thus es-
tablishing the first sets of laser parameters available for the simulation of QD optical
components on silicon [68, 69]. These first insights into the underlying laser physics
served as a valuable starting point to evaluate to what extent the devices are different
from their counterparts grown on native substrates, as discussed in chapters [4.4.2] [6]
and [

The first theoretical studies considering specifically the impact of threading dislocations
in the III-V laser active region were carried out [70, [71]. With the aim of identifying
the main mechanisms responsible for the disparity in performance between QD and
QW lasers on silicon as well as the origin of the performance degradation observed
with increasing dislocation density, the work in chapter [5| presents a novel approach of
implementing dislocations in a travelling-wave rate equation model. The simulations
allow to identify a large minority carrier diffusion length as a key parameter inhibiting
laser operation by enabling carrier migration into dislocations over larger areas, and
point also to the issue of locally reduced gain around dislocations, which has to be
compensated for in dislocation-free regions. This process could lead to enhanced gain
saturation effects in QD lasers on silicon with high dislocation density and limited

modal gain [71], [72].

The experimental results presented in chapters [0] and [7] contribute some of the first
studies on the dynamic properties of 1.3 wm QD lasers on silicon. We have reported
the first ever gain-switched optical pulses using silicon-based QD lasers [68], and the

second ever published results on small-signal modulation [69] [73, [74]. The shortest
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optical pulses are 150 ps long, while 3dB modulation bandwidths of 1.6 GHz to 2.3 GHz
were measured using 2.5 mm long narrow ridge-waveguide lasers with high-reflection

coating [75].

In contrast to other work, these results are supported by a rigorous theoretical anal-
ysis, which can serve as a reference for other researchers who wish to improve their
QD devices’ high-speed performance. While the high-speed limitations observed in
our measurements are largely a result of the laser design, simulations show that data
transmission rates of 10 Gb/s may be achievable in an optimised laser layout. They
indicate, furthermore, that the overall dynamic properties of QD lasers on silicon seem
to be governed by the QD physics, regardless of the substrate type [69]. Based on their
increased dislocation-induced nonradiative carrier losses, QD lasers on silicon were,
however, identified to show stronger damping in their modulation response. While this
in itself does not directly affect the modulation bandwidth, dislocation-induced carrier
loss will lead to increased laser thresholds and thus higher power consumption and
heating. Locally reduced gain as a result of carrier depleted regions around disloca-
tions may, furthermore, lead to a premature saturation of the modulation bandwidth

due to increased gain compression effects.
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Chapter 2

Semiconductor Laser Fundamentals

Semiconductor lasers have attracted wide interest for data- and telecommunication ap-
plications due to the possibility of transmitting data by modulating the laser’s optical
output through its drive current. This chapter will give an introduction into the funda-
mentals of semiconductor laser diodes, covering the operation principles of the double-
heterostructure, common active region types, and a theoretical rate equation description

of a semiconductor laser’s static and dynamic properties.

2.1 Operation Principles

The knowledge about the general concept of lasing, light amplification by stimulated
emission of radiation, dates back to as early as 1916, when Albert Einstein first proposed
the possibility of stimulated emission of photons in his elaborations on Quantum Theory
of Radiation [76]. The first experimental demonstration of a laser, a ruby laser realised
by Theodore Maiman at the Hughes Research Laboratories, did not take place until 1960
[77, [78], but kickstarted eventually the development of a whole range of laser types -
among those the semiconductor laser [79]. All conventional lasers consist of three main
building blocks: a gain medium, a laser cavity for optical feedback, and an energy pump
exciting electrons into a higher energy level to enable stimulated emission of photons.
Analogously, a semiconductor laser in its simplest form is obtained by cleaving a direct

semiconductor material (see chapter |3.1| for direct and indirect semiconductors) to obtain

13
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a resonator with the semiconductor itself representing the gain medium [80]. Such a device
can be pumped electrically by injecting carriers under forward bias, that means electrons
are injected into the conduction band from the n-doped region, while holes are injected
into the valence band from the p-doped side. This way, minority carriers accumulate in
the p-n depletion region, which increases the probability of radiative recombination of
electrons and holes. When an electron and a hole form a pair, which occurs in QWs and
QDs (compare section for active region types) [81], this quasi-particle is called an
exciton. If population inversion is achieved at the band edges, stimulated emission sets
in and light amplification is enabled. Lasing is sustained through optical feedback at the

partly reflecting semiconductor laser facets perpendicular to the junction plane [82].

2.1.1 The Double Heterostructure

The first ever demonstrated semiconductor diodes lasers in 1962 were formed of a ba-
sic p-n GaAs homojunction, as shown in Fig. [2.1(a) [85-88]. Although it is possible to
obtain lasing using such a simple configuration, this type of device is rather inefficient,

as carriers tend to diffuse away from the junction due to lacking electrical confinement.

£) p-doped n-doped Ey p-doped n-doped E ) p-doped n-doped

(a) (b) (c)

Figure 2.1: (a) Unbiased p-n homojunction with adjusted Fermi level Er in thermal
equilibrium. FEgs and Ey denote the conduction band and valence band energy edges.
Grey areas represent electrons, while white areas such as those below Ey represent holes.
(b) p-n homojunction under forward bias: electrons and holes recombine radiatively in the
depletion region. Under these non-equilibrium conditions, the Fermi levels Frc and Ery
for the conduction band and valence band are separated by about the voltage applied to
the junction. (c¢) Double heterostructure under forward bias with carrier confinement in
the active region. The smaller bandgap material is commonly an intrinsic semiconductor
with unintentional doping [83]. After [84].
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As a consequence, very high current densities of tens of kA/cm? were required to ob-
tain lasing [87, 88], while self-absorption in the homojunction is another major issue [83].
These performance limitations restricted the early semiconductor lasers’ operation condi-
tions to pulsed and cooled operation only, hence rendering them unsuitable for practical

applications [82].

Today’s standard semiconductor laser design is, therefore, based on the far more effi-
cient double heterostructure, which is realised using lattice-matched compounds such as
AlGaAs or InGaAsP, for example [83] 89]. Having first been realised in 1963 by Alferov,
Kayarinov, and Kroemer [90, 9], a double heterostructure distinguishes itself from a
p-n homostructure by sandwiching a material of smaller bandgap in the centre of the
junction, as illustrated in Fig. [2.1fc). This kind of configuration provides two essential
advantages: carrier confinement and optical confinement. The potential difference be-
tween the active region and the cladding layers allows effective localisation of the carriers
at the heart of the p-n-junction. As a consequence of this carrier confinement, population
inversion can be reached at comparably low injection densities. Conveniently, a semi-
conductor’s bandgap also scales inversely with its refractive index, so that the smaller
bandgap optically active material exhibits a higher index. This optical confinement re-
sults in a waveguide effect along the active region by means of total internal reflection
at the core-cladding interfaces [82) [83]. State-of-the-art devices with much thinner active
regions compared with the 1960s and "70s are still based on this concept, but incorporate

slightly more complex waveguide designs confining the optical mode in an intermediate

Figure 2.2: Schematic bandgap profile along the epitaxial growth direction of two types of
separate-confinement heterostructures (SCHs) along with the optical mode distribution.

(a) Step-index SCH. (b) Graded-index SCH (GRINSCH). After [80].
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bandgap region around the thin active layers. Fig. shows two common examples
of such separate-confinement heterostructures (SCHs) [80].The adoption of the double
heterostructure allowed quickly for substantial improvements in the device performance,
opening the door for low-threshold continuous-wave (cw) operation at room temperature
in 1970 [92), 93] and thus making semiconductor diode lasers attractive for a multitude

of applications.

2.1.2 Lateral Confinement

Good lateral in-plane confinement of the optical mode along the laser cavity is not only
helpful in increasing the overall laser efficiency, but for some applications, such as optical
communications, for instance, it is also necessary to ensure high optical fibre coupling
efficiency and near single-transverse mode operation [94]. There are two mechanisms
through which lateral confinement can be achieved: index guiding and gain guiding. As
suggested by the name, the optical mode in a gain-guided laser is primarily confined
by restricting the lateral extent of the carrier distribution in the active region, whereas
index-guided devices guide the optical wave by embedding the central ridge in a material

of lower refractive index [84] [R9].

Since gain-guided structures are considerably easier to fabricate than devices with

strong index guiding, they are well represented in markets with less stringent operation

p-contact Oxide

p-AlGaAs

Dielectric

p-AlGaAs p-contact p-contact

semi-ipsulating -GaA
i-GaAs

(a) (b) (c)

Figure 2.3: Schematic front view of laser structures using different kinds of lateral
confinement schemes. (a) Gain-guided oxide-confined laser. (b) Index-guided buried-
heterostructure laser. (c) Gain- and partly index-guided narrow ridge-waveguide laser.

After [94].
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requirements [84]. Gain-guided lasers are fabricated in a straight-forward way by in-
corporating a current-blocking oxide layer with stripe openings at the wafer surface, for
example, as can be seen in Fig. [2.3(a). Hence, current injection is roughly limited to the
stripe below the etched oxide opening, although current spreading and carrier diffusion
increase the required threshold current. A further problem is that high carrier densities in
the central active region can cause anti-guiding of the lateral field profile, as the refractive
index decreases with rising carrier density [54], 89]. Since both gain and index guiding are
sensitive to changes in the carrier density and the temperature, such devices can show

quite complex spatiotemporal dynamics [95].

Index-guided lasers can be divided into strongly guided (refractive index difference
An =~ 0.2) and weakly guided devices (An ~ 0.01) [89]. Strong index guiding can be
achieved in buried-heterostructure lasers, as shown in Fig. [2.3|b). After defining the opti-
cally active ridge, an epitaxial overgrowth step with a lower refractive index semiconductor
is required, which makes the realisation of high-performance buried-heterostructure lasers
quite demanding [94]. An alternative with more relaxed fabrication conditions is the ridge
laser operating based on gain and weak index guiding (Fig. [2.3{c)). Since the edges of
the optical field extend into the dielectric coating or planarisation layer, the outside parts
of the field experience effectively a lower refractive index, which promotes waveguiding

along the narrow ridge [89, [94].

2.1.3 The Laser Cavity

In an ordinary Fabry-Pérot (FP) laser with as-cleaved facets, the reflectivity resulting from
the refractive index difference between the semiconductor material and the surrounding
medium, which is typically air, provides the necessary optical feedback and direction
selectivity to sustain lasing [82]. With GaAs having a refractive index of about 3.5, this
yields a reflectivity of

_ o\ 2
R= (”GA”) ~ 0.3 (2.1)
NGaAs + Nasr

[96], which is usually sufficient provided that the gain and the amplification length

are high and long enough. It lies in the nature of the FP resonator to only provide
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constructive feedback at selected wavelengths A\ or frequencies v, respectively, matching

the phase condition for the m-th mode

2Nners L me
= iz 4 Um,

Am =
m 2neffL

(2.2)

[97]. m, nepp, and L are an integer number, the effective refractive index, and the cavity
length, respectively. Combined with the semiconductor’s broad gain bandwidth, which
is around three orders of magnitude wider than that of a helium-neon gas laser [80], this
results typically in a highly multimode optical spectrum consisting of equidistant cavity

modes (in frequency space), as illustrated in Figs. 2.4(a) and (b).

The lasing condition is fulfilled if the gain balances the losses after one round trip in

the cavity [97]. Mathematically, this is the case if the electric field

E(z,t) = Ey e85 )7 milkemwt) (2.3)

reproduces itself in amplitude and phase as

th

gth a; . gmo a; .
Ey = (EO R, e<”é‘”‘—z>Le—“fL> <\/31 e<zd—z><L—°>e—Zk<L—O>> (2.4)

~ \/Rl Ry e(gf’?"diai)L =1 (25)

after a propagation of z = 2L and reflection at both facets with reflectivity R, and R,.
Ey, k, and w are the electric field amplitude, the wave number k = 27/ and the angular
frequency [94]. The modal gain and optical 10ss g,,.¢ and «a; are scaled with a factor 1/2
as these quantities are defined with respect to the light intensity [98]. In Eq. and
following, the time dependence e™? is dropped as it occurs in all terms. From Eq. ,

one obtains the threshold condition

1 1
h  — a4+ —In | —— 2.6
Imod O‘+Ln<\/m> ( )

S Gooa = Qi + (2.7)
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where the second term is defined as the mirror loss «,,. Since the photon lifetime 7,
is defined as the photon decay rate associated with optical losses in the cavity during

propagation and at the mirrors, 7,, is then given via the group velocity vy, = ¢/n.ss as

1
Toh — ——F————————~ [98] (2.8)
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Figure 2.4: (a) Illustration of the longitudinal cavity modes of a broadband gain medium
in an FP cavity. (b) Multimode spectrum of a 1.3 pum QD FP laser grown on silicon.

2.2 Active Region Types

The types of active regions deployed in semiconductor lasers evolved with advancing
growth technology. For about two decades, semiconductor lasers were based on bulk
active regions, i.e. a few hundred nanometres of gain material sandwiched between the
cladding layers [83], 89, Q9]. These devices were fabricated using liquid phase epitaxy,
which did not allow sufficiently accurate layer thickness control, let alone the deposition
of thin films at the atomic monolayer level. Semiconductor lasers utilising a bulk active

region showed typically high threshold currents due to the large active volume.

The development of vapour-phase epitaxy techniques such as molecular beam epitaxy
(MBE) and metal-organic chemical vapour deposition (MOCVD) lead to substantial per-
formance improvements by downscaling the active region thickness to a few nanometres

[100], 10T]. The reason for this is the onset of quantum effects when electrons and holes are
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spatially confined at the length of the de Broglie wavelength (~10 nm) along one or more
directions [102], 103]. In QW lasers, the active region thickness of a single QW is reduced
to about 7 nm to 10 nm, for example, so that the injected carriers are confined parallel
to the growth plane. As a consequence, the density of states is a step function of energy,
as can be seen in Fig. [104, [105]. QW lasers benefit from reduced threshold currents
and higher differential gain and high modulation speeds [106, 107], which makes them
to date the preferred active region type in commercially available laser diodes. 850 nm
GaAs QWs in AlGaAs cladding layers are the standard material system for VCSELs in
short-haul communication systems [36], whereas InGaAsP QWs grown on InP are typi-
cally used for in-plane lasers emitting in the low-dispersion O-band (1310 nm) and the
low-loss C-band (1550 nm) for telecommunication applications [80]. Although perfectly
lattice-matched, unstrained growth was traditionally the goal to achieve almost defect-free
structures of high crystalline quality, intentionally strained QWs, such as compressively
strained InGaAs/GaAs QWs emitting at 980 nm, yield higher differential gain [TOSHI10].
Additionally, QW lasers contain typically closely stacked multi-quantum well active re-

gions to reduce gain saturation effects [111].
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Figure 2.5: Comparison of the electronic density of states of bulk, (single) QW, quantum
wire, and QD active regions. After[I12].

20



Chapter 2. Semiconductor Laser Fundamentals

Fig. shows that the degree of carrier confinement can be further increased by grow-
ing quantum wires and QDs, which show two- and three-dimensional spatial confinement,
respectively. QDs have attracted great academic interest due to their discrete spectrum
of energy eigenvalues consisting of a ground state (GS) with twofold degeneracy and of-
ten multiple excited states (ES) with fourfold (ES1) and sixfold degeneracies (ES2 and
higher) [113,114], as shown in Fig. 2.6] As a consequence, QD lasers are prime candidates
for high differential gain and ultralow threshold currents, as quick filling of the discrete

energy states enables population inversion at very low injection levels [112].

Energy Energy
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Figure 2.6: Schematic one-dimensional real-space energy band diagrams of (a) a QW

active region with a continuum of states and (b) a dot-in-a-well (DWELL) QD active

region with two discrete QD states. E¢- and Ey depict the conduction band and valence
band edge energy.

Compared with quantum wires, QD active regions can conveniently be produced in a
self-organised growth process, where a material of larger lattice constant is deposited on a
smaller lattice constant substrate, such as InAs on GaAs. The high compressive strain is
then released by transitioning into the three-dimensional growth mode and forming QDs

[T15]. In the case of InAs and GaAs, this offers additionally the advantage of extending
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the emission range of the InGaAs system, which is for QWs restricted to wavelengths
below about 1.1 um [I16], into the 1.3 um O-Band. For improved carrier capture and
growth conditions, the QD layers are typically embedded in a QW-like wetting layer with

intermediate bandgap, such as InGaAs, which results in the coupled electronic system

shown in Fig. [114).

Although the first InAs/GaAs QD laser was already demonstrated in the 1990s [117],
QDs have so far largely remained a subject of academic research, as realistic devices show
several shortcomings. Gain saturation due to limited modal gain is one of the central
issues. This results in part from the stochastic size and thus energy level distribution of
the self-organised QDs, which leads to an inhomogeneously broadened gain function rather
than sharp gain peaks at identical energy levels [113], 115]. Growing homogeneously sized
QDs is, therefore, important for achieving high peak gain. It is, furthermore, difficult to
achieve a high overlap between the optical mode and the active medium due to the limited
QD density and thick spacer layers in QD multi-stacks. Up to 50 nm thick buffer layers
are needed to compensate for the high strain necessary to form QDs in order to prevent
the formation of crystal defects [118] [119], whereas QWs require only a few nanometres
[120]. The resulting small confinement factor (0.01% - 0.1% as opposed to a few percent

in multi-QWs) reduces, consequently, the modal gain

maxr

Imod = Fgmat y (29)

and can lead to premature gain saturation despite intrinsically high QD material gain
grer [1211, 122]. While QWs with their higher modal gain are capable of producing larger
output powers as well as faster modulation speeds [123HI126], low modal gain in QDs limits
the modulation response not only in itself, but additionally also due to the resulting need
for long cavity lengths. The QD laser’s modulation response is further slowed down by

the cascaded carrier transport mechanism into the discrete QD energy states as well as

longer carrier transport times through the thicker QD active region [127H129].

Nevertheless, QD lasers show a variety of very interesting properties which might prove

extremely useful for certain optical communication applications. Beyond low threshold
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currents for reduced power consumption and heat generation [I30], they show typically
a high characteristic temperature Ty and exhibit thus high temperature stability for un-
cooled operation or high component integration density [131], 132], low relative intensity
noise for improved signal-to-noise ratios [I133] [134], reduced wavelength chirp during direct
modulation [64], broadband emission for multi-wavelength sources in wavelength-division
multiplexing (WDM) systems [135], and low sensitivity to optical feedback in (integrated)
optical systems [I136]. With their most recent application as defect-resistant active region
type in GaAs- and InP-based lasers grown on silicon, QDs may, for certain niche appli-
cations, have actually reached a point though where their unique advantages begin to

overcome some of their shortcomings.

2.3 Rate Equation Description

A simple pair of rate equations for the interaction between the carrier density n and photon
density S can be formulated to describe the main physical processes in a semiconductor

diode laser. A standard one-level rate equation system is given as

dn  nl n n

G eV my g s (210)
dsS bfn S

A e 2 2.11
= vy Lg(n)S + o (2.11)

[98]. Eq. describes the temporal evolution of the carrier density under current in-
jection nl/(eV') with efficiency 7 into the active volume V' in the presence of nonradiative
carrier loss n/7,,, spontaneous recombination n/7, and lasing v,,g(n)S. I, e, Tpy, T, Vgy,
and g(n) are the electric current, the electronic charge, the nonradiative and radiative
carrier lifetime, the group velocity, and the material gain, which is a function of the car-
rier density. The photon density equation ([2.11) contains terms for the lasing process
Vg I'g(n)S, spontaneous emission Sn/7, , and photon loss S/7,,, where I, 5, and 7, are
the optical confinement factor, i.e. the overlap between the active volume and the optical
mode volume, the spontaneous emission coupling factor, and the photon lifetime intro-

duced above. The equations assume constant carrier and photon densities over the entire
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device, homogeneous current injection, and singlemode operation. Possible extensions,

such as the inclusion of temperature effects, are further discussed in chapter |4.6|

The appropriate gain function to use depends on the type of active region to be de-
scribed. Whereas the bulk gain can be approximated using a linear gain relationship
g(n) = a(n — ny,.) [137, [138], the QW gain function is better calculated using the loga-
rithmic function g(n) = go In(n/ny.) [81, 139]. a, go, and ny, are the differential gain, the
nonlinear gain coefficient, and the carrier density at transparency. The QD gain can be
parametrised based on the maximum material gain g%’ and the ground state electron
and hole occupation probabilities f&g and fis as g(n) = ¢gm% (f&ég+ fig—1) [140, 141]. In
order to consider gain saturation effects, a phenomenological factor (1+ ¢S)™! containing
the gain compression factor € can be multiplied to the gain function [83] [142] 143]. This
factor is of special importance for the QD dynamics, as it limits the maximum modulation

bandwidth. This will be further explained in section [2.3.2

Implementing the rate equations (2.10)) and (2.11]) numerically shows that the interplay

of carrier density n and photon density S leads to relaxation oscillations during the laser

2.0 L] I L] I L] I Ll
s =410
@ [ A AR r?
T
g 1.5 <L — 0.8 g
0 ° v
= | - =)
= —— Without £ =
2 10k o 0.6 >
7 — &=5x10""cm =
= =]
5 i )
= he)
= =)
205 S
5 2
@) [a W
0.0
0 1 2 3 4

Time (ns)

Figure 2.7: Numerical simulation of relaxation oscillations of a QW laser modelled using

Eqgs. (2.10) and (2.11]). The light blue relaxation oscillations have been modelled without

gain compression, whereas the black curves have been modelled by including a gain com-

pression factor of 5 x 1077 cm? in the gain function. The result is a substantially higher
level of damping.
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turn-on process (Fig. , as n and S oscillate initially around their equilibrium value
before the steady state is established [144]. The effect of the gain saturation term on the

oscillation dynamics is illustrated as well.

2.3.1 Static Properties

Deriving analytical expressions from the steady-state rate equations offers, despite their
strongly simplified form, a useful basis for the straightforward interpretation of experimen-
tal light-current characteristics as well as a good starting point for numerical simulations.
At steady state, an analytical expression for the threshold current I, can be derived
from the carrier rate equation by setting dn/dt = 0. Under the assumption that
spontaneous and stimulated emission can be neglected at this point, Eq. yields

nlyn,
0= ———— 2.12
eV Tor ( )
Vv
= ]th = e¥ h (213)
/r]TTL’/'

Both the material gain gy, and the carrier density ny, are clamped at threshold, as il-

lustrated in Fig. 2.§(a) and (b) [98]. From Eq. (2.13) it can be seen that the threshold

»
’ o

Clamped
My, carrier density

Gain

Photon density

»
’

Ly, Current / Ny Neh Carrier density n

(a) (b)

»

Carrier & photon density
(not to scale)

Figure 2.8: (a) Schematic of the static carrier density and photon density behaviour below
and above the threshold current. As stimulated emission sets in, the carrier density is
clamped at the threshold level. (b) Logarithmic gain against the carrier density. The gain
clamps at the threshold (not shown) as a result of the clamped carrier density. After [98].
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current depends, among other things, on the pump volume V', the injection efficiency 7,

and the carrier lifetime 7,,,.

An expression for the photon density S above threshold is obtained by equating
Eq. (2.12) and the static expression of the carrier rate equation ([2.10)):
ey nay _nl—n

Vs oy s Vgrg(n)S . (2.14)

Since n = ny, and g(n) = gy, on the right-hand side of the equation, this yields

n( — In)
S=-——=. 2.15
evvgrgth ( )

This is converted into the actually emitted optical output power P,,; by multiplying with
hvVi0de, to obtain the energy of the optical mode in the cavity, and by dividing by 7,,,

which represents the optical loss rate through the cavity facets or mirrors [98].

Vmo BS
Pout = u (216)
Tm
Using the definition
I'=V/Viode (2.17)

for the optical confinement factor, the relation

1

VgrQim

(2.18)

Tm =

analogously to Eq. (2.8)), the threshold condition I"g;, = a;+a,, (Eq. (2.7))), and Eq. (2.15))
for the relationship between the photon density S and the current above threshold (I —

Iiy,) yields

h Vmo eS
Py = Y mode? (2.19)
Tm
« hv
=n—" (I —1 2.20
ani‘i‘Oém e ( th) ) ( )

where 17y = 1 am/(; + a,,) is defined as the differential slope efficiency 7y [98]. The
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factor n ay, /(o + auy) - hrv/e describes the actual slope of the experimental LI curve in
W/A, showing that the LI slope depends largely on the injection efficiency n as well as

the magnitude of the optical loss «;.

2.3.2 Dynamic Properties: Small-Signal Analysis

Small-signal modulation is when a laser’s frequency response is studied by modulating
the drive current Ipe with a small, typically sinusoidal signal I with swept frequency w.
Depending on the overall bias level, the modulation amplitude I is typically only a few
milliamps, so that the small-signal condition I<1I pc — Iy, is fulfilled [I45]. Although
large-signal modulation schemes are used in actual communication systems, small-signal
modulation offers the advantage of analytic solutions to the rate equations and
, hence giving insight into the underpinning dynamic laser parameters. From the
data transmission point of view, one of the most important quantities is the modulation
bandwidth fs;45, defined as the frequency range over which the small-signal response
drops by 3 dB compared to its low-frequency or DC value, as it is used to predict a laser’s
large-signal capabilities [146]. Using complex frequency domain notation, the modulated

current, carrier density, and photon density can be expressed as

I(t) = IDC + jeiwt = IDC +dI (221)
n(t) = npc + e = npe + dn (2.22)
S(t) = Spe + Se™t = Spe +dS . (2.23)

Since the steady-state solutions dIp¢c/dt, dnpc/dt, and dSpc/dt cancel out to zero, insert-

ing Egs. (2.21)) — (2.23)) into (2.10)) and (2.11)) and neglecting spontaneous emission yields

dn n dl dn
d (dt) = W — VUgrg dS — UgrngDC — E (224)
s as
d (dt) = F’Ugrg dS -+ F'UgngSDC - 7'7 . (225)
ph

This can be brought in a more suitable form by considering the gain dependence on the
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carrier and the photon density, so that dg expands to

=994, = 99 45 (2.26)

9=73, 53

with the differential gain dg/0dn and the gain derivative with respect to the photon density

0g/0S, which is related to the gain compression factor € via

dg €9
0S 1+e€S (2.27)

[143]. The difference in sign indicates that higher photon densities reduce the available
gain due to gain saturation effects [I42]. Combining additionally the threshold condition
Gmod = I'g = a; + vy, and the photon lifetime 7,;, = 1/( vy, (i + ) to g = 1/( L0y Tpp, )
allows to write Egs. and as

dn n dl
d (dt) - eV - ’Y’rmdn - ’YnSdS (228)
dsS
d (dt) = 75ndn - ’)/Sst (229)
d [dn ~Yon  —Vn dn dl
& o | + L (2.30)
dt \ 4s Ysn  —7ss) \dS eV \ o
0 0
with Tnn - + Ugr%'S’DC s YSn — F’UgrisDo , (2.31)
1 Jg dg
n T A Y ) d = F TN~ 2 2
TnS T Vg aSSDC an Vss Vg 8SSDC (2.32)

[142]. In the case of sinusoidal small-signal modulation, the time derivatives d/dt become

iw and Eq. (2.30) rearranges to

di b dn
i/ — | ns . (2.33)

—Ysn  Yss +iw ] \dS

=M
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From that and by using w = 2nf, the frequency-dependent two-parameter modulation
transfer function H(f) is obtained, whose squared modulus |H (f)|? is used to fit experi-
mental small-signal modulation curves. A typical example of a set of curves for increasing

DC drive current can be seen in Fig. [2.9]

) = ety ~ = oy 230
2
= H(f)= ff% : (2.35)

fr and 7 are the relaxation oscillation frequency shown in Fig. and the damping factor.

The second term in Eq. (2.36]) is usually neglected.

9g
Vgr anSDC L vy 5¢Spe

w?% = YnsYsSn T YnnYSs = o - (236)
p nr
1 v @SDC

2 9T on
= N 2.37
fR 47T2 Tph ( )

1 Ugrna
= n(] — 1T 2.38
42 eV ( th) ( )

1 0 0

= Kfz+ - (2.40)

In many practical cases, a parasitic pole originating from the laser’s electrical design and
packaging has to be considered as well. This is done by expanding ([2.35]) to a three-pole

function with parasitic pole f, as

_ f# 1
H(f) = [P N A (2.41)

[147, 148]. For devices with thicker active regions such as QD lasers, f, = 1/(277,)
can also be used to interpret additional time constants resulting from carrier transport
effects [I49HI51]. The equations above define the figures of merit forming the basis of

characterising a laser’s small-signal modulation response and will be discussed individually

in the following.
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The relaxation oscillation frequency fr

As can be seen from Fig. and Eq. (2.38), fr increases with current. At the same time,
the damping factor v, which flattens the response out, increases in proportion to fa. A
high relaxation oscillation frequency, which is desirable for high-speed direct modulation,
can be achieved through a short photon lifetime, high differential gain, and a high current

injection efficiency. Experimentally, fr is determined by fitting the measured modulation

response with Eq. (2.41)).

(=}

Bandwidth 345 -40 dB/decade

Modulation response (dB)

Increasing current

Logarithmic modulation frequency (GHz)

Figure 2.9: Schematic small-signal modulation response for increasing drive currents [142].

The modulation response is flat at low frequencies, where the carriers and photons follow

the current modulation linearly, peaks as it approaches the lasers intrinsic relaxation

oscillation frequency, and finally drops, as the carriers and photons can no longer respond

to the fast current modulation. An increasing level of damping is observed at higher
drive current .

The 3dB modulation bandwidth f;;p
The 3dB modulation bandwidth increases with fr as

faan ~ 1+ V2. fr~1.55fr — low damping (2.42)
2
mar _ /2 % — damping-limited regime (2.43)

[142]. (2.43) gives the maximum achievable bandwidth in the absence of any thermal

limitations or electrical parasitics [152] [153].
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The K-factor
Minimising K is of utmost importance for high-bandwidth lasers [I54]. K depends on the
photon lifetime, the differential gain, and the gain derivative with respect to the photon

density (and thus the gain compression factor) as

K = 4r’r, (1 + FZZZj ) (2.44)
A short photon lifetime 7,, = 1/(v,,(o; + cv,)) through a short cavity, low optical losses,
and low facet reflectivities, if possible, is therefore instructive for a high-speed optimised
laser design. The implicit dependence on the gain compression factor points, furthermore,
out that gain saturation is reflected in a high value of K and thus a strongly damped
modulation response. Since excess damping limits the maximum modulation response as
it leads to a premature drop of the curve, small values of € are desirable for high-speed

modulation. K is experimentally obtained as the slope from the plot of the damping

factor v against f3, as indicated by Eq. (2.40)).

The D-factor and modulation current efficiency MCEF
The D-factor, or modulation efficiency of fg, is defined after Eq. (2.38) as

fr=D -\I— Iy (2.45)

1 [ugn
= D=5 % (2.46)

and indicates the relaxation oscillation frequency increase with current above threshold.
D is obtained experimentally from the linear slope of the plot of fr against the square root
of current above threshold /I — I,;, before the rollover of fz through increasing damping.
Alternatively, the modulation current efficiency MCEF of f3;p

faap = MCEF -\/T — I, (2.47)

can be used, as f3gp can be directly read from the modulation response curve and does

not require further analysis through fitting [153] [155].
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The damping offset v,

The y-axis intercept in the linear fit of v versus f2 is called the damping offset 7o = 7.,
and is a measure of the carrier lifetime. Technically (although often neglected), the
derivation outlined above gives here the differential carrier lifetime, which is a factor of
2 — 3 shorter than the actual carrier lifetime [142], but in many cases this inverse carrier
lifetime is not a quantity of major importance. However, in the case of directly modulated

QD lasers of silicon, 75 may be an indication of the level of dislocation-induced carrier

loss [156], as further discussed in chapter

2.4 Chapter Summary

This chapter has given an introduction into the fundamentals of semiconductor laser
physics and devices. It has started by explaining common features regarding the double-
heterostructure and the laser design in order to achieve confinement of the injected carriers
and the optical mode in the active region. Subsequently, possible active region types were
discussed. Typical properties of bulk, QW, and QD lasers were outlined, while a special
focus was put on the up- and downsides of QD active regions. Lastly, a one-level rate
equation approach for the description of the carrier and photon density in a simplified
semiconductor laser was presented. Analytical solutions for the laser threshold and the
steady state condition as well as for modulation under small-signal conditions were derived
along with common figures of merits used to analyse dynamic laser properties in a practical
context. The definitions derived in section will be of importance for chapter [6] and,

more specifically, chapter [7]
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Chapter 3

Growth of III-V Lasers on Silicon

3.1 The Laser Integration Challenge

The underlying motivation for integrating III-V lasers with silicon photonic circuits orig-
inates from the nature of silicon’s energy band structure. Fig. shows the energy-

momentum diagrams of silicon and GaAs, which indicate the allowed electron and hole
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3 | 3 |
o 2 f S 2t
8/ 8/ EC A
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— = 1
e} [Sa) v &
-1 F -1 b
2t 2t
3 -3
L [111] [  [100] X L [111] [  [100] X
Wave vector k Wave vector k

Figure 3.1: k-space energy band diagrams of silicon (left) and GaAs (right). An opti-
cal transition between the misaligned energy band minima of an indirect semiconduc-
tor requires a carrier change in momentum by means of phonon emission or absorption
Ephoton = Ec £+ Ephonon, for example. In direct semiconductors, the momentum or energy
conservation rule Eppoton = F¢ is naturally satisfied. After [104].
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energies as a function of their wavevector k. Silicon is an indirect semiconductor, which
means that the conduction band minimum and valence band maximum, where minority
carriers accumulate under forward bias, do not coincide with each other in k space. Since
any kind of electron-photon interaction requires momentum conservation, a stimulated
radiative transition between these bands requires a three-particle-process involving not
only an electron-hole pair and an incoming photon with its energy approximately equal to
the bandgap energy, but also an extra phonon to conserve momentum. This reduces the
likelihood of optical transitions in silicon and other indirect semiconductors significantly,
making them generally unsuited as light sources because of their poor photon emission

efficiency [104] [157].

One of the fundamental challenges of epitaxial III-V laser material growth on silicon
is the large crystalline lattice mismatch, as illustrated in Fig. [3.2] Both GaAs and InP
exhibit a large lattice constant mismatch of about 4 % and even 8 % compared with
silicon, which leads to a very high density of crystal defects and threading dislocations
propagating up into the active region, which limits the device performance and lifetime
[15], 158, 159]. For comparison, the lattice mismatch between GaAs and AlAs is only
0.0073 A or 0.13 %, respectively [160]. Among the relevant semiconductor families, the
only exception to the lattice constant issue is GaP, which is regrettably not suitable for
silicon photonics or other standard communication applications due to its short emission
wavelength and thus high absorption in silicon [I58, 161}, [162] Typical semiconductor laser
materials such as GaAs and InP exhibit all direct energy band structures enabling very
efficient band-to-band transitions and thus high optical gain [80]. Although it is possible
to engineer indirect semiconductors such as silicon to yield stimulated emission with, rel-
atively speaking, higher efficiencies (silicon-based Raman lasers [163-165], nanostructures
[166], or strain-engineered Ge or GeSn alloy QWs [7,, [167, 168], for instance), the overall
light emission efficiencies remain very poor [169]. It is, consequently, deemed the most
promising approach to combine "the best of both worlds” by growing high optical gain
ITI-V materials directly on CMOS-compatible silicon.

Additional challenges to be overcome are the large difference in thermal expansion

coefficients and the polar-on-nonpolar compound growth. With semiconductor QD laser
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Figure 3.2: Overview of typical I1I-V semiconductor compounds for lasers in the 0.6 um to

3.0 um wavelength range in a bandgap energy /wavelength versus lattice constant graph.

The top axis shows the percentage lattice mismatch with respect to silicon. After [80]
and [170].

structures being grown at temperatures of 500 °C to 600 °C [13] 23], [I71], this is especially
an issue during the cooling stage to ambient temperature following the growth process.
Since InP and GaAs have a larger coefficient of thermal expansion than silicon, the ITI-V
epilayers contract more than the silicon substrate, inducing wafer bowing, microcracking
(Fig. 3.3|(a)), and hence generally reduced yield [12} 158, [172]. The large remaining tensile
stress has also been observed to contribute to the further formation of dislocations during
cool-down [I73]. Antiphase domains (APDs) or boundaries (APBs), respectively, resulting
from the growth of polar zincblende I1I-Vs on nonpolar group IV elements such as Ge or
Si can, furthermore, lead to a poor surface morphology and reduced carrier lifetime [158].
These boundaries emerge if the occupation of the Ga and As sublattices, for instance, does

not remain the same through out the whole crystal [I74, [I75], as indicated in Fig. [3.3(b).
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Figure 3.3: (a) Optical microscope image of a thin, cracked GaAs film grown on a silicon

substrate. The cracks occur during the cool-down to ambient temperature after the growth

is complete [172]. (b) Schematic of antiphase domain (APD) formation during polar I11I-V
growth on nonpolar group IV elements.

Whereas various techniques have been developed to overcome the challenges of I1I-V
heteroepitaxy on silicon, several alternative approaches have been developed simultane-
ously. The following sections will first give an introduction into state-of-the-art non-
epitaxial ways to co-integrate lasers with silicon, and then discuss epitaxial techniques in

more detail in section .3

3.2 Non-Epitaxial Integration Approaches

3.2.1 Direct Mounting

Direct mounting of individual III-V laser dies via pick-and-place technology or flip-chip
solder bonding, respectively, is traditionally the preferred industrial approach for laser
integration on silicon [35,47]. This technique benefits primarily from the possibility to pre-
test and select suitable lasers enabling optimum performance, while separate packaging
of the laser diode ensures good heat dissipation [I76]. The drawbacks are, however, that
such a configuration yields low light coupling efficiencies and requires sub-micrometre
precision alignment, which is difficult to achieve using self-alignment techniques as shown

in Fig. [177, I78]. Active alignment allows higher precision, but makes the assembly
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1) Pre-positioning 3) Self-alignment
Laser Laser
_ Wettable metal pads — —
Solder
2) Contact & heat up to melting point 4) Cool-down
Laser Laser

Figure 3.4: Schematic showing a self-alignment-assisted flip-chip bonding process. After
the laser is placed in the approximately correct position (1), the laser and the silicon chip
are brought in contact and the solder is heated (2). Minimisation of the surface tension
on the wettable metal pads defining the solder positions leads to a self-alignment process
(3) and a correctly positioned optical device after cool-down (4). After [169] and [177].

process very time consuming and expensive in addition to the high laser packaging cost
[169, [I79]. The size of the solder bumps limits, furthermore, the possible component
integration density, and it is, additionally, often necessary to include optical isolators or

other components due to the likelihood of reflections and feedback [176].

3.2.2 Bonding-Based Heterogeneous Integration

Heterogeneous III-V integration by means of die-to-wafer or wafer-to-wafer bonding is
currently en route to becoming the as yet most successful approach for commercial in-
tegrated photonics mass manufacturing [47, [I80]. Bonding approaches can be divided
into direct or indirect bonding, depending on if an intermediate layer is required or not.
During direct bonding, two perfectly clean and flat wafers or dies with (typically pre-
patterned) surfaces smooth to the atom level are brought into contact to form a strong

interfacial bond. Alternatively, indirect or adhesive bonding uses a thin polymer layer,
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BCB for instance, to bond the wafers together [169, 176, I81]. A simplified version of
this process can be seen in Fig. |3.50 The III-V and silicon components are precisely
aligned as a result of lithographic alignment, and the light emitted by the heterogeneous

laser is coupled vertically into the silicon chip via evanescent coupling with high efficiency

(> 90 %) 76, 182].

1) SOI processing &

11I-V epitaxial growth 2) Bonding 3) II-V fabrication
I1-v II-v
II-v II-v
e . - - .|
SOI substrate SOI substrate SOI substrate
]

Figure 3.5: Simplified example of a heterogeneous laser integration process flow. Sepa-
rately grown and diced III-V wafer dies are bonded to a pre-patterned silicon wafer (1
and 2) and subsequently processed together (3). After [I83].

A wide range of high-performance heterogeneous (or sometimes called hybrid) devices
has been demonstrated, such as modulators [I84], mode-locked lasers [I85], widely tunable
lasers [60], narrow-linewidth lasers [60, [186], DFB lasers [I87, [188], and semiconductor
optical amplifiers [I89]. Besides the benefits from manufacturing at scale as well as the
freedom to combine III-V and silicon-based components on a single wafer, the great ad-
vantages of heterogeneous rather than epitaxial integration are that it allows to optimise
the III-V lasers without any compromises on the choice of materials, the active region
type, or the laser epistructure (see section . This has led to several foundries adopt-
ing heterogeneous I1I-V-on-Si integration in their production lines. Prominent examples
are given by Intel [7, [190], Hewlett Packard Enterprise [I91) 192], and Juniper Networks
[193, 194] [15], while STMicroelectronics, CEA-LETI, and IMEC have also announced
their interest to integrate I1I-V optical materials into their CMOS fabs [12].

Despite extensive years of R&D, the heterogeneous integration approach still brings a
number of disadvantages leaving room for further improvements. First of all, the bonding

approach itself is rather complex and expensive, as it includes several crucial cleaning and
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preparation steps such as the preparation of the silicon wafer (definition and etching of
waveguides and planarisation followed by chemical-mechanical polishing and the definition
of an outgassing channel [195] [196]), plasma treatment for activation of the wafer surfaces,
the low-temperature bonding process, and a final annealing step [8, [197]. This entire
process has to be performed under ultra-clean conditions to avoid inclusion of particles.
At the same time, the expensive III-V material is not used in the most efficient way,
since eventually only the few micrometres of epistructure are of interest for the photonic
integrated circuit, while the substrate goes to waste [12]. While this is currently the
standard procedure in all commercially available integration approaches, growing the III-
V laser directly on inexpensive silicon substrate instead might lead to great cost savings.
The ability to bond together two very different semiconductor wafers is also limited by
their thermal expansion coefficient mismatch which can give rise to wafer bowing, as with
the epitaxial approach [I76]. This issue may be circumvented by smaller die rather than
full wafer bonding, although this limits high volume fabrication. Additionally, some BCB
or other polymer-assisted bonding techniques limit the thermal budget of the subsequent
fabrication steps, as they can melt at elevated temperatures. They also contribute optical
loss during evanescent light coupling [I81],[195]. Finally, despite its substantially increased
mass manufacturing capabilities compared with direct mounting, the wafer size mismatch
between GaAs/InP (typically 2 inch) and silicon (8 inch to 12 inch) restricts the ability

to wafer-bond at scale in order to further reduce the cost per chip [176] [183].

3.2.3 DMassive Transfer Printing

Transfer printing may be an alternative to the heterogeneous approach offering a more
efficient use of the costly III-V material while maintaining the possibility of large volume
fabrication. In this approach, a patterned elastomer polydimethylsiloxane (PDMS) stamp
is used to transfer I1I-V epilayers (coupons) or batches of fabricated devices from their
I1I-V source substrate onto the silicon or silicon-on-insulator (SOI) target substrate [198].
Fig. illustrates schematically the main steps of this process. After the growth of the
III-V epistructure, III-V coupons (typically on the order of a few hundred by hundred
um? [199]) and tethers are defined. A sacrificial etch layer is incorporated into the ITI-V
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stack to create an undercut in preparation for the release process, whose functionality
stems from the kinetic-dependent adhesion of the PDMS stamp [200, 201]. Coupons can
be picked up by quickly moving up the stamp from the source substrate, whereas they
can be printed to the target by releasing the stamp very slowly. After removing the
tether resist, the transferred coupon is ready for further processing. Alternatively, it is
also possible to transfer batches of fabricated devices directly, although this requires extra

care for precise alignment with the silicon-based components [169].

1) III-V epitaxy 2) Coupon definition  3) Tether definition & release etch
III-V epistructure [II-V coupon III-V coupon
~ Releaselayer ~ Releaselayer ) ¢ Tether
I11-V substrate III-V substrate III-V substrate
4) Pick up coupons 5) Print & tether removal

\—‘LStampT’—‘ \—‘lStampT,—‘

III-V coupon

III-V coupon

I E
III-V substrate SOI substrate

Figure 3.6: Simplified transfer printing process flow after [201].

Being able to transfer print thousands of coupons in parallel, this technique is not
only massively scalable, but makes also use of the fact that the area taken by the active
components is small compared with the total chip size, so that a single III-V wafer can
cater for several large-area silicon substrates [47), [202]. Very high process yields have been
demonstrated [198], as transfer printing is more resistant to defects then heterogeneous
integration while achieving the same lithographic precision [199]. Lastly, transfer printing
leaves in principle also the option to reuse III-V substrates. Although massive transfer

printing has great potential to be adopted in CMOS fabs, it should be noted that this
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is still a much less mature approach than bonding-assisted heterogeneous integration. In
addition, it suffers from similar limitations, as a high-yield process still requires ultra-clean

conditions, whereas BCB-assisted printing results also in non-ideal heat dissipation [169].

3.3 Heteroepitaxial III-V Lasers on Silicon

The monolithic integration of III-V optical components on CMOS-compatible silicon
wafers by heteroepitaxial growth is still at quite an early stage of academic research, but
it remains the ultimately envisioned goal for small-footprint and high-bandwidth-capacity
integrated photonic circuits at minimized cost per chip [I80]. As mentioned in section [3.1]
the main obstacle epitaxial I1I-V-on-Si growth has to handle is the high density of strain
releasing crystalline defects emerging from the lattice-mismatched I1I-V/Si interface, as
can be seen in Fig. [3.7(a). Especially misfit dislocations propagating up into the active
region and terminating in the wafer surface (Fig. [3.7(b)), so-called threading dislocations

[205], 206], are a major concern for the reliable operation of any kind of semiconductor

device [2061-208].

500nm 4 o

-

e & e

(a) S

Figure 3.7: (a) Transmission electron microscope image showing a cross section of GaAs

grown on silicon with defect filter layers (see section[3.3.3) [203]. (b) Electron channelling

contrast top view image of a germanium buffer layer grown on (001) Si with dislocation
density of 3.3 x 10® cm? [204].
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Dislocations close to the III-V/Si interface can well reach densities of 10° cm™2 to
10'% em™2 [209] , whereas values of the order of 10* cm™ to 10* ¢cm™2 are required
in commercially available laser wafers to ensure both high yield and predictable device
characteristics [17, 2006, 210]. In the literature, it is widely known that dislocations in
a laser structure act as nonradiative recombination centres, leading to enhanced carrier
loss and thus a reduced minority carrier lifetime [21TH213], current leakage [I18| 207,
214], and even additional optical losses at high dislocation densities [215, 216]. This
degrades not only the laser characteristics, but results also in substantial reliability issues,
as recombination-enhanced defect reactions (REDR) under forward bias can create a
growing network of dislocations leading ultimately to catastrophic device failure [217-
219].

It is, fortunately, possible to significantly reduce the threading dislocation density to
about 10° cm™2 to 10° cm~? through carefully optimised growth conditions as well as the
inclusion of buffer and filter layers [13] 220]. Very recently, pioneering research reducing
the density of dislocations in virtual Ge-on-Si substrate to even 10* cm~2 by dislocation-
selective electrochemical deep etching has been published [221]], but this technique has not
yet been demonstrated in conjunction with actual optical devices. The following sections
will outline well established approaches for the realisation of monolithic III-V and, more

specifically, GaAs-based lasers on silicon.

3.3.1 Substrate Surface

The choice of substrate surface is a first starting point to mitigate the effect of the network
of misfit dislocations emerging at the strained III-V/Si interface. A common approach
for circumventing the formation of APDs is growing the III-V structure on a (001) silicon
substrate with a slight miscut towards the [110] or [111] direction [16], 222, 223], for
example, as shown in Fig. [3.8(a). The reason for this is that Si atoms at the misoriented
crystal surface form preferentially double atomic steps, which reduces the likelihood of
APD formation [224], 225]. Over the period from the very first demonstration in 1999
until 2016, all publications on monolithic InAs/GaAs QD lasers on silicon exploited this
approach [222] 226-228]. Despite having proven rather useful, III-V laser growth on
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intentionally miscut silicon is eventually not the preferred solution, as high-volume CMOS-

based manufacturing requires on-axis (001)Si wafers .

VY

Stacking faults

On-axis (001) Si

(b)

Figure 3.8: (a) Illustration of an offcut silicon substrate from [220]. The inset illustrates

the prevention of APDs through double-atomic steps at the silicon surface. (b) Schematic

and cross-sectional transmission electron microscope image showing stacking faults ter-
minating in the V-grooves of a patterned (001)Si substrate [171].

Another possibility to both inhibit APDs and filter dislocations and stacking faults is
given by the growth on V-groove pre-patterned silicon substrates, as demonstrated at the
University of California, Santa Barbara (UCSB) by Shan et al. [I71], Wan et al. [229)],
Norman et al. [228], and Shi et al. [230]. Fig. [3.8(b) shows that the strain releasing
layers remain largely confined in the V-grooves with stacking faults being terminated at
the (sometimes SiOs-capped) tip [I71], which yields a large-area semiconductor surface of
high crystalline quality [231]. This approach is similar to the epitaxial lateral overgrowth
(ELO) technique, which is rather common in the GaN community [232], although as yet

rarely seen among monolithic In(Ga)As lasers on silicon [233].

3.3.2 Buffer layers

To accommodate the inevitable lattice constant change between the silicon platform and

the ITI-V-based active region, many semiconductor laser growers utilise intermediate buffer
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layers bridging the differences in the lattice constant and thermal expansion coefficient
[224]. Ge,Si;.x compound compositional gradings are well-suited for reducing the lattice
mismatch to GaAs down to about 0.08 % [234], as illustrated in Fig. 3.2 As a consequence,
tensile strain can be relaxed slowly without being released into a high number of dislo-
cations [170, 235, 236]. Germanium (Ge) is, furthermore, compatible with silicon CMOS
processes due to its importance as a high-mobility channel in metal-oxide-semiconductor
field-effect transistors (MOSFETS) [237, 238]. Even without a compositional GeSi grad-
ing, germanium acts still as an effective buffer material that has been incorporated in

many of the first monolithic 1.3 pm InAs/GaAs QD lasers on silicon [239-H241].

While germanium buffers offer a route to dislocation reduction via a close lattice
match with GaAs, an alternative technique is to achieve a close lattice match with the
silicon surface using a III-V material first, so that some aspects of the III-V-on-group-1V
growth can be solved separately without having to deal with the issue of plastic relaxation
[225]. As can be seen in Fig. such a pathway is given through the inclusion of
a pseudomorphically strained GaP buffer, which has a lattice mismatch of only 0.37 %
to silicon and a slightly less pronounced thermal expansion coefficient mismatch (170 %
compared with 220 % for GaAs) [224] 242244]. This approach has produced several
high-performance 1.3 pm QD lasers on GaP/(001)Si templates at UCSB [23, 24 245].

Lastly, it is also possible to simply deposit thick buffers of the target material (i.e.
GaAs or InP), as the dislocation density has been found to be inversely proportional
to the epitaxial layer thickness (with the exception of > 50 um GaAs buffers at high
dislocation densities 2 107 cm™2) [246, 247]. This allows a reduction in the dislocation
density to < 10° cm~2 without the inclusion of intermediate buffer layers or other defect
reducing growth techniques. It is not possible to eliminate all crystal defects this way,
because threading dislocations can only terminate in a surface or by nucleating with

another threading dislocation in a loop [216].

Despite being very effective in reducing the density of dislocations propagating into the
active region, all of these approaches and particularly the last one have in common that
they result in several micrometre thick buffers to be grown between the silicon platform

and the III-V gain blocks. This limits efficient coupling of the optical mode into silicon
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waveguides and adds extra absorption, while additionally increasing growth cost and

time [25] 204].

3.3.3 Defect filter layers

To bypass the need for thick buffer layers, the epitaxial structure of state-of-the-art QD
lasers grown on silicon contains highly strained defect filter layers (DFLs) suppressing the
propagation of threading dislocations vertically up into the active region. The concept of
these defect filters is based on the fact that strain fields are capable of deflecting threading
dislocations, so that compressively strained layers are utilised to bend the dislocations into
the growth plane and enhance their lateral motion towards the laser sidewalls [13] 206,
248].

Some of the early monolithic (1.1 um) QD lasers grown on silicon substrates incorpo-
rated defect filter layers based on InAs/GaAs QDs, similar to the ones deployed in the
active region [249, 250]. While the three-dimensional islands generate very high strain
fields leading to a stronger in-plane force on dislocations than strain-limited films in
two-dimensional growth mode [251], the accumulated strain of a multi-stacked QD-based
dislocation filter is prone to introducing further defects rather than eliminating them

[252]. Strained-layer superlattices have therefore prevailed as the today dominant form of
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Figure 3.9: Left: Cross-section transmission electron microscope image of InGaAs/GaAs

defect filter layers. It can clearly be seen how the dislocations bend over and propagate

sidewards. Right: Threading dislocation density measured at the positions marked by
the dashed red lines to the left [220].
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defect filter layers, with a typical example consisting of five to ten periods of 10 nm In-
GaAs/10 nm GaAs. The reported InGaAs thicknesses and compositions vary around the
values of 10 nm to 20 nm and around an indium content of 0.1 to 0.2 [13], 220, 228, 253].
A very powerful example of defect control through dislocation filters can be seen in Fig.
3.9, where the initial dislocation density of higher than 10° cm™2 is reduced to about

10° ecm™2 by using five sets of defect filter layers [220].

3.3.4 Thermal Treatments

Two prime examples for highly effective thermal treatments are two-step growth of GaAs
buffers and thermal cycling annealing. Two-step GaAs buffer growth is a critical technique
for reducing the number of dislocations propagating up into subsequent epitaxial layers.
Thereby, the first few tens or hundreds of nanometres are deposited at a low temperature
of about 400 °C to 550 °C and a low growth rate (for example about 0.1 pum/h). In case
that islanding occurs at the highly strained III-V/Si interface, the low deposition rate
leads to the formation of a high density of shallow islands, which eventually coalesce to a
smooth surface with most of the dislocations remaining confined in the low-temperature
GaAs buffer [224] 248]. Subsequently, the growth rate is raised to a higher temperature
(such as 600 °C to 900 °C) to allow an increased dislocation glide velocity, which increases

the likelihood of dislocation encounter and annihilation [203], 254].

Thermal cyclic annealing can be performed between the low-temperature and high-
temperature buffer growth stages or in conjunction with the deposition of defect filter
layers [13]. This growth technique involves the periodic variation of the temperature
above and below the original operation point in a range of about 300 °C to 900 °C, for
example [254]. This process produces layers of alternating thermal stress, which promotes
dislocation glide and hence the probability of dislocation nucleation [216]. Instead of cyclic
annealing, a simple high-temperature annealing step can be performed as well, as this by
itself leads to the reduction of threading dislocations through a recrystallisation process

at high temperatures [255].

46



Chapter 3. Growth of I1I-V Lasers on Silicon

3.3.5 Suitable Active Regions

Apart from substantial optimisations in I1I-V-on-Si growth technology, the recent break-
through of GaAs-based lasers grown on silicon substrates is largely owed to the utilisation
of a suitable active region material. When researchers in the 1980s first started becoming
interested in co-integrating optical and electrical components on a common platform, the
obvious active region of choice were QWs, since semiconductor lasers with QD active re-
gions were only to be realised about one decade later [117]. To date, however, no reliable,

high-performance silicon-based QW laser has been realised.

From the outset, monolithic GaAs-based QW lasers on silicon suffered from high
threshold current densities [257H260] and poor lifetimes [235, 260H262], which is suspected
to be a result of carrier migration into defects and the associated REDR-based dislocation
growth [218], 219]. The integration of QD active regions in lasers on silicon has first been
demonstrated at the University of Michigan in 1999 [222], but experienced a revival in the

2010s, having kickstarted the publication of to date more than 100 journal and conference
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Figure 3.10: (a) Schematic one-dimensional real-space energy band diagram illustrating

the functionality of QDs in the presence of dislocations due to effective carrier capture into

the dot states reducing the in-plane diffusion length in the continuum states. This concept

was patented as early as 1991 [256]. (b) Cross-sectional transmission electron microscope

image plus schematic showing how QDs can be spared by dislocations through the high
strain field surrounding them [13].
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papers on monolithic 1.3 pm InAs/GaAs QD lasers on silicon for photonic integrated
circuits. The success of QD active regions, i.e. their obviously higher tolerance to crystal

defects, can be traced back to multiple aspects.

There is evidence that lateral carrier migration within the active regions is strongly
suppressed in QD active region types, suggesting that efficient, ultrafast carrier capture
into the dot states plays a critical role [263, 264], as displayed in Fig. [3.10(a). Com-
pared with QW structures, which have much larger minority carrier diffusion lengths
of several micrometres [135], this inhibits the interaction with dislocations substantially,
meaning that more carriers are available for the lasing process rather than recombin-
ing nonradiatively at dislocation-induced mid-bandgap states [265]. In the QDs, carriers
remain spatially confined at discrete energy levels and isolated from dislocations unless
they re-thermalise into the continuum states. In addition, the spatial isolation of the
dots themselves diminishes the detrimental impact of threading dislocations propagating
through the active region, as the majority of QDs remains intact and keeps providing gain
even with threading dislocations hitting a few dots. A dislocation density of 107 cm™2,
for instance, amounts to only 100 threading dislocations in a 2 x 500 um? narrow ridge-
waveguide laser, whereas the number of QDs in a 2 x 500 um? laser containing five layers
is 1,500,000 at a dot density of 3 x 10 cm~2, for comparison. Hence, even for a generous
dot coverage estimate of 10% [121], the number of individual dislocations hitting a QD
is negligible. The probability of a dot being hit by a threading dislocation is indeed even
smaller considering that the strain field surrounding the QDs will deflect the dislocations,
as indicated in Fig. [3.10[(b) [266]. Lastly, the DWELL active region leads also to supe-
rior device lifetime and reliability as compared with QWs, as it inhibits REDR-induced
dislocation-climb and in-plane dislocation glide long the active layers [23], 217, 267]. The
exact underlying processes behind the QDs enhanced defect immunity are still subject to

research and will be further discussed in chapter [5
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3.4 Static Performance Overview of Monolithic Quan-

tum Dot Lasers on Silicon

The last decade has witnessed considerable progress in the performance of III-V lasers
grown on silicon, based on the success of utilising InAs/GaAs QD active regions. The
following section will give an overview of the status of monolithic silicon-based 1.3 um

QD lasers with respect to their static performance.

Fig. contains an overview of various aspects regarding the LI performance of
1.3 um FP-type InAs/GaAs lasers epitaxially grown on silicon so far published in the
literature. The majority of data points has been contributed by Huiyun Liu’s group
at UCL and John Bowers’ group at UCSB, who are to date the main drivers behind
the development of monolithic 1.3 wm QD lasers on silicon, although there are also in-
dividual publications by Cardiff University and the University of Tokyo. Progress on
InP-based 1.5 um QD lasers has been reported from the University of Hong Kong and
from UCSB [268-270].

Fig. [3.11](a) shows a historic view of the development of the absolute threshold cur-
rent by the silicon substrate and pseudo-substrate type as introduced in sections
and [3.3.2] The distinction between pulsed and cw operation reveals that early devices re-
quired pulsed operation to allow lasing under the back then quite high injection currents.
From about 2016, III-V QD-on-Si growth technology has improved to producing almost
exclusively devices capable of operating under cw conditions. Simultaneously, a reduction
of the threshold current towards a level rivalling threshold currents of 1.3 um InAs/GaAs

QDs grown on native substrates has been achieved [271].

The trend shown in Fig. [3.11)(a) is, however, in part also a result of the fact that until
about 2016 to 2017 predominantly simple broad-area lasers were fabricated, whereas nar-
row ridge-waveguide lasers with a smaller pump volume, thus smaller absolute threshold
values (but slightly higher threshold current densities), and in part also high-reflection
coatings dominate the literature from then on. To date, the minimum threshold current
of 4.8 mA was demonstrated at UCSB in a 2.5 x 1174 um? 99%/60% HR-coated de-
vice on GaP/(001)Si substrate with five p-modulation doped QD layers [22]. Finally, the
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Figure 3.11: LI performance overview of 1.3 um InAs/GaAs FP QD lasers grown on silicon
operating at room temperature plotted by substrate type and pulsed/cw operation mode. Arrows
indicating trends are included as a guide to the eye. (a) Threshold current against publication
year. (b) Threshold current density against dislocation density where stated in the publication.
t the threshold current density. The colour codes are identical in all
graphs. Offcut silicon was used at UCL and Cardiff, whereas Ge-on-offcut-Si was both deployed
by UCL and UCSB. Data shown for GaP/(001)Si and V-grooved substrates have been produced
at UCSB, whereas UCL Tokyo University are engaged in the growth on (001)Si.

(c) LI slope efficiency agains
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development of the substrate type over the years is another interesting feature to note.
Whereas early devices exploited offcut silicon (UCL and Cardiff) and Ge-on-Si substrates
(UCL and UCSB) to alleviate some of the epitaxial issues at the incompatible I1I-V/Si
interface, the trend of the last years has mainly moved towards direct (UCL and Tokyo
University) or GaP buffer- (UCSB) and V-groove-assisted growth (UCSB and Hong Kong
University) on CMOS compatible (001) silicon substrates.

Next, it is worth taking a look at the relationship between the threshold current density
and dislocation density, as depicted in Fig.[3.11|(b). This graph plots the threshold current
density rather than its absolute current value as above in order to allow a comparison
somewhat more normalised with respect to the laser geometry. Thus, it can be seen that
there is a correlation between the achievable threshold current density and the dislocation
density in the active region. This is consistent with the perception that dislocations act
as nonradiative defect centres, which result in higher laser thresholds through increased
carrier loss [I143]. The highest quality buffer and defect filter layers with a dislocation
density reduction to 10° cm™2 and the lowest threshold density of 62.5 A /cm® have been
achieved on offcut substrate at UCL [13] (illustrated in red). Significant defect density

reductions down to 3 x 10% cm—2

on V-grooved substrate [I71] (shown in yellow) and
6.7 x 105 cm™2 on GaP/(001)Si [272] (shown in orange) have, however, also been achieved
at UCSB. It is noteworthy that the highest reported dislocation density of a monolithic
1.3 um InAs/GaAs QD laser on silicon is 3 x 10% ecm™2 [226], 273| 274], whereas an even
higher value of 5 x 10® cm™2 has been reported for QD lasers emitting at 1.225 um [20].
As with Fig. [3.11]a), the results leading to this trend are again somewhat influenced by

the laser geometry and potential facet coatings.

The literature is much less clear with respect to a possible dependence of the LI
slope efficiency on dislocation density due to the dominant influence of the laser cavity
design, facet coatings, and the active region quality. An overview of the slope efficiency
plotted against the threshold current density is instead shown in Fig. (c) Lasers
with a high-gain active region, positioned in the top left quarter of the graph, show not
only low threshold current densities, but also a higher laser efficiency, hence a steeper

slope. This may even be the case at larger dislocation densities, where high gain can
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threshold-wise compensate for a reduced minority carrier lifetime. Devices grown at UCSB
on GaP/(001)Si and Ge-on-offcut-Si substrates show, despite their higher dislocation
densities, very high slope efficiencies (shown in orange and blue). The highest value
of 0.375 W/A has been demonstrated with an HR-coated/as-cleaved 3 x 1090 pm? device
on GaP/(001)Si, while an uncoated 2.5 x 1485 pum? device showed a slope efficiency of
0.248 W/A [24]. Again, it is important to stress here that different combinations of facet

reflectivities have an impact on the performance of individual devices.

There is also a considerable number of devices positioned at the bottom left corner
showing very low laser thresholds and low slope efficiencies. This kind of behaviour may
occur for longer devices, but also for those with lower gain and a long minority carrier life-
time (i.e. high crystal quality). This would be the case for a laser with lower dislocation
density and limited modal gain, for example. It should be noted that the opposite of this
scenario — QD lasers on silicon with high threshold current densities and simultaneously
high slope efficiency — appears to be less likely and does not exist in Fig. (c) Since
high thresholds tend to be coupled to high dislocation densities, this indicates that a
reduced slope efficiency is implicitly coupled to higher dislocation densities. All publica-
tions of 1.3 um QD lasers on silicon with high threshold current densities report also on
a lower slope efficiency. In the literature, this trend is confirmed by Orchard et al. and
Jung and Zhang et al., who have tested comparable laser devices at different dislocation
densities, observing rising threshold currents and reduced LI slopes [275], 276]. In [275] it
is suggested that the slope reduction may be a consequence of increased optical scattering

loss at dislocation cores or of a reduced internal quantum efficiency.

3.5 Chapter Summary

This chapter began by highlighting the challenges associated with the integration of III-
V lasers on silicon substrates. Since a large mismatch in the lattice constants and the
thermal expansion coefficients as well as the different crystal polarities hamper I1I-V het-
eroepitaxy on silicon, alternative non-epitaxial integration approaches have been estab-

lished instead. While direct mounting still tends to be the industrially preferred approach,
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many foundries have started adopting bonding-based heterogeneous integration in their
fabrication flows. Massive transfer printing is still subject to academic research, but of-
fers possibly increased cost efficiency compared with heterogeneous integration and has
the potential to be massively parallelised. While these approaches have all their up- and
downsides, none of them really offers the cost advantage of manufacturing at scale yet,
which may only be truly achievable through monolithic integration. Subsequently, het-
eroepitaxial ITI-V integration on silicon was discussed. In order to inhibit the formation of
threading dislocations propagating through the active region, which is known to degrade
the laser performance, several epitaxial techniques have been adopted. This chapter has
explained how the substrate surface orientation or patterning, buffer layers, defect filter
layers, and thermal treatments can be used effectively to block dislocations from propagat-
ing upwards into the laser structure. In particular, the importance of incorporating QD
rather than QW active regions due to their increased tolerance to defects was discussed.
Finally, a literature search reviewing the static performance of 1.3 um InAs/GaAs QD
lasers on silicon was presented. While light-current characteristics rivalling those of QD
lasers grown on native substrates have been achieved, keeping the dislocation density low

is still of critical importance for low threshold, high efficiency devices.

53



Chapter 3. Growth of I1I-V Lasers on Silicon

54



Chapter 4. Travelling-Wave Rate Equation Quantum Dot Laser Model

Chapter 4

Travelling-Wave Rate Equation
Quantum Dot Laser Model

Numerical modelling is a valuable tool for gaining insight into the complicated physics
of semiconductor devices. Although there are various experimental techniques for the
extraction of key laser parameters, numerical simulations are invaluable in allowing the
investigation of otherwise inaccessible parameters, or in making design decisions for com-

mercial devices in a cost- and time-effective manner.

Since semiconductor laser modelling can have very different purposes, there are a
number of theories available showing various degrees of complexities. A full quantum me-
chanical treatment, for instance, describes the light-matter interaction at the microscopic
level and can explain fundamental coherence properties [277]. A mesoscopic semiclassical
laser model, in contrast, is slightly less complex, but still very suitable for describing
most physical properties including microscopic material imhomogenities such as dot-to-
dot size variations or spatially inhomogeneous light propagation, for example [278| 279].
The complexity and level of physical knowledge required for both of these models, how-
ever, renders these approaches unsuitable for most people without a deep background in
theoretical and modern physics. Conversely, phenomenological rate equation modelling
of the homogeneous carrier and photon density, including the travelling-wave laser model
approach with additional spatial resolution, are complexity-wise located at the other end

of this spectrum. Compared with the first two approaches, these macroscopic laser mod-
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els are the least physical ones, but easiest to implement [277]. The likewise increased
computational speed makes them, therefore, an excellent choice for modelling the laser
performance in its envisaged operation environment or in a series of varying device de-
signs. Hence the best-suited model for a certain application is not necessarily the most
accurate one capturing the full physics, but the one including all relevant aspects while

keeping the computational and physical complexity at a reasonable level.

4.1 Model Introduction

The simulations presented in this dissertation are based on a travelling-wave multi-level
rate equation model with one-dimensional spatial resolution along the longitudinal direc-
tion of the laser. The theoretical framework of this model was originally adopted from
work detailed in the dissertations of Thompson [280] and Rae [I40]. The laser model was
subsequently implemented numerically in MATLAB and extended to meet the needs of
modelling monolithic QD lasers on silicon. This chapter focuses mainly on explaining the
underlying, standard QD travelling-wave rate equation model, whereas novel work specif-

ically aiming at modelling monolithic QD lasers on silicon will be detailed in chapter [5]
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Figure 4.1: Sketch of the laser discretisation along the longitudinal direction. The QDs
are not to scale with Az.
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The spatiotemporal evolution of the main simulation variables, such as the gain, the
carrier densities, and the photon density, for instance, is described by differential carrier
and slowly varying travelling-wave electric field equations, which are explained in more
detail in sections [4.2] and The travelling-wave method discretises the laser cavity into
individual sections Az along the z axis, as indicated in Fig. [4.1], over which all simulation
variables are assumed to be constant. Since Az is linked to the temporal step At via
Az = v, At, the maximum possible spatial step size is dictated by the shortest deployed
simulation time constants 7, which need to be larger than At for the model to converge.
Many simulation environments allow comparably low spatial resolutions (~10 pm, for
example), which is beneficial for computational speed, as the overall simulation time scales
as Az72 [280]. Compared with a pure rate equation model without spatial resolution, the
one-dimensional travelling-wave approach offers increased flexibility in terms of the device
types that can be modelled, because individual sections can be assigned either active,
waveguiding, grating, or absorber functionalities. It neglects, however, transverse effects,
so that it is best suited for modelling narrow ridge-waveguide lasers, where filamentation

and the interplay of transverse gain and index guiding are negligible.

All differential equations are solved using the finite difference time domain technique
(FDTD). The rate equations are implemented numerically using a first-order forward
difference approximation, where the continuous derivative ON/0t of a variable N is ap-

proximated in intervals At using

ON() AN(H)  N(t+1) - N(t)
e iy vl A7 = .. (4.1)

[281], 282]. This yields the recursion equation N(t+ 1) = N(t)+ At(...), where N(t+1) is
calculated based on its previous value N(t). The slowly varying complex field envelopes

in section [4.3] in contrast are computed based on the central difference method

AN(t)  N(t+12) — N(t — 1/2)
At At (4.2)

for improved numerical stability [281]. Based on this, the laser model is implemented in

MATLAB as illustrated in the flow chart in Fig.
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Figure 4.2: Flow diagram outlining the travelling-wave rate equation programme imple-
mented in MATLAB.
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4.2 Multi-Level Carrier Rate Equation System

The main focus of this work lies on the analysis of monolithic QD lasers on silicon. Yet for
comparison, it is very insightful to investigate, for example, the impact of dislocations in
QW active regions as well, as will be discussed in chapter [5| Hence, the following sections
will give a comprehensive introduction into the multi-level rate equation system used to
model QD lasers, followed by a brief overview of the key equations required to simulate
QW devices. The rate equation approach presented here is a so-called excitonic model
describing the laser diode in terms of electron-hole pairs [143]. Based on the assumption
that the internal laser dynamics are limited by the electron population, which shows slower
capture and relaxation rates due to the smaller effective mass [283, 284], a separate set
of hole rate equations can usually be omitted. This reduces the respective system to the

electron equations only and thus increases the computational speed.
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4.2.1 Quantum Dot Rate Equation System

The coupled electronic structure of a DWELL QD laser is commonly modelled using a
multi-level electron rate equation system, as shown in Fig. [£.3] The simplified electronic
system consists of two discrete energy levels for the QD ground state (GS) and excited
state (ES) and a wetting layer (WL) representing the QW-like layer in which the QDs
are embedded. Strictly speaking, the term wetting layer denotes only the first few atomic
monolayers of QW material deposited before the QD material, yet in the QD modelling
literature it is quite common to adopt this term for the whole QW-like layer. Additionally,
the barrier layers (BLs) from the separate confinement heterostructure (SCH) or multiple
excited states can be added to the rate equation system [146, 285]. Section will

elaborate further on possible model extensions.

< iy —>

1
BL L, 2
Ttr, cap
—_— WL —
WL X 2 [

TCQG? \ T TES nr
ES esc > TnE,:g
,L_QID l T,L_GS
rix esc GS
GS | —> T,

NV

Figure 4.3: Schematic one-dimensional real-space energy band diagram of the electronic
system illustrating the dynamics and the energy levels of the QD rate equations. The
grey-shaded area represents the continuum of states in the wetting layer and barrier layer.

The various processes illustrated in Fig. are described by Egs. — [140], 286].
It should be noted that these describe carrier numbers rather than densities, although the
respective carrier densities are easily obtained by dividing through the corresponding layer
volume per laser section ng;, = Npr/Vpr - Az/L (and analogously for the other levels).

An explanation of the simulation variables and parameters can be found in Table [£.1]
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aNBLZTLIAZ Npr, Nwr, ANpy, Npr,

=2 _ _ 43
ot e L rtVT‘chw WL Tdiff TBL (4.3)
ONwr _ Npr  Nwifgs Nwe | Nes  ANwp  Nwp (4.4)
o vk, b Tl TES rape TR '
ONgs  Nwrfes Nesfes  Nesfes Nes  Nes A5
o 78D N 74P +GS  1ES  ;ES (4.5)
ONgs  Ngsf{ Nes f Ngs AzVop
— DGS _ ES _ _ UgrgQDS Q (46)
ot 79 TGS (poid L

rlx esc nr

Carriers are injected into the barrier layer (nl/e-Az/L), from where they are captured
into the wetting layer (Npr/ Ttlfchap) and relax in a cascaded process via the excited state
(Nwrfie/T9P) into the QD ground state (Nggfhg/79) [143, 287]. At the same time,

cap

nonradiative carrier loss (IN/7,,) takes place in all levels and carriers escape through ther-

€sc ) €sc )

mal excitation from the ground state (Ngs frs/7SY), the excited state (Ngg/725), and the

WL
Tesc

wetting layer level (Ny 1/ ) back into higher energy levels. Lasing (vy-9opSAzVop/L),
where AzVp/L is a scaling term converting the photon density S into a photon number,
is assumed to occur from the ground state only. The photon density S is obtained from
the electric field equations, as further explained in section 4.3] Finally, the lateral carrier
diffusion term (N/747) in the barrier layers and wetting layer is only relevant for config-

urations with higher variations in the carrier density, such as mode-locked lasers with an

absorber section or those modelled in chapter

The barrier layers and wetting layer are both assumed to be a continuum of states, so
that by default no occupation factors f’ are included in Eqs. (4.3)) and [143, 283]. In
order to model the QD physics accurately though, it is instructive to consider the two-fold
and four-fold degeneracy pgs ps of the QD ground state and excited state, respectively,
and the resulting Pauli blocking by including the electron excited state and ground state

occupation probabilities

Nas es
pGS’,ESpQDNlayerswAZ

fesps = (4.7)
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COMMON VARIABLES AND PARAMETERS FOR QW AND QD SIMULATIONS

Symbol

Description

Npr, Nwrjow, Nes, Nas
npr, "wr/Qw, NES, NGs

Ver, Vwrqw, Vobs

BL, WL/QW, ES, and GS carrier number
BL, WL/QW, ES, and GS carrier density
Total BL, WL/QW, and QD volume

S Photon density
fes, fas QD ES, GS occupation probability
peES, Pas QD ES, GS degeneracy
I Injection current
n  Current injection efficiency
Az  Spatial step size
L Cavity length
w  Waveguide width
I'  Optical confinement factor
€  Gain compression factor
Nigyers Number of active layers
Tt‘;{ﬂ” SCH region transport and QW /WL capture time
TOWWL QW /WL escape time
T~  Nonradiative lifetime (all levels)
Taifr  Diffusion time constant (BL, WL/QW)
vgr  Group velocity

e

Elementary charge

QD-SPECIFIC PARAMETERS

Jmod ~ Modal gain
T, gs Ground state hole occupation probability
pop QD density
DGS,ES GS and ES QD degeneracy
T, c%) Carrier capture time into QQDs
T, ,fl?f Intradot relaxation time
7GSES GS and ES escape time

QW-SPECIFIC PARAMETERS

do
Ny

Gain constant

Transparency carrier density

Table 4.1: Simulation variables and parameters used in the QD and QW rate equations

E3-(0) and (13-(9)
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[283]. Eq. describes the number of carriers in the QD ground or excited state per
unit section in relation to the total number of available states per unit section. The terms
fes.es = (1= fas,ps) express, consequently, the probability of finding an unoccupied state
in the QD levels, slowing the corresponding transition rates down at high occupation [283].
In the absence of an extra index e or h, the occupation probability or other parameters

refer to the corresponding electron parameter by default.

The electronic properties couple with the laser’s optical behaviour via the QD gain
relationship based on the electron and hole ground state occupation probabilities f&g
and flg, as introduced in chapter . Whereas fé&g is directly calculated from the
rate equations, adopting this value for f&g should be avoided due to the pronounced
desynchronisation of the electron and hole dynamics [288]. This is a result of the large
hole effective mass, which has two important effects. First, the discrete QD hole states
have a much smaller energy spacing than the electron states, meaning that the hole
inversion remains incomplete as the holes thermalise into the excited states. Secondly,
hole capture and intradot relaxation is about one order of magnitude faster compared with
the electron time scales [143] 283, 284]. For these reasons, a constant value f&g = 0.5 is

chosen in these simulations [140] 283].

4.2.2 Quantum Well Rate Equation System

QW laser diodes can be modelled analogously to QDs as a two-level system consisting of
the SCH barrier layers and the QWs. As a consequence, the QW electron rate equations
simplify to

ONpr, _ ﬂg Npr NQW ANpgp, Npr

— — — 4.8
ot e L rt%p T Tdif f TBL (4.8)
aNQW NBL NQW ANQW NQW AZVvQW
_ _ _ _ v o S VAW 1.9
o AT B T Tragy w3 VL 49)

[149, 289]. For QWs, the logarithmic gain function introduced in chapter is used.
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4.3 Travelling-Wave Electric Field Equations

The rate equation travelling-wave model is completed by a pair of time-dependent wave
equations derived from Maxwell’s equations under the slowly varying amplitude approxi-

mation [I38] 290].

00N e
(vgratiaz)E (2,t) = (Gmod — @i — 10) E=(2,1) +i5,(2,1) (4.10)

describes the slowly varying complex amplitudes of the forward and reverse propagating
electric fields E*(z,t) and E~(z,t), whose computation yields the photon density S ac-

cording to
S(zt) = [E* (2. t) + [E~(=,t)] . (4.11)

+

sp coupling into the oscilla-

The electric fields are excited by spontaneous emission noise ¢

tion modes and experience gain Gmoa = Y2 Gmod, Waveguide loss &; = 1/2 ay,

Symbol Description

E*  Forward and backward travelling electric field amplitudes
S Photon density
Imoa Y2 Modal gain g4
Q; 1/2 Optical waveguide loss «;
0 Wavelength detuning
Lopt Spontaneous noise
B Spontaneous emission coupling factor
B Bimolecular recombination coefficient
G  Zero-mean random complex number
Ry Rear and front facet reflectivity
P,  Front-facet optical output power
hv  Photon energy at frequency v
Vop  Total volume of all QDs
how QW thickness

Table 4.2: Simulation variables in the travelling-wave electric field equations.
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and phase changes 0 [139, 291]. The spontaneous emission noise can be modelled as

iy, = /0.5 BBAt ngsqw G (4.12)

where G, 3, B and ngsow are a zero-mean random complex number, the spontaneous

Gaussian noise

emission coupling factor, the bimolecular recombination coefficient, and the respective QD
ground state or QW carrier density [280]. The counter-propagating waves are coupled via

facet reflections at the first and the last section of the laser, giving the boundary conditions

EY0,8) = VRE(0,) and E(L,t) = \/RE*(L,t) . (4.13)

The calculated photon density is subsequently coupled back into the rate equations, or,

if the end of the simulation is reached, converted into optical output power using the

relations
par _ S vy Vob (b v iy (4.14)
'L
L N,
POQUL/V — S( ) UgrhVFlayershQWw . (1 . RQ) [28()] (415)

These equations describe the case where the output facet is located at facet Ry (2 = L).
An overview of all simulation variables associated with the travelling-wave electric field
equations can be found in Table[4.2] The numerical implementation of the field equations
can be easily understood following the central difference-based method, which will be

outlined in the following sections.

4.3.1 Numerical Implementation of Propagation in an Amplify-

ing Medium

To begin with, we consider the simplified case of forward propagation in an amplifying

medium with gain §,,.,q4, which is given by the differential equation

1 9E"(2,1) N OE*(z,t)

= GmoaE T (2,1) . 4.1
Vgr ot 0z Gmoa B (2,1) (4.16)
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Using the central difference method explained in section and the relation Az = vy, At
modifies Eq. (4.16]) to

LB attg) B (et =) Bletgt) Bz g0)
Vgr At Az

& Ef(zt+3)—Ef (2t —5)+ ET (2 +35,t) — ET(2 — 3,1) = A2Gmoa B (2, 1) .
(4.17)

= gmodElJr (Z, t)

This can be further simplified by applying Lax averaging [281], to both sides of Eq. (4.17)),
yielding Eq. (4.18) for the left-hand side of the equation and Eq. (4.19) for the right-
hand side.

Ef(z,t+3)—Ef(z,t =)+ EY (2 + 1,t) — EY (2 — 5,1) (4.18)
=3B (z 4+ 5t + ) + 3B (2 — 5.t + )
+ 3B (a4t —5) +3E (- 5.t 3)
+ 3B (a4 5t +5)+3E (245t 3)
+ 3B (a5t +3) +3E (-5t —3)
=3B (a5t +5) —3E (z - 5.t —3)
AGmoa Bt (2,1) = Azgmod (3EH (2 + 5t + 1) + LB (2 — L1 = 1)) (4.19)

After shifting Eq. (4.20]) by a half space step and rearranging, the result is given as

+ /2 ngdAZ
1 — Y2 Gmoadz

Et(z+1,t+1)= -Et(z,t) (4.20)

which is easily numerically implemented [280, 281]. If optical loss and phase detuning are

to be included as well, Eq. (4.16) modifies to

1 OE*(z,t) N OE™(z,t)

7 ~ _ +
Vgr at az (gmod Zé)E (Z t) (421)

While there are different ways to implement this numerically [282, 292], one possible

65



Chapter 4. Travelling-Wave Rate Equation Quantum Dot Laser Model

solution is given by

1+ Y2 gmoaAz A Ay i
= mo CET(z,t)e%A%e71042  [9g()]. 4.22
1_1/2§modAZ (Z7 )e € [ ] ( )

Ef(z+1,t+1)

4.3.2 Numerical Implementation of a Digital Spectral Filter

P ;:\ 1.0} —1 n’rﬂ
b= s 4 S — 2 nm
o / = 5 nm
S n, 5
- < 05F .
=) e 2

\ \ :
-5 L 1 = 2 0.0 L~ L L
1.42 1.48 8 -0.5 0.0 0.5
Energy (eV) Normalised frequency (a.u.)

(a) (c)

Figure 4.4: (a) Gain spectra of bulk GaAs at different carrier densities n [63]. (b) Exam-

ples of functions modelling the spectral shape (dashed: Lorentzian, solid: sec function)

[63]. (¢) Analytical implementation of the Lorentzian gain filter for different material
gain bandwidths.

A digital Lorentzian gain filter with frequency response

9lw) = 1g—|<-i2')w (4.23)

as described in [280] and [281] is used to implement the wavelength dependence of the
gain as shown in Fig. |4.4(a) and (b). For implementation in the time-domain model, Eq.

(4.23) is first Fourier transformed to give

(1 + T(i) y(t) = g(wo) x(t) , (4.24)

where the time constant 7 is linked to the material gain bandwidth Av via 1/7 = Aw =

2w Av. Analytical examples of this filter modelled for different material gain bandwidths

66



Chapter 4. Travelling-Wave Rate Equation Quantum Dot Laser Model

can be seen in Fig. |4.4{c). The numerical implementation of Eq. (4.24) is enabled by
applying the central difference approximation and Lax averaging, which gives

K—-1 g(wo)

S T -1
) = vt - D+

(x(t) + 2(t — 1)) [280], (4.25)

where K is the filter parameter K = 27/At = \2/(mcAtAN) [281]. In order to apply this
to the result from the previous section, Eq. (4.20)) is rearranged using the substitution

. 1 + 1/2 §modAz

E'+ 1.¢ 1) = E+ t —a; Az —10Az 4.96
=:A(z,t)
Ef(z 4 1,t4+1) = A(2,1) = 2 GmoaAz (B (2 + 1, £ +1) + A(2,1)) . (4.27)

=wy(t) g(wo) z(t)

Inserting Eq. (4.27) into Eq. (4.25)) yields finally

Et(z41,t+ 1) =m Et (2, t)e” %2708 |y BF (2,1 — 1)e” %4704

+m.ET (2 +1,¢) (4.28)

K+ 1412 gnoadz

.= 4.29
m K+1—12 gnoalz (4.29)
—K 4+ 1412 gnoadz
_ 4.
T TR T = 12 oA (4:30)
K= 1412 fmoad
— /2 Gmoa 2 (4.31)

K+1—Y2 gmoadz

For the full numerical solution, Gaussian excitation is added to Eq. (4.28)). The final

result for the counter-propagating electric field amplitudes is, therefore,

E+(Z + 1’25 + 1) — maE+(z, t)e—diAze—iéAz + mbE+(z,t _ 1)€—diAz€—i6Az +
(4.32)
mET(z+1,t) + il (2,1)
E™ (5 + 1, t+1) = meE (2, t)e %% 4 myE~ (2,1 — 1)e” 4771047 4
(4.33)
mE” (2 + 1,t) + ig,(2,t)
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with 2, being a reverse running spatial variable. Examples of spectra obtained from nu-

merical simulations at different material gain bandwidths can be seen in Fig. [4.5

100 ~ 100

Normalised intensity
(log. scale, a.u.)
=

A | |
o, o o TR i il 8
1275 1280 1285 1275 1280 1285 1275 1280 1285

Wavelength (nm)

Figure 4.5: Normalised spectral response (absolute square of the Fourier transformed elec-
trical field [280]) obtained from travelling-wave simulations using the digital Lorentzian
gain filter and different material gain bandwidths.

4.3.3 Frequency Chirp or Linewidth Enhancement

Variations in the emission wavelength A or dynamic linewidth broadening during high-bit-
rate large-signal modulation and ultrafast pulse generation impose major limitations on
the performance of directly modulated semiconductor lasers in long-haul communication
systems with dispersive fibres [142] 293, 294]. Physically, this so-called frequency chirping
is a result of the Kramers-Kronig relation, which links any changes in the imaginary
part of the effective refractive index n.s; with changes in its real part [295, 296]. The
practical implications of this relation are that gain changes dg/0n due to carrier density
variations are accompanied by a carrier-induced refractive index change dn.ss/0n. Note
the difference between the refractive index n.s; (with index) and the carrier density n
(without index). This property of semiconductor lasers is described by the linewidth

enhancement factor or Henry’s alpha factor

_ _AmOnes;/On

= = o (4.34)
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[297], where the minus sign is chosen such that ay is positive for semiconductor laser
wavelengths [296]. Hence in the travelling-wave model, the transient chirp through the
carrier-induced refractive index contribution can be modelled in a relatively simple way
by calculating the phase as

0 = =y Jmod Nz (4.35)

[280]. While the above approach works analogously for QW and QD simulations, it
is worthwhile considering a second effect primarily important for QD lasers. Due to
the higher number of states available in the QD excited states and the wetting layer
continuum, where the carrier densities are not clamped at threshold [286], the free carriers
accumulating in these higher energy levels contribute significantly to the refractive index
change as well [283, 298]. The refractive index change due to this free carrier plasma

effect [299] can be expressed as

e2

Anplasma =

Deomes i 8 (I’'Angs + I'wrAnwy) (4.36)
[283] 286], leading to an additional phase component Gpigsma = WoANpiasma/C- €05 Mes s,
and wy denote the vacuum permittivity, the effective electron mass, and the centre lasing
angular frequency, whereas " and Iy, denote the confinement factors of the active region,
i.e. the QDs, and of the wetting layer. Band filling in the barrier layer is here neglected

due to the typically low barrier layer occupation.

4.4 Modelling Parameters

The novelty in modelling monolithic QD lasers on silicon lies primarily in evaluating to
what extent simulation parameters from InAs/GaAs QDs on native substrates can be
adopted and which ones have to be treated with some caution due to the impact of
dislocations. This section gives first an overview of common parameters for InAs/GaAs
QDs on native substrates and discusses, furthermore, where deviations may exist for

devices grown on silicon.
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Description & Symbol Values References
Current injection efficiency n 0.5 - 0.65 1401, 300}, B301]
QW/WL capture time 72" 1-10 ps 139, 146, 302, 303
QD carrier capture time 7‘6%5 0.1 - 10 ps 143, 146, 283, 304
Intradot relaxation time 75" 0.1 -10 ps 143, (146, 1302, [305
Nonradiative lifetime 7, 1-5nmns 1411, 143] 283, [306

Modal gain ¢medq 10 — 50 cm ™!

Optical confinement factor I 0.0001 - 0.06

}
}
}
}
26, (140, 143, 307]
121}, [T40, [308, [309)]

]

]

QD density pgors 16 x 1010 cm—2

[
[
[
[
[
I
[

Gain compression factor e 10'% — 10" cm® 113, 150, 306, 310
[154], 306, B1T), B12
[
[
[
[
[

GS hole occupation probability f&¢ 0.35-0.5 140, 283, [313]
Optical loss «; 1-8cm™ 141], 1309, 314, 1315]
Linewidth broadening factor ay 0-2 316, 317]
Bimolecular recombination coefficient B 1 x 107 m?/s  [141, 280]
Spontaneous emission coupling factor 3 1076 — 10~ 143, 1309, 318]

Table 4.3: Typical modelling parameters of InAs/GaAs QD lasers on GaAs.

4.4.1 Parameters for InAs QD Lasers on GaAs

A multitude of experimental and theoretical studies on InAs/GaAs QDs grown on native
GaAs substrates exists in the literature. An overview of representative parameters as well
as further necessary definitions can be found in and below Table 4.3l With simultane-
ously growing knowledge on QDs devices and growth technology, a few developments of
the recent years should be pointed out though. The performance of a QD laser depends
critically on the quality of the active region. Early QD lasers from the late 1990s and
early 2000s suffered from low areal QD densities and the difficulties of growing multiple
closely stacked QD layers, resulting in a low optical confinement factor and thus low modal
gain. Although no magic recipe has been found for solving these underlying challenges,
the spectrum of possible parameters has significantly expanded upwards. QD densities of

(5 —6) x 10! cm™?2 are routinely achieved [319], and with the associated increase in I,
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high modal gains of up to 50 cm™! to 60 cm™! have been demonstrated [126]. It is note-
worthy that to date the optical confinement factor is largely a fitting parameter varying
over two orders of magnitude in the literature, because the calculation of I is associated

with many assumption due to the unknown exact QD geometry.

Carrier escape times 7.,
The carrier escape times are calculated based on the QD level degeneracies and energetic

barriers as

pPas Egs — Egs
G = PP e (255 ) (437)
ES _ _QDPESPQD <EWL - EES>
TS =il 2 exp | —————— ) 4.38
esc cap PWL p kBT ( )

where Egs pswr, kg, T, and pyp, are the respective energy levels, Boltzmann’s constant,
the temperature in Kelvin, and the effective wetting layer density of states per unit area
[320]. pw is given as

m§ kJBT
pwr = 7;%2 ; (4.39)

with % being Planck’s constant [309]. The WL/QW escape time depends on the QW /WL
height hgw/wi and the energy barrier (Epp — Ewr/qw) as

2rme. Ep, — E
TV = how iy Z‘Tff eXp( BL k’ij—['/ L/QW> 149, 321]. (4.40)

Carrier transport time through the active region 7,

In the excitonic model, the transport time through the active region is calculated as

1 h2BL h2BL Tty Tt}:“
Ttr_§ <2De+2Dh - +7 . (441)

hpr is the thickness of the barrier layers or SCH width, respectively, while D, and D, are

the electron and hole diffusion constants. The transport time component is added to the
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QW /WL capture time 7VL/@W to give

cap

WL/QW _ _WL/QW WL/QW
Ttr,cap = Ttr + 7_ca]u / )

(4.42)

which is used in the rate equations [308].

Calculation of the (active) volume

The total barrier layer, wetting layer, and QW volume Vg owwr are obtained in a
straightforward way by multiplying the overall layer thickness with the active area wL.
The QD volume Vjp is calculated by multiplying the number of dots per layer with the
number of active layers Njgyers and the volume Vj, of an individual QD. QDs are assumed

to have a pyramidical shape, so that a single QD’s volume is accordingly given as

Vdot = 1/3 hdothot (443)

[322]. However using typical QD dimensions such as hgy = 7 nm and a dot diameter
of 20 nm [I3], this tends to lead to early power saturation and smaller active volumes
compared with QD volumes stated in other modelling papers [2806], 323]. The QD base

length wge as well as the form factor 1/3 can, therefore, be varied, if necessary.

4.4.2 Parameter Considerations for QD Lasers on Silicon

Many laser parameters can remain unchanged in the simulation of monolithic 1.3 pm
InAs/GaAs QD lasers on silicon substrates, but special attention will be given to the

following ones.

1. Carrier lifetime 7,

Threading dislocations are known to act as nonradiative recombination centres. In III-V
lasers monolithically grown on silicon, it is, therefore, expected that enhanced nonra-
diative recombination may reduce the minority carrier lifetime into the sub-nanosecond
regime [273]. This may affect specifically the continuum barrier layer and wetting layer

lifetimes, as carriers in these layers can easily migrate into into nearby defect states.
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Carriers confined in the QD states, in contrast, are believed to be less affected by this
loss mechanism due to their higher confinement energy preventing them to diffuse into

these states.

2. Internal optical loss o

Increased optical loss as a result of photon scattering at dislocation cores has been dis-
cussed as a second major contributor to degraded laser performance [324]. However, there
is so far little experimental evidence supporting this hypothesis quantitatively. Wang et
al. have calculated waveguide loss of the order of 2.4 cm™! to 5.5 cm™! for the epilayers
of I1I-V QD lasers on silicon [325], whereas Jung et al. have measured low internal losses
of about 2.5 cm™! [23], which is consistent with values found in the modelling work of
this dissertation (see chapters @ and . Shutts et al. report an increase of the optical
loss from 2.77 cm™! to 3.55 cm™! during laser degradation [326]. Although such a de-
velopment might be problematic for QD devices with limited modal gain, these values,
even if containing a residual dislocation-induced loss component, are still quite small and
compare well with the values of devices grown on native substrates shown in Table (4.3
Realizing very low optical losses < 1 cm™! will be interesting for high-power applications

though [327, 328)].

3. Reduced injection efficiency 7

Electrically active threading dislocations may offer alternative recombinations pathways
reducing the carrier injection efficiency. While QD lasers on silicon with high slopes, i.e.
high injection efficiencies (Eq. (2.20)), 7 = 7 @ /(i + auy)), have been demonstrated as
discussed in chapter [3.4] lower slope efficiencies can be linked to higher dislocation den-
sities. The question whether this is a result of a reduced injection efficiency can not be
answered clearly in this case, as high carrier losses in the continuum states reduce carrier

capture into QDs, which is analytically expressed in a low 7 rather than a short lifetime.

4. Reduced QD modal gain ¢,,04
Finally, the moderate performance of early monolithic QD lasers on silicon has, further-

more, raised the question whether generally small modal gain may in part be responsible
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for the performance limitations. Possible explanations for lower peak gain could be a
reduced QD uniformity, where the QD gain spreads over a wider range of energies. This
is typically caused by enhanced surface roughness, which is not only an issue for GaAs-
on-Si pseudo-substrates [254], but actually also for QD lasers on native ones [118]. Yet
specifically for I1I-V lasers on silicon, the strong tensile strain after post-growth cool-down
resulting from the thermal expansion coefficient mismatch can add to the issue of inter-
layer QD size variations [329]. Today, monolithic QD lasers on silicon with large modal
gain up to 60 cm~! [I8, 330] and a very large estimated confinement factor of 0.067 [330]
prove that low QD modal gain is no specific problem of QD lasers grown on silicon. For
such devices, photoluminescence (PL) spectra with typical full-widths at half-maximum
(FWHM) between 28 meV and 30 meV have been reported [13], 24], 331], which is as good
as typical PL. FWHMSs for QDs on GaAs [332].

4.5 Numerical Implementation of Simulation Programmes

4.5.1 Temporal Evolution

Computing the temporal evolution of the laser performance at a drive current I forms
the backbone of all other simulations presented in this thesis. While the optical output
power is set to be the output variable by default, the programme allows also to monitor
other quantities of interest, for example the gain and the different energy levels’ carrier
densities, by saving the respective variable X (¢) in each iteration to a preallocated vector

X(t) =(0,0,0,...). Alternatively, it is also possible to view the longitudinal dependencies
| —

# time steps
of spatially varying variables by saving snapshots X(z) at a time ¢ to an optionally

preallocated vector X(z) = (0,0,0,...) . Examples of the QD simulation variables’
—_———

# laser sections
temporal evolution can be found in Figs. |4.6(a) and (b), while the spatial variation of

the photon density versus the longitudinal position at different currents can be seen in

Fig.
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Figure 4.6: Modelled temporal evolution of (a) the optical output power, the gain, and

(b) the carrier density in the QD ground state, excited state, wetting layer, and barrier

layer at an input current of 10 mA. The unfiltered (i.e. as calculated) optical output

in Fig. |4.6{a) shows pronounced beating of the longitudinal modes and is, consequently,

low-pass-filtered with a bandwidth of 20 GHz to mimic realistic experimental output at
the instruments.
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Figure 4.7: Forward and reverse propagating photon densities against the longitudinal

laser position at different injection currents. The arrows indicate the rising photon density

from 4 mA to 40 mA. The shown dependencies are the average of ten snapshots recorded
over the duration of 1 ns after 9 ns warm-up time.
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4.5.2 Light-Current Simulations

In order to obtain the typical light-current laser characteristics, the travelling-wave rate
equations computing the temporal evolution of the simulation variables are implemented
in a loop and are run 7 times in accordance with the number 7 of current steps. If input
currents of increasing amplitudes are to be used, it is convenient to store the spatial
dependencies of the simulation variables at the last current step in order to re-use these
as start values in the next iteration. This process is illustrated in Fig. [£.8] where the
optical output power at each new current is given by its value at the end of the previous
iteration. The settled time-dependent output is then averaged over a pre-defined range
of time steps (in this case 2.5 ns, indicated by the grey shaded area) to yield the steady-
state data point L([), as shown in Fig. f.9(a). This procedure can be performed with
all variables of interest, for instance the carrier densities or occupation probabilities and
the optical gain (Figs. [4.9(b) and (c)). The respective output values can be saved to

a preallocated vector X (I) = (0,0,0,...) (convenient for subsequent operations) or
—_———

# current steps
they can be saved to disk, which is usually the preferred option for more comprehensive

programmes performing numerous iterations under different simulation environments.
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Figure 4.8: Illustration of the numerical implementation of light-current simulations. In

this example, the physical simulation time per iteration is 10 ns with a 2.5 ns output

average range (grey shaded area). Suitable simulation times and average time spans
depend on the exact operation conditions.
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Figure 4.9: Results of light-current simulations as explained above. While (a) shows

the classic LI laser characteristic, (b) and (c¢) allow also to view the evolution of the

carrier densities/occupation probabilities and the gain with current. It can be seen that

the ground state carrier density or occupation probability and thus also the gain are

clamped at threshold, whereas the carrier numbers in the other energy levels can continue

to increase. This is more pronounced at simulations up to higher currents (200 mA,
for example).

In some cases, parallelisation can be used to speed up the overall runtime. This
requires typically a slightly longer physical simulation time per iteration to account for
the laser’s turn-on delay and relaxation oscillations, because simulation start values based
on the next smaller current magnitude are not always available in that case. Otherwise,

irregularities caused by the relaxation oscillations can occur.

4.5.3 Small-Signal Simulations

A laser’s small-signal modulation response can be simulated numerically by converting
the input current I, usually a constant, into time-dependent input by superimposing a
sinusoidal modulation of small amplitude (a few percent of the DC current, for example).
The frequency response to the modulation frequency f is obtained by taking the Fourier
transform of the optical output power at the front facet. The resulting spectrum is
complex and needs to be multiplied with its complex conjugate and a factor of 2 to

yield the real, power-conserved RF spectrum. The maximum range of frequencies f,,q. is
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dictated by the temporal resolution At as

1

= 4.44
fmax 2At Y ( )

although the more limiting factor here is rather the frequency resolution Af, which is
given by the inverse of the physical simulation time [280} 281]. Since a pronounced DC
peak at 0 GHz overshadows the signal to be extracted, the Fourier spectrum calculated
under DC operation conditions is subtracted from the respective AC Fourier spectrum.
The peak at the position f is then extracted by integrating over the area beneath it and
its neighbouring points. This method is computationally more stable than simply extract-
ing the response value at f, because the used fast Fourier transform algorithm requires
exactly 2M data points, with M integer, for a precise representation of the modulation
response in the frequency domain [281]. If this condition is not fulfilled by the number of
simulation time steps, small oscillations can occur in the high-frequency regime, where the
modulation response drops steeply. Repeating this procedure for a range of frequencies

allows to calculate the entire modulation response curve as illustrated below.
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Figure 4.10: Examples illustrating the numerical calculation of a laser’s small-signal re-

sponse curve. (a) Calculated Fourier spectrum, where the empty symbols represent the

response values at their respective current modulation frequencies (linear scale). (b)

Small-signal response values from (a) versus modulation frequency on a logarithmic scale.
The typical shape of a small-signal response curve is observed.
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The calculated Fourier spectrum in Fig. £.10)(a) shows that on a linear scale, the
modulation response peaks only differentiate themselves from the noise floor up to around
5 GHz at the chosen settings. Plotting the extracted response values on a logarithmic
scale though (Fig. [£.10(b)) reveals the typical shape of a laser’s small-signal modulation

curve. The y axis in this kind of plot is usually given in dB using

P = 10log,, (%;:) , (4.45)
where Py is here a low-frequency, almost DC reference value. The slower the laser’s
intrinsic modulation response, the longer the simulation has to run in order to retrieve
enough energy in the respective modulation frequency. For a faster laser with modulation
bandwidths of around 10 GHz, run times of 10 ns to 20 ns per frequency might be
sufficient, whereas a slower 1 GHz laser may require run times in the range of 50 ns to

100 ns to obtain high-quality small-signal simulation results.

4.6 Model Limitations and Possible Extensions

To facilitate the application-oriented calculations as outlined in the previous sections,
it is necessary to keep the computational complexity relatively low in order to obtain
simulation results in a reasonable amount of time. A physics-based tool for high-power
broad-area lasers, for example, can take as much as 2 hours for a physical simulation time
of 1 ns if not highly parallelised [333], which would not be acceptable for the calculation
of a set of small-signal response curves at different currents. This section will discuss the

limitations of the here used numerical approach as well as some possible model extensions.

Separate electron-hole equations

While the rate equations presented in this chapter follow an excitonic approach, it is pos-
sible to explicitly include separate hole rate equations. This can, for example, be done
in order to investigate the desynchronisation of the electron and hole dynamics result-
ing from the different carrier capture dynamics [283, 288, [334]. In chapter , separate

electron and hole rate equations are used to model how their different diffusion constants
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impact the performance of monolithic QD lasers on silicon through carrier migration into

defect states.

Multiple excited states

It is good practice to reduce the QD electronic structure to two discrete states only, as
the higher excited states do not have a significant impact on the QD static and dynamic
properties [I43]. It can, however, be useful to include these specifically, for example
when studying intradot relaxation dynamics [313] or the impact of carrier re-emission
into higher energy levels and the associated dislocation-induced carrier loss in lasers on

silicon, as will also be discussed in chapter [5.2]

10
g 0 g
an an
NS 2
2 -10 2
= =
S S
o &,
5 0 5
a7 a2
-30 : ' -30 ' ' ' '
0 5 10 0 5 10
Frequency (GHz) Frequency (GHz)

Figure 4.11: Examples of small-signal modulation curves including (left) one excited state
and (right) two excited states. The laser dynamics remain fundamentally unchanged.

Quantum dot ensemble

The model presented in this chapter treats the QD active region as an ensemble of identi-
cal, noninteracting QDs, projecting the energy levels of all QDs in the active region onto
the very same energies. The size and thus energy distribution of the QD ensemble can be
modelled realistically by subdividing the QD rate equations into N groups, each receiving
a proportion of the injected carriers scaled with the QD group existence probability, as
shown in Fig. Such an approach can be advantageous to model explicitly the shape
of the inhomogeneously broadened QD gain distribution and its relation to the linewidth

enhancement factor in order to investigate the frequency chirp of directly modulated QD
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lasers [113], 283]. However, it also increases the computational complexity significantly, so
that the inclusion of the digital Lorentzian gain filter as introduced in section 4.3.2|is a vi-

able alternative in cases where the QD ensemble properties are of subordinate importance.
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Figure 4.12: Modelled example of the gain distribution for transitions from the electron
ground state to the hole ground state and first and second excited state using a QD
ensemble with Gaussian distribution.

Thermal effects

Thermal effects have a large impact on the performance of a semiconductor laser, espe-
cially at high injection levels. Yet in many simulation approaches with low- to medium-
level complexity they are neglected, as they are difficult to implement in a self-consistent
manner and are computationally very time-consuming [335]. This is mainly because ther-
mal effects take place on a fundamentally different time scale than optical effects (micro-
to milliseconds as opposed to nanoseconds), meaning that unfeasibly long physical simu-

lation times would be required in standard time-domain models.

Li et al. have presented a simplified approach for simulating temperature-dependent
QW LI curves by deploying a temperature-dependent gain function, where the gain co-
efficient gy and the transparency carrier density n, depend on the internal temperature.
These are coupled to a heat transfer equation, in which the ambient or heat sink tempera-

ture and the injection current act as heat source, while light output enables laser cooling.
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The equations are solved iteratively until the simulations converge [335], [336]. Fig.
shows an example of simulated LI curves at various heat sink temperatures together
with the evolution of the transparency carrier density and the nonlinear gain coefficient.
Whereas this approach is tailored for QW lasers, it would certainly also offer a route for
implementing thermal effects in QD laser simulations. In the simulations presented in the
following chapters, thermal effects are omitted, because a significant number of iterations

is required for the calculation of each data point.

Output power (mW)

0 100 200 300 0 100 200 300 0 100 200 300
Current (mA)

Figure 4.13: QW LI simulations at different heat sink temperatures in °C calculated
using the model in [335] (left). The temperature-dependent transparency carrier density
and gain coefficient are shown in the middle and to the right.

Two-dimensional resolution

The travelling-wave model used in this work is a multi-longitudinal, but single-transverse-
mode model neglecting any lateral effects with respect to the carrier distribution or the
optical mode profile [290]. For narrow ridge-waveguide lasers or broad-area lasers at low
injection regimes, this is usually an acceptable simplification. Expanding the simula-
tions into a more complex two-dimensional system can be useful though for designing
and modelling high-power lasers, for example, where it is critical to account for filamen-

tation effects and the respective impact on the optical output power and the beam quality.

Beyond the aspects mentioned in this section, there are still various other possible
extensions, such as the inclusion of the polarisation [113], splitting of the nonradiative time

constant into its ABC components (nonradiative, radiative, and Auger recombination)
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[139] as well as inhomogeneous current injection. The simulation of QD lasers and similar
low-dimensional active structures is a topic of ongoing research and might gain greater

importance with QD devices becoming increasingly attractive for commercial applications.

4.7 Chapter Summary

This chapter started with an introduction into modelling of semiconductor diode lasers and
into the numerical implementation of differential equations using the FDTD technique.
A system of multi-level carrier QD rate equations including the SCH barrier layers, the
wetting layers and two equations for the QD energy levels were presented, followed by
a short section on QW carrier rate equations. Subsequently, the numerical implementa-
tion of travelling-wave electric field equations for calculation of the photon density was
explained in detail, containing explicit derivations of the used equations for the scenarios
of light propagation in an amplifying medium and for a digital spectral filter, which can
be used to model the wavelength dependence of the QD or QW gain function. In this
context, the inclusion of wavelength detuning or frequency chirping, respectively, based
on the linewidth enhancement factor and the free carrier plasma effect was discussed as
well. Next, an overview of common modelling parameters of 1.3 um InAs/GaAs QD
lasers grown on native substrates was shown, combined with a discussion on parameter
considerations for the simulation of monolithic QD lasers on silicon. While the role of
dislocation-induced nonradiative carrier loss, optical loss, and a potentially reduced injec-
tion efficiency and modal gain in these devices was reviewed, only the nonradiative carrier
lifetime and possibly also the injection efficiency were found to be significantly affected by
dislocations in the active region. Finally, the numerical implementation of temporal evo-
lution, light-current, and small-signal modulation programmes was explained, which was

followed by a section discussing the model limitations as well as possible model extensions.
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Chapter 5

The Role of Dislocations in III-V

Lasers Grown on Silicon

5.1 Introduction

Dislocation-induced performance degradation has been a major concern for semiconductor
researchers ever since the early days of semiconductor injection lasers in the 1970s [210,
337, [338]. Although the reliability issues then concerned primarily semiconductor lasers
on native substrates for communications, the problem today remains fundamentally the
same for QD lasers on silicon with high dislocation densities. In order for QD lasers
on silicon to become attractive for commercial applications, there is an urgent need to
better understand the role of dislocations in the laser active region. At the time of
writing, the superior performance of QDs compared with QW active regions on silicon
is only understood at a rather qualitative level. It is a general consensus that efficient
carrier capture into QDs and high electronic confinement prevents carrier migration into
defect states, allowing good performance in the first place and substantially slowing down

REDR-based dislocation growth in the longer term [120].

Over the course of 2018 and 2019, a handful of experimental studies has become
available. Jung et al. and Orchard et al. have published experimental studies comparing
LI characteristics of QD lasers on silicon with different dislocation densities, as discussed

in chapter [275], 276]. Huang et al. have measured a defect level activation energy
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of 0.4 eV in InAs/GaAs QD photodetectors on silicon, which corresponds to a classic
mid-bandgap state serving as a nonradiative recombination centre [265], whereas Buffolo
et al. found increased forward current leakage with dislocation growth combined with a
reduced current injection efficiency due to carrier loss in the InGaAs wetting layer [339,
340]. Lastly, Selvidge et al. have presented temperature-dependent cathodoluminescence
measurements showing reduced QD emission characteristics in the vicinity of dislocations

in late 2019 [211].

To develop a consistent theory, it is necessary to tie these experiments up with nu-
merical simulations reproducing the existing performance trends. The objective of the
theoretical studies presented in this chapter is, therefore, to identify the main mecha-
nisms responsible for the drop in performance typically observed at dislocation densities
pais > 105 cm? for monolithic InAs QD lasers on silicon. A special focus will also be on
understanding the performance discrepancies observed between QD and QW active re-
gions on silicon, with the aim of ultimately taking the learnings from QD lasers on silicon

and applying them to engineering workable solutions for QWs.

This chapter consists of two parts. In section [5.2] a conventional travelling-wave
rate equation approach as introduced in chapter |4 incorporating a dislocation density-
dependent nonradiative carrier lifetime is used to model the LI characteristics of QW and
QD laser on silicon as a function of dislocation density. In section an alternative high-
resolution approach allowing the inclusion of individual, spatially resolved dislocations
along the laser cavity is used to gain insight into local phenomena of the optical gain,
photon, and carrier density distribution in the vicinity of dislocations. It will be shown
that the results of this chapter, building on the results published in [275] and [276], are
confirmed by some of the findings reported in [211], 339, 340].
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5.2 Standard Approach Based on Macroscopically Av-

eraged Parameters

5.2.1 Numerical Approach: Diffusion-Assisted Carrier Loss

In a simplified model, the impact of threading dislocations can be described as follows.
Carriers in the vicinity of dislocations can migrate into defect states, where they are likely
to recombine nonradiatively. As illustrated in Fig. [5.1], this process affects primarily the
continuum layers such as the barrier layers, QWs, and to some extent also the wetting

layers embedding the QDs. The QDs themselves are assumed to be safe from nonradiative
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Figure 5.1: Schematic one-dimensional real-space energy band diagram of an In(Ga)As

DWELL QD laser [120, 285]. The InGaAs QW energy band diagram does not contain the

discrete QD levels, but can otherwise be regarded as analogous. Nonradiative recombi-

nation processes via dislocation-induced mid-bandgap defect centres take place from the

barrier layer and wetting layer/QW only. Carriers confined in the QDs are not affected
unless they thermalise out of the QD states.
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recombination, as captured carriers cannot directly diffuse into defect states unless they
thermalise back up into the continuum layers [264]. The amount of QDs directly hit by
a threading dislocation is ignored due to the typically negligible number of dislocations
compared with the number of QDs, as discussed in chapter [3.3.5 Shallow traps in thermal
equilibrium with the conduction and valence band are also ignored as well as carrier re-

emission from the defect states.

Considering the effect of dislocation-induced carrier loss, the total carrier lifetime is
written as a combination of a background carrier lifetime 7,,,. in the absence of threading
dislocations and a component 74 representing enhanced nonradiative recombination as

a function of dislocation density pg;s:

-1 _ -1 -1
an,tot = Thr + Tdis (51)

[212,[341]. In order to estimate the dislocation-induced loss time constant 7,45, we consider
the average spacing dgs between two dislocations, which can be estimated as
iy = ——— = LS, (5.2)
VT Pis
[213, 342] and corresponds to an average dislocation-limited diffusion length. The re-
spective dislocation-dependent carrier lifetime is then given over the relationship to the

diffusion constant D as

Ldiff = \/DTnT [337] (53)

Ld;:s 2
& g = LI (5.9

Fig. [5.2(a) shows a plot of the total electron and hole lifetimes as a function of dis-
location density. The respective values of 74 differ slightly, which is a result of the
different electron and hole diffusion constants, as pointed out by Andre et al. [212]. Us-
ing Eq. and a nonradiative background carrier lifetime of 1 ns, the dislocation-limited
electron lifetime begins dropping into the sub-nanosecond regime for densities between
about 10 cm™2 and 107 cm ™2, which can affect the laser performance quite seriously. For
holes, in contrast, this is only the case from about 107 cm ™2 to 10® cm™2. This is a result of

the faster interaction between electrons and dislocations due to the high electron mobility
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Figure 5.2: (a) Total nonradiative carrier lifetime as a function of dislocation density

calculated for different background diffusion lengths (i.e. in the absence of dislocations).

Plots in black and blue indicate realistic values for electrons and holes, respectively. The

nonradiative background component 7,,. is set to 1 ns. (b) Average dislocation spacing
versus dislocation density, estimated using Eq. .

and thus longer diffusion length, which is in agreement with the short electron lifetimes
that have been measured in epitaxial GaAs on non-native substrates [212]. Fig. [5.2|b)
illustrates that these dislocation density ranges coincide approximately with dislocation
spacings of about 1 um to 10 pm. With typical (In)GaAs hole diffusion lengths of 1 pm
to a few micrometres [213, [343] [344] and electron diffusion lengths reaching up to 10 pm
[213, 264, 1345], pgis = 10° cm™ — 10® cm ™2 marks the range where the average dislocation
spacing starts falling below the intrinsic carrier diffusion length, which has been identified

in [337] as the starting point of serious laser performance degradation.

Lastly, it is also considered that dislocation-induced carrier loss can saturate due to
population of the defect states as higher carrier densities are reached [118, 240]. 74s
is, therefore, multiplied with a phenomenological saturation term (1 + n/ns), where
n is the respective wetting layer/QW or barrier layer carrier density and the reference
value n,q is chosen to be 10'® cm™3. Since the nature of the defect states formed by
threading dislocations in ITI-V structures on silicon has not been investigated more closely

yet, it is currently not known if those defects behave as acceptor-like or donor-like and
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thus if the electron or hole time component is more dominant in the dislocation carrier
capture process. This will certainly affect the respective capture dynamics and can explain
potential discrepancies between experiment and theory. It is also worth pointing out
that various equations have been developed to describe the dependence of the overall
nonradiative carrier lifetime on dislocation density [210, [342], 346]. However, all of them

follow the approximate trend shown in Fig. [5.2(a).

In order to consider the effects of different electron and hole diffusion constants as
well as the likelihood of carrier re-emission from the QD confined states back into the
continuum layers, the rate equation model introduced in chapter [4.2.1| is expanded with
a set of hole equations to match the electronic system shown in Fig. 5.1} Since the
carrier escape time constants depend on the electronic barrier height (Eq. and
following in chapter , the QD state equations are for this purpose only expanded to
include a second excited state (ES2) as well, whereas the QD hole states are formed of
five closely spaced levels [267, 285]. Dislocation-induced carrier loss using —N /7y tor =
—N/Tnr — N/7T4s is only included in the barrier layer and wetting layer, where carrier
migration into dislocations is possible, while the carrier loss term — N/, in the QD state

equations remains unchanged.

The hole barrier layer and wetting layer equations are modelled analogously to the
barrier layer and wetting layer electron equations, whereas the hole QD levels are modelled
via one joint equation, as the holes tend to thermalise among the various confined states

due to their small energy spacing [283]:

3N5D _ Niyp (SD B NSD B N(SD — oS - VarAz (5.5)
ot A T L

The QW model is directly adapted from chapter 4.2.2| with identical electron and
hole equations and the new dislocation-induced carrier loss term included in both the
barrier and the QW level. An overview of the used simulation parameters can be seen
in Table 5.1l The QW laser parameters are based on those in [280], whereas the QD
parameters are chosen based on values presented in Table to represent a high-quality

QD device in the absence of dislocations.
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SHARED QD & QW SIMULATIONS PARAMETERS CHAPTER

5.2

Az =10 um
L = 500 um
w = 2 um

hpgr, = 65 nm, 250 nm
hqow/wr = 7.5 nm, 8 nm
Niayers = 5

Ri2 =0.95,0.30

A = 980 nm, 1300 nm

I' = 0.05, 0.005

e =107 cm?3, 10716 cm?

a; =5cm™!

n = 0.55
TQ@W/Whe — 3 () ps, 3.4 ps

cap

TOW/WLh — 1.0 ps, 8.9 ps

cap

TfiZWWLﬁ = 2.9 ps

TOW/WLh — 1.9 ps

Tpr = 1 1S
LZ{}} = 10 pm, 2 um

Spatial step size

Cavity length

Waveguide width

Total QW/QD barrier layer thickness
InGaAs QW/WL thickness
Number of active layers

Rear and front facet reflectivity
QW/QD emission wavelength
QW/QD confinement factor
QW/QD gain compression factor
Optical waveguide loss

Current injection efficiency

Electron transport & capture time into QW /WL
Hole transport & capture time into QW /WL

Electron QW /WL escape time
Hole QW /WL escape time

Nonradiative lifetime (all levels)

Electron/hole BL and QW /WL diffusion length

QW-SPECIFIC PARAMETERS

go = 3000 cm™!

Ny =1 x10% cm™3

QW gain constant

Transparency carrier density

QD-SPECIFIC PARAMETERS

9mod = 50 et

Pdots = 6x1010 cm ™2

TODe/h — 3 ps. 0.5 ps

cap

T9De — 0.25 ps

rlx
7_GS/ESI/E‘S2,e —
esc

1.3 ps, 1.8 ps, 2.4 ps
72Dk = 10.9 ps

€sc

QD modal gain
QD density

Electron/hole carrier capture time into QDs

Electron intradot relaxation time

Electron GS, ES1, ES2 escape time

Hole QD escape time

Table 5.1: Overview of the used simulation parameters.
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5.2.2 Simulation Results

The LI characteristics of QD and QW lasers are modelled as a function of dislocation
density using the dislocation-dependent carrier lifetime as described in section [5.2.1} From
Fig.[p.3(a) it can be seen that excellent QD lasing characteristics are obtained for thread-

2 using the parameters for

ing dislocation densities between 10* cm~2 and about 108 cm™
a high-gain QD laser as shown in Table [5.1] Particularly for dislocation densities around
108 cm™2 — 107 em ™2, which are common values for I1I-V lasers grown on silicon, the mod-
elled LI characteristics are almost unaffected by the additional carrier loss component.
This finding agrees with publications of high-performance InAs QD laser on silicon at dis-
location densities of 7x 10° cm™ by Jung et al. [23,24]. Although the modelled threshold
current here more than doubles for densities from 10* cm ™2 to 10® cm™2, the absolute shift
from 11.7 mA to 27.6 mA still results in a relatively low threshold laser. While the slope
efficiency drops also by 26 %, the slope of 0.18 W/A is indeed still acceptable for a QD

laser. This sort of behaviour at a high dislocation density of 108 cm ™2

Is in agreement
with the experimental performance observed in [240] and [241]. pgs = 3 X 108 cm™? is the
maximum dislocation density reported for any 1.3 um InAs QD laser on silicon, which is

consistent with the sharp drop in performance obtained in the simulations.

Fig. (b) reveals that a lower-gain QD laser (g0¢ = 25 cm™! rather than 50 cm™!)
suffers much more from enhanced dislocation-induced carrier loss at increasing dislocation
densities. For densities from 10* cm™2 to 10® cm™2, the laser experiences an almost

2 is realistically unlikely

fourfold increase in threshold current. Lasing at 3 x 10% cm™
to be achieved, as in a practical device Joule heating (which is not considered in these
simulations) will play a significant role at these high injection levels and will lead to
additional loss mechanisms [347, [348]. In this context, it should, furthermore, be noted
that the here presented calculations do not consider device degradation due to dislocation

climb, which is known to be a a common failure mechanism in I1I-V QW lasers grown on

silicon and native substrates [218, 219].

The dislocation-dependent QD LI simulations confirm the experimental trends dis-

cussed in chapter and can be interpreted in a quite straight-forward way. With rising
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Figure 5.3: (a) QD LI curves calculated as a function of dislocation density using the

laser parameters of Table and the introduced dislocation loss term. (b) Analogous
simulations for a lower-gain QD laser (goq = 25 cm™!, I' = 0.0025, pgors = 3 x 10*° cm™2).

dislocation density, the total nonradiative carrier lifetime 7, ;s shortens due to the en-
hanced dislocation-induced carrier loss component 74,. Although this affects primarily
the barrier layer and wetting layer lifetimes and is alleviated by the unchanged lifetime in
the QDs, it is ultimately reflected in the overall carrier lifetime of the entire system. Since
increased carrier loss requires higher injection levels to achieve occupation inversion, this
leads to a rise of the threshold current [143], as can be seen in Fig. [5.3|a) and (b). The
earlier drop of the electron loss time constant indicates, furthermore, that electron migra-
tion into dislocations poses the limiting factor for the performance of bipolar devices on
silicon [212]. Despite the drop of the barrier layer and wetting layer lifetimes to 100 ps —
10 ps at high dislocation density though, the fast capture of carriers into the confined QD
states allows lasing up to large pgs. In the case of QD lasers, dislocation-induced carrier
loss in the continuum layers manifests itself, therefore, eventually in a reduced carrier

injection efficiency 7 and is reflected in the LI slope reduction, as previously discussed in

chapter 4.4.2,

Dislocation density-dependent simulations of an equivalent QW laser using the pa-

rameters of Table can be seen in Fig. [5.4(a). From this and the overview graph
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in Fig. (b) it becomes immediately evident that a QW laser without QD energy level
that is safe from dislocation-induced carrier loss is more seriously affected by an increasing
number of dislocations. While the current required to pump a QW-based active region is
naturally higher compared with low-volume QDs, the laser threshold increases drastically
from pgis > 1 x 10% cm™2. As carriers accumulate in the QWs, where they can migrate
into nearby dislocations rather than being captured into QDs, dislocation-induced carrier
loss is here of much greater importance, making it increasingly difficult to attain a popu-
lation inversion in the presence of many dislocations. It takes, therefore, only a relatively
low dislocation density of 5 x 106 cm™2 to shift the laser threshold above 100 mA, where
thermal effects are likely to degrade the performance even further. It is interesting to
note that the slope efficiency of the dislocation-dependent QW LI curves is almost inde-
pendent of dislocation density. This is probably as the barrier layer losses alone have a
small impact on the carrier injection efficiency into the QWs compared with the combined

effect of barrier layer and wetting layer losses in the case of a QD laser.

GaAs-based QW lasers grown on silicon have experimentally only been demonstrated

in the comparably low dislocation density range of 2 x 10 cm™2 to 107 cm™2 [233] 257,
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Figure 5.4: (a) QW LI curves calculated as a function of dislocation density using the
laser parameters of Table and the introduced dislocation loss term. (b) Overview of
the threshold current increase and the slope reduction of the modelled QW and QD lasers

against dislocation density, calculated with respect to the values at 10* cm~2.
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258, 349, [350], which makes these data insufficient for the identification of meaningful
performance trends. On top of that, the unreliable performance of I1I-V QW lasers grown
on silicon substrates did not allow any systematic studies comparing similar devices at
varying dislocation. However, the simulations in Fig. [5.4(a) confirm the tendency of QW
lasers on silicon to have high threshold currents [257H260] and correlate well with the
approximate dislocation densities for which it is realistic to obtain lasing with QW-based

active regions.

5.2.3 Discussion

In order to investigate the hypothesis that the defect tolerance of monolithic QDs lasers
on silicon originates from the unique properties of QDs, efficient carrier capture and high
carrier confinement, further simulations are performed to study the impact of the minority

carrier diffusion length, the capture time into QDs, and the QD electronic barrier height.
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Figure 5.5: Overview of the threshold current increase and the slope efficiency reduction

of LI curves as a function of dislocation density. (a) QD laser results comparing the

original performance (black) with simulations using shorter electron and hole diffusion

lengths of 5 wm and 1 um (dark blue), and unchanged barrier layer diffusion parameters,

but a reduced electron and hole diffusion length of 1 pum (light blue). (b) QW laser results

comparing the original performance (black) with the shorter diffusion length simulation
results (5 um and 1 pm, dark blue).
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Figs.[p.5(a) and (b) show overviews of the threshold current increase and slope reduc-
tion of QD and QW devices modelled at different diffusion settings. Whereas the original
simulations (black) were performed using large electron and hole diffusion lengths of 10 pm
and 2 pm, respectively, the results of sets with shorter diffusion lengths of L§,,, = 5 um
and L}, = 1 um are here shown as well (dark blue). From both graphs it becomes ob-
vious that a shorter minority carrier diffusion length at the same original carrier lifetime
is beneficial for the operation of a laser in the presence of a high dislocation density, as
carriers are less likely to diffuse into defects, which increases the overall carrier lifetime
and thus reduces the threshold current increase compared with the original results in
black. The performance improvements are particularly pronounced for the QW simula-
tions in Fig. [5.5(b) and actually appear to overestimate the expected performance. At
a dislocation density of 107 cm™2, this simulation approach predicts a threshold current
increase of about 100 % from 34 mA to 65 mA, which might be slightly too optimistic for

a QW-based laser in the presence of many dislocations.

In Fig. [5.5|(a), additional simulation results are also shown for unchanged barrier layer
diffusion lengths (LZ;’}f = 10 wm, 2 um), but a reduced electron and hole wetting layer
diffusion length of 1 wm. This scenario is investigated, because it has been shown exper-
imentally that lateral carrier diffusion is strongly suppressed in DWELL active regions
due to dominant carrier capture into the closely spaced (about 50 nm) QDs [263, 264].
Fig. 5.5(a) illustrates, however, that modelling this explicitly results only in moderate
performance improvements as fast carrier capture is modelled here naturally by setting

the QD electron and hole capture times to 3 ps and 0.5 ps, respectively.

Further insights into the physics of QD lasers on silicon can be obtained from Fig.[5.6{a),
showing LI simulations at threefold increased carrier capture time constants, and Fig.[5.6(b),
showing a set calculated for reduced (factor 2) electronic barrier heights between the QD
and the wetting layer as well as between the QD states themselves. Interestingly, both
simulation sets point out very different features. In the first case, carriers linger in the
wetting layer for a longer time and experience stronger carrier loss through nonradiative
recombination at defect centres. This results effectively in fewer carriers relaxing into the

QD ground state and is hence reflected in a a reduced current injection efficiency, i.e. a

96



Chapter 5. The Role of Dislocations in I1I-V Lasers Grown on Silicon

more greatly reduced QD LI slope at high dislocation densities. Whereas the LI slopes
of the original QD simulations illustrated in Fig. [5.3|a) are reduced to 57 % (10® cm~2)
and 28 % (3 x 108 cm™2) of their original slope at 10* cm™2, for example, the LI curves
modelled under slower carrier capture show a much stronger slope reduction down to
35 % (108 em™2) and 14 % (3 x 10® cm™2), respectively. Since the overall carrier lifetime
remains unchanged, no substantial threshold current increase is observed compared with

the original carrier capture parameters.
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Figure 5.6: Remodelled QD LI curves as a function of dislocation density using (a)
threefold increased carrier capture times (792¢ = 3 ps — 9 ps, 7'315 h = 0.5 ps — 1.5 ps)

cap

and (b) halved QD energy barriers and QD state spacings (AEGgpg, = 64 meV —
32 meV, AEgg, pg, = 64 meV — 32 meV, AEf g,y = 30 meV — 15 meV, AE} ),y =
130 meV — 65 meV).

Fig. (b), in contrast, shows the opposite trend. Using a hypothetical energy struc-
ture with halved QD barrier heights and discrete state energy spacings yields faster carrier
escape according to Egs. and . Although escaped carriers can in principle
directly relax back into the QDs, a certain proportion might instead recombine nonra-
diatively at a dislocation. This process translates effectively into a reduced QD carrier
lifetime, which is manifested in a clearly visible threshold current increase but a nearly

unaffected slope efficiency compared with Fig. (a). At pgis = 3x 107 ecm ™2, for instance,
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the QD laser threshold with lower energy barriers is increased to 90 mA compared with
only 16 mA using the original barrier heights. The underlying physical behaviour is con-
firmed by a temperature-dependent cathodoluminescence (CL) study of InAs QD lasers on
silicon by Selvidge et al., as can be seen in Fig.[5.7, where a clear reduction of CL intensity

is observed due to increased likelihood of QD carrier re-emission at higher temperatures.
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Figure 5.7: Temperature-dependent CL line scans of the ground state (left), first ex-
cited state (middle), and second excited state (right) across a dislocation in a monolithic
InAs/GaAs QD laser on silicon [211].

So, based on the dislocation-dependent carrier loss time constant inferred from the
average dislocation-limited diffusion length in the barrier layers and the QWs/ wetting
layers, the presented simulations are capable of reproducing experimental performance
trends of silicon-based In(Ga)As QD and QW lasers published in the literature. The
results allow to explain the superior performance that is obtained with QD active regions
and confirm that fast QD carrier capture and sufficiently high energy barriers prevent the
captured carriers from migrating into defect states. However, since dislocations are local
phenomena which might not only affect carrier density, but also gain and optical loss,

it is quite likely that this kind of approach is not fully capable of describing the physics
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of monolithic QD lasers on silicon accurately. This issue will be addressed in the next

section of this chapter.

5.3 Spatially Resolved Inclusion of Dislocations

This study aims at taking the simulations from the previous section one step further in
order to explore an alternative approach on how to describe the physics of monolithic

ITI-V lasers on silicon in a more suitable way.

5.3.1 Numerical Approach: Implementation of Dislocations

In section it was found that nonradiative recombination of electrons at dislocations
is likely to pose the performance-limiting factor in bipolar monolithic devices on silicon
due to their higher diffusivity and thus faster interaction with dislocations. While the
electronic QD barrier height was shown to have an impact on the QD laser performance
in the presence of high dislocation density, resolving the exact electronic QD structure
does not appear to be crucial for understanding local phenomena around dislocations in
ITI-V lasers on silicon. For these reasons, this section utilises the standard excitonic rate
equation travelling-wave model for QWs and QDs as presented in chapter Contrary
to the previous simulations, which had to be conducted using averaged, effective laser
parameters such as the overall reduced nonradiative recombination to account for an in-
creased number of dislocations, in these simulations Az is reduced to the sub-micrometre
level in order to enable the explicit inclusion of individual nonradiative defect centres in
the active region. All simulation parameters used remain the same as shown in Table [5.1],
except Az = 500 nm, fig = 0.5, and Tng = 500 ps, because the number of excited states
is reduced to one again. As in the previous section, dislocation-induced carrier loss and
lateral carrier diffusion is considered in the continuum layers, i.e. the barrier layers and
wetting layers or QWs, respectively, only. It should be noted that 74, is a vector inducing
carrier loss at predefined dislocation positions only rather than being an effective laser

parameter, as discussed in the following.
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In order to study the effects of threading dislocations in GaAs-based laser active
regions, nonradiative recombination centres are placed on a regular grid along the laser
cavity, as illustrated in Fig. [.8] The advantage of a regular dislocation arrangement
compared with a more realistic, random dislocation distribution is discussed further below.
The dislocations are modelled as sections with ultrafast carrier loss at rate 7j;; to represent
fast carrier capture into mid-bandgap defect states [265]. Since the exact dislocation
carrier capture time is not known, a capture time of the order of a few picoseconds is
assumed, comparable with the one into QD states [302, B04]. For Az = 500 nm, a
dislocation capture time 74, = 10 ps is chosen, whereas 74 is set to infinity in dislocation-
free regions. A further factor influencing the magnitude of 74, is the assumed dislocation
core diameter and carrier capture length in conjunction with the chosen Az. A variety of
values has been published for the physical size of actual dislocation cores, ranging from
below 1 nm [35I] over a few tens of nanometres [352] [353] up to 1 um [341]. The choice
of Az = 500 nm is, accordingly, a trade-off between physical accuracy and computational
feasibility. 74 is hence both a fitting parameter for modelling realistic performance trends
with growing dislocation density as well as a way to compensate for larger Az, which
overestimate the dislocation size slightly. Selvidge et al. have recently reported a carrier
capture length of 500 nm for InAs/GaAs QD lasers on silicon [211], which supports our

choice of spatial resolution.

N,
74— 10 ps « oW >
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Figure 5.8: Schematic of the implementation of dislocation-induced carrier loss using the
example of the QW layers based on a vector 74, with predefined dislocation positions
given by the modelled dislocation density pg;s.
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It should be noted that a series of assumptions and simplifications is made in the
present approach. First of all, the travelling-wave approach neglects radial, i.e. two-
dimensional carrier migration into dislocations, thus projecting this process onto a one-
dimensional plane, as indicated in Fig. Since this leads to an overestimation of the
impact of dislocations on the laser performance, especially for QDs with their reduced
effective diffusion length [263] [264], the waveguide width of the modelled devices is set to
a narrow value of 2 um. This is additionally to ensure single-transverse mode operation.
Secondly, while a regular arrangement of dislocations in the active region is best for the
reproducibility of simulation results, it tends to be the worst case scenario in terms of
laser performance [342], as the number of carriers affected by diffusion-assisted carrier loss
is thereby maximised. A realistic III-V laser grown on silicon has a random dislocation
distribution allowing for variations in the laser performance, where slightly better than
average performance is obtained from devices with large dislocation-free regions. Lastly,
here too dislocation-induced carrier loss in the QD levels is ignored due to the small
ratio between the dislocation number and the QD number, as explained in chapter [3.3.5|
From the computational point of view, it is important to consider that shrinking Az and
At may ultimately lead to computational errors. Numerical stability is thus ensured by

checking that the Courant Friedrichs Lewy condition is equal to 1 (rather than 0.99999,
for example) [354].

—_
L

Figure 5.9: CL image (top) plus respective intensity line scan across a dislocation in a

GaP substrate [355] .
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5.3.2 Simulation Results

Fig. [5.10[a) shows an example of the QW carrier density distribution at twice the laser
threshold obtained for a dislocation density of 10° cm™2, equating to ten dislocations in
a 2 x 500 um? laser, as well as the carrier density distribution at the same output power
level in the absence of dislocations. The threshold carrier density shows a slight curvature
in dependence of the cavity position due to the growth of the forward propagating photon
density towards the output facet at L = 500 um. This leads to a slightly higher depletion
of the carrier density and thus to a reduction of the gain. This effect is more pronounced
at L = 500 pwm, since the photon round-trip from there includes reflection at the HR
coating, whereas the round-trip starting from L = 0 wm encompasses higher photon loss

at the as-cleaved facet after one cavity length.
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Figure 5.10: (a) QW carrier density and (b) QD ground state occupation probability

of 2x500 um? devices at about 2I;, against the longitudinal position in the presence

of ten dislocations. The black dotted lines shows the QW carrier density or QD ground

state occupation, respectively, without dislocations at the same optical output power level
in comparison.

It can clearly be seen that the influence of carrier loss at the only 500 nm long dis-
location positions is intensified by carrier diffusion, which causes the carrier density over

several micrometres to fall below the threshold value. The large electron diffusion length
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in GaAs-based III-Vs, which remains set to 10 um, contributes therefore to an increased
sensitivity to defects [212]. The carrier density in dislocation-free regions must, conse-
quently, be increased in order to attain the required cavity threshold gain. The comparison
with the QD ground state occupation probability against the longitudinal position, de-
picted in Fig. [5.10(b), highlights that the magnitude of the QD carrier occupation dips
is actually relatively small. This is because ultrafast carrier capture into QDs [120] helps
maintaining a high overall ground state occupation probability, even at reduced carrier

densities in the vicinity of dislocations in higher energy levels.

These behaviours are directly reflected in the gain profiles against longitudinal posi-
tion, as shown in Fig. [5.11](a) and (b). The QW local gain profile (Fig. [5.11](a)) reveals
that carrier depleted areas around dislocations become highly absorptive due to the loga-
rithmic nature of the QW gain function. To still be able to meet the cavity threshold gain

and enable lasing, these gain dips have to be compensated for in dislocation-free regions,
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Figure 5.11: (a) QW and (b) QD gain function around a dislocation corresponding to

the carrier levels shown in Fig. compared with the average cavity threshold gain in

the absence of dislocations. It should be noted that at the centre of the dislocation core

(i.e. the mid-bandgap energy level acting as nonradiative recombination centre) there

is technically no energy level providing gain at the QW and QD lasing wavelengths of

980 nm and 1.3 wm, respectively. Due to the small dimensions of the crystal dislocation
itself, this effect is, however, neglected.
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where the gain has to rise above the average gain in the absence of dislocations. It is
only at higher current injection levels that defect states become populated, as indicated
in darker grey, so that diffusion-assisted carrier loss becomes less severe [118, 240]. This
is also reflected in the gain level between dislocations, allowing the gain to settle closer

to the average threshold gain.

The QD gain profile depicted in Fig. (b), on the other hand, reflects the compara-
bly high QD ground state occupation in the vicinity of dislocations shown in Fig. (b)
It can be seen that the gain dip extends around the dislocation position itself and is of
a similar shape as the QW gain dip in Fig. [5.11[a), which correlates very well with the
recent finding by Selvidge et al. that the impact radius of nonradiative recombination at
a dislocation is larger than that of a single dot and may be affected by the wetting layer
loss dynamics [211]. Since the ground state occupation drops only by about 10 % in these
regions, the gain dip is substantially less pronounced, so that QDs around dislocations

are still capable of providing a positive gain contribution in these simulations.

Figs. 5.12(a) and (b) show results of simulated QD and QW LI curves for device

dimensions of 2 x 500 um? at different py;,. This alternative approach reproduces the ex-
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Figure 5.12: Simulated (a) QD laser and (b) QW laser LI characteristics for various dis-
location densities pg;s using the parameters shown in Table and the dislocation carrier
loss vector 74 introducing nonradiative recombination centres at defined positions only.
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perimentally observed trends [275], 276] very well and is, apart from minor deviations, also
in qualitative agreement with the results from section Compared with the previous
LI simulations in Fig. [5.3(a) and Fig. [.4[(a), the dislocation range has to be kept slightly
lower here (below ~10% cm™2); as a 500 pum long laser with 1,000 laser sections of 500 nm
allows only the introduction of a certain number of dislocation sections if the resolution is
not to be further increased. In direct comparison, the threshold of both QW and QD laser
in the high resolution approach increases faster compared with the effective simulation
approach of section The slope efficiency decrease is very similar though for this set of
modelling parameters. This slightly different behaviour is not completely unexpected, as
the high resolution simulation approach is capable of capturing local phenomena in the
gain, carrier, and photon distribution that cannot be taken into account in the effective

simulation approach with large Az.

5.3.3 Discussion

Different from the simulations shown in section where the reduced slope efficiency
with higher dislocation density was solely a result of high carrier loss and thus a re-
duced injection efficiency, the LI slope reduction can here be explained as a result of two

mechanisms.

The first one is the reduction in local gain around dislocations, since the photon density
building up while propagating along the laser cavity experiences a slight drop in these
regions. Hence, it can be understood intuitively that photons travelling along a laser
cavity with many dislocations experience less amplification than photons in the presence
of only a few dislocation-induced absorptive regions. This effect is primarily prevalent
in QWs with their highly absorptive regions around dislocations, but it can largely be
compensated by high gain in dislocation-free regions and is practically overshadowed by
the rapid threshold current increase. Although this effect is not observed in QDs due to
the still positive gain contribution around dislocations (Fig. [5.11|(b)), it should be noted
that QDs with their lower modal gain may be less able to compensate for locally reduced
gain. From a slightly different view point, it is also worth noting that the threshold

gain moving closer to the maximum ground state gain in dislocation-free regions may
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introduce additional gain compression effects [310]. This might contribute to the damped
character observed in directly modulated QD lasers on silicon [73], B56], which will be

further discussed in the next two chapters.

The other contribution to the slope efficiency reduction is effectively the reduced cur-
rent injection efficiency due to excess dislocation-induced carrier loss in the continuum
states. As shown in Fig. [5.12{a), the QD LI slope begins to decrease substantially from
pais = 107 cm™2, where the barrier layer and wetting layer carrier densities have started
to decrease to a level that makes sufficient carrier capture into the QDs problematic. This
effect is more dominant in QD lasers, which allow lasing at higher dislocation densities in

the first place, and is consistent with the results of section [5.2]

The second typical feature, the threshold current increase, can be explained by the
overall carrier lifetime reduction, which is a well-known origin of a linearly shifted LI
curve towards higher currents [143]. This is again in agreement with the results shown in
the first half of this chapter. But whereas the performance dependence of monolithic I1I-V
lasers on silicon on carrier diffusivity was the underlying assumption in section and
led thus naturally to a performance improvement by decreasing Lg;ss, this hypothesis
can explicitly be confirmed in the high-resolution approach. Varying Lg¢s shows that
lateral carrier diffusion is the key factor decreasing the QW performance by allowing
diffusion-assisted barrier layer and QW carrier loss within a radius of several micrometres
around a dislocation. It can be shown indeed that the QW laser performance is affected
very little by dislocation-induced carrier loss if lateral carrier diffusion is ’switched off’
completely. As already illustrated in Fig. (b), the detrimental impact of carrier
diffusion in QD active regions, in contrast, is naturally much reduced due to rapid carrier
capture into QDs, where the carriers are laterally confined and remain isolated from
nearby dislocations [211]. For this reason, QD lasers require a much higher dislocation
density than QWs to reduce the overall carrier density to a critical level where dislocation-
induced carrier loss starts competing with QD carrier capture and thus increases the laser

threshold more significantly.

The hypothesis that diffusion-assisted carrier loss in originally defect free regions is

a major problem for QW lasers at elevated dislocation densities, even in the theoreti-
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Figure 5.13: (a) Threshold current increase and (b) slope efficiency reduction against dis-
location density. The original QW (black) and QD (dark blue) simulations are compared
with QW calculations at LF7; =5 um, Lc?i% =1 um (light blue).

cal absence of dislocation climb, is supported by modelling QW structures at different
diffusion lengths. As shown in Fig. (a), the QW threshold current increase with dis-
location density is substantially reduced using shorter diffusion lengths of Lﬁﬁf =5 um
and Lin% = 1 um, respectively, similar to what could be expected for the barrier lay-
ers and wetting layers in a QD laser, because fewer carriers are affected by dislocation-
induced carrier loss. This observation is in agreement with early observations comparing
the defect sensitivity of LEDs of different III-V compounds [337, 357] and with the per-
formance demonstrated by GaN optical devices, for example, where the short minority
carrier diffusion length is believed to play a key role in enabling high light emission effi-
ciencies despite dislocation densities of up to 10'® cm™2 [352]. The calculations indicate
that the point where the threshold current increases above 100 mA can be shifted from

pais ~ (3-4) x 10% cm~2 at the original diffusion length settings to about 8 x 10% cm—2

using
the shorter diffusion lengths (compared with about 2 x 107 cm™2 in section , which
may be sufficient for state-of-the-art I1I-V-on-Si growth technology. The modelled perfor-
mance improvement is here somewhat smaller compared with what is shown in Fig.[5.5(b):

a result of the different simulation approaches. The simulations indicate further that the

smaller thresholds come at the expense of a higher slope reduction (Fig. [5.13{(b)). This
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is as carrier loss taking place in a more concentrated region seems to introduce a sharper
drop in the local gain, which requires higher gain in dislocation-free regions, i.e. more

carriers and thus a higher injection current to compensate for this.

One possible approach for reduced in-plane diffusion could be offered by utilising InP-
based active regions, which exhibit reduced carrier diffusion and have traditionally shown
longer lifetimes than GaAs-based QW lasers on silicon. The growth of InP on silicon is,
however, also associated with a larger lattice constant mismatch [I58] 159, 358]. Indeed,
Shi et al. demonstrated recently room temperature cw lasing with 1.55 um broad-area
QW lasers grown on (001)Si. Although the devices had relatively high threshold current
densities of around 2 kA /ecm™2, they still showed lasing operation at comparably high
dislocation densities of > 10® ecm™2 [359-361]. Another option worth exploring are gain-
coupled DFB QW lasers [292], where a gain grating etched into the QWs might have a
similar effect in terms of restricting carrier diffusion into defects just like QDs. For a
first order gain grating with period A = 137 nm, the escape time component of carriers
re-emitted from QW gain sections and subsequently migrating into dislocations could

decrease the effective diffusion length to about 1 um to 2 pwm.

5.4 Chapter Summary

Two different approaches for modelling the impact of dislocations on the LI performance
of III-V QW and QD lasers on silicon were presented. Both approaches, an effective
one using a dislocation-dependent nonradiative lifetime averaged for the whole device as
well as a high-resolution approach allowing the implementation of individual dislocations
along the laser cavity, are capable of reproducing the experimental trends of increasing
laser thresholds and decreasing slope efficiencies with rising dislocation density observed
for QDs, and the tendency of high threshold currents in the case of QW-based lasers on
silicon. The results point out that diffusion-assisted carrier migration into defects plays
a major role in the functionality of QW and QD devices, affecting QW active regions
more strongly than their QD counterparts. The first approach suggests a QW threshold

current increase of more than 400 % from pgs = 10* ecm™2 to 107 cm ™2, whereas the QD
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laser threshold rises insignificantly in this range. A more pronounced QD laser threshold
increase is only observed from about pg, = 107 cm ™2, which is, however, accompanied by
a substantial reduction of the QD LI slope efficiency down to about 30 % of its original

value at pg, = 10* cm™2.

Additional simulations confirm that fast QD carrier capture
and high energy barriers preventing carrier re-emission promote the QD laser’s resilience
to dislocation-induced carrier loss. The underlying assumptions leading to the results
reported in this chapter are in agreement with recent findings by Buffolo et al., who

interpret a reduced current injection efficiency during dislocation growth as a result of

enhanced carrier loss in the InGaAs wetting layer [339, 340)].

The second approach confirms these trends, but produces a faster threshold current
increase compared with the first approach: the QD laser threshold in section [5.2] for
example, doubles only in the dislocation range from 10° cm™2 to 10® cm™2, while in
section it already doubles from 10° cm=2 to 10" ecm~2, which appears to model ex-
perimental trends more realistically. While the effective approach in section benefits
from increased computational speed due to larger spatial steps Az, the high-resolution
approach of section allows to investigate local phenomena in the gain, photon, and
carrier distribution around dislocations, hence giving insight into mechanisms that are not
observable using constant laser parameters averaged over the entire device. In particular,
the finding that structures with short minority carrier diffusion lengths show a higher
resilience to dislocations is used to identify InP-based devices with lower diffusivity or
gain-coupled QW DFB lasers with reduced defect sensitivity as potential candidates to

pave the way towards monolithically integrated high-gain QW lasers on silicon.

109



Chapter 5. The Role of Dislocations in III-V Lasers Grown on Silicon

110



Chapter 6. Gain Switching of Quantum Dot Lasers on Silicon

Chapter 6

Gain Switching of Quantum Dot

Lasers on Silicon

As progress is being made minimising the impact of threading dislocations on the perfor-
mance of heteroepitxial ITI-V QD lasers on silicon, research has begun to focus increasingly
on demonstrating high-performance devices of greater relevance for industrial purposes.
Data centre providers are scaling up their single-lane speeds from 25 Gb/s NRZ modula-
tion to 40 Gb/s and 100 Gb/s PAM-4 modulation [2] and future PONs envision shared
data rates of up to 50 Gb/s [362, [363]. So, the viability of QD lasers on silicon for such
high-speed data transmission applications depends critically on their high-speed poten-
tial, whereas cost rather than performance might be the more dominant criterion in other
types of communication links. In order to identify suitable application areas for het-
eroepitaxial 1.3 pm InAs/GaAs QD lasers on silicon, especially against the background
that bandwidth capacity is one of the main selling points of silicon photonics, the logical
consequence is to also investigate the high-frequency performance of 1.3 um QD lasers

on silicon.

This chapter will first review the present status of QD lasers on silicon in terms
of their dynamic properties and then present the first results of gain-switched optical
pulses generated using monolithic 1.3 wm InAs/GaAs QD lasers on silicon. Since the first
studies on the modulation characteristics of such devices only became available in 2018

and theoretical studies are still sparse, the here presented results form the first part of

111



Chapter 6. Gain Switching of Quantum Dot Lasers on Silicon

a rigorous analysis of the high-speed characteristics of monolithic QD lasers on silicon
substrates through experiment and numerical simulations. Chapter [7] will then focus on

the lasers’ small-signal modulation characteristics.

6.1 Dynamic Performance Overview of Monolithic

Quantum Dot Lasers on Silicon

Studies reporting on the dynamics of 1.3 um QD lasers on silicon can be categorised
into the fields of small-signal and large-signal modulation and optical pulse generation
by means of gain switching and mode locking. Further research with respect to the laser
dynamics concerns feedback sensitivity, linewidth enhancement, and relative intensity

noise (RIN).

Gain switching

Gain switching is a simple technique for generating ultrafast optical pulses by modulating
the optical gain through short, high-amplitude current pulses. The physical mechanism
behind this is illustrated in Fig. [6.1] showing that the input electrical pulse (top) is timed
in a manner that the carrier density does not reach the threshold level a second time after
the damped periodic oscillation during the turn-on process have set in (middle). Stimu-
lated emission of light is, consequently, stopped right after the first relaxation oscillation
peak (bottom) [364, 365]. The advantage with respect to short optical pulse generation
is that picosecond-short optical pulses can be achieved using nanosecond-long electrical
input pulses. Typical optical pulse durations correspond to a few times the round-trip
time in the cavity (such as a few 10 ps in a short cavity, for instance) and peak powers of

tens to hundreds of Milliwatts [366].

Gain-switched optical pulses have a large frequency chirp as a result of the non-
equilibrium current injection conditions [296) [364]. Although these chirped pulses offer
potential for extra pulse compression [366H368] or optical frequency comb generation [369],
they are not commonly used as directly modulated pulsed light source. Compared with

other optical pulse generation mechanisms though, such as mode-locking or Q-switching,
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Figure 6.1: Temporal evolution of the carrier density (middle) and optical output power
(bottom) under gain-switching current modulation (top) [364].

the benefit of gain switching lies in the simplicity of the approach, which allows to produce
optical pulses with any kind of laser at variable repetition rates dictated by the current
drive [370]. As a consequence, it finds also widespread interest outside communication
applications, such as in time-resolved fluorescence spectroscopy and biological imaging

[37T, B72] or in seed lasers for high-power laser material processing [373, [374].

In the context of this dissertation, gain switching is, therefore, a very convenient means
for obtaining first insights into the dynamics of a semiconductor laser under relaxed ex-
perimental conditions. The gain-switched pulses shown in this chapter are the first ones
reported for monolithic 1.3 um QD lasers on silicon [68, [75]. The shortest obtained pulses
have durations of 150 ps and 175 ps with maximum peak powers of about 20 mW and
66 mW, respectively, and were measured using a 2.5 mm long narrow ridge-waveguide
and a 3.1 mm long broad-area laser device. In 2019, Xue et al. at Hong Kong University

have measured 50 ns long gain-switched pulses with 6 mW peak power using an uncoated
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8 x 500 um? 1.3 um InAs/InAlGaAs QD laser grown on InP/V-grooved (001)Si substrate,
where the pulse width was limited by the electrical pulse generator [269]. Section [6.3| will

further discuss how this compares to the results obtained in this work.

Mode-locking

Optical pulses generated by mode-locking offer the advantage of being independent of the
relatively slow carrier injection dynamics of the QD active region. Mode-locked 1.3 pm
QD lasers on silicon are, consequently, envisioned to be used as pulsed optical sources for
next-generation high-capacity communication systems. The first mode-locked laser of this
kind was reported in 2018 by Liu et al., showing 1.3 ps short pulses and an 80 kHz narrow
RF linewidth at a repetition rate of 9.1 GHz using a 4.5 mm long two-section device.
[331]. Auth et al. have analysed the pulse time and amplitude jitter of a similar device,
reporting ultra-stable operation with a minimum time jitter of 9 fs and a broad emission
range where the amplitude jitter is below 1 % [375] 876]. Furthermore, self-mode-locking
with 490 fs short pulses and a 100 kHz narrow RF linewidth at a repetition rate of 31 GHz

was produced by a 1.33 mm short single-section device [272].

More recently, high-performance devices have been tested with a focus on their data
transmission potential. Liu and Wu et al. have demonstrated a total data transmission
capacity of 0.9 Th/s using eight channels of a 100 GHz fifth harmonic mode-locked laser in
a WDM system, where each line is PAM-4-modulated to carry 112 Gb/s of data in a back-
to-back configuration [377]. They have further improved these results towards 4.1 Th/s
data transmission using 64 lines of a high-channel-count 20 GHz passively mode-locked
laser. In addition, they also measure a very low RF linewidth of 1.8 kHz [245]. At this
still early stage of research, QD lasers on silicon compare very well with the best results
achieved on native substrates, a pulse width of 360 fs [378] and an RF linewidth of 500 kHz

[379], and show great potential for the data- and telecommunication market.

Except in [380], where Chow has presented an analysis of the 490 fs self-mode-locked
pulses at the 2019 IEEE Summer Topical Meetings Series, none of the above results have
been analysed theoretically yet. Similar work on mode-locked QD lasers on silicon is

known to be in progress at UCL as well.
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Small-signal and large-signal modulation

Besides the results presented in this thesis and published in [69] and [75], the only results
of modulation experiments at the time of writing have been reported by Inoue et al. from
the Tokyo Institute of Technology in collaboration with UCSB [381] [382] and Shang et
al. from UCSB [171]. The so far maximum reported 3dB bandwidth of 6.5 GHz has been
achieved using an HR-coated 580 um long device with p-modulation-doped active region
for higher gain [381], while f3;p = 5.8 GHz was realised using an as-cleaved 1.45 mm long
undoped device with optimised probing pads [I71]. Back-to-back NRZ data transmission
of 12.5 Gb/s and PAM-4 modulation of 25 Gb/s have also been demonstrated using short
p-doped lasers [381], 382]. Fig. shows an overview of 3dB modulation bandwidths of
1.3 wm InAs/GaAs QD lasers grown on native substrates for comparison. The values

are plotted against the cavity length L to account for the fact that fszp o< 1/K o< 1/7,,
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Figure 6.2: Overview of the small-signal modulation performance of 1.3 um FP-type

InAs/GaAs QD lasers operating under cw mode at room temperature. Devices operating

based on tunnel injection are not included. QD lasers grown on GaAs substrate are shown

in light blue to black by the number of active QD layers. The fastest bandwidth achieved

with such a type of laser is 13.1 GHz [128]. QD lasers grown on silicon are shown in yellow
and have all five QD layers.
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where the photon lifetime 7, depends on L through the mirror loss o,  1/L, as outlined
in chapter 2] It can be seen that directly modulated 1.3 pm QD lasers on silicon have
clearly not reached their full potential yet, as there is plenty of room for improvements in
terms of the cavity length and the number of QD layer design. A more detailed discussion

on the direct modulation properties will follow in chapter [7]

Feedback sensitivity and linewidth enhancement

Based on their low linewidth enhancement factor, strongly damped relaxation oscillations,
and higher K-factors, QD lasers are predicted to exhibit a higher critical feedback level
than QWs. For QD lasers on silicon, this was first investigated by Liu et al. at UCSB, who
obtained a 20 dB reduced sensitivity to optical feedback compared with a heterogeneous
QW device [274]. A near-zero linewidth enhancement factor of 1.3 pm QD lasers on silicon
has been reported in [293] B83-385]. Researchers at the Institut Polytechnique de Paris
who have performed measurements on devices from UCSB stress further that the reduced
carrier lifetime due to the high number of dislocations in the active region contributes
additionally to the increased feedback tolerance. [273], [385] 386]. In this context, Duan et
al. have also measured an exceptionally high K-factor of 4.7 ns [356], whereas K-factors

of comparable InAs/GaAs QD lasers on native substrate are typically around 1 ns [381].

Relative intensity noise

Very low RIN of < 150 dB/Hz has been reported by Liao et al. at UCL using a 2.5 mm
long QD laser on silicon. This is a promising result indicating suitability as externally
modulated light source in communication systems. They also extract strongly damped
relaxation oscillation frequencies between 1 GHz and 3 GHz from their RIN data [133].
Duan et al. show a maximum resonance frequency of about 2.7 GHz in their RIN data

analysis in [356] using a 1.1 mm long device.

6.2 Epitaxial Design of the Tested Lasers

The InAs/GaAs QD laser structures used for the experiments presented in this dissertation

are grown on (001)Si substrates with 4° misorientation towards the [011] plane to avoid

116



Chapter 6. Gain Switching of Quantum Dot Lasers on Silicon

the formation of APDs. Initially, a thin AlAs nucleation layer is grown to prevent the
formation of three-dimensional islands at the strained interface [224]. This is followed by a
1 um thick GaAs buffer grown in a multi-temperature-step process and a set of defect filter
layers consisting of four sets of InGaAs/GaAs strained-layer superlattices, each containing
five repeats of 10 nm Ing13Gag gaAs/10 nm GaAs strained-layer superlattices and 300 nm
GaAs spacers. The resulting GaAs pseudo-substrate has a dislocation density of the order

of 10° cm™2.

The III-V laser structure comprises 1.4 um n- and p-doped GaAs cladding layers
sandwiching the undoped active region. The active layers are embedded in the middle of
a 140 nm GaAs waveguide, consisting of five DWELL layers with the InAs QDs embedded
in 8 nm thick Ing15GaggsAs QWs and spaced by 45 nm (narrow ridge-waveguide devices)
or 50 nm thick GaAs barrier layers (broad-area devices). The dot density is approximately

3 x 10 em™2. A 300 nm highly p-doped contact layer completes the epitaxial structure.

Two different types of devices are investigated. The first one is a basic broad-area

design as shown in Fig. 6.3(a) from one of the earlier device generations (~2015) with a

In(Ga)As
25 um/ o DWELL (5x)
50 um 50 nm spacers P- ‘\‘( " W HSQ
40 p-AlGaAs
100 um n-AlGaAs
1.4 um (n) |/ |

111V buffer & DFLs [11-V buffer

2 um

Silicon

(a) (b)

Figure 6.3: (a) Schematic epitaxial structure of the 1.3 um InAs/GaAs QD lasers on

silicon substrate in a broad-area laser design. (b) Scanning electron microscope image

showing the side view of a QD laser on silicon in a narrow ridge-waveguide design with
as-cleaved front facet [133].
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cavity length of 3.1 mm and a waveguide width of 50 um. The p and n-type electrical
contacts are made from a titanium/platinum/gold and a nickel/gold-germanium/gold
composition, respectively. The mirror-like semiconductor facets are left as-cleaved. The
laser bar is thinned to about 120 um to facilitate cleaving into bars and is mounted on
a copper heatsink as well as contacted using wire bonds. Top view optical microscope
images of the fabricated devices can be seen in Fig. [6.4(a) and (b). The second device
type is a 2.2 um narrow ridge-waveguide Fabry-Pérot laser with cavity length of 2.5 mm,
as shown in Fig. b), obtained at a later point. Apart from the laser design, the main
differences to the first laser type are only the additional high-reflection (HR) coating at the
rear facet and that the laser is probed directly rather than via bonding pads (Fig.[6.4(c)).

Further information on the growth conditions and the device design can be found in

[13] and [133].

()

Figure 6.4: Optical microscope images of the broad-area and narrow ridge-waveguide

lasers shown in Fig.[6.3] (a) Top view of the broad-area device (Fig. [6.3|(a)). The broad

stripes are the 100 um n contacts, whereas the narrower stripes to its left are 25 um or

50 pm p contacts. (b) Example of a wire-bonded broad-area device. (c¢) Top view of

narrow ridge-waveguide lasers (Fig. [6.3(b)) with rectangular n-type pads to the left and
round p-type pads to the right.

6.3 Experimental Methods and Results

For the static characterization, the lasers are operated under cw current injection at room
temperature with the heat sink temperature set to 15 °C or 18 °C, respectively. The LI
curves of both devices can be seen in Figs. [6.5(a) and (b). Under these conditions, the
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broad-area laser shows a threshold current of 168 mA (108.4 A/cm?) and a low forward
resistance of 2.5 2. The low threshold current density in a broad-area design without any
current confinement is an indication of the high epitaxial material quality [89]. The narrow
ridge-waveguide laser shows a lower absolute threshold current of 15 mA (272.7 A/cm?)
due to the smaller pump area and a doubled slope efficiency due to the higher optical
feedback at the rear facet. The forward resistance is about ten times that of the broad-
area laser (21.3 ), although ideally no major changes in Rg should be observed. The

multimode spectra of both devices are shown in Figs. 6.5(c) and (d).
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Figure 6.5: LI characteristics of the (a) 50 pm x 3.1 mm QD broad-area laser and (b)

2.2 pm x 2.5 mm narrow ridge-waveguide QD laser on silicon operated under cw conditions

at heat sink temperatures of 15 °C and 18 °C, respectively. (c) Multimode laser spectra
of the broad-area and (d) narrow ridge-waveguide laser, respectively.
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The gain switching experiments are performed using a circuit producing a nanosecond
long electrical pulse of variable amplitude and duration without prebias to drive the QD
laser at a frequency of 100 kHz or 1 MHz. The exact amplitude and pulse duration can

be adjusted to generate the shortest possible optical pulse, which is then observed on an
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Figure 6.6: Gain switching characteristics of the 50 x 3100 um? broad-area laser at
100 kHz. (a) Minimum optical pulse width and maximum peak optical power against
the drive pulse amplitude. (b) Series of gain-switched optical pulses obtained for increas-
ing electrical pulse widths. (c) Peak optical power against current pulse width for three
different current amplitudes. (d) Optical pulse width against current pulse width for the
same three current amplitudes. The experiments are performed at lower currents than
those in Fig. [6.7[(a) as the then available probe included a 50 Q resistor, which restricted
the current pulse magnitude.
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oscilloscope. A study on the dependence of the optical pulse power and duration on the
electrical pulse amplitude and duration, performed using the broad-area device, confirms
the behaviour that would be expected for a gain-switched semiconductor laser. Fig.[6.6{a)
shows that the shortest optical pulse duration is achieved as the electrical pulse amplitude
increases, while the optical power increases with rising electrical pulse amplitude. The
peak optical power can be maximised by increasing the current pulse width for a given
peak current, as illustrated in Figs. [6.6[b) and (c). Conversely, the optical pulse duration
tends to be shortest for shorter electrical input pulses, but depends on the exact operation
point of the laser, as can be seen in Fig.[6.6/(d). A too narrow drive pulse does not contain
sufficient carriers to switch on the laser powerfully enough to obtain a sharp gain-switched
pulse, whereas an excessively long drive pulse results in a broadening of the gain-switched

pulse due to surplus carrier injection.
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Figure 6.7: Shortest gain-switched optical pulses generated by the (a) 50 x 3100 um?
broad-area laser and the (b) 2.2 x 2500 wm? narrow ridge-waveguide laser.

For the broad-area device, the shortest optical pulse FWHM (from here on denoted as
pulse width or duration A7) of 175 ps is obtained using a high current amplitude of 750
mA. An example of the measured pulse is shown in Fig. (a). From the measurement

of the average optical power P,, of the signal using a large-area detector, a peak optical
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power Py, of about 66 mW is estimated using

Sy S (6.1)

where A7 is the gain-switched pulse width and 7' = 1/ f is the duration inferred from
the inverse pulse repetition rate. While the pulse rise times 7g, defined as the duration
from 10 % to 90 % of the optical power and vice versa for the fall time, of the shortest
obtained pulses are about 95 ps to 140 ps, their longer fall times 77 of typically 300 ps to
340 ps limit the pulse width. These sorts of exponential trailing edges are quite common
for gain-switched pulses [364) 387]. For the 3.1 mm laser length and a resulting round-trip
time of approximately 74 ps, the shortest measured pulse width corresponds to a about

two and a half cavity round-trip times.

The narrow ridge-waveguide laser, in comparison, tends to show slightly shorter pulse
durations (A7, = 150 ps) and fall times, but the general pulse dynamics remain un-
changed. Physically, the slightly better performance of the narrow ridge-waveguide laser
is not unexpected, because of the better electrical and optical confinement in the single-
transverse mode ridge-waveguide. In the 50 um broad-area waveguide, in contrast, contri-
butions from individual transverse modes are unlikely to build up simultaneously, which
leads to a pulse broadening and a lengthening of the trailing edge. The narrow ridge-
waveguide laser’s gain-switched peak power of about 20 mW, almost one third of what has
been achieved for the much larger broad-area laser despite the smaller area (2.2 x 2500 pm?
versus 50 x 3100 pm?), is also a strong indication of the higher efficiency of the narrow

ridge-waveguide laser structure.

Compared with the pulse widths of shorter high-gain QW or bulk lasers of 10 ps to
15 ps [366], 387, [388], the pulses produced by the monolithic QD lasers on silicon substrates
are one order of magnitude longer, which is assumed to be a result of lower gain and the
longer cavity necessary to compensate for that. Xue et al.’s 50 ns gain-switched pulses
of 1.3 wm InAs/InP QD lasers on silicon do not allow a fair comparison here due to the
current pulse limitation (75" = 100 ns) of the drive circuit. However, gain-switched

pulse durations of 1.5 ns (i.e. a factor of 10 longer than the shortest pulses presented in
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this work) were reported in early 2020 using 10 x 500 um? InP-based 1.55 um QW lasers
without any facet coatings prebiased at 100 mA [361]. Considering the principally higher
QW gain and the shorter photon lifetime, which is estimated to be about 12 ps, this
shows that silicon-based InGa/GaAs QD are already relatively well developed compared
with other types of III-V lasers grown on silicon. No laser design optimisation has been
performed with the devices in this dissertation, so it is also expected to measure shorter
pulses by increasing the number of active layers and optimizing the cavity layout for

operation at a shorter length [366].

6.4 Simulation Results

In order to gain insight into the underlying physics of the dynamic properties of monolithic
QD lasers on silicon substrates, the travelling-wave rate equation model from chapter {4} is
used to simulate the experiments. The model was originally used as a three-level model
only (i.e. excluding the barrier layer carriers, as shown below), which is a common simpli-
fication due to the negligible impact of the barrier layer dynamics, especially considering

the potentially high epitaxial material quality of the tested QD lasers on silicon.
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Figure 6.8: Examples of simulated super-Gaussian current pulses with varying current
pulse rise times (left, tailored via the curvature of the super-Gaussian pulse), plateau
lengths (middle), and exponential decay times (right).
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A super-Gaussian current pulse

In(t) = Texp <—;>Qm , (6.5)

p

where I, T),, and m are the current pulse amplitude, the current pulse duration, and a pa-
rameter defining the curvature of the pulse, can be used to model a realistic input source
[144]. Fig. illustrates how the simulation input pulse can be adjusted to account for
various electrical pulse shapes. Additional features can be implemented, so that it is pos-

sible to vary m separately for the rising edge (Fig.[6.8(a)), to adjust the pulse duration by
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Figure 6.9: Modelled gain-switched pulses (black) using the parameters shown in Table

in comparison to experimental pulses (light blue) obtained at 750 mA (left) and 500 mA

(right). Super-Gaussian current pulses with an exponentially decaying trailing edge are
used to account for the imperfections of a realistic input source.
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including a pulse plateau of variable time (Fig.[6.8(b)), and to elongate the pulse fall time
using an exponentially decaying trailing edge (Fig. [6.§(c)). The simulation programme
is then run multiple times in a loop to calculate averaged gain-switched pulses, similarly
to what can be observed on the oscilloscope. Using MATLAB’s loop parallelisation op-
tion, 16 pulses, for instance, can be calculated and averaged at only fourfold increased

computational time.

Fig. shows simulations of the broad-area laser’s gain-switched pulses at current
pulse amplitudes of 500 mA and 750 mA in comparison with the experimentally obtained
pulses. At both current settings, the modelled pulses model the dynamics of their exper-
imental counterparts well. The fitting parameters, which are summarised in Table [6.1]
reproduce also the dependencies of optical peak power on the electrical pulse duration
(Fig.[6.10(a)) and on the electrical current pulse amplitude (Fig.[6.10(b)). In Fig. [6.10c)
it can be seen that when varying the current pulse amplitude under fixed current pulse
durations, the optical pulse power falls to only 3 mW at I = 450 mW, as the number of
injected carriers is not sufficient to reach peak maximum power. Fig. [6.10(d) illustrates
the extra duration necessary for each input current to achieve its maximum gain-switched
peak power, which is in agreement with the experimental trend from Fig. (c) showing
that lower injection currents require longer electrical pulse widths. The dependence of
the optical pulse duration on the width of the electrical input pulse can also be modelled
qualitatively, although the model tends to underestimate the optical pulse duration, as ex-
tra carriers from electrical back reflections at connectors because of a possible impedance
mismatch are not considered in the simulations [389]. While the fitting parameters gen-
erally resemble those of standard InAs/GaAs QD lasers on native substrates, it is worth

pointing out the following parameter findings.

1. The injection efficiency n = 0.25 is unusually low. Despite what would be expected for
a QD laser on silicon with low dislocation density of 10° cm™2, this could be a result of
dislocation-induced carrier loss, translated into the reduced injection efficiency. Practi-
cally, however, this could also be the result of non-ideal metal contacts, inhomogeneous

pumping, or filamentation in the broad-area structure.

2. The modelled carrier lifetimes are only slightly shorter than average values (~1 ns).
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Figure 6.10: (a) Simulations of the dependence of the optical peak power on the current
pulse duration using the examples of input currents of 400 mA and 450 mA. (b) Example
of the simulation current input pulses at 400 mA used in Fig. [6.10)(a). (c¢) Modelled pulses
illustrating the dependence of the gain-switched pulse amplitude on the electrical input
pulse amplitude. For an unchanged current pulse duration, the optical peak falls approxi-
mately linearly with decreasing electrical pulse amplitude. (d) Additional electrical pulse
length required to achieve maximum pulse power at the current pulse amplitudes from

3. The optical loss a; = 3 cm™

Fig. (c)

lis actually quite low, contrary to what was initially ex-

pected for monolithic QD lasers on silicon.

4. The gain compression factor ¢ = 9x10716 cm

3 is very high, even for a QD laser. This

will be discussed below in more detail.
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5. The exact QD carrier dynamics such as the QD carrier capture time 792 and the

cap
. . D
relaxation time 7%

-7 are insignificant at the time scales investigated in this and the

following chapter.

The fact that hardly any of these parameters have been investigated for silicon-based
QD lasers highlights the importance of performing detailed measurements supported by

numerical modelling for laser parameter extraction.

L =3.1mm Cavity length

w = 50 um Waveguide width

Az =10 um Spatial step size

Nigyers = 5 Number of active layers

Ry, =0.33 Rear and front facet reflectivity
hwr = 8 nm WL thickness

Pdots = 2.5x 1010 cm—2 QD density

I' = 0.0005 Confinement factor

Gmod = 20.5 cm ™! Modal gain

fhe =05 GS hole occupation probability

€ =9x10716 cm3 Gain compression factor

! Optical waveguide loss

a; =3 cm”
n = 0.25 Current injection efficiency

GS,ES _
T = 0.8 ns, 0.8 ns

TﬁS’ES’WL = 0.5 ns

GS, ES nonradiative lifetime
WL nonradiative lifetime

Tc%? = 1ps Carrier capture time into QDs

rﬁf = 0.5 ps Intradot relaxation time

Table 6.1: Overview of the used simulation parameters to model the broad-area laser
gain-switched pulses.

In seeking to fit the theory to experimental measurement, two key parameters have
been found to be particularly important. Specifically, a lower modal gain g,,,¢ and a

very high gain compression factor € are the parameters that principally contribute to
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a slower pulse rise time and a longer pulse duration. These also limit the high-speed
performance of QD lasers in general. In particular, the high gain compression factor
€ =9 x 1071% cm? causes a broadening of the pulse and a slowly decaying trailing edge,
reflecting gain saturation and carrier transport effects as well as contributions from multi-
transverse and multi-longitudinal mode operation [143, 390, 391]. € is here not only more
than one order of magnitude higher than typical QW gain compression factors [390], but
would be very high for conventional QD lasers on native substrates as well. Although
QD gain compression factors in the wide range of 1 x 107¢ cm3 to 5 x 107 cm?® have
been reported [392], most QD devices’ gain compression factors take on values between
around (1—5) x 10710 cm? [150} 310} 392, 393]. The broadening of the gain-switched pulse
is illustrated in Fig. |6.11)(a), where a simulated optical pulse is plotted for two different

values of e.
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Figure 6.11: Simulations of gain-switched pulses demonstrating the impact of (a) the

gain compression factor € and (b) the wetting layer lifetime 7V~ on the pulse dynamics.

Besides reducing the pulse power, high gain compression also lengthens the transient time
constants significantly (for example, a 70 % longer pulse duration, a 50 % longer rise time,
and a 100 % longer fall time).

For the simulation of the broad-area laser’s LI curve under cw injection, a lower
modal gain of about 14 cm™! yields a good match with the experimental result. However,

a higher value is required when modelling the laser performance in pulsed operation. To
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simulate the measured gain-switched pulses, a modal gain of the order of 20 cm™! is

needed to reproduce the experimental pulse rise times. However, it is important to bear
in mind that the transverse variations occurring over the width of the 50 pm waveguides
in the local gain, the carrier density, and the photon density, may allow for substantial
variations in the observed device performance, and thus in the associated simulation

parameters [279, [394].

6.5 Discussion

While some laser parameters are very difficult to influence, for instance gain compression
effects resulting from carrier transport through the thick (and sometimes undoped) ac-
tive region or the moderate QD density of the large InAs dots required for emission at
1.3 um [395], others are more readily tailored through changes in the laser design or the

growth technique.

A first practical means of shortening the optical pulse duration and its peak amplitude
is applying a DC prebias Ipc or prebias pulse. The prebias level needs to be optimised
with respect to the laser threshold and the electrical pulse amplitude to be superimposed
[370]. For Ipc > Iy, the optical peak power can degrade as the gain and the carriers are
clamped at threshold and it is difficult to achieve a high carrier overshoot for the rapid
onset of stimulated emission at this point [387]. The largest improvements are usually
observed for sub-threshold values of Ipe [370], although amplified spontaneous emission
can likewise be undesired, for instance when deploying gain-switched laser diodes as high-
power seed lasers [396]. The fact that no prebias has been applied in the here shown
experiments is not a major issue for the analysis in this chapter though, since the absence
or existence of pre-injected carriers is easily taken into account in the numerical model

and does not affect the conclusions drawn from the simulations.

Similar to the modulation bandwidth measured in small-signal modulation experi-
ments, gain-switched pulses can also be sped up by reducing the photon lifetime 7,, =
1/(vgr(a; + auy)). Since the mirror loss ay, is a function of both cavity length L and

facet reflectivity R, there is a trade-off between keeping the photon lifetime short (i.e.
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low facet reflectivities) and enabling short cavities, which in turn requires higher optical
feedback or higher gain [364]. In the case of the tested devices, the long cavity is currently

crucial for maintaining low-threshold laser operation of the uncoated broad-area laser.

Higher modal gain and thus more flexibility to shorten the cavity can be achieved by
a number of methods. The most straight-forward way is the incorporation of a higher
number of QD layers for a direct increase of the modal gain. A recent demonstration
of conventional InAs QD high-speed lasers on GaAs, for instance, incorporates ten QD
layers in the active region [397]. Other possibilities are further reducing the optical losses,
optimisation of the QD growth so that a higher dot density, higher uniformity, and nar-
rower gain bandwidth are achieved, p-doping of the active region to enhance the carrier
transport and to increase the ground state hole occupation probability and thus the gain
[18, [398], or optimisation of the carrier transport into the active region through narrower
spacer layers [I128]. The high gain compression factor used in the simulations suggests
that especially improving the carrier transport in the thick QD active region could be a
key factor in developing silicon-based QD lasers which are more suitable for optical com-

munications. Fig. indicates that the pulse duration of the narrow ridge-waveguide
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Figure 6.12: Modelled performance improvement (A7 = 70 ps) of the narrow ridge-
waveguide laser with doubled modal gain in a 1.5 mm short cavity.
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laser, for example, could be reduced to about 70 ps by doubling the modal gain (pgp x 1.5,

I' x 1.5 and assuming p-modulation doping) and shortening the cavity to 1.5 mm.

A last factor to be discussed is the potential influence of the silicon substrate with
respect to the impact of dislocation-induced nonradiative recombination on the pulse
dynamics. Fig. (b) shows two gain-switched pulses modelled at different wetting
layer lifetimes of 0.1 ns and 0.5 ns at the same point above the threshold. It can be
seen that higher continuum state losses induce slightly higher damping compared with
the longer carrier lifetime, while leaving the dynamics otherwise the same. Although this
would be in general agreement with the behaviour that has been reported from then on
[273], the gain switching experiment leaves far to many free variables (predominantly the

current pulse settings) to trace this effect back to dislocation-induced carrier loss.

6.6 Chapter Summary

In conclusion, this chapter contained the first experimental and theoretical study of gain-
switched optical pulses generated by monolithic 1.3 pum InAs/GaAs QD broad-area and
narrow ridge-waveguide lasers grown on silicon. The shortest obtained pulses generated
by the 50 x 3100 um? broad-area laser have a duration of 175 ps with a maximum peak
power of up to 66 mW. Slightly shorter pulses of 150 ps duration with about 20 mW peak
output power were obtained using an HR-coated 2.2 x 2500 um? narrow ridge-waveguide
laser. Systematic measurements show that optical pulses with higher power and shorter
durations are achieved by increasing the drive pulse amplitudes, whereas there is a trade-
off between maximising the optical power and minimising the respective pulse width for

the electrical pulse width.

By simulating the experimental performance using the travelling-wave rate equation
model of chapter ] it was possible to obtain a set of laser parameters that is able to
model the behaviour of these lasers, forming the foundation of all simulations performed
from then on. In general, a good agreement between experiment and theory is found.
The results show that, despite the great advances in the performance of silicon-based QD

lasers over the last years, significant improvements can be made with these specific devices
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in order to optimise the dynamic properties for high-speed communication applications.
While the dynamic performance of GaAs-based InAs QD lasers is inherently limited by
strong gain compression, monolithic InAs QD lasers on silicon suffer additionally from
the defects introduced at the GaAs/Si interface. The extent to which these influence
the performance of the gain-switched optical pulses does not become entirely clear from
the simulations, but it is indicated that enhanced nonradiative recombination through
dislocations induces a damped character to the modelled pulses. The primary concern
should be providing higher gain and reducing the large gain compression factor, which is
most likely achievable by using more active layers, reducing the spacer layer thickness,

increasing the QD density, and by p-doping the active region.
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Chapter 7

Direct Modulation of Quantum Dot

Lasers on Silicon

7.1 Introduction

A laser’s small-signal modulation response is of great relevance to assess its high-speed
data transmission potential in a practical communication system. However, as pointed
out in the beginning of the previous chapter, the information at hand regarding small-
signal modulation of QD lasers on silicon are still quite limited, since there are only three
other publications from 2018 and 2019 reporting on the small-signal modulation properties
of Fabry-Pérot-type 1.3 um QD lasers on silicon [I71], B8], B382] apart from the results
reported in this work and published in [69] [75]. Although one might easily assume that
the modulation characteristics of InAs/GaAs QD lasers on silicon will be identical to their
counterparts grown on native substrates, this might not automatically be the case due to

the relatively unexplored role of dislocations for the laser dynamics.

The previous chapter has already presented insights into the intrinsic physical pro-
cesses in QD lasers on silicon and the potential impact of the silicon substrate. Compared
with the simulations in chapter [0, measuring and modelling the small-signal performance
of silicon-based QD lasers offers a more robust way to extract the underlying laser pa-
rameters of interest with greater confidence, as it eliminates the free parameters induced

by the current input pulse. In this chapter, narrow ridge-waveguide devices are, there-
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fore, tested under small-signal conditions and the obtained experimental data are used
as a template for theoretical simulations. Building on the findings from chapter [6] the
simulations will focus particularly on understanding the bandwidth limitations observed
in these data, and on investigating the potential impact of the silicon substrate on the

modulation response.

7.2 Experimental Methods

Three nominally identical 2.2 x 2500 um? HR-coated QD narrow ridge-waveguide lasers
grown on silicon substrates with epitaxial structure as detailed in chapter are tested.
Two of these lasers are on the same bar and have laser thresholds around 19 mA, as shown
in Fig. [7.1(a). An example of the multimode optical spectrum just above threshold
is shown in Fig. [7.1[b). The third laser is the narrow ridge-waveguide laser tested in
chapter [6] The small-signal response of the QD lasers is measured by imposing a swept
frequency -5 dBm RF power signal between 50 MHz and 4 GHz — 6 GHz to the DC drive

current. The modulated light output is collected with a singlemode fibre connected to a
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Figure 7.1: (a) CW LI characteristics of the two 2.2 x 2500 pm? QD lasers on the same

laser bar showing threshold currents of 19.1 mA (device 1) and 18.9 mA (device 2) at

15 °C. The slope efficiencies are 0.09 W/A and 0.1 W/A | respectively. The voltage-current

characteristic with forward resistance of 35.3 Q2 is shown for device 1. (b) Multimode laser
spectrum of device 1 measured at a drive current of 22 mA.
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vector network analyser (VNA), where the small-signal modulation response is computed.
Optical eye diagrams are measured by modulating the laser with an NRZ signal from a

random bit pattern generator and by recording the eye diagrams using an oscilloscope.

7.3 Experimental Results and Analysis

Fig. shows the normalised modulation response curves of device 1 and 2 with both
devices demonstrating a maximum 3dB modulation bandwidth of 1.6 GHz. The curves

are fitted using the standard three-pole transfer function

H(f) = —dr 1 (7.1)
-+ 1+

as introduced in chapter 2.3.2 The respective eye diagrams of device 1 can be seen in
Fig.[7.3 Clear eyes are obtained at 1.0 Gb/s and 1.5 Gb/s, whereas the eye at 2.0 Gb/s

is closed (not shown).
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Figure 7.2: Normalised and smoothed small-signal modulation response curves of the
2.2 x 2500 um? QD lasers on silicon on the same laser bar, measured at 15 °C. The curves
are fitted by the three-pole transfer function for further analysis.
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Figure 7.3: NRZ modulation optical eye patterns at data rates of (a) 1.0 Gb/s and (b)
1.5 Gb/s with the laser biased close to the threshold.
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Figure 7.4: (a) Normalised and fitted small-signal modulation response curves of the third

device tested at a later point at 18 °C. The different appearance compared with the curves

in Fig. is a result of the different VNA settings during this measurement. (b) Damping

versus squared relaxation oscillation frequency with linear fit yielding a K-factor of 1.2 ns

and a damping offset 7y = 3.1 GHz, corresponding to a differential carrier lifetime of
0.3 ns.

The small-signal modulation response measured for device 3 is shown in Fig. (a).
Although a slightly higher 3dB bandwidth of 2.3 GHz is measured, these curves are not
considered for further simulations as the pronounced pole at around 1.5 GHz hinders the
analytic and numerical analysis of these curves. The parasitic pole might origin from the

probe or the electrical contact pads, which are not specially designed for high-frequency
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operation. Shang et al. have recently improved the 3dB bandwidth of 1.45 mm long
1.3 um QD lasers on V-grooved silicon substrate from 3.6 GHz to 5.8 GHz without any
changes in the epitaxial structure [I71], showing that optimising the contact pad design
can have a large impact on the demonstrated device bandwidth. Since the small-signal
response of the undoped, 580 pum short InAs QD laser on silicon tested in [381] exhibits
similar features, this could also be a result of carrier transport issues through the thick
and undoped active region [149]. The following analysis builds, therefore, mainly on the

two tested devices 1 and 2 from the same bar, where this is less of a problem.

The damping factors v, which are extracted from the small-signal response fits of de-
vice 1 and 2, are subsequently plotted against the respective squared relaxation oscillation
frequencies f2, which is displayed in Fig. [7.5[a). The linear fits allow extraction of the
K-factors, yielding 3.7 ns and 2.4 ns for device 1 and device 2, respectively. According
to frae ~ 2my2/K (Eq. ), maximum bandwidths of 2.4 GHz and 3.7 GHz are
estimated for the tested devices. This order of magnitude is in approximate agreement

with the relaxation oscillation frequencies of ~1 GHz — 3 GHz, which have been reported
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Figure 7.5: (a) Damping versus squared relaxation oscillation frequency for device 1

(black) and 2 (blue) with linear fits. (b) Resonance frequencies (solid) and 3dB frequencies

(empty) versus the square root of the current above threshold with linear fits. The

sublinear trends of the 3dB frequencies towards high currents (dashed) indicate that
strong damping begins to limit the modulation bandwidth.
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in [I33] using a similar 2.5 mm long QD device on silicon. Typical K-factors of InAs QD
lasers on GaAs are of the order of 1 ns [126] 381, [397]. While similar values of 0.92 ns
and 1.3 ns have been published for 580 um short p-doped and undoped silicon-based QD
lasers grown at UCSB [381], an even larger K-factor of 4.7 ns has been calculated for a

1.1 mm long 1.3 um QD laser on silicon [356].

The large K-factors extracted here express that the measured small-signal curves
are strongly damping limited. Traditionally, this is in part a result of the K-factor’s
proportionality to the photon lifetime 7,;,, where both the long cavity and the HR-coated
rear facet contribute to a long photon lifetime of about 22 ps [364]. Lasers designed
for higher speed, in contrast, tend to have short cavities of a few hundred micrometres
[128, 397, 399, 400], as discussed in chapter and in order to keep the photon
lifetime and thus the K-factor small. Apart from that, the K-factor depends, furthermore,
on the differential gain and the gain compression factor [126] 143]. Since a smaller K-
factor of 1.2 ns is derived for device 3 with its photon lifetime nominally identical to that
of device 1 and 2 (Fig. [7.4(b)), this indicates that 7,, is not the sole factor influencing
the magnitude of K. The simulations shown in section [7.4] will show indeed that both

quantities, i.e. dg/0n and ¢, add to the bandwidth limitations observed in Fig. .

It is noteworthy that the high K-factors reported particularly for silicon-based QD
lasers raise the question whether this is a feature unique to III-V lasers grown on silicon
under the influence of high dislocation densities. In that context, it would also be inter-
esting to see if there is a correlation between a high damping offset v, and dislocation
density. Since the inverse damping offset 7' = 7, is a measure of the differential car-
rier lifetime, which is a factor of 2-3 shorter than the standard lifetime [142], one might
expect shorter lifetimes, i.e. higher damping offsets, for QD lasers on silicon with higher
dislocation densities. However, more clarity on this will probably only be brought once
publications on the direct modulation of silicon-based QD lasers from a variety of research

groups are available.

Fig. [7.5(b) shows fg and fiup plotted against the square root of the current above
threshold with linear fits for extraction of the D-factor and the modulation current effi-

ciency of fsgp (MCEF). It can be seen that the D-factor and the M CEF take on values
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between about 0.3 GHz/mA'? and 0.4 GHz/mA'/2, which is slightly smaller than the
values of about 0.7 GHz/mA'/? and 1.1 GHz/mA'/? reported in [381], but comparable
with values in [I71] and those that have been obtained during the earlier work on InAs

QD lasers grown on GaAs [401}, 402]. As D  y/n dg/0n (Eq. (2.46)), this suggests that

increasing the current injection efficiency 7 and the differential gain dg/0n might help to

achieve higher modulation efficiencies in the future.

7.4 Simulation Results

7.4.1 Fitting

In order to identify the origin of the bandwidth limitations observed in the tested devices,
the measured cw LI characteristic and small-signal response curves of device 1 are used
as a fitting template for numerical modelling. The same travelling-wave model though
without the barrier layer carrier equation is used for the following analysis, as in the
previous chapter. The simulations are largely performed based on the parameter set
obtained in chapter [6] which needs only slight adjustment to reproduce a good fit of the
LI and small-signal fitting templates.

The QD carrier lifetime is used to reproduce the experimental laser threshold precisely.
It turns out that slightly shorter ground and excited state lifetimes of 0.52 ns yield a better
fit to the small signal curves than the lifetime of 0.56 ns that allows an accurate fit of the
initially measured LI threshold. This could indicate that the laser may have degraded
marginally in the course of performing the experiments. The wetting layer lifetime is set
to 0.2 ns to account for potential dislocation-induced carrier loss. The current injection
efficiency n = 0.25 is derived from the LI slope (Eq. (2.20)) and agrees well with what has
been used in the previous chapter. The low value implies either that the quality of the
electrical contact needs to be improved, or that a high level of carrier loss in the barrier
layer is present, which would be manifested in a reduced injection efficiency, as discussed
in chapter 5] Since the dislocation density in the devices under test is small (~10° cm~2),

it is assumed that the first is primarily the case.
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Figure 7.6: Modelled (black) small-signal modulation curves of laser 1 (blue) using a three-
level rate equation travelling-wave model based on the parameters displayed in Table .

The modal gain g¢,,,¢ and the gain compression factor ¢ are important quantities for
fitting the current-dependent small-signal modulation trends and adjusting the modu-
lation bandwidth. High modal gain results in a larger modulation bandwidth and a
more strongly pronounced resonance, whereas gain compression describes the premature
sublinear trend of the 3dB frequency towards higher currents. Although a larger gain

3 would reproduce the strong damping of the

compression factor of the order of 105 cm
measured response curves somewhat better, it leads to early power saturation of the mod-
elled LI curve, so that a value of e= 5 x 10716 ¢cm? is chosen as a trade-off. In the context
of a feedback sensitivity study, it has been reported that the damped character of mono-
lithic QD lasers on silicon can be explained by the carrier lifetime [273], which will be
further discussed in section [7.5] Since this does not fundamentally change the modula-
tion behaviour in terms of the 3dB bandwidth, which will also be shown in section [7.5]

the fitting of the resonance shape is not of critical importance here. The result of the
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small-signal simulations is displayed in Fig. [7.6, Apart from the slightly overestimated

resonance peak, the laser parameter set presented in Table yields an excellent fit.

L =

2.5 mm

w = 2.2 um
Az =10 um
Nlayers =5

Ry = 0.99, 0.30

Pdots = 2.5x101° cm~2

1

I'=75x10"*
Jmod = 14.7 cm™
fs = 05

€ = 5x10716 cm?
a; =3 cm!

n = 0.25

7GSES = (.52 ns, 0.52 ns

WL — (0.2 ns

nr
QD

Tcap
QD

Trlx

=1ps
= 0.15 ps

Cavity length

Waveguide width

Spatial step size

Number of active layers

Rear and front facet reflectivity
QD density

Confinement factor

Modal gain

GS hole occupation probability
Gain compression factor
Optical waveguide loss

Current injection efficiency
GS, ES nonradiative lifetime
WL nonradiative lifetime
Carrier capture time into QDs

Intradot relaxation time

Table 7.1: Overview of the used small-signal modulation modelling parameters.

7.4.2 Bandwidth Optimisation

To investigate the potential for monolithic ITI-V QD lasers on silicon substrates for direct-

modulation applications, the previously fitted small-signal modulation response is remod-

elled for various laser lengths with reflectivity configurations of 0.99/0.30, 0.99/0.05, and
0.99/0.60, corresponding to HR/as-cleaved, HR/AR, and HR/HR-~coated facets. In addi-

tion, the impact of higher modal gain with twice the number of active layers is simulated.

The result of simulations with an unchanged number of QD layers can be seen in

Figs. [7.7[(a) and (b).

At first glance, the presented trends look slightly atypical, as the
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modulation response increases with increasing cavity length and facet reflectivity, contrary
to what is implied by the inverse dependence of fr and fssp on 7,,. The modulation
bandwidth increases for cavity lengths of up to 3.0 mm and 1.75 mm for the HR /as-cleaved
and the HR/HR combination, respectively. Beyond these lengths, the 3dB frequency

starts to decrease again (not shown).
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Figure 7.7: 3dB frequency versus the square root of current above threshold modelled
for various cavity lengths with (a) HR /as-cleaved facets (MCE Fyap = 0.49 GHz/mA"?)
and (b) HR/HR facets (MCEF,,., = 0.67 GHz/mA"?). Simulations with HR/AR con-

figuration did not yield laser operation within the tested cavity lengths up to 4 mm.

For these scenarios, two effects come into play. Whereas both an increased laser
length and higher mirror reflectivities lead to a longer photon lifetime (Fig. [7.§]a)), the
improved optical feedback as well as the larger gain volume contribute to enhancing the

photon density (Fig. [7.8(b)). So depending on the operation point of the laser, the net

ratio of /S/7,, o fr (see Eq. (2.37)) can increase with increasing laser length or facet

reflectivity despite the longer photon lifetime. The second effect is that the simulated
lasers seem to be operated in a strongly gain saturated regime, which often is not fully
accounted for in standard analytical expressions. If insufficient gain is provided within
the structure and the ratio between maximum modal gain and threshold gain is small, the

effects of gain compression on the modulation response are even more pronounced [310].
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Figure 7.8: (a) Photon lifetime versus cavity length calculated for three facet reflectivity

combinations. (b) Modelled photon density against the square root of the current above

threshold for a 2.5 mm long laser with ten active layers, illustrating the possibility of
attaining higher photon densities through HR facet coatings.
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Figure 7.9: 3dB frequency versus the square root of current above threshold modelled
for various cavity lengths and facet reflectivity combinations. (a) HR/HR, (b) HR/as-
cleaved, and (c¢) HR/AR.

The HR/HR configuration with the higher modal gain from ten QD layers yields

optimum performance for the given laser parameters with the respective results being
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shown in Fig. [7.9((a). For the 0.75 mm cavity, the MCEF is increased to 0.90 GHz/mA/?
and 3dB bandwidths of 3.0 GHz to 3.5 GHz are obtained. Small-signal simulations of
lasers in HR /as-cleaved and HR/AR configuration as shown in Figs. [7.9(b) and (c) yield
lower maximum bandwidths of about 3.0 GHz and (2 — 2.5) GHz, respectively, with the
highest M C EFs obtained at 1.75 mm (0.67 GHz/mA'/2) and 3.5 mm (0.42 GHz/mA'/?).
In the case of shorter cavities, the modulation bandwidth is limited by insufficient gain,

while the photon lifetime is the limiting factor for longer laser lengths.

Since an increased number of QD layers usually results in a higher saturation power,
the results obtained for the laser structure with ten QD layers in HR/HR configuration
are remodelled for two lower gain compression values, as illustrated in Figs. (a) and
(b). These results suggest that modulation bandwidths of 5 GHz to 7 GHz, which are
typical modulation bandwidths of InAs/GaAs QD lasers on their native substrate [124]
397, [402H404], may thus be achievable on the basis of the available growth template.

Monolithic QD lasers on silicon show, therefore, promise for low-cost 10 Gb/s applications
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Figure 7.10: (a) 3dB bandwidth against the square root of current above threshold mod-
elled for L = 0.75 mm using ten QD layers and HR/HR-coated facets showing possible
modulation bandwidths at lower gain compression factors. The confinement factor is in-
creased by 50 % for these simulations to achieve the higher gain. (b) Example of the
performance of a 0.75 mm short HR/HR-coated device with ten QD layers at various

cavity lengths at a lower gain compression factor of € = 107¢ cm?.
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as discussed in the introduction of this work [I46]. The technological challenge is now to
combine the growth techniques of high quality GaAs on silicon with these required for
high-performance QD active regions, although the excellent modal gain of almost 60 cm™?

reported in [330] proves that this does not appear to be an insurmountable hurdle.

7.5 Discussion: Impact of the Silicon Substrate

While QD lasers in general are known to have a limited modulation response compared
with QW lasers, due to their lower modal gain and cascaded carrier transport via wetting
layer and the individual quantum dot states [146], one of the key questions with respect
to the future of monolithic QD lasers on silicon is whether the high density of thread-
ing dislocations resulting from the mismatched ITI-V-on-Si growth impairs the dynamic
properties of silicon-based QD lasers in a fundamental way. The two main points of con-
cern are here enhanced dislocation-induced nonradiative recombination and optical loss

through scattering at dislocation cores.
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Figure 7.11: 3dB frequency versus the square root of current above threshold: Impact of
(a) nonradiative recombination in the wetting layer and (b) optical loss on the modulation
response of a QD laser on silicon.
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The implications of dislocation-induced carrier loss on the laser bandwidth are inves-
tigated qualitatively by setting the wetting layer lifetime 7"V 1 to a short value of 0.05 ns,
representing the situation with a dislocation density much higher than in our tested lasers,
and to 1.0 ns, corresponding to the situation in a typical GaAs-based laser, where car-
rier lifetimes can be of the order of several nanoseconds [273]. The results, displayed in
Fig. [7.11)(a), indicate that within the modelled range of values, the QD laser’s 3dB band-
width is almost independent of the continuum layer lifetime, with only a marginal drop
observable for the 7V = 0.05 ns scenario. Although high wetting layer (and barrier
layer) carrier loss increases the QD laser’s threshold and reduces the current injection
efficiency and thus the LI slope, excess carrier loss at dislocations appears to be only
of subordinate importance with respect to the dynamic performance as long as sufficient
carriers are supplied to the QDs. Practically though, a drastic increase of nonradiative
wetting layer recombination will require higher injection currents, which increases power
consumption and leads to undesired device heating, which in turn would degrade the

modulation bandwidth again [405].

Fig. [7.12| shows that a reduction in carrier lifetime is also associated with a consider-
able amount of damping in the curves, as first pointed out in [273]. Fig.[7.12(b) shows
simulations fitting the small-signal curves obtained by Inoue et al. using the 580 pm short
QD laser on silicon with a dislocation density of 7x 10° cm~2. An overall carrier lifetime of
0.1 ns yields a very good fit to the measured curves. Repeating these calculations with a
longer overall carrier lifetime of 1 ns while leaving all other parameters unchanged results
in a much more strongly pronounced resonance frequency, as illustrated in Fig. [7.12(c).
Interestingly, fitting these curves with the three-pole transfer function and plotting the
extracted damping factors  against the squared relaxation oscillation frequency f% gives
exactly these lifetimes, 0.1 ns and 1 ns, as the differential lifetimes calculated from the
damping offsets 10 GHz and 1 GHz. According to the analytical theory, it would be
expected that the differential carrier lifetime obtained from the damping offset 7, is a
factor of 2-3 shorter than the normal carrier lifetime deployed in the model [142]. This is
obviously not the case in the numerical model and explains the overestimated resonances

in the fitted curves in Fig.[7.6] where it has been attempted to fit the cw LI threshold and
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the small-signal modulation curves based on a common set of carrier lifetimes. A moderate
amount of damping does not lead to a reduction of the 3dB bandwidth, as demonstrated

in Fig. a), and can in fact even be advantageous for a laser’s large-signal transmission

capabilities [146], 406}, 407).
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Figure 7.12: ITmpact of the overall carrier lifetime on the shape of small-signal modulation

response curves. (a) Originally measured small-signal modulation curves from Inoue et al.

[381]. (b) The damped small-signal curves from [381] can be fitted well using an overall
carrier lifetime of 0.1 ns. (c¢) Repeated simulations using a carrier lifetime of 1 ns.
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In addition to nonradiative recombination, the internal optical loss caused by dislocation-
induced absorption and optical scattering can compromise the performance of QD lasers
on silicon [325] — especially with respect to the modulation speed, as optical loss effec-
tively reduces the available gain. In chapter [4.4.2]it has been discussed that the low optical
losses reported for monolithic QD lasers on silicon are unlikely to limit their performance
in a fundamental way. Even though reducing the optical loss in this structure further to
1.5 cm™! or 0.5 cm™! may almost double the modulation bandwidth for the here tested
structures (Fig. [7.11|(b)), this effect is likely to be less pronounced in QD lasers on silicon

with higher gain.

7.6 Chapter Summary

A study on the high-speed modulation characteristics of monolithic 1.3 pm InAs QD
lasers on silicon substrate was presented. Small-signal modulation experiments revealed
maximum 3dB bandwidths of 1.6 GHz with D-factors of about 0.3 GHz/mA'/2 modula-
tion current efficiencies of 0.4 GHz/mA'/2, and K-factors between 2.4 ns and 3.7 ns for
two 2.2 x 2500 um? HR-coated narrow ridge-waveguide lasers from the same laser bar. A
third, nominally identical device showed a higher modulation bandwidth of 2.3 GHz with
a lower K-factor of 1.3 ns. However, this device was less suitable for further analysis and

simulations due to a pronounced parasitic pole in the modulation response.

Given that the tested devices are not designed specifically for high modulation band-
widths, the measured results were modelled numerically to identify the mechanisms lim-
iting the modulation response and to to predict trends for geometrical configurations
yielding the fastest possible modulation response. The simulations indicate that the
small-signal response is currently not only limited by the long photon lifetime, but also
by low gain and high gain compression. These limitations could be overcome by increas-
ing the number of active QD layers to ten, and by using 99 % and 60 % high-reflectivity
coatings to allow for lasing at shorter cavity lengths. In this configuration, the simu-
lations predict 3dB modulation bandwidths comparable with InAs/GaAs QD lasers on
native substrates of up to 5 GHz to 7 GHz, which indicates suitability for 10 Gb/s oper-
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ation and places silicon-based QD lasers almost on a par with QD lasers grown on GaAs.
The state-of-the-art dynamic performance of QD lasers can, however, not match that of
QWs, so that QW devices are unlikely to be replaced by QD lasers on silicon in high-end

direct-modulation applications.

Additional simulations investigating the impact of dislocations on the modulation
speed reveal that neither increased nonradiative recombination through carrier migration
into defects nor dislocation-induced optical loss appear to limit the modulation charac-
teristics in a fundamental way. Although a shortened carrier lifetime due to dislocation-
induced carrier loss was shown to lead to a stronger damping in the modulation response,
which might be a characteristic of QD lasers on silicon in the presence of many disloca-
tions, the overall dynamic properties of these devices still seem to be governed by the QD

physics, regardless of the substrate type.
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Chapter 8

Conclusions and Outlook

InAs/GaAs 1.3 um QD lasers epitaxially grown on silicon substrate have become a promis-
ing candidate as a low-cost, silicon-based light source for silicon photonics and other ap-
plications. This thesis was aimed at advancing the knowledge of monolithic II1-V lasers on
silicon through simulation and experiment, placing its main focus on two specific aspects.
First, the impact of threading dislocations on the laser performance was investigated by
means of numerical simulations, and secondly, based on the envisioned applications in
high-bandwidth-capacity silicon photonic circuits or other optical communication links,
the QD laser dynamics were studied in order to identify their potential for optical data
transmission. The main contents and findings of this dissertation are summarised below,

followed by an outlook on possible future work.

8.1 Summary

This thesis has begun by giving an introduction to the need for silicon-based light sources
in chapter [I The steadily increasing demand for higher data rates in data centres and
high-performance computing systems creates a bandwidth bottleneck at electronics-based
servers, which is hoped to be alleviated by moving photonics closer to the electrical chip
level. Silicon photonics is envisioned to be a game-changer technology providing increased
bandwidth capacity at further reduced cost and power consumption, yet progress on all-
epitaxial silicon photonic circuits was hampered by the lack of a suitable laser. The

availability of monolithically grown I1I-V QD lasers on silicon might change this, opening
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up doors for applications in optical access systems, data centres, LiDAR, or other fields,
where certain performance or cost specifications may only be achieved through smart

combinations of III-V and SOI technology.

Chapter 2| provided a summary of the semiconductor laser physics relevant for the
understanding of the investigated Fabry-Pérot-type QD lasers on silicon. Basic operation
principles such as the double heterostructure, lateral confinement schemes, and the lasing
condition inside a Fabry-Pérot cavity were covered. The differences of common active
region types, i.e. bulk active region, QWs and QDs, were explained. Although lacking
behind QWs in terms of gain, optical output, and modulation bandwidth, QDs show a
number of interesting properties, such as low threshold currents and relative intensity
noise, higher temperature stability, a wide gain bandwidth, and reduced sensitivity to
optical feedback, which renders them attractive for specific device types. Their newly
discovered immunity to crystal defects is now adding to that list. Rate equations can be
used to provide analytical insights to the behaviour of the semiconductor laser carrier and
photon densities under static and dynamic operation. In particular, an analytical solution
of the rate equations under small-signal modulation conditions was presented, including
expressions for the three-pole transfer function H(f) and for important figures of merit
such as the relaxation oscillation and 3dB frequency fr and f345, the D-factor and the

modulation current efficiency MCEF', the K-factor, and the damping offset .

The issue of realising a high-performance silicon-based light source and ways how to
overcome this were discussed in chapter |3} While silicon itself is a rather inefficient light
emitter as a result of its indirect bandgap electronic structure, the monolithic growth of
high-optical-gain GaAs- or InP-based lasers directly on silicon substrates is impeded by
their substantial crystal dissimilarities. Hence, various non-epitaxial integration schemes,
such as direct mounting, large-scale so-called heterogeneous integration via wafer bond-
ing, or massive transfer printing (in decreasing order of maturity) have been developed
instead. Through the implementation of more defect-resistant QD rather than QW active
regions and the development of several techniques for the elimination of threading dislo-
cations propagating from the highly strained I1I-V /Si interface up into the laser structure,

however, epitaxial integration of III-V QD lasers on silicon has also become a competitive
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approach in recent years. With the help of pre-patterned substrates, buffer layers, efficient
defect filter layers as well as thermal treatments, low dislocation densities of the order
of 10° cm™2 to 10° cm™2 have been realised. The light-current performance characteris-
tics of monolithic 1.3 wm QD lasers on silicon substrate available in the literature at the
time of writing were summarised in a comprehensive overview graph, illustrating how a
low dislocation density is linked to low threshold current densities and in turn to higher

slope efficiencies.

At the beginning of this research project, little was known about the physical properties
and the underpinning laser parameters of monolithic QD lasers grown on silicon under the
influence of high dislocation densities. To obtain a better understanding of the underlying
device physics limiting their performance compared with lasers on native substrate, a
travelling-wave-based rate equation model was implemented and explained in chapter
in order to simulate the experimentally obtained results. Several aspects of the model were
discussed, including the equations behind the simulation of QW and QD lasers, typical
modelling parameters of 1.3 pm InAs/GaAs QD lasers on GaAs, examples of the numerical

implementation of the core simulation programmes, and possible model extensions.

Whereas it was initially not known to what extent the modelling parameters of devices
grown on silicon would vary from those on native substrate, the theoretical work performed
over the course of this project revealed that most parameters can be adopted without any
changes. Laser parameters that were found to potentially differ from their counterparts
on native substrates are the nonradiative carrier lifetime 7, and the current injection
efficiency 7. 7, can be strongly reduced below 1 ns as a result of enhanced dislocation-
induced carrier loss at high defect densities. A reduction of 1 below standard values of
about 0.5 could also be observed in a three-level rate equation model containing energy
levels for two QD states and the wetting layer, while the same outcome was produced by
high barrier layer losses instead in a four-level model including the separate confinement-
heterostructure GaAs barrier layers as well. Although high optical loss «; and reduced
modal gain ¢,,,q were initially a concern for monolithic QD lasers on silicon, «; was
not found to be significantly increased in the tested devices (o; &~ 3 cm™!) or in other

publications. Similarly, studies at UCSB demonstrated that very high modal gain of
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the order of 60 cm™! can be realised [I8, [330]. An important point to bear in mind is,
therefore, that QD growth technology has considerably advanced compared with earlier
generations of InAs/GaAs QDs on GaAs substrate. For this reason, care has to be taken
when utilising some QD modelling parameters, such as the modal gain g,,,q or the optical

confinement factor I', published in earlier studies.

Based on the implemented model and the consequently obtained parameters, a com-
prehensive study on the impact of crystal dislocations on the performance of monolithic
QD lasers on silicon was conducted and presented in chapter [5} Since the high den-
sity of threading dislocations is the main difference to conventional QD lasers on native
substrate, two simulation approaches were developed to consider the dislocation density
specifically as a modelling parameter. The first approach in chapter was based on
standard parameters averaged for the whole device using a dislocation-dependent nonra-
diative lifetime inferred from the average dislocation-limited diffusion length in the barrier
layers and QWs or QD wetting layers, respectively, whereas the second one in chapter
was a high-resolution approach allowing the implementation of individual, locally resolved

dislocations along the laser cavity.

In both approaches it was theoretically shown that enhanced carrier loss at higher
dislocation densities leads to an increase of the laser threshold in QW and QD devices,
although to a much greater extent in QWs, where the threshold current increased fourfold
in the dislocation density range between 10* cm~2 and 107 cm~2. For the QD laser, it was
found that the eventual reduction of the barrier layer and wetting layer carrier density from
pais = 107 cm~2 manifested itself in a degraded injection efficiency, which in turn resulted
in a reduced LI slope efficiency. The overall findings were in good agreement with the LI
performance trends so far published for GaAs-based QW and QD lasers epitaxially grown
on silicon and highlighted the performance disparity between QD and QW devices in the
presence of many dislocations. The simulations further revealed that this discrepancy can
be explained based on efficient and ultrafast carrier capture into the QDs, where high
energy barriers prevent carriers from migrating into defects. In particular, the novel high-

resolution simulation approach allowed to identify a large minority carrier diffusion length

of several micrometres as a key parameter inhibiting laser operation by enabling carrier
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migration into dislocations over larger areas. This simulation approach pointed also to
the issue of locally reduced gain around dislocations, which had to be compensated for
in dislocation-free regions. This process could lead to enhanced gain saturation effects in

QD lasers on silicon with high dislocation densities and limited modal gain.

The dynamic properties of monolithic QD lasers on silicon were investigated by means
of gain switching and small-signal modulation in chapter [6] and [7 respectively. Gain-
switched optical pulses, the first ever reported ones using monolithic III-V QD lasers on
silicon, were generated by monolithic 1.3 pm InAs/GaAs QD broad-area and narrow ridge-
waveguide lasers grown on silicon. Systematic measurements studying the relationship
between the electrical drive pulse width and amplitude and the respective optical output
pulse power and duration were performed. The shortest obtained pulses had durations
of 175 ps and 150 ps for an as-cleaved 50 x 3100 um? broad-area laser and a high-
reflection-coated 2.2 x 2500 um? narrow ridge-waveguide laser with a maximum peak
power of about 66 mW and 20 mW, respectively. The supporting numerical simulations
in chapter [6] showed that the high-speed limitations observed in these measurements were
largely a result of the laser design in terms of limited gain and a long photon lifetime.
They indicated that significant improvements can be made by providing higher optical
feedback to allow a shorter cavity and by reducing the large gain compression factor,
which is most likely achievable by using more active layers, reducing the spacer layer

thickness, increasing the QD density, and by p-doping the active region.

Small-signal and large-signal modulation experiments were performed to test the data
transmission potential of monolithic 1.3 um QD lasers on silicon. 3dB modulation band-
widths of 1.6 GHz to 2.3 GHz and optical eyes at 1.5 Gb/s were measured, as shown
in chapter [7 using the 2.5 mm long narrow ridge-waveguide lasers with high-reflection
coating. Small-signal analysis as outlined in chapter allowed to extract D-factors of
about 0.3 GHz/mA'Y2 modulation current efficiencies of 0.4 GHz/mA'2, and K-factors
between 1.3 ns and 3.7 ns. These values, which are similar to early demonstrations of
1.3 um InAs/GaAs QD lasers on GaAs substrate, indicated the same sort of underlying
performance constraints as observed during the gain switching experiments. In a theoret-

ical optimisation study it was, therefore, found that these limitations could be overcome
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and 10 Gb/s operation could be achieved through the incorporation of ten QD layers into
a 0.75 mm short cavity with 99 %/60 % high-reflectivity coatings. Although this is likely
not sufficient for directly modulated data centre optical links, it suggests suitability for
use as low-cost, low-chirp laser in 10G-PONSs, for example. Whereas the effect of disloca-
tions on the dynamic performance of QD lasers on silicon did not become clear from gain
switching simulations due to the additional free parameter induced by the drive pulse, in
chapter [7|it was, furthermore, found that neither dislocation-induced carrier loss through
carrier migration into defects nor optical loss limited the modulation characteristics in a
fundamental way. The reduced carrier lifetime though was reflected in a more strongly
damped modulation response. Apart from that, the overall device dynamics remained
governed by the QD physics regardless of the substrate type. These results are an im-
portant finding, as they demonstrate that monolithic 1.3 um QD lasers on silicon have

indeed the potential to be adopted in certain commercial systems in the longer term.

8.2 Outlook

8.2.1 Integration with Silicon Photonics

Within the past decade, QD lasers monolithically grown on silicon have evolved from ba-
sic proof-of-concept devices to reliable high-performance lasers with low-power threshold
currents of 4.8 mA [22], optical output power of more than 175 mW [23] 24], extrapolated
lifetimes of longer than three million hours [23], with potential for 10 Gb/s direct modu-
lation in a simple Fabry-Pérot layout [69, 381 B82] and 4.1 Th/s bandwidth capacity in
a more advanced high-channel-count device [245] with suitability for > 100 °C operation
[18-21], positioning these devices right on the edge of commercialisation [408]. Now that
major hurdles of growing III-V lasers on silicon have been overcome, the next steps on
the agenda should without a doubt be demonstrating more advanced integration archi-
tectures proving the viability of silicon-based QD lasers in high-bandwidth-capacity (for
instance > 1 Th/s [9, 10} 409]) all-epitaxial silicon photonic circuits containing function-
alities such as integrated modulation, waveguides, multiplexers and demultiplexers as well

as detection.
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Fig. [8.1] presents three possible approaches to integrate a monolithic IT1I-V-on-Si laser
on a silicon or SOI substrate using evanescent coupling (Fig. [8.1)(a)), butt-coupling (Fig.
B.1(b)), or a monolithic III-V waveguide layer (Fig. [8.1(c)). In the first approach in
Fig. 8.1(a), the laser is grown on a pre-patterned SOI wafer in a way that the cavity
mode couples into the silicon waveguide below the active region. Evanescent coupling
is a standard procedure for bonded devices and benefits from the possibility of very
high coupling efficiencies > 90 % as discussed in chapter [182]. Tt also enables the
integration of an index grating in the silicon waveguide, so that singlemode operation
and precise tuning to wavelengths required by communication standards are conveniently
achieved [4]. With respect to epitaxial rather than heterogeneous integration, the major
roadblock for monolithic III-V-on-Si lasers is that a very thin n-layer between active region
and waveguide is required to obtain efficient coupling [176]. This remains a critical issue
as long as the available defect buffer and filter layers presented in chapter are still
based on several micrometre thick epitaxial layers. This approach may also require current
injection through the highly defective buffer layers close to the III-V/Si interface, which
could degrade the laser’s lifetime through the formation of alternative recombination

pathways as well as degrade its electrical characteristics [15].
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Figure 8.1: Three possible approaches for integrating a monolithic QD laser on silicon

with a waveguide on a common silicon platform. (a) Evanescent coupling, based on [410].

(b) Butt-coupling, based on [411]. (c) Evanescent coupling with all III-V functionalities,
based on [15].

In the butt-coupling approach shown in Fig. b), the QD laser is grown directly on
the silicon handle wafer in a manner that its active region is aligned with the top silicon

layer of an SOI substrate, which acts as a waveguide. In principle, a surface grating could
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be realised on the silicon waveguide as well [412]. For this architecture, the buffer layer
thickness is not quite that critical, however there will be a certain amount of coupling
loss at the waveguide interface between the active region and the waveguide. Lastly, the
option of evanescent coupling with all photonic circuit technologies integrated in the I1I-V
material is shown in Fig. (c) This case exploits simply the silicon substrate as low-
cost alternative to standard III-V substrates, while otherwise being similar to InP-based
photonic integrated circuit technology [15, 413]. Some problems arising from the first two
approaches can thus be avoided, although this comes at the expense of not actually using

any silicon photonics components.

With respect to integration architectures that cannot offer full monolithity, QD-based
devices are in an advantageous position compared with reflection-sensitive heterogeneous
QW lasers on silicon, as their enhanced tolerance to optical feedback due to the near-
zero linewidth enhancement factor and strongly damped relaxation oscillations can likely
enable isolator-free integration into the photonic circuit [310]. This will be an important
advantage due to the current lack of high-performance all-silicon isolators [414] [415].
A further factor working to the advantage of QD lasers on silicon for silicon photonics
aimed at data centres is that typical data centre operation temperatures can vary from as
much as —40 °C to 85 °C [I82], hence requiring high temperature stability of the optical
transmitter. Although suitability of monolithic QD lasers on silicon for this wide range
of temperatures will need to be verified, the commonly more temperature-stable QDs
are here expected to be in a favourable position compared with their QW counterparts
[405], 416, 417]. Lastly, it should be noted that modulation speed requirements in current
and future data centres will make it also necessary to switch to external modulation of
the QD light source. Although this does not pose a fundamental issue for the integration
of QD lasers on silicon into data centre silicon photonics, it has to be considered that an
externally modulated laser (for example with integrated electro-absorption modulator)
adds slightly higher cost, complexity, and power consumption compared with low-cost

directly modulated VCSELs or DFB lasers [418], 419].
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8.2.2 Directly Modulated Lasers for 10G Passive Optical Networks

The potential of monolithic 1.3 um III-V QD lasers on silicon extends beyond silicon
photonics, so it would be very insightful to see studies on improving the bandwidth per-
formance by using thinner barrier layers, more QD layers, and an optimum photon lifetime
[128, [300] to explore the market for low-cost 10 Gb/s applications. Next-generation PONs
offering shared downstream data rates of 10 Gb/s, and possibly even 25 Gb/s or 50 Gb/s
[421], will increasingly be incorporated into future telecommunication systems. Although
the latter two would likely require optical transmitters operating at > 25 Gb/s under NRZ
modulation (rather than 10 Gb/s in combination with higher order modulation schemes)
[422], there could be a real market for directly modulated 10 Gb/s QD lasers on silicon,
which are not only cheaper than their QW O-Band or C-Band counterpart on InP, but
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Figure 8.2: Schematic 10G-PON architecture. Data at the optical line termination (OLT,

left) are sent via the medium access control (MAC) logic from the network-to-network

input/output interface (NNI data I/O) to the optical transmitter (Tx). Using 10 Gb/s

direct modulation, the data are transmitted through an optical fibre and distributed to

the various users, where they are detected by the receiver (Rx) at the optical network

unit (ONU, right) [33, 420]. Existing wavelength standards may require using InP- rather
than GaAs-based QD lasers. Based on [420].
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exhibit also a much lower chirp. Since PONs have to cover much longer distances than
data centres (typically about 20 km), the issue of wavelength chirping under large-signal
current modulation and the respective bit rate penalty caused by fibre dispersion becomes
a much more critical one in telecommunications [33, 421]. Although one configuration for
chirp control is available in the form of narrow-band optical filters [423] [424], for instance,
the use of low-chirp, low-cost 10 Gb/s QD lasers on silicon could significantly simplify the
system architecture as well as improve the optical power budget and overall component
cost [425]. An example illustrating 10G-PON-based data transmission (also known as

XG-PON) for optical access such as fibre-to-the-home can be seen in Fig. 8.2]

8.2.3 Materials Research

While the demonstration of reliable, high-performance InAs/GaAs QD lasers monolithi-
cally grown on silicon is a true milestone for the future of optoelectronic integrated circuits,
there is still plenty more to learn about III-V lasers grown on silicon in general. More
investigations could, for instance, go into the nature of defect states in order to develop
a better understanding of the nonradiative loss mechanism induced by threading disloca-
tions. In GaN-based devices, for example, it is known that certain kinds of dislocations
behave as acceptor-like, so that GaN’s natural background n-doping acts favourably on
alleviating the impact of defect states. Indeed it was found that a higher doping level
in general helped to improve the light emission efficiency by reducing carrier diffusivity
[351, [426]. With carrier migration into nearby dislocations being one of the key factors
inhibiting high performance of InP- and GaAs-based QW lasers grown on silicon, similar
studies on these III-V materials grown on silicon might offer a route to improving the

performance of silicon-based I1I-V QW lasers.

Other than that, there are various other possible approaches such as lower-diffusivity
InP-based devices, gain-coupled QW DFB lasers with laterally structured active region
(Fig. B.3)), or thinner QWs, where diffusivity is reduced [211], that could also remedy
the situation. Although QD active regions are at the time of writing the only workable
solution for monolithic III-V laser growth on silicon, research on growing I1I-V QWs on

silicon should remain a relevant topic and continue in order to address the need for silicon-
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based lasers that can offer high direct-modulation speeds through high gain and a short

cavity as well as higher power.

Longitudinal position

'

Figure 8.3: Schematic showing the longitudinal active region cross section of a gain-
coupled QW DFB laser. Instead of an index grating, a gain grating with period A is
etched into the QWs, resulting in a complex coupling coefficient .

8.2.4 Low-Cost VCSEL Arrays for Sensing Applications

Reducing the dislocation density in monolithic silicon-based QD lasers has been instruc-
tive for improving their overall performance. Further improvements in the dislocation

density reduction to < 10% cm™2

may lead to entirely dislocation-free active regions in
small-area devices such as short high-speed QW lasers (with areas of 2 x 200 pum?, for
instance) or VCSELs with typical active region diameters of about 5 pm — 10 um. Es-
pecially VCSELs with QD active regions have traditionally been difficult to realise, as
the short overlap length of typically only about one material wavelength with the active
region requires very high gain, high facet reflectivities, and minimised optical losses [115].
QDs suffer in that respect not only from their lower modal gain due to the limited dot
coverage, but additionally from the need for thick spacer layers, which prevents dense
stacking of multiple active layers per electric field node as it would be the case with QWs
[427-429]. While there are no comprehensive studies yet on the effect of dislocations in
QD VCSELs grown on silicon, epitaxial defects in standard AlGaAs VCSELs lead easily
to device failure [430), 431]. However, there is currently tremendous demand for VCSEL

arrays for sensing applications, where failure of individual devices is insignificant. As a

consequence, there could be immense market potential for inexpensive VCSELs grown
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on silicon if devices with QW active region could be realised. In the context of higher-
power VCSEL array configurations, silicon’s improved heat dissipation properties might

give these devices an additional edge over conventional VCSEL arrays on GaAs substrate.

To conclude, it can be said that the recent years of research on monolithic 1.3 um
InAs/GaAs QD lasers grown on silicon have greatly improved the prospect of demon-
strating all-monolithic photonic integrated circuits. These heteroepitaxial QD devices
hold great promise to fulfil the demand of monolithic silicon-based light sources in the
longer term and may ultimately open the door for to date impossible photonic integration

schemes or other types of devices with improved performance or functionality.
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