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Abstract

Abstract

InAs quantum dot (QD) lasers grown on GaAs substrates have demonstrated
significant advantages over quantum well devices, including low threshold currents
and long-term reliability, particularly for applications on silicon platforms. For longer
wavelengths around 1550 nm, InAs QD lasers on InP substrates have been explored;

however, limited studies exist for achieving high-performance QD lasers in this range.

This work primarily focuses on lasers fabricated from InAs quantum dots (QDs) on
InP substrates grown by metal-organic chemical vapor deposition (MOCVD). High
performance AlGalnAs/InP multi-quantum-well (MQW) laser diodes are first
examined for comparison, with the QW structures exhibiting a gain parameter (NGo)
as high as 94.4 cm™ for 9-QW layer samples. Simulations of AllnGaAs/InP MQW
laser diodes highlight the poor performance at high temperature and demonstrate the
benefits of incorporating an electron stopper layer. This layer may be useful to reduce

thermionic emission and electron leakage while maintaining efficient carrier injection.

For samples intended to operate as quantum dots the laser performance is explored and
the question as to whether dots, dashes or modulated quantum wells are formed under
varying growth conditions is examined. Here performance limitations related to a

small optical gain are identified.

Epitaxial structures are grown on n-type InP substrates using MOCVD, and broad-area
lasers with oxide-isolated stripe widths of 50 pum are fabricated using standard
photolithography. The lasers feature uncoated facets, cavity lengths ranging from 300
um to 2000 pm, and emission wavelengths around 1550 nm. A 5-layer InAs/InP QD
laser structure with 0.7 nm capping layers achieved optical gain of approximately 60
cm™" and ground-state lasing up to 390 K for cavity lengths as short as 330 pm. These
structures demonstrate minimal gain saturation, with a Go per layer similar to the
quantum well lasers, showcasing their potential as optical sources for silicon-

photonics.

Additionally, 3-layer and 5-layer QD structures with 4 nm capping layers are
investigated, with their performance under various growth conditions evaluated,

including the use of (Al)InGaAs capping layers. Three distinct laser diode structures,
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Abstract

each with two fabrication orientations, are analyzed to differentiate between dot and
dash morphologies. A multi-section technique is employed to measure modal gain and
absorption spectra. At room temperature, internal optical losses ranged from to 15+0.2
cm™!, for quantum dashes (QDH) to 18+£2 cm™, for quantum wells (QW). Peak modal
gains of 40+2 cm™ and 24+2 cm™ were observed for QW and QDH lasers,
respectively, under injected current densities. These findings highlight the potential of

InAs/InP QDH lasers for operation on silicon at 1.55um.
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Chapter 1: Introduction

Chapter 1: Introduction

1.1 Brief history of semiconductor lasers

Laser devices have been conceived and fabricated in many diverse ways, with arguably
the most important being semiconductor diode lasers. It has been more than 60 years
since the first semiconductor laser was produced in 1962. A semiconductor laser was
considered to be attractive even from its initial emergence, due to the unique features
of the laser diode. Of these features, the laser beam, generated by direct electrical
pumping through a p-n junction, leads to the production of battery-powered, low cost,
compact, coherent light sources. Semiconductor lasers are the most compact and
energy-efficient form of laser !. The literature is too broad and vast for individual
citation. The most important developments in the diode laser structure, and its effect
on performance efficiency, can be detailed through the threshold current density (Jin)

values.

In 1961, Basov and colleagues proposed the concept of a semiconductor laser 2,
suggesting that stimulated radiation emission could happen in semiconductors through
the recombination of carriers (electrons and holes) injected across a p-n junction. As a
result, the first semiconductor laser was developed in 1962, made from a forward-
biased GaAs p-n junction 2. The recombination of electrons and holes in the depletion
region of the p-n junction generated optical gain. The p-n junction plane was
perpendicular to the parallel polished ends of the laser. In this way a cavity was created
which allows feedback, because the polished ends of the crystal behave as partial
mirrors. The bulk laser is usually called a laser with a homo-structure. A common and
unwelcome feature of homo-structure injection lasers resulted in the threshold current
density for lasing being very high at room temperature (RT) (> 50,000 A /cm?),
meaning that continuous RT operation was not feasible. This, coupled with low
efficiency, resulted in high heat dissipation, and limited the laser to short pulses at
cryogenic temperature. Subsequently, progress was slow for a multitude of reasons.

One explanation was that new semiconductor technology was required. Compound
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semiconductors were less prominent at this time. In the late 1960s, great strides were
made towards solving this issue, and in 1969, heterostructures were introduced. This
was relevant as it signified the ability to replace the simple p-n junction with multiple
layers of different compositions. Heterostructure lasers can be classified as single or
double heterostructure (DH) devices, and graded index (GRIN)-SCH lasers, depending
on whether the active region where lasing occurs, is surrounded on one or both sides

by a cladding layer of higher band gap.

DH lasers enabled continuous wave (CW) operation at RT, with Jin = 5 kA / cm?, to
become possible, and as a result, DH lasers were transferred from the laboratory to
industry 3. The physical cause for the reduction in the threshold current density with
use of a DH device is twofold. The active layer is surrounded by two layers of top and
bottom cladding, which have a higher band gap and a lower refractive index. The
difference in the band gap helps to confine electrons and holes to the active layer,
where they recombine to produce the optical gain. The higher bandgap cladding also
significantly reduces the internal optical loss . In addition, a dielectric waveguide is
formed by the difference in the refractive index, which helps to confine the optical
mode close to the active layer. However, this structure on its own does not provide

confinement of both light and carriers in the direction parallel to the junction plane °.

In the 1970s, the stripe geometry heterostructure laser was devised by using a stripe
contact to restrict the lateral spread of the injected carriers within the active layer. This
laser is often referred to as being gain guided, because it is the lateral variation of the
optical gain that limits the optical mode to the electrically pumped stripe. On the other
hand, heterostructure lasers where the optical mode confinement occurs mainly
through lateral variations in the refraction index are referred to as being index guided.
Additionally, at this time, the first quantum well (QW) laser, in which carriers are
confined in one dimension, was demonstrated °. The advantages over the DH laser
included decreased threshold current due to the reduced thickness of the active layer,

and the tunability of the wavelength by changing the QW thickness.

While QWs provided excellent carrier confinement, the nanoscale thickness was too
thin for effective optical confinement. In the 1990s, an additional two layers were
placed outside of the core layers containing the QW layers 2. These layers had a lower

refractive index than the central layers and allowed effective confinement of the optical
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field. Such a design is known as a separate confinement heterostructure (SCH) laser
diode. Almost all commercial laser diodes since the 1990s have been SCH quantum

well laser diodes.

In 1982, Arakawa and Sakaki proposed the concept of a quantum dot (QD) laser 7#
QDs fabricated by patterning with e-beam lithography, followed by etching, resulting
in unsuitable laser structures. The non-radiative recombination due to defects created

during the etching process led to a deterioration in the quality of the material.

Self-assembled growth techniques, which can avoid nonradiative defects, were
developed °. Particularly, the Stranski-Krastanov growth mode was found to be very
efficient for the InGaAs/GaAs system. The strain mediated self-organisation of
InGaAs/GaAs QDs yield threshold current densities as low as ~60 Acm™ at RT %11,
Extensive research has been carried out on the GaAs-based QD system, which has
resulted in major improvements in laser performance. An ultra-low threshold current
density of 17 Acm™ and high output power has been achieved, and QD lasers are now
commercially available on the market. Both Molecular Beam Epitaxy (MBE) and
Metal Organic Chemical Vapour Deposition (MOCVD) techniques have been

developed and successfully utilised for growing QD materials.

As shown in Figure 1.1, the timeline of semiconductor laser development spans several
key milestones, starting with the concept of a GaAs p-n junction in 1962, and

culminating in the development of 3D carrier confinement structures in the 2000s.
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Brief History of Semiconductor Lasers

Concept First Introduction >3D carrier
of a semicondutor  of quantum confinement
semicondutor laser structures structures
laser

v

1962 1970s 2000s
e = ([
—/ - |
GaAs Single & double Single QW Dot
p-njunction heterostructure  quantum-well
(DH)

Figure 1.1: Timeline of key developments in semiconductor laser technology,
highlighting milestones from the initial concept of a semiconductor laser in 1962,
to the introduction of quantum structures in the 1970s, and the advancement of
3D carrier confinement structures in the 2000s.

From the 2000s to the present, laser performance has continued to improve due to
advancements in the design of the laser gain medium by using carrier confinement
structures with reduced dimensionality such as quantum well (2D) quantum wire (1D),
and quantum dot (0D) structures. Nevertheless, semiconductor laser research faces
some major challenges such as device size, energy efficiency and system integration.
Numerous papers on device design and their effects on injection lasers properties have
been published over the last five decades '%!3. A key aim for many studies is a reduced

threshold current density which can lead to more efficient operation of the laser diode
14

Several orders of magnitude reductions in the threshold current of semiconductor
lasers have been achieved since the demonstration of the first semiconductor laser '°.
In particular, numerous studies worldwide have shown substantial improvement in the
performance of QD lasers in terms of low threshold current density with lower
temperature sensitivity and reliability over their conventional quantum well laser

counterparts °.
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1.2 The superior performance of quantum dot lasers

Semiconductor research and device development have seen a progressive reduction in
dimensionality from bulk to quantum dots QD, as mentioned in the previous section.
Unlike bulk materials, low-dimensional structures, such as QWs, quantum wires, and
QDs, exhibit unique properties with localized electrons and discretely quantized
energy states. The energy distribution of electrons is dependent on both the density of
states and the Fermi-Dirac distribution, which is related to temperature, as explained
in Chapter 2. All three different types of low dimensional structures have quantized
energy states. QDs represent the last limit in carrier confinement with quantized
/discrete energy states and localized carriers. This leads to the theoretical prediction
that perfect QD devices can achieve lasers with improved performances 7. In 1982,
Arakawa and Sakaki forecasted that laser devices based on quantum dots would exhibit
complete insensitivity to temperature, enabling them to function without the need for
temperature control systems '®. Then, in 1986, Asada forecasted that quantum dot
lasers would provide a gain approximately ten times higher than that of bulk materials
19 These predictions suggested the potential for nearly ideal laser devices. As a result,

they sparked significant interest in the advancement of quantum dot technologies.

In a quantum well, the carriers are confined in one dimension, which results in a two-
dimensional density of states with a step-like function of energy. Compared to bulk
material, this structure leads to a relatively higher population of states at a given energy
level, which means that more electrons and holes can be available to radiatively
recombine at a given transition energy, allowing for larger gain. Quantum dots are
zero-dimensional, meaning that carriers are confined in all three dimensions. The ideal
QD has a delta-function density of states and means QD lasers need fewer carriers for
population inversion, resulting in a low threshold and higher differential gain *°. Since
the energy levels are fully discretised, the QD gain should not be significantly
influenced by the temperature-dependent Fermi-Dirac distribution. However, as seen
later, the QDs predicted temperature stability and high gain are not usually achieved

in practice.
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Quantum dot lasers are less sensitive to defects compared to quantum well lasers
because of the carrier localization. A defect passing through the active region will only

interact with a small number of quantum dots, leaving most of them unaffected 2!.

III-V compound semiconductors are alloys composed of elements from groups III and
V of the periodic table. Common binary compounds include GaAs, InP, and InAs. By
partially substituting atoms in a binary crystal with different group III or V elements,
ternary compounds (such as InGaAs) and quaternary compounds (such as InGaAsP
and InAlGaAs) can be formed. This compositional flexibility enables precise
engineering of both the lattice constant and the bandgap energy of III-V materials.
Figure 1 illustrates the relationship between the bandgap energy, lattice constant, and

corresponding emission wavelength for various III-V semiconductors.
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Figure 1.2: Band gap energy E, as a function of lattice constant a, for III-V
semiconductors 22,

The ability to tailor these properties, along with the compatibility of III-V materials
for monolithic integration, makes them highly promising for advances in I[II-V

photonics, as will be discussed in the following section.
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In this study, the focus will be on indium arsenide (InAs) quantum dots grown on
indium phosphide (InP), with gallium arsenide (GaAs) -based InAs quantum dots

considered for comparison.

The InyGai..AsyP1.y quaternary alloy system is widely used in optoelectronic devices
due to its highly tunable band gap energy and lattice constant. By varying the
composition of indium, gallium, arsenic, and phosphorus, the material properties can
be precisely engineered to meet the requirements of specific applications, such as
lasers operating at telecommunication wavelengths (1.3 um and 1.55 pm). The ability
to independently adjust both the electronic and structural properties allows InGaAsP
to be lattice-matched to an InP substrate, minimizing defects and improving device
performance. From Figure 1.2, it is evident that the band gap energy decreases with
increasing lattice constant, corresponding to higher indium and arsenic concentrations.
This tunability allows InGaAsP alloys make it possible to design them for targeted
wavelength emissions, especially near 1.3 pm and 1.55 pum, key wavelengths for
efficient fiber optic communications. By precisely tuning the composition while
ensuring lattice compatibility with the InP substrate, it is possible to produce high-

performance devices with low defect densities and excellent optical characteristics.

The lattice mismatch between GaAs and InAs is 7.2% 3. On this system, many reports
of laser devices have been achieved, and some of the predicted advantages for QD
lasers, such as lower threshold current density >4, reduced sensitivity of the threshold

current density to temperature *°

, and the extension of the emission wavelength
achievable on GaAs have been demonstrated. The majority of reports of QD lasers
have been achieved on GaAs substrates, with laser wavelengths ranging from 1 pm to

1.3 pm.

Nevertheless, longer wavelengths, for example the C band (1530 nm to 1565 nm) used
in long-reach optical communication networks, are required. Using InP substrates
allow an extension of the emission wavelength beyond 1.55 um. However, the lattice
mismatch between InAs and InP is about half the value of InAs and GaAs. Due to the
lower lattice mismatch and strain anisotropy, the formation of nanostructures on InP
is much more complex than on GaAs. This leads to the formation of either a high
density of dots elongated in the lattice direction (commonly referred to as dashes) or a

low density of large dots, depending on the growth conditions 2%, Due to these subtle
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differences, most devices operating on InP substrates are optimized for longer
wavelength emissions. Because of the smaller band gap in InAs/InP systems, devices
can emit at telecom wavelengths (1.3 um — 1.6 um), making InP-based systems ideal
for fiber optic communications. Using InP substrates, the material system—
particularly InAs quantum dots grown on InP—naturally supports the emission of
longer wavelengths of light (e.g., >1.55 um), which is important for telecom
applications like the C-band. This is primarily due to the material band gap: InAs has
a small band gap (~0.36 V), and when combined with InP, the resulting band structure
allows the quantum dots to emit lower-energy photons, i.e., longer wavelengths. The
lattice mismatch between InAs and InP is smaller than that between InAs and GaAs,
which affects quantum dot formation. On GaAs, more uniform dots can be formed
more easily, while on InP, the formation process is more complex, often leading to
either elongated quantum dots (dashes) or large, sparsely distributed dots. These
nanostructure differences influence the electronic energy levels within the quantum
dots, which in turn affects the wavelength of emitted light. In essence, the choice of
InP substrates and InAs quantum dots enables long-wavelength emission due to the
interaction of their band structures and strain profiles, but these same differences make
growth and control more challenging, which is why this remains an active area of
research. InAs on InP quantum dot lasers have already been demonstrated and reported
in the literature. However, several key questions remain unanswered, such as the
precise growth conditions that favour the formation of dots versus dashes, and the
performance limitations associated with each. Addressing these uncertainties is the

main motivation for this research.
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1.3 Integration of III-V lasers on Silicon substrates

Silicon has an important role in electronic devices due to its electronic properties and
can also be used for passive optical devices. Silicon (Si) is abundant on earth; thus,
making it cheap, and has good thermal and mechanical properties. Additionally, it
possesses an insulating native oxide (SiO2), which can be used to create optical
waveguides. However, it is not suitable as an efficient light emitter because silicon has

an indirect band gap, as will be discussed further in Chapter 2.

Si-based photonic integrated circuits (PICs) have wide applications in optical
communication, light detection and ranging (LIDAR), bio-photonics, and mid-infrared
sensing. Especially in datacom and telecom communication, silicon photonics has
attracted intense interest driven by the unprecedented data capacity in global network
traffic. Silicon photonics complement metal-oxide-semiconductor (CMOS)
fabrication processes. However, because electrically pumped silicon lasers, which are
the most important building blocks in silicon photonics, are difficult to realize, many

alternatives are under intensive study.

On the other hand, III-V semiconductors like GaAs and InP have unique electronic
and optical properties, including higher intrinsic mobility of electrons and lower
effective electron mass compared to Si and Ge, making them very suitable for high-
speed electronics. In photonic applications, they can efficiently produce light because
many III-V compounds are direct band gap materials >°. However, they are subject to
some difficulties in product manufacturing with weak mechanical features. III-V
materials are more fragile than Si and therefore the wafers are typically smaller than
Si. In addition, these materials are less abundant, and thus, they are expensive
compared to Si. As a result of these properties, the integration between III-V
semiconductors and silicon, as a promising integration platform, is the best solution to
combine their benefits. Combining Si substrates with compound semiconductors
should enable higher optoelectronic functionality and at larger scale than typically
used with compound semiconductors on their own 2°. The next section reviews the

main methods of integration of III-V materials on Si.




Chapter 1: Introduction

1.4 Approaches for I1I-V and Si integration:

The development of photonic integrated circuits PICs has progressed through two main
approaches: hybrid and monolithic integration. The hybrid approach involves growing
ITII-V components, such as GaAs or InP, on their native substrates and then transferring
them to silicon. The transfer process includes bonding III-V semiconductor devices,
such as lasers, onto silicon wafers, which enables the use of high-performance
components without the complexities of directly growing III-V materials on silicon.
Although this method provides flexibility, and simplifies integration by avoiding
heteroepitaxial growth, it has some limitations. These include the need for precise
alignment during bonding, which can be complex and costly, as well as thermal and
mechanical mismatches between III-V materials and silicon, which can affect the

overall reliability of the integrated system.

The second approach is monolithic integration by heteroepitaxy. Monolithic
integration involves growing III-V materials directly on silicon wafers using methods
such as Metal-Organic Chemical Vapor Deposition (MOCVD) or Molecular Beam
Epitaxy (MBE), even in the face of lattice mismatch. This integration method results
in higher integration density, reduced manufacturing costs by utilizing standard silicon
processes, and enhanced scalability and thermal management. However, the major
challenge is the lattice mismatch between silicon and I1I-V materials, which can create

defects such as dislocations that impair device performance *°.

Despite these challenges, significant advancements have been made, particularly with
QD lasers, which demonstrate superior defect resistance compared to quantum well
lasers. QD lasers, due to their better carrier localization and resistance to defects such
as threading dislocations, have emerged as strong candidates for monolithic integration

with silicon.

Recent progress has focused on improving the epitaxial growth of QDs on silicon,
minimizing defects, and enhancing the performance of integrated photonic systems.
Consequently, QD lasers are becoming a promising solution for monolithic silicon
integration, enabling scalable and high-performance PICs suitable for industrial

applications.
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1.5 Quantum dot lasers and III-V/ Si integration

The integration of quantum dot lasers with silicon photonics represents a significant
development in optoelectronic devices. By epitaxially growing InAs/GaAs and
InAs/InP quantum dots on silicon, researchers are overcoming challenges in
integrating III-V materials onto Si platforms. This technology aims to improve the
efficiency and scalability of silicon photonic circuits, linking optical and electronic

components in an effective way.

1.5.1 InAs/GaAs QDs Lasers epitaxially grown on silicon

The development of InAs/GaAs quantum dot lasers epitaxially grown on silicon has
seen significant advancements in reducing threshold current density and increasing
maximum lasing temperature. The University of Michigan was the first to demonstrate
the operation of a quantum dot laser grown on silicon, achieving pulsed lasing at 80 K
with a high threshold current density of 3.85 kA/cm? in 1999 3!. Subsequent
innovations, including strained-layer superlattice (SLS) dislocation filters, dot-in-well
(DWELL) structures, and optimized nucleation layers, significantly improved
performance. Then, in 2014, record-breaking performance was achieved with 1.3 um
InAs quantum dot lasers epitaxially grown on silicon, demonstrating low threshold
currents (16 mA), high continuous-wave output power (176 mW), elevated lasing
temperatures (up to 119 °C), and a high characteristic temperature (To > 200 K). 32,
Later, in 2016, UCL and Cardiff achieved a milestone by reporting the lowest threshold
current density for room-temperature operation >3, Recent methods, such as antiphase
boundary (APB)-free GaAs films and innovative silicon-patterning techniques,
enabled defect suppression, enhanced thermal performance and the development
continues to this day, making it challenging to enumerate all the contribution in this
field that highlight the promise of QD lasers as reliable, cost-effective solutions for

silicon photonics integration 337 .

1.5.2 InAs/InP QDs Lasers epitaxially grown on silicon:

InAs/InP quantum dot lasers epitaxially grown on silicon offer significant potential for

optical communication at the 1.55 pm wavelength, but their development faces notable
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challenges. Although the lattice mismatch between InAs and InP is relatively small
(~3%) compared to InAs/GaAs systems (~7%), this does not necessarily simplify
quantum dot formation. Instead, the reduced strain energy and differing surface
kinetics on InP often lead to the formation of elongated quantum dashes rather than
uniform quantum dots, accompanied by large size and shape dispersion,
inhomogeneous broadening, and elevated threshold current densities. Furthermore,
integrating InP onto silicon is inherently difficult due to a significant lattice mismatch
(~8%), which is roughly twice that of GaAs to Si, along with mismatches in thermal
expansion coefficients and the challenges of polar-on-nonpolar epitaxy. These issues
contribute to high defect densities that further impact device performance and

reliability.

Strategies to overcome these growth challenges include using dislocation filters, thin
intermediate buffers like GaAs, and nano-patterned V-groove substrates to reduce
defects and improve crystalline quality. Progress in epitaxy, buffer engineering, and
device design, demonstrated by recent efforts from Matsumoto et al., Zhu et al., and
Shi et al. ***!, have shown promising results, such as room-temperature lasing and

improved threshold current densities

However, further optimization of growth techniques and laser structures is essential to
reduce defects, improve optical gain, address internal optical losses, and enhance
performance to achieve reliable, high-performance monolithic integration with silicon

photonics.

1.6 Current status and scope of the research

Further research into enhancing the material quality, reliability, and overall
performance of InAs/InP QD lasers is essential to make them competitive with
InAs/GaAs systems. This progress is particularly critical for meeting the growing
demand for high-performance optical devices, especially for C-band applications in
optical communication. Such advancements will ultimately facilitate the seamless
integration of these lasers into silicon photonic circuits. Despite the challenges, the
initial development of electrically pumped InAs/InP QD lasers on native InP substrates

is an important goal, and it serves as the focus of the present study.
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1.7 Aims of Research

The aim is to develop high-quality InP-on-Si substrates for silicon photonics by
improving InAs/InP quantum dots (QDs) to minimize threshold current density and
enhance temperature stability of InAs QDs on InP lasers with operation wavelengths
in the C- and L-bands (1530-1625nm). The primary focus will be on optimizing active

materials to help create improved lasers for integrated optoelectronic devices.

The objectives are:

1-Provide a benchmark for the study using AlGalnAs/InP quantum well oxide-isolated

stripe lasers.
2-Evaluate an idea for an electron blocking layer for use in such lasers.
3. Investigate the performance and potential of InAs/InP quantum dot/dash lasers.

4. Develop the design and characterization of 1.55 um InAs/InP quantum dot lasers,
specifically analyzing how the capping layer influences dot formation and studying
the development of gain materials. Understanding the influence of subtle design
changes such as in the capping layer is important for developing InAs/InP QDs that
can be grown reproducibly and that perform well in QD-based lasers and integrated

devices.

Work will involve analyzing various structures, measuring key parameters including

as a function of temperature, and examining gain and absorption spectra.

1.8 Thesis Structure

The remainder of this thesis is organized as follows: the second chapter provides a
general overview of key concepts related to semiconductor lasers and some of the
analysis that I will use later in the thesis. It discusses various types of confinement
structures in lasers, including current confinement, carrier confinement, and optical
confinement. Important operating parameters such as the threshold current, optical
loss, and external and internal quantum efficiencies of a semiconductor laser are

introduced. The chapter concludes with an overview of quantum dot systems. The third
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chapter describes the experimental equipment and set-up used to investigate the laser
structures analyzed in this thesis. The fourth chapter presents an experimental study
on the characterization of 1.5 pm AlGalnAs/InP quantum-well lasers to provide an
indication of the performance that the QD lasers need to demonstrate. It examines
structures with two different numbers of quantum wells QWs in the active region

through initial measurements and their interpretation at room temperature.

The fifth chapter focuses on the design of multiple-QW (MQW) AlGalnAs/InP 1.55
um lasers incorporating an AlInGaAs barrier and waveguide, along with an additional
electron stopper layer on the p-side. Using the Next Nano software package,
simulations were performed to compare structures with and without electron stopper
layer, monitoring leakage current density as a function of Fermi-level separation,
which serves as an indicator of optical gain. The sixth chapter presents an experimental
study on the dependence of threshold current on temperature in InAs quantum dot-
based lasers on InP. Gain and absorption measurements using the multi-section method
are also introduced in this chapter. The seventh chapter presents an experimental study
of InAs/InP (100) Quantum Dot lasers, focusing on key parameters such as the
threshold current, gain coefficient, internal loss, and quantum efficiency. Experimental
investigations on the threshold current and sensitivity to temperature are also
discussed. Additionally, gain and absorption measurements are presented. The eighth
chapter provides an overall summary of the thesis and offers suggestions for future

research.
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Chapter 2: Background theory

2.1 Introduction

This chapter provides the theoretical foundation required to comprehend the research
presented in this thesis. It commences with an overview of essential principles
concerning semiconductor lasers, starting with an introduction to semiconductor band
structures. This is followed by an exploration of optical transitions and recombination
mechanisms within semiconductors. The impact of confinement structures on
semiconductor lasers is also examined. Furthermore, the characterization of quantum

well and quantum dot lasers is discussed.

2.2 Semiconductors band structure

The fundamental band structure consists of two energy bands. One band is filled with
electrons, and this band is called the valence band (VB). The other group is empty of
electrons, and this band is called the conduction band (CB). Electron states with
energies between the valence band edge energy (Ev) and the conduction band edge
energy (Ec) are forbidden and this energy range is called the bandgap energy (Eg), as

shown in Figure 2.1 !

CcB

‘_ k Eg

Figure 2.1: Simplified diagram of semiconductor band structure showing the
valence band (VB), conduction band (CB), and the bandgap energy (Eg).
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Adding energy to a system whether thermal energy, optical energy, or another form
can excite electrons from the valence band to the conduction band, creating holes in
the valence band and conduction electrons in the conduction band. When optical
energy is involved, a photon must have energy greater than or equal to the bandgap
energy to excite an electron across the bandgap. On the other hand, when thermal
energy is considered, and the material is in thermal equilibrium, electrons will follow
a specific energy distribution described by the Fermi-Dirac distribution. At
temperatures above absolute zero, some electrons will have sufficient thermal energy
to be excited to the conduction band. The energy level that characterizes this statistical
distribution of electrons is known as the Fermi energy. Any transition of electrons
between the valence band and conduction band is controlled by energy conservation
and momentum. This can be illustrated on the plot of electron energy versus k for a
semiconductor material shown in Figure 2.2. Compared to the momentum of the
conduction electrons and holes in the semiconductor, photons carry negligible
momentum. Thus, for optical transitions where only photons are involved, this means
the transition between the conduction band and valence band must have the same
wavenumber vector, so the only optical transitions that occur on this diagram are the
vertical transitions. Electrons make a downward transition and lose their energy to an
emitted photon. Transitions can also involve phonons. Phonons carry momentum
comparable to the crystal momentum of the electron and holes, so there may be
transitions which aren’t just downward. Photon emission is essential in the technology

of optoelectronic devices such as lasers. >

CB

<

Energy ——»
m
(4]

VE

I
Wavevectork —»

Figure 2.2: The optical transition of electron and hole between conduction and
valance band is allowed only in vertical direction.
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The energy, E, of electrons and holes near the band edges of the conduction and

where 7 is the Planck constant

P

. h2k?
valence bands can be roughly estimated as * E = >

divided by 2, k represents the wave vector, and m* is the effective mass of the carrier
within a band.

2.3 Energy band gap

The energy bandgap is defined as the energy range in a solid where no electron states
can exist. From the bandgap energy diagram, the bandgap energy generally refers to
the energy difference between the top of the valence band and the bottom of the
conduction band in insulators and semiconductors °, as shown in Figure 2.1. Typically,
the energy is given in electron volts. The electrons that gain energy greater than the
bandgap can escape from the valence band and move into the conduction band. In this
band, they move freely throughout the crystal lattice and are directly involved in the
conductivity of semiconductors. The empty states that are left behind by the

conduction electron carry a net positive charge and are referred to as holes.

To calculate the temperature-dependent bandgap energy E; of a semiconductor

material or alloy, the model of Varshni ° is used. This is written as

E o TP
— 80 gaTy

(2.1)

where Eg,o is the bandgap energy at zero kelvin, a and B are fitting parameters, and 71
is the temperature.
2.4 Direct and indirect band gap semiconductor

The energy band gap has been defined as the minimum energy difference between top
of valence band and bottom of conduction band. The maximum value of valence band
and the minimum value of the conduction band do not always exist at the same value

of the crystal momentum p, which is related to the wave number k as .
p
k=— 2.2
- (22)

where h is the reduced Planck constant.
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Figure 2.3 (a) Direct band gap and (b) Indirect band gap.

When the valence band maximum happens at the same momentum, k, as the
conduction band minimum, the semiconductor is known as a direct band gap
semiconductor, as shown in Figure 2.3 a. It is important for radiative recombination,
where an electron in the in the lowest energy state in the conduction band can
recombine with a hole in the highest energy state in the valence band without a change
in the crystal momentum value. The transition energy is then released as a photon.
However, when the upper and the lower electronic states of the valence and conduction
bands, respectively, do not occur at same crystal momentum value, the semiconductor
1s known as an indirect band gap semiconductor, as shown in Figure 2.3 b. In this case,
an electron cannot transition between the highest energy state in the valence band and
the lowest energy state in the conduction band, without a change in the crystal
momentum value. For radiative recombination to happen in an indirect band gap
material, the process must also involve the absorption or emission of a phonon in order
to conserve momentum, where the difference between the electron and hole
momentum equals the phonon momentum. An electron in the upper state cannot relax
to the valence band, and recombine with a hole, until a phonon with the right
momentum is present. Electrons in the upper states may also lose energy by non-
radiative recombination with the energy being dissipated as heat. Although phonons
can provide the necessary momentum conservation to allow electrons to radiatively

recombine with holes, this three-particle interaction is not as probable in comparison
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with the radiative transition in direct bandgap semiconductors. This means that the
radiative recombination rates are typically small in comparison to the undesired non-
radiative recombination. Therefore, in direct bandgap materials such as GaAs and InP,
radiative recombination happens on a shorter timescale and more efficiently, by a
simple two particle process. This is the reason why laser diodes and light emitting
diodes are made from direct band gap materials, and not indirect band gap such as

silicon ”.

2.5 Temperature Dependence of Semiconductor Materials

In bulk semiconductors, the bandgaps of both direct and indirect semiconductors are
impacted by temperature. This relationship can be expressed using the empirical
Varshni formula Equation (2.1) ® . This formula shows that as temperature rises, the
bandgap of the material tends to decrease. This effect is primarily due to the thermal
expansion of the crystal lattice, which leads to a reduction in the bandgap. Meaning at
higher temperatures, the ions that make up the crystal lattice gain more kinetic energy,
causing the average distance between them to increase (thermal expansion). As the
electronic states associated with each ion move further apart, the energy splitting tends

to decrease.

2.6 Lattice Constants and Lattice Matching

The lattice constant of a solid corresponds to the dimensions of the conventional unit
cell at equilibrium. It has been widely studied for many materials and obtained
experimentally using X-ray diffraction techniques ®. The lattice constant is normally
dependent on both temperature and pressure °. It is also noted that the lattice constant
is influenced by the crystalline quality, such as impurities, dislocations, and surface
damage '°. Typically, the lattice constant of semiconductor crystals is approximately

several angstroms.
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Lattice Matching

In order to avoid any defects in the structure during the growth processes of thin layers
of materials grown on top of one another, lattice matching should be taken into
account. When the lattice constant differs between the layers, a strain will exist, and
that may lead to the epitaxial growth of layers containing defects !!. Lattice matching
is defined as the matching in lattice constant between two different semiconductor
materials, and this is the ideal scenario, where the bandgap energy can be changed
without a change in the lattice constant. This typically requires quaternary alloys
(InAlGaAs or InGaAsP) for the InP material system and is often required for structures
suitable for optoelectronic devices such as laser diodes '2. When the strain or the
percentage difference between the lattice constants of two different materials is much
less than 0.1%, then the lattice match is considered to be achieved. However, if the
strain is more than that, then the material is lattice mismatched '*. Lattice mismatch
refers to the difference in lattice constants between an epitaxial film and its substrate.
When this mismatch or strain is less than about 0.1%, the materials are typically
considered lattice-matched, as the strain can be elastically accommodated without
introducing significant defects. However, when the mismatch exceeds this threshold,
the strain energy in the growing film increases with thickness, this ultimately makes it
energetically favorable for the system to alleviate the strain by forming misfit
dislocations. The Matthews and Blakeslee model quantitatively describes this
behavior, introducing the concept of critical thickness (h.), which is the maximum
thickness at which an epitaxial film can remain coherently strained without defect
formation. As the lattice mismatch increases, the critical thickness h,. decreases
rapidly. Therefore, the 0.1% mismatch guideline corresponds to a regime where the
critical thickness is large enough for typical epitaxial films to remain coherently
strained and defect-free. Beyond this threshold, misfit dislocations are more likely to
form, signaling a transition to a lattice-mismatched system. The critical thickness h. is
influenced by factors such as the lattice mismatch, the elastic properties of both the

film and substrate, and the film's thickness. The critical thickness can be expressed by

c . . . .
the formula h,.= - where C is a constant and A, is the lattice mismatch. A larger
a

mismatch results in a smaller h, meaning dislocation will form thinner film
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thicknesses. Understanding and controlling this Critical thickness is essential for
designing high-quality films, as exceeding this threshold can degrade the film's
properties.

The interest of better semiconductor laser performance has led to the use of strain
within their structure. Contrary to the original belief that strain-free materials were
ideal, researchers found that adding small amounts of strain to the active layer of
semiconductor lasers could enhance their performance '*. Since then, incorporating
strain has yielded substantial improvements and enabled the production of very high-

performance devices °.

Layer with higher lattice constant Layer with smaller lattice constant
than substrate than substrate
—

e

Compressive strain

Strained layer

Tensile strain

Substrate layer
Substrate
—

Figure 2.4. a) Comparison of a compressive and tensile strained layer on a
substrate, and b) the deposited material and the substrate with a coherent
interface (left) and an interface with a misfit dislocation due to strain relaxation
(right).

The degree of strain (€g,,) between the layer with lattice constant (a; ) and the substrate

with lattice constant (ay) is expressed as follows, '°

a, —a
(en %) = —— (23)

S

The mismatch between the lattice constants of a layer a; and a substrate a; in epitaxial

growth induces built-in strain. If the layer is very thin, the strain can be adapted
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elastically without forming dislocations, up to a critical thickness. Beyond this critical

thickness, misfit dislocations can occur.

Semiconductor lasers experience two types of strain. Compressive strain arises when
the lattice constant of the epilayer is larger than that of the substrate, causing the
material to stretch in the growth direction. In contrast, tensile strain occurs when the
epilayer's lattice constant is smaller than that of the substrate, leading to stretching in

the plane, as shown in Figure 2.4.a.

Strain that can be accommodated elastically is termed coherent strain, whereas strain
managed by dislocations is called relaxed strain. In Si integrated photonics, the large
mismatch between III-V materials and Si-substrates necessitates buffer wafers to
relieve strain in the III-V quantum dot layers for monolithic integration on Si. In Figure
2.4.b (left), the picture shows no strain relief in the deposited material that is lattice
matched to the substrates. The right shows that the strain caused by a small mismatch

between the layers can be accommodated as a defect.

2.7 Radiative Transitions in Semiconductor Lasers

In semiconductor lasers, electrons can transition between the conduction band and the
valence band through three primary radiative processes: absorption, spontaneous

emission, and stimulated emission. !7.

2.7.1 Absorption

Absorption takes place when an electron in the valence band (VB) moves to the
conduction band (CB) by absorbing a photon with energy equal to or greater than the
optical band gap energy between the two bands. The rate of absorption is influenced
by the photon density, the electron density in the valence band, and the number of

available states in the conduction band.

2.7.2 Radiative Transitions

Radiative recombination is the process in which an electron from the conduction band

recombines with a hole in the valence band, emitting a photon. The rate of radiative
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recombination depends on the electron and hole densities. There are two main radiative
recombination processes in semiconductor lasers: spontaneous emission and

stimulated emission, as shown in Figure 2.5.a 8.

2.7.2.1 Spontaneous Emission

Spontaneous emission happens when an electron in the conduction band spontaneously
recombines with a hole in the valence band, emitting a photon. This process/emission

is random, resulting in a photon with a random phase and direction.

2.7.2.2 Stimulated Emission

Stimulated emission occurs when an incident photon interacts with an electron in the
conduction band, prompting it to recombine with a hole in the valence band and emit
an identical photon (same energy, phase, and direction). This process additionally

depends on the photon density and leads to optical gain in semiconductor lasers.

2.8 Non-Radiative Recombination in Semiconductors

Non-radiative recombination occurs when an electron-hole pair recombines without
photon emission. The energy released by the recombination process is typically
converted to heat, impacting device efficiency and increasing threshold current. The
major non-radiative recombination processes are Shockley-Read-Hall recombination

and Auger recombination.

2.8.1 Defect-Related Recombination (Shockley-Read-Hall, SRH).

Also called trap-assisted recombination, this process happens when carriers recombine
through defect states, or traps, within the band gap as in Figure 2.5.b. There are extra
energy levels within the forbidden gap because of the existence of a foreign atom or a

structural defect !”.

28



Chapter 2: Background theory

2.8.2 Auger Recombination

Auger recombination is a non-radiative, three-carrier process where the energy
released by a recombining electron-hole pair is transferred to a third carrier, which is
then excited to a higher energy state, as shown in Figure 2.5.c. The excited carrier
eventually relaxes, with the energy converted to heat. The rate of Auger recombination

depends on several factors, including temperature, bandgap, and carrier concentration.

a b c
E
L Ec
Et
O O Ev
band-to-band trap-assisred Auger
recombination recombination recombination

Figure 2.5. Carrier recombination processes in semiconductors.

2.8.3 Free Carrier Absorption

Free carrier absorption involves photons being absorbed by free carriers, causing them
to transition to higher energy states. Free carrier absorption can occur with electrons
in the conduction band and hole in the valence bands, and increases the internal optical

loss, leading to higher threshold current density.

2.8.4 Carrier Leakage

Carrier leakage happens when electrons or holes, possessing sufficient thermal energy,
escape from the active layer (such as a quantum well), and into surrounding barrier or
cladding layers, where they may then recombine. Carrier leakage can lead to radiative
or non-radiative recombination outside the active region, depending on the band
offsets and thermal spread of carriers. Materials with larger conduction/valence band

offsets provide better carrier confinement and reduced carrier leakage.
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2.9 Fermi-Dirac distribution and Population Inversion

The conduction band of a semiconductor has many empty energy levels. In thermal
equilibrium, the probability that an energy level is occupied by an electron is
determined by the Fermi-Dirac distribution function. This function, which depends on

energy, temperature, and the Fermi level (Er) is shown in Equation (2.4).

1
f(E) = — % (2.4)
1+ e ksT

Where kg is the Boltzmann constant, T is the temperature in Kelvin, kgT is the
thermal energy (ksT = 0.026 eV at T = 300° K), E is the energy of the carrier, and Ef
is Fermi level. The Fermi level is a critical parameter that corresponds to the energy at
which there is a 50% probability of a state being occupied by an electron. In intrinsic
semiconductors, it is located at the middle of the band gap, while in doped
semiconductors, it shifts towards the conduction band (n-type) or the valence band (p-

type). In semiconductors, the bandgap energy (E,) between the conduction and valence

bands is usually larger than the thermal energy at room temperature (Eg> KgT),
meaning most electrons reside in the valence band under normal conditions. To
achieve optical gain and laser action, a population inversion is required, which means
more electrons must occupy the relevant states in the conduction band than the
associated states in the valence band. This inversion can be achieved by injecting
carriers, which creates a non-equilibrium state with quasi-Fermi levels, E¢. and Ef,,
for the conduction and valence bands, respectively. Optical amplification requires a
net emission of photons, meaning transitions from the conduction band to the valence
band must be greater than the reverse. This condition is achieved by ensuring that the
quasi-Fermi level separation is greater than the bandgap energy, Ef. — Ef, > hv >
E,4. Injecting carriers increases the quasi-Fermi level separation until it exceeds the
bandgap, allowing population inversion. When the gain matches the optical losses,
laser action is initiated. Due to the high rate of stimulated emission, even though the
injection of carriers increases with increasing current, Fermi-level pinning typically
occurs, ensuring a stable carrier density above threshold !”. In quantum well QW lasers,

Fermi-level pinning happens above threshold because once lasing starts, most of the
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injected carriers go into producing light through stimulated emission, so the carrier
density stays almost constant this is called pinning. But in quantum dot (QD) lasers,
this effect is not as strong. QDs have discrete energy levels like atoms, and because of
things like inhomogeneous broadening (differences in dot sizes), and slow carrier
capture and relaxation from higher states or the wetting layer, the carrier density
doesn’t stay perfectly constant above threshold. This means the Fermi levels can keep
changing a bit even after the lasting start. So, while some level of Fermi-level pinning
still happens in QD lasers, it’s weaker and less sharp than in QW lasers. The discrete
nature of the states also leads to the useful features like lower threshold currents, better
performance at high temperatures, and smaller linewidth enhancement factors.
Because of this, when studying or modeling QD lasers, we can’t assume they behave

exactly like QW lasers in terms of Fermi-level pinning.

2.10 Optical Feedback and Required Threshold Gain in Fabry-Perot Lasers

In a laser system, both stimulated emission and absorption are competing processes,
as an incoming photon can either be absorbed or trigger the creation of a second
photon. Since the electron population in the valence band typically far exceeds that in
the conduction band, absorption prevails when the carrier injection level is low. At a
certain external current, a sufficient number of electrons in the conduction band and
holes in the valence band make the semiconductor optically transparent over a small
range of wavelengths. As the current increases further, the active region of the
semiconductor laser begins to show optical gain and can amplify the electromagnetic
radiation passing through it. Spontaneously emitted photons serve as the noise input
for the amplification process. Although stimulated emission can begin as soon as
current is applied to the semiconductor laser, significant coherent laser light is not
emitted until the current reaches the critical value, known as the threshold current (J,).
At the threshold current, the laser output becomes predominantly governed by

stimulated emission rather than spontaneous emission * 2°.

Optical gain by itself is insufficient for laser operation. The other component required
for this i1s optical feedback, and this is typically achieved using a Fabry-Perot (FP)
cavity. A Fabry-Perot cavity is made up of two parallel mirrors at each end, reflecting

photons traveling along the cavity's length back and forth, as shown in Figure 2.6. In
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semiconductor lasers, cleaved facets can form the mirrors of the FP cavity. The
semiconductor-air boundary has a reflectivity of around 30%, due to the difference in

refractive indices between these two media.

Facet with reflectivity Ril [racet with reflectivity R2

Light outpot g 3 Light outpot

=0 Z=L

Figure 2.6. Schematic diagram showing the principle of a Fabry-Perot edge
emitting laser.

Some photons passing through the cavity are lost due to absorption or scattering within
the cavity. Below the threshold, optical loss exceeds optical gain, preventing
stimulated emission from sustaining a continuous stream of coherent photons,
resulting in an output that is mainly composed of spontaneously emitted photons °. At
the threshold, optical gain matches optical loss, enabling stimulated emission to
dominate. In the region above the threshold, the laser output increases almost linearly
with the current. Almost all electrons and holes injected into the active region are now
recombined via stimulated emission, creating a stable system that generates coherent

laser light.

Since the light amplification or optical gain (g) competes against the internal optical
losses (@) (e.g. free carrier absorption), and mirror losses (o), lasing can only occur

if the system produces more light than it loses during one round trip °.
RiR,.e(gin —a;)2L =1 (2.5)

Where R and R: are the mirror reflectivities, L is the length of the gain medium, and

Jen 1s the threshold gain. When photons pass through the length of the gain medium
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L, the amount is increased by e9" , but reduced by e %L, The photons not reflected
by the mirrors R; and R» are coupled out of the mirror. Thus, the lasing threshold is
reached when the optical gain of the laser medium balances all the losses (a; + a;, )
that light encounters during a complete round trip of the optical cavity of the laser.

This can be described as:

Iin =a; + ap (2.6)
L) .
%m = 51 "\"R,R, (2.7)
e (o) 28
gon = -+ 37In (G (28)

This means that minimising the threshold gain g, requires low optical losses and high
reflectivity mirrors. The presence of L in the denominator implies that by lengthening

the gain medium, the necessary threshold gain (per unit length) will be reduced °.

In addition to the gain elements, a laser diode has contacts and p- and n-doped cladding
layers for electrons and holes injection, which will recombine inside the undoped
active region. Therefore, when designing the entire structure, consideration must be
given to the doping concentrations and thicknesses of these doped materials, not only
to restrict the optical field but also to reduce the processes such as current diffusion

and free carrier absorption caused by the dopants, that may reduce the efficiency.

2.11 Quantum confinement: Density of states

The electronic and optical characteristics of semiconductor lasers are influenced by the
density of states (DOS). The density of states p(F) is a function of energy E and is
defined as the number of electronic states per unit volume per unit energy. It is used to
calculate the energy distribution of electrons and holes in the conduction and valence
bands by multiplying the density of states by the state’s occupation probability. When
a forward bias is applied, the electron and hole population in the conduction and

valence bands, respectively, increase. The quasi-Fermi levels that describe the electron
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and hole populations shift towards the conduction and valence bands, respectively,
resulting in an energy separation between them that is related to the applied voltage.
For a given quasi-Fermi level shift the carrier density is increased when the density of
states is higher. When the separation between the quasi-Fermi level separation is equal
to the bandgap energy, the material becomes transparent at the wavelength
corresponding to the bandgap energy. Figure 2.7 shows the DOS function for 3D, 2D,
1D, and OD system:s.
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Figure 2.7. Density of states for: (a) bulk (3D), (b) quantum well (2D), (c)
Quantum wire (1D), and (d) Quantum dot (0D) materials.

Density of States in Bulk Semiconductors (3-D)

In a bulk semiconductor, carriers can move freely in all three spatial dimensions. A
material is considered to be 3D, when its dimensions are large (typically greater than

100 nm). The DOS in the conduction and valence bands can be expressed as:

- Conduction band:

4m 3 1
pe (E) = ﬁ( 2myz)2(E —Ec)2 ,for E>= E. (2.9
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- Valence band:
a1 3 1
py (E) = ﬁ( 2my)2(E —E,)2 ,forE > E, (2.10)

where Ec is the conduction band edge energy, and Ev is valence band edge energy. m*

is the effective mass of the band.

In bulk materials, states near the band edges are mostly occupied, while higher energy
states are mostly empty. Full occupancy near the band edges broadens the gain

spectrum and increases the peak gain.

Density of States in Quantum Wells (2-D)

In quantum wells, carriers can move freely in two spatial dimensions (Lx, Ly), while
they are confined in the third dimension (Lz). This confinement, achieved by placing
a material with a smaller bandgap between two layers with larger bandgaps, leads to
the formation of quantized energy levels. When the well width is on the order of the
de Broglie wavelength, the carriers' energy levels become quantized into discrete
values due to their confinement in one direction. The density of states (DOS) in a
quantum well refers to the number of available states per unit energy per unit area. As
a result, the DOS exhibits discrete steps at each quantized energy level. The DOS for

both the conduction and valence bands can be described as follows:

- Conduction band:

4mtm; [(n
pe (En)=—— (E) (2. 11)
- Valence band:
4mmy, [ n
po (B) == (1) 2. 12)
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where n is the nth energy level, and m* is the effective mass for the nth energy level

in the conduction band or valence band.

The confinement effect in quantum wells increases the DOS near the band edge. This,
in turn, increases the peak gain achievable with lower injection levels (which also

narrows the gain spectrum), resulting in more efficient devices.
Density of States in Quantum Wires (1-D)

In quantum wires, carriers are free to move only in one direction (Lx), while they are
quantized in the other two dimensions (Ly, Lz). This effectively forms a one-
dimensional (1-D) system, where the DOS has distinct peaks at each quantized energy

level, often referred to as having a shark-fin form. The DOS in a quantum wire is given

by:

1 m*
E)=— E=E E 2.1
p1p(E) I \/(E_Eny “E.) E = Eny +Eyy (2.13)

The quantization in two dimensions leads to sharper peaks in the DOS compared to

bulk and quantum well structures, potentially enhancing the efficiency of devices.

Density of States in Quantum Dots (0-D)

When carriers are confined in all three spatial dimensions (Lx, Ly, and Lz), as in
quantum dots, a zero-dimensional (0-D) system is formed. The energy states become

completely discrete, and the DOS is represented by a delta function:

p(E) = 28(E — Ey) (2.14)

The DOS of quantum dots lead to a high peak gain and a narrower gain spectrum,
which are desirable for efficient devices. However, due to the inherent asymmetry and

inhomogeneous size distribution of quantum dots, a perfect 0D DOS distribution has
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yet to be fully achieved in practice, often resulting in a broader gain peak than

theoretically expected.

2.12 Confinement Structures in Semiconductor Lasers

Confinement structures are critical to the performance of semiconductor lasers. They
maximize carrier recombination, improve optical efficiency, and control the light
output to ensure effective laser operation. There are three primary types of
confinement: optical, carrier, and current, each serving a specific role in enhancing the

laser’s performance.

2.12.1 Optical Confinement

In the laser cavity, the optical field extends along both the growth direction (z-axis)
and the transverse direction (y-axis). To maximize the probability of stimulated
emission, the laser structure is designed to ensure high photon density within the active

region while still allowing sufficient light output.

Two methods are employed to guide the propagating optical wave within the laser

cavity: gain-guiding and index-guiding.

Gain-guiding results from a spatially varying gain profile caused by a non-uniform
carrier distribution. Greater optical amplification occurs in regions with higher optical
gain, effectively guiding light along these areas. However, the gain-guiding approach
provides relatively weak confinement of the optical field. This limitation arises from
the small refractive index change induced in the electrically pumped region, through
the Kramers-Kronig relation °. Despite these shortcomings, early semiconductor lasers

predominantly used gain-guiding due to their simpler fabrication process.

Index-Guiding confines most of the optical field within the active region by utilizing
total internal reflection. Index-guiding along the growth direction is achieved by
surrounding the active region with cladding material that has a lower refractive index,
so that only a minimal portion of the optical field extends into the cladding layers. The
extent of the optical confinement is determined by the refractive index difference

between the active region and the surrounding cladding layers.
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2.12.2 Carrier Confinement

To improve laser device performance, it is essential to effectively confine electrons
and holes, which increases the likelihood of radiative recombination. Here is an outline
of the evolution in carrier confinement within semiconductor laser structures. For more

details, see chapter 1 (1-1).

Semiconductor lasers have evolved significantly through various structural
improvements, beginning with high-threshold, low-efficiency, p-n junction lasers,
followed by p-i-n structures that improved carrier confinement and the recombination.
The introduction of double heterostructure (DH) lasers provided both optical and
carrier confinement. Then, Separate Confinement Heterostructure (SCH) lasers
allowed the design of confinement layers for the carriers and the optical field to

become decoupled, becoming the commercial standard due to improved efficiency.

Quantum well (QW) lasers made use of QWs which provided quantum confinement
along one dimension. Improved efficiency was achieved due to the more favorable
DOS. Quantum dot (QD) lasers introduced three-dimensional quantum confinement,
which promised even lower threshold currents. However, this is still challenging due
to limitations in the growth method, which results in shape and size variations of the
quantum dots. Finally, Dot-in-Quantum Well (DWELL) lasers, which combined QWs
and QDs to further improve efficiency, where QWs help with the capture of carriers,
as the carriers can otherwise move between the QDs and away before being captured.
The QWs keep the carriers close to the QDs, increasing the likelihood of capture into
the dots. They are also used to extend emission wavelength, which is probably the
main motivation for using them in GaAs-based 1300nm QD lasers. The DWELL

structure is used in the structures of this study.

2.12.3 Current Confinement

To enhance semiconductor laser performance, various current confinement techniques
have been developed to minimize the electrically pumped area of the active region,
thereby reducing the threshold current and improving device efficiency. The main

methods include:
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1. Oxide Stripe: This is the simplest method, where the p-side contact is deposited
onto dielectric material with a stripe window, as illustrated in Figure 2.8. The oxide
stripe limits the region where current is injected from the p-side. However, the stripe
doesn’t prevent current spreading in the cladding layer. It is used in gain-guided
designs and was employed in the 1.55 pum InAs/InP quantum dot lasers studied in this

thesis.

2. Ridge Waveguide: Ridge structures provide weak index-guiding. The current is
injected into the ridge as shown in Figure 2.9, traveling through a narrow path directly
into the active region. The optical field is confined by the interface between the

semiconductor and air.
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Figure 2.8. Schematic of oxide stripe laser.
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Figure 2.9 Schematic of ridge structure laser.

2.12.4 Optical Confinement Factor

The optical confinement factor is the ratio of the square of the electric field confined
within the active region to the total optical field power. It reflects the reduction in
optical gain caused by the spreading of optical modes outside the active region. This
factor indicates the portion of photons in the guided wave that interact with the active
layer. The overall amplification of the optical field per unit length is given by the

product of the confinement factor and the material gain per unit length.’.

2.13 Semiconductor laser threshold current and threshold current density

The threshold current in a semiconductor laser is the current, I;j, necessary to provide
sufficient gain to overcome losses and achieve lasing. As shown in Figure 2.10, the
threshold current can be found from the light output power versus current
characteristics (P-I), where the light output starts to dramatically increase with current.
The threshold current is an important device parameter where a low value is desired.
When [ < I, , the optical output is mainly from spontaneous emission. When [ >
I, stimulated emission starts to dominate, a rapid increase in output power is also

typically observed.
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Figure 2.10. Optical Power vs. Current characteristic.

The threshold current is influenced by the quality of the semiconductor material used
to fabricate the device and the overall design of the waveguide structure. However, it
also depends on the size and area of the laser device. Therefore, a longer laser typically
requires more current to initiate laser action compared to a shorter one. When
comparing threshold currents of devices with different lengths, it is more meaningful
to refer to the threshold current density rather than the threshold current itself. The
threshold current density (Ju) is calculated by dividing the experimentally determined
threshold current I by the effective area of the pumped region, which is usually
measured through near-field techniques and the device's length, as detailed in Chapter
3. A lower threshold current density is always preferable for a laser. This value is also
a key parameter that directly reflects the quality of the semiconductor material used in

the device.
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2.14 External Differential Quantum (Slope) Efficiency

Another important parameter of the laser diode is the external differential quantum
efficiency (next), and it is defined as the number of photons generated and coupled out

of the laser cavity per electrons injected into the device. It can be expressed as,

=n, —= 2.15
Next nlam+ai (2.15)

Where, 7; is internal quantum efficiency, which accounts for injected carrier to photon

conversion efficiency, a,,is the mirror loss, and q; is the internal optical loss.

It can be experimentally determined from the slope of the optical power versus current
(P-I) curve above the threshold current. We have recorded the P-I curves for laser
diodes with different cavity lengths under pulsed operation. The AP/AI slope was

multiplied by 2 because the laser diode with cleaved mirror facets emits equal amounts
of light from both the front and back mirror facets and then multiplied by [E—i] to

convert the optical power into photons per electron, as demonstrated in Equation (2.16)
9

AP gA

et =271 (> Iy (216)

where h represents Planck’s constant, A is the wavelength of the emitted light, q is the

electric charge of a single electron, and c is the speed of light !.

Ideally, the slope efficiency remains constant with current; however, in practical
devices, the slope efficiency changes, and the output power tends to saturate at higher
current injections !. Power saturation is primarily caused by leakage current at higher
injection levels, internal optical losses, and junction heating, all of which can increase

as the laser power rises.
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Using Equation (2.15) the external differential efficiency ney can be related to the

laser cavity length Lc, and internal differential quantum efficiency n; by,

1 _ 1 [ (0]
Next M Un(R7H)

Le+1| (2.17)

where o refer to internal optical loss, and R is the reflectivity of the facets, assumed
to be the same. For the semiconductor materials used in the laser devices in this study,
R is 0.28. The external differential efficiency, ney, Will be lower than the internal
differential quantum efficiency, n;.because some of the light is lost due to internal

optical loss, rather than being coupled out through the mirrors °.

2.15 Internal Differential Efficiency and Internal Optical Loss

The internal differential efficiency reflects how effectively injected electrical current
is converted into photons within the laser diode's active region. This efficiency is
influenced by carrier processes such as current spreading, carrier injection, and non-
radiative processes. To determine the internal differential efficiency (1);) and internal

optical loss (a;) for various structures, we will apply Equation (2.17). By plotting

: against cavity length L., we can extract values for the internal differential
ext

quantum efficiency n; and the internal optical loss a;. The y-intercept provides
internal quantum efficiency, while the slope allows us to calculate the internal optical
loss. The mirror loss (@,,) can be determined using equation (2.7). This approach
assumes that the internal quantum efficiency n; and internal optical loss «a; are

independent of the laser cavity length.

2.16 Gain-Current density relation

In laser materials, the relationship between the peak gain and current density is
commonly represented by Equation (2.18). The curve in Figure 2.11 represents this

Equation °,
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Gpr = Go ln( 2 ) (2.18)

trans

Where Gy, is peak gain, Gy and Jirqq are fitting parameters. The equation as shown
gives the current for one layer J;. For N identical layers, the total gain parameter is

Gyo = NG, and the total current density is Jy = NJ; .

200

'}

150 —— Gy = acsy >

100 4 Jin

A -
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|
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Figure 2.11 Gain-Current curve °.

Lasing takes place when the optical gain is sufficient to surpass the optical losses.
Thus, at the threshold, the optical gain will match the total optical loss, which can be
divided into internal optical loss and mirror loss. Furthermore, for a basic Fabry-Perot
laser, this typically happens at the peak of the gain. By substituting in the total optical

losses at threshold for G, we can derive an equation for In (J;;,) from Equation (2.8).

i, = @R, + (N ) (2.19)
th L]l NG, NG, rans
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Where J;,1s the threshold current density, R is the mirror reflectivity, N is the number

of QW/QD layers, «; is the internal optical loss, and the transparency current density

1S Jirans -

From this equation, we can plot the experimentally determined threshold current
density against the inverse cavity length to obtain the gain coefficient parameter Go.

This is used in Chapters 4, 6 and 7.

2.17 Temperature Dependence of Threshold Current Density

The variation in threshold current density with temperature is an important
characteristic of diode lasers, which is why considerable effort is devoted to designing
devices with a threshold current that is less affected by temperature changes. This helps
reduce the costs and power consumption associated with cooling the device. Key
processes involved include Auger recombination, carrier leakage from the confined
region, barrier recombination, and current spreading through the cladding layers due

to drift and diffusion 2?2,

Various factors can contribute to the temperature sensitivity of the threshold current
and the high threshold current density in 1.55 pm InAs/InP quantum dot laser devices.

These factors include thermal escape of carriers into the wetting layer 32

, gain
saturation, defect-related non-radiative recombination, and non-radiative Auger
recombination 2%%’. The relative significance of these physical factors in influencing

the temperature dependence of the threshold current is still under investigation.

2.18 Quantum Dots Applied as Optical Gain Medium

A quantum dot is a nanoscale semiconductor structure where charge carriers (electrons
and holes) are confined in all three spatial dimensions, resulting in discrete, atom-like
energy levels. This quantum confinement produces unique optical and electronic
properties that are size-tunable and different from those of bulk materials. Because
carriers are confined in all three dimensions, the quantum effects become prominent.

As aresult, the electron energy levels can no longer be considered continuous and must
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be treated as discrete !. This characteristic has led to theoretical predictions that

quantum dots are an ideal active medium for optoelectronic devices.

QD lasers have achieved increased importance after significant progress in
nanostructure growth, especially the self-assembled growth techniques for QDs. Self-
assembled quantum dots (QDs) are commonly produced using the Stranski-Krastanow
(SK) growth method, which is based on heteroepitaxy involving a lattice mismatch.
This approach enables the formation of self-organized QDs 2%*. During the epitaxial
deposition of layers onto a substrate, three-dimensional islands begin to develop once
a critical layer thickness is surpassed. These islands form spontaneously as a result of
the lattice mismatch between the deposited material and the substrate. When the
deposited material has a larger lattice constant, strain accumulates as it attempts to
match the substrate’s lattice structure. Rather than relaxing this strain through the
formation of dislocations, which would introduce defects, the system minimizes its
total energy by forming three-dimensional islands, as mentioned in Section 1.3. This
transition reflects a competition between the strain energy (which favours island
formation to allow partial relaxation) and surface energy (which favours flat, layer-by-
layer growth). At the island base, the material remains strained to match the substrate,
but the upper regions can elastically relax toward the bulk lattice constant. Over time,

these strain-driven 3D islands evolve into quantum dots QDs.

Three-dimensional quantum confinement would give quantum dots QDs a nearly
delta-function-like density of states DOS, making them an ideal gain medium, as
population inversion can be achieved with a reduced carrier density. Therefore,
quantum dot lasers can theoretically achieve lasing with a low threshold current.
Additionally, QD lasers are predicted to be less sensitive to temperature variations
compared to quantum well lasers. This reduced sensitivity is due to the large energy
state separation which would limit the ability of carriers to transition to higher energy
states. As a result, the threshold current is expected to be temperature insensitive.
Moreover, because of their quantum confinement effects, QDs are often referred to as
artificial atoms, which allow their properties, such as emission wavelength, to be tuned
by controlling the size, shape and composition of the dots. This feature gives QDs

exceptional versatility and allows them to produce highly monochromatic light.
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However, the problem is that the QDs are not identical due to the statistical distribution
of island sizes, i.e., the formation of quantum dots is influenced by statistical variations
in dot size, which results in inhomogeneous broadening of the energy levels. As a
result, the emitted spectra tend to be broader than those produced by the best QW
active regions. Lasers can then have high threshold current densities and a temperature-
sensitive current threshold. Inhomogeneous broadening in QD lasers, caused by size
variations among quantum dots, reduces peak gain by spreading the optical gain over
a wider energy range. This leads to higher threshold current densities, as more carriers
are required to achieve sufficient gain. Additionally, carriers may populate non-lasing
QDs, further reducing efficiency. While QD lasers can exhibit high To if lasing remains
in the ground state, inhomogeneous broadening can degrade temperature stability by
promoting carrier redistribution, escape, or excitation to higher energy states, thereby
increasing the temperature dependence of the threshold current. Nevertheless, some
performance improvements can still be observed compared to quantum well lasers,
particularly with regard to carrier localization and insensitivity to defects. Current
performance was mentioned in Chapter 1 and further research is required to make

further progress.

2.19 Quantum dash system

Quantum Dashes (QDHs) are elongated nanostructures, giving them a wire-like
appearance. They have confinement in two dimensions and extended length in the third
dimension. They are often compared to stretched quantum dots. Quantum dashes are
grown using a self-assembled Stranski-Krastanow epitaxial growth mode, a process
where the quantum dash structures form spontaneously on the the wetting layer

substrate during deposition *°.

Due to the elongated, wire-like structure of QDHs, the electronic and optical properties

differ along the length of the dash compared to the directions perpendicular to it.

To better illustrate this concept, we refer to Figure 2.12, which is taken from a study
on a quantum dash quantum cascade photodetector (QDash -QCD). In this work, self-
assembled InAs quantum dashes were incorporated into the active region of a long-
wavelength infrared QCD. The quantum dashes exhibit dimensions of approximately
17 nm along the [110] axis and around 2.3 nm along the [001] axis. On average, the

length along the [110] direction extends to about a hundred nanometers >’
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Figure 2.12 shows QDHs elongated in the [110] direction, which means the quantum
confinement is reduced along that direction *!. This anisotropy leads to different
emission characteristics depending on whether the electric field of the light is polarized

parallel or perpendicular to the length of the dash.

The ability to control and select these modes makes QDHs especially useful in
applications where polarization control is critical, such as telecommunications, optical

sensors, and other advanced photonic applications to enhance performance 2>,

The quantum dot and/or dash used in this study is composed of InAs, and we will

discuss this in detail in Chapter 7.

Figure 2.12. AFM image of uncapped InAs self-assembled Dashes, adapted from
31. Note: This figure is provided solely to illustrate the concept that the quantum
dash extension is longer along the [110] direction.
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2.20 Summary

This chapter provided an overview of basic semiconductor theory, starting with the
semiconductor band structure. It then examined the impact of strain on semiconductor
lasers. The chapter continued by discussing the density of states for both bulk and
quantum structures. It also explained the electronic transitions in semiconductor lasers,
beginning with photon absorption, followed by spontaneous emission, stimulated
emission, and non-radiative recombination processes, such as SRH and Auger
recombination. The concept of population inversion was also covered. The chapter
then explored the mechanisms of optical feedback and threshold gain in Fabry-Perot
lasers. Lastly, it defined the concept of threshold current in semiconductor lasers and
discussed external and internal quantum efficiency, along with how these can be

derived from experimental measurements.
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Chapter 3: Experimental methodology

3.1 Introduction

The first part of the Chapter introduces the epitaxial structures used in this study and
also the processes involved in fabricating the broad-area laser devices. The second part
describes the experimental setups used to measure the device characteristics presented
in this thesis. This includes fundamental information on device characterization, with
detailed descriptions of the setups used to measure current-voltage-optical power
characteristics, near-field measurements, and spectral characteristics. Finally, it covers
the segmented contact method used to measure the gain and absorption of the active

material.

3.2 Epitaxial structures

This work presents a study of different InAs quantum dot / dash (QD) laser structures
that were grown on an InP substrate, for 1.55 um emission in the C-band. These
structures are nominally identical, except for the active region, as shown in Figure 3.1.
In general, the active region for these structures consisted of dot or dash-in-well
(DWELL) layers, where self-assembled InAs QDs are contained within an InxGai.xAs
quantum well. An Ino.s2Alo26Gao22As barrier separated each DWELL layer. The
waveguide core was formed by un-doped Ino.s2Alo26Gao22As separate confinement
heterostructure (SCH) layers and sandwiched by the InP cladding layers. The structure
was capped with p-type Ino.s3Gao.47As. Further details of the epi-structure can be found
in chapters 6 and 7, where for example the x composition of the DWELL is specified.
These structures were grown by Dr. Qiang Li of Cardiff University, using an epitaxial
growth technique known as metal organic chemical vapor deposition (MOCVD). The

self-assembled dots were grown using the Stranski-Krastanov process.
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Figure 3.1: Schematic diagram of the epitaxial structures containing InAs QDs.

Schematic diagram of the epitaxial structure (not to scale)

3.3 Laser Devices

The laser devices discussed in this thesis are broad-area laser devices. Specifically,
these devices are described as edge-emitting or in-plane devices because the light is

emitted along the plane of the gain medium.

The structure depicted in Figure 3.2 is an example of an oxide-isolated stripe laser, as
described in Chapter 2. In this structure, the current is confined to flow only through
the central stripe, where no oxide layer separates the metal contact from the epitaxial
structure. The top layer of the device is heavily p-doped to ensure the formation of low
resistance ohmic contacts. Consequently, the current spreads laterally as it flows
through the device. This type of broad area laser device is often chosen over narrow
ridge laser devices for wafer characterization because it does not suffer from issues
such as leakage currents and recombination at the ridge sidewalls. Additionally, these

devices are relatively easy and quick to fabricate.
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Figure 3.2: Diagram of an oxide-isolated stripe or broad area, edge emitting

laser.

3.4 Device Fabrication

This section provides a brief overview of the key steps in the fabrication process used
for this study. The laser devices studied were fabricated in Cardiff by Dr. Zhongming
Cao. The broad area laser device is used to determine the basic electrical and optical
properties of the grown material. The threshold current, internal quantum efficiency,
internal optical loss, and optical emission spectrum can be obtained from the broad-
area laser. The fabrication process for broad-area lasers is more straightforward than
other types of devices and could thus provide relatively fast analysis for optimising
growth. In this work, QD material was grown on an n-type InP substrate via MOCVD.
The grown wafers were then fabricated into broad-area lasers with an oxide-isolated
stripe width of 50 um using a standard lithography process. The wafers were cleaved
and then cleaned with acetone, methanol, and isopropanol for 5 minutes each. Electron
beam evaporation was performed to deposit a 120 nm thick SiO: layer. A 50-um oxide
isolation stripe was then defined by photolithography and reactive ion etching (RIE).
Ti/Pt/Au p-electrodes were deposited by evaporation and annealed at 380 °C. The
samples were then lapped down to a 150 pm thickness before AuGe/Ni/Au n-contacts
were deposited by evaporation, as shown in Figure 3.3. The fabricated devices were
cleaved into a range of cavity lengths, typically varying between 2000 um and 300 um
in this study. The devices had uncoated and parallel facets, which reflected

approximately 28% of the light at the lasing wavelength. The cleaved chips were
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mounted on copper heat sinks, that were placed on TO-8 headers, using silver-loaded

epoxy and were then gold-wire-bonded as shown in Figure 3.4.

Standard cleaning $i02 deposition Photoresist spin Mask aligner expose

s _ = g —

N-contact deposition Lapping P-contact deposition Etch

Figure 3. 3: A flow chart to illustrate the fabrication process for oxide-isolated

broad area lasers.

Figure 3. 4: A TO-8 header with lasers mounted onto a copper block to facilitate
testing. Each header typically has twelve lasers mounted n-side down with silver
epoxy, and wire-bonded with a 50 pm diameter wire connecting the upper p-
contact to a pin.

3.5 Experimental Setup
This section provides a description of the experimental apparatus used to conduct
measurements of power-current-voltage (PIV), lasing wavelengths, current-voltage-

light-temperature (I-V-L-T) characteristics and near-field, as well as the gain and
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absorption spectra using the multi-section technique. Note: L is used to indicate that

the power is collected by an uncalibrated detector.

3.5.1 Near-Field measurements of laser diode devices

The nearfield (NF) measurement is used to image the optical beam emitted from the
facet of a laser. The near-field of a device is a useful tool for testing laser diodes as it
can identify imperfections in the facet quality, waveguide or contacts. In addition to
quality analysis, the lateral spreading of current, as it flows from the top contact
between the oxide stripe to the active area, can be determined by measuring the full-

width half maximum (FWHM) of the spontaneous emission profile at the facet !.

To measure the near-field, the device is placed in a holder that supplies electrical
current via a pulse generator. The light from the facet is focused onto a camera using
a microscope lens to image the laser's front facet directly on the sensor array of an
infrared (IR) camera; this alignment is an important step to ensure the image is in
focus. The infrared camera used in this experiment is controlled by the ‘X-Vision’
camera software. The next step involves using the pulse generator to inject current into
the devices, so that they begin to lase. An infra-red viewing card is used to ensure that
the emitted light is aligned to the centre of the lens and guided to the centre of the
camera aperture. At this stage, one should start to see a white patch appear on the
camera video output and alignment is continued until the near-field is in focus and

positioned at the centre of the image.

To get an accurate representation of the beam profile, the use of neutral-density (ND)
filters are sometimes necessary. ND filters are used before the light is collected by the
camera to reduce its intensity, preventing saturation of the camera. When the optimum
line profile has been achieved, the data can be saved. An image is shown in Figure
3.5(a). Measurements are conducted at a current 10% below the laser threshold to
minimize the effect of stimulated emission, which could lead to an underestimation of
the device width. The line profile along the x-axis, at the y-position where the intensity
1s maximum, gives the near-field image, and the resulting intensity profile is expressed
in pixels. The full-width half maximum FWHM is then measured and converted from
pixels to real units through calibration. This calibration is performed by pumping two

lasers simultaneously and using the known distance between them to determine the
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calibration factor, as shown in Figure 3.5(b). The FWHM of the near-field intensity
profile represents the width of the pumped stripe, indicating the degree of current

spreading.

Because the length of the devices is known, and the width is determined by near-field
measurements, the threshold current can be converted into a threshold current density
(Jm). The current density can be calculated by dividing the threshold current by the

near-field width and stripe length. Equation (3.1b) is used to calculate the current

density 2.
Ietn = LW (3.1a)
I
Jin = Z (3.1b)

Where [ is the threshold current, L. is the cavity length of the laser diode, w is the

effective width of the electrically pumped region, and A is the active area.
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Figure 3.5: The optical near-field image (top) and the intensity profile along a line
(bottom) for (a) a device measurement and (b) a calibration measurement.
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3.5.2 The Current, Voltage, and Light characteristics (I-V-L).

The voltage, and optical power characteristics are measured as a function of current,
and the resulting curves provide several key parameters for the diode characteristics,
including the threshold current and the slope efficiency. To record these characteristics,
laser devices are loaded on the holder and placed directly in front of the integrating
sphere to capture as much light as possible. This integrating sphere allows for the
calibrated measurement of the optical output power from a device. The integrating
sphere was set to use a calibration factor for a wavelength of 1550 nm. A laser mounted
on a temperature-controlled holder is pumped using a pulse generator. The current is
incrementally increased, and the resulting voltage and optical power output are
recorded. When making this measurement, the I-V-P characteristics of the laser device
can be set up simultaneously to assess the characteristics of the device. This setup is

shown in Figure 2.10.

These curves provide the threshold current; it is the point at which the device starts to
predominantly emit stimulated photons >. It corresponds to the turning point where the

light output begins to increase sharply, this concept is explained in detail in Chapter 2.

The threshold current is marked by the dashed green line, and the solid green line is a

linear fit to the curve above threshold, as shown in Figure. 2.10.

The slope efficiency (AP/AI) is determined by taking the gradient of the above-
threshold P-1 curve #°. This can then be converted to external differential efficiency
(Mext) using Equation (2.15). Additionally, Equation (2.17) can be used to calculate the
internal optical loss (a;) and the internal quantum efficiency (7;), as explained in

Chapter 2.

During the measurement, the devices were driven by a pulsed current source, with a

pulse duration of 1 us and a repetition frequency of 5 kHz, to avoid self-heating effects.
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3.5.3 Lasing wavelength measurement (Optical emission spectra)

The lasing wavelength is measured using an optical spectrum analyser with a
resolution of 0.2 nm as shown in Figure 3.7. The device being measured is mounted
on a temperature-controlled stage. A lens is used to focus the laser beam directly onto
a multi-mode optical fibre, which is connected to the spectrum analyser. To achieve
the maximum power coupled into the fibre, for alignment a detector card is used to
locate the laser beam and optimise the laser beam position and focus and then a fine
alignment is completed by maximising the spectrum analyser signal while on a low-
resolution setting. A pulse generator is used to inject the necessary current into the
device. The spectrum is then measured at the threshold current and at 10% above the

threshold current (1.1 x Ii).
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Figure 3.6: Figure 3.6: Optical emission spectra of the laser device with a cavity
length of 0.666 mm, measured at 1.1 x I using an optical spectrum analyser with
0.2 nm resolution.

3.5.4 I-V-L-T Laser measurements (Temperature Dependent

Measurements)

The experimental setup for measuring the current-voltage-light characteristics as a

function of temperature (I-V-L-T) uses a cryostat and a temperature controller. The
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device is mounted inside an evacuated cryostat chamber, with one or two devices
electrically connected at a time. The temperature of the device is controlled by a
temperature controller, which allows the temperature to be varied between 300 K and
380 K. Current is provided to the device by a constant-current pulse generator. The
chamber operates at reduced pressure, up to 4 x 10 mbar. A simple uncalibrated

photodiode is used to collect the light signal.

3.5.5 Segmented Contact Method

The segmented contact method, which is a type of stripe-length method, is a technique
used to measure the net-modal gain and absorption from the amplified spontaneous
emission (ASE) emitted from the edge of a multi-segmented device °. Typically, this
technique utilizes two equally long segments, referred to as section 1 (S1) and section

2 (S2), as illustrated in Figure 3.7. Figure 3.7 depicts the segmented contact device.

In this method, the ASE is measured as a function of the length of the pumped stripe.
Therefore, a stripe with segmented contacts is used as it allows the stripe length to be
varied. Each segment is electrically isolated and can be individually pumped. The ASE

when sections are pumped individually and collectively are measured.

Figure 3.7: Diagram of the segmented contact device. Section 1 and section 2 have
been bonded and can be pumped to produce ASE. Adapted from 6.
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The segmented contact devices are fabricated from the same wafer used to fabricate
the lasers and allows for representative characterization of the gain material. The gain
measured using the segmented contact device should be representative of the gain

within the fabricated lasers.

To measure the ASE, preventing cavity round-trip amplification is necessary to ensure
that the light emitted from the front facet results from a single pass of the gain material.
Therefore, this method is referred to as a single-pass measurement. To reduce optical
feedback, additional steps are often taken, such as damaging the rear facet or cleaving
the structure to have angled facets. Additionally, the segments near the rear facet are
either unpumped or reverse biased to absorb any photons emitted in the backwards

direction that may cause optical feedback.

The ASE is measured, allowing the extraction of gain and absorption from the ASE
spectra 7. The rate of electrical pumping significantly influences the population
inversion level, and thus, the gain. For accurate measurement, it is crucial that the near-
field, current, and voltage (IV) characteristics are identical for both sections. The
device is placed on a holder, and the gain and absorption are measured across a range
of bias currents provided by a pulse generator. These measurements are recorded using
an oscilloscope as part of a semi-automated setup. An absorption filter wheel,
controlled by a computer, is used to prevent the camera from becoming oversaturated.
The incident light is focused onto a monochromator, which is then captured by an IR

camera, calibrated using a reference ®.

The modal gain and absorption can be calculated from the ASE spectra by comparing
the light intensity emitted from both segments. The modal gain is proportional to the
ratio of the ASE spectra from pumping sections 1 and 2 combined, to the ASE from
pumping section 1 with the same current density. The modal absorption is proportional
to the ratio of the ASE spectra from pumping section 1 to the ASE from pumping
section 2. The typical net gain and absorption are derived from Equations (3.2) and

(3.3), with the complete derivation provided in reference °,

G-a)=1 [=2 -1 (3.2)

Isy
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A+a) =7 [2] (3.3)

Isz

where, G is the modal gain, 4 is the modal absorption, «; is the cavity loss, L is the
cavity length and Ig;, Iy, and Igi, are the measured ASE intensity spectra with

section 1, section 2 and sections 1 and 2 pumped respectively.

50

-100 +

Net-Modal Gain (em™)

-150 +

-200 + + + +
1500 1540 1580 1820 1650
Wavelength (nm)

Figure 3.8 Shows the net modal gain and absorption from the ASE spectra.

The internal optical loss is determined from the long-wavelength region where the
absorption and gain curves intersect (point a in the Figure above). The peak of the gain
corresponds to the lasing wavelength (or what the lasing wavelength would be in an
edge emitting laser) at the applied current. The point where the gain curve intersects
the extended line of the absorption and gain curves in the short-wavelength range
represents the transparency point (point ), while the peak of the net gain curve

indicates the maximum gain (point c).
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3.6 Chapter Summary
This chapter gave an overview of the epitaxial structures and fabrication processes of
the devices utilized in this study. It details the experimental setup employed to gather
the results presented in this thesis, which will be used in subsequent chapters to
evaluate the performance of the materials under investigation. The chapter also
describes the experimental setups used to measure power-current-voltage
characteristics, wavelength, and near-field properties. Furthermore, it discusses the

segmented contact technique used to measure modal gain.
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Chapter 4: Characterization and understanding

of 1.5 pm AlGalnAs/InP Quantum-Well Lasers

4.1 Introduction

While commercial 1.3pm quantum well (QW) lasers are still dominated by Aluminum
Gallium Indium Arsenide (AlGalnAs) and Indium Gallium Arsenide Phosphide
(InGaAsP) materials, grown on InP substrates some progress has been made with
materials grown on GaAs ', but such GaAs based lasers are even less effective at

longer wavelengths.

At 1550 nm Aluminum Gallium Indium Arsenide (AlGalnAs) and Indium Gallium
Arsenide Phosphide (InGaAsP) materials, grown on InP substrates, dominate
Semiconductor lasers utilising strained quantum well QWs are still most used for
optical fibre communications °. In this chapter QW InP based lasers are reported as a

benchmark for the performance of the lasers of Chapters 6 and 7.

The aim of this chapter is to characterize 1.55 um AlGalnAs/InP quantum-well lasers
by conducting initial measurements at room temperature .This will involve examining
structures with two different numbers of multi-quantum-well (MQW) in the active
region, specifically, 6QW and 9QW oxide-isolated stripe lasers with varying cavity
lengths (1000 um, 666 pum, 500 pm, 400 wm, 333 um, 285 um, and 250 um). In the
next chapter, simulations of these structures using Nexnano software will be conducted

to understand and improve their performance.

AlGalnAs can be grown on InP by using several methods including metal-organic
chemical vapor deposition MOCVD techniques, which are the common growth

methods. In this work, AlGalnAs 6QWs and 9QWs were grown by MOCVD.
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4.2 Device structure

The epitaxial layers for the 6 and 9 QW structures were designed by Dr. Sam Shutts,
grown by IQE Ltd and were fabricated into oxide isolated stripe lasers by Dr.
Zhongming Cao. The geometry of the active region for the structure was chosen so
that the maximum emission was in the spectral range of 1.55 pm using
Alo.070Gao220In0.71As quantum wells separated by Alo.240 Gao2solnesgAs barriers and
InP cladding layers. The doping concentration and thicknesses for sample 6QW is

shown in Table 4.1

Table 4.1: The structure details for sample 6QW

Layer Thickness Strain
Repeats Material (%)t (+)c | Doping(cm?)
No. (nm)
()
11 1 INGaog.470As 140 0 2.00E+19
10 1 InP 1000 1.00E+18
9 1 InP 500 5.00E+17
8 1 Alo.261Gao.210lN0.529AS 150 0
7 1 Alo.240Gao.280ln 0.48AS 9 0.34
6 6 Alo.070Ga0.220lN0.71 As 6 -1.2
5 6 Alo.240Gao.280lN0.48AS 9 0.34
4 1 Alo.261Gao.210lN0.529AS 150 0
3 1 InP 500 1.00E+18
2 1 InP 1000 1.50E+18
1 1 InP 100 3.00E+18

From bottom to top, the sample is grown on InP substrate followed by an InP buffer
layer (100 nm) that is heavily n-doped with silicon (Si) dopants of 3.0 x 10'® cm™. This
highly doped layer should facilitate good ohmic contacts. The InP lower cladding layer
and guided layer is grown before the first barrier. The active region consists of a

narrow bandgap in the QW and a higher bandgap for barrier materials with a QW width
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of 6-nm and composition of Alpo70Gao220lng71As separated by 9-nm Algo4o
Gao.asolno.4sAs barrier material and an InP top cladding layer. Finally, a highly p-
doped layer, with Zinc (Zn) dopants of 2.0 x 10" ¢cm?, contact layer completed the

device structure.

4.3 Device Fabrication

The fabrication of the devices used in this work was completed and processed at the
cleanroom facility at Cardiff University. The oxide isolated stripe structure is

illustrated in Figure 4.1.

Figure 4.1. Oxide stripe laser.
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Table 4.2: Basic processing steps for the oxide-isolated stripe QW laser diode.

No. | Steps
1 Wafers were cleaved into 12 x 12 mm tiles.
2 Tiles were cleaned via standard cleaning process (acetone, methanol and isopropanol)
3 A thin Si0; isolation layer was deposited via electron beam physical vapor deposition.
4 Device pattern was defined through a standard photolithography process.
A p-type metallization layer of Ti/Pt/Au was deposited via electron beam physical
> vapor deposition.
6 Unwanted metal was removed by lift-off process.
7 The substrate was thinned to 120 um by lapping tool.
A n-type metallization layer of AuGe/Ni/Au was deposited on the backside of tiles
8 using thermal evaporation.
9 The tiles were annealed at 380 °C to form ohmic contact
Laser bars were cleaved into different cavity lengths, ranging from 250 to 3000 pm,
10 without facet coating.
» cleaved samples were mounted to TO header and characterized under pulsed

generator.

4.4 Measurement of P-I-V characteristic

The properties of the AlGalnAs laser diodes were studied using key techniques, as

detailed in the third chapter and at room temperature. The measurement focused on the

optical power-current-voltage P-I-V characteristics of the laser devices and near-field

measurements. The current source is used in pulse mode with a pulse width of 1 us and

pulse rate /frequency of 5 kHz.

4.4.1 I-V characteristic at the room temperature

The I-V characteristics of the 9 QW structure measured at 300 K are illustrated in

Figure 4.2. Initially, the diode shows a very low current, demonstrating typical diode
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behaviour. However, as the voltage increases, the current rises significantly, starting
at approximately 0.7 V. This sharp increase is attributed to the voltage exceeding the
built-in potential within the p-i-n junction, enabling higher carrier injection and thus

leading to a rapid increase in current.

Voltage (V)

O EEHE EE N EEmyg

T T T T
100 200 300 400
Current (mA)

Figure 4.2: The I-V characteristic for structure 9QW laser diode.

4.4.2 P-I characteristics at room temperature

The P-I characteristic for 9QW OS laser diode at a temperature of 300 K is presented
in Figure 4.3 for determining key laser properties of the studied structures such as the
threshold current. At low current levels, a small amplitude of light output is observed,
which is attributed to spontaneous emission. This emission occurs as the initial
injection current begins to excite the laser diode. Threshold is achieved when the
optical gain equals the optical losses within the cavity. Beyond this point, the laser
transitions into its lasing mode, and the light output increases super-linearly, as
depicted in Figure 4.3. The specific current at which laser emission begins is referred
to as the threshold current. This critical parameter marks the point where stimulated

emission dominates, and the laser becomes fully operational.
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Figure 4.3: Power-current characteristic for 9QW-OS taken at 300 K.

4.4.3 Determination of threshold current from P-I characteristic

The threshold current is determined from the P-I (or L-I) characteristic curve by
drawing a straight line along the linear region of the curve above the threshold. The
point where this line intersects the current axis corresponds to the threshold current, as
illustrated in Figure 4.4. For the laser diode under study, the threshold current obtained
from the graph is [n=323 mA.

60

400um

Average Power (uW)

T T T - T
0 100 200 300 400
Current (mA)

Figure 4.4: Threshold current determination from the P-I characteristic for

9IQW-0OS laser at 300 K.
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4.4.4 Threshold Current as a Function of Cavity Length

Figure 4.5 illustrates the relationship between threshold current and cavity length for
OS structures with different numbers of quantum wells QW. The data show that the
threshold current increases with cavity length. For all cavity lengths, except the
shortest, the 9 QW structure exhibits a higher threshold current compared to the 6 QW
structure. The increase in threshold current with cavity length is simply because there

1s more material to drive to population inversion.
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Figure 4.5: Threshold current vs. cavity length for 6QW and 9QW-OS.

4.4.5 Calculation of threshold current density

The threshold current density Ju is defined as the threshold current per unit area and
provides a better description of material quality. The current of Figure 4.5 is
transformed into current density in Figure 4.6, by determining the current spreading

using Equation (3.1) and near-field measurements, as mentioned in Chapter 3.
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Figure 4.6: Threshold current density vs. cavity length for 6QW and 9QW-0OS.

4.5 Determination of Gain Parameter (Go)

The relationship between threshold current density versus the reciprocal of the cavity
length Lc, the slope is obtained. With knowledge of the mirror reflectivity, and the
number of QW the gain parameter, Go, can be calculation using the following Equation
(2.19) .

And by plotting the threshold current density against the reciprocal of the cavity length
the slope of the linear fit provides a means to calculate Go. Figures 4.7 and 4.8 illustrate

these plots and the derived gain parameters.

The gain parameter was determined for each structure as follows (per QW layer):

The gain parameter obtained using the Equation (2.19) and data for all structure (per
layer) is 72.88 £7.92 (12.15+1.32) cm™! for the 6QW and 94.36+18.48(10.48+2.05)
cm! for the 9QW. The higher gain parameter for the 9 QW structure reflects the

increased volume of the gain medium, which enhances optical amplification "%
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Figure 4.8: Threshold current density versus the reciprocal of the cavity length

for 9QW OS.
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4.6 Summary

In this chapter, the power-current characteristics of quaternary AlGalnAs/InP multi-
quantum-well MQW laser diodes with six and nine quantum well QW layers were
analyzed. The investigation revealed that the gain parameters were highly dependent
on the number of quantum wells in the active region. The structures with six and nine
QW layers exhibited high gain coefficients, measured at 72.9 cm™ and 94.4 cm™,
respectively and the values per layer of 12.2+1 cm™ for the 6QW and 10+2 for the
9QW give a benchmark for the results in later Chapters.

The results presented in this chapter, specifically the high gain coefficients for the
6QW and 9QW AlGalnAs/InP MQW laser diodes, align with the general trends
reported in literature . As expected, an increase in the number of quantum wells
leads to an enhancement in the overall gain. This is because more quantum wells
typically provide a larger number of available states for electron-hole recombination,
thereby increasing the overall gain in the active region. The observed values of 72.9
cm' for the 6QW and 94.4 cm™ for the 9QW laser diodes are consistent with the
higher gain values typically seen in multi-quantum-well structures compared to single
quantum well lasers, where the gain coefficient is generally lower due to the limited
number of available states for recombination. Furthermore, the per-layer gain
coefficients of 12.2 + 1 cm™* for the 6QW structure and 10 = 2 cm™ ' for the 9QW
structure are consistent with trends observed in similar MQW systems. In these
systems, adding additional quantum wells typically leads to a proportional increase in
gain, but with diminishing returns as the number of quantum wells increases. This is
due to factors such as decreased confinement factor per QW, increased carrier leakage
and recombination losses in thicker quantum well structures, which can slightly reduce
the per-layer gain as the number of wells increases. In the literature, similar MQW
structures, particularly those based on III-V compounds like AlGalnAs/InP have
demonstrated higher performance characteristics, with reported high gain
coefficients'™. The gain values observed in this study 72.9 cm™ for 6QW and 94.4
cm ' for 9QW are therefore in good agreement with these results, supporting the notion
that these particular MQW structures are well-suited for high-performance laser

applications.
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Chapter 5: AlGalnAs-InP Lasers Operating at
1.55 pm

5.1 Introduction

The demand for high-performance active optical components, such as semiconductor
lasers, light-emitting diodes, mode-locked lasers, semiconductor optical amplifiers,
and modulators, is growing significantly'. This is driven by the demand for large
bandwidths in the 1.55 pm C-band optical communication window to meet the
requirements of the exponentially growing internet and mobile connectivity market.
Quantum well QW laser structures based on the InP material system are predominantly
used for this wavelength and typically feature one of two different barriers and
waveguide materials: (i) AlGalnAs and (i) InGaAsP. Under high-temperature
operation AlGalnAs structures are expected to have reduced carrier leakage, and
therefore improved efficiency, resulting from the larger conduction band offset
(AEc=0.72Eg) at the heterojunctions compared to the smaller conduction band offset

(AE.=0.4Eg) of GalnAsP /InP **.

The goal of this section is to design multiple-quantum-well (MQW) AlGalnAs—InP
1.55 pum lasers that incorporate an AllnGaAs barrier and waveguide, along with an
additional electron blocker layer (EBL) on the p-side. The stopper layer should not
obstruct carrier injection into the active region but should minimize the thermionic
emission of carriers from the active region. As a result, the use of stopper layers in
laser structures can enhance the performance of AllnGaAs-based lasers by reducing

leakage current from the active region and increasing the internal quantum efficiency.
7

To compare structures with and without electron stopper layer on the p-side, we
simulate performance using the NextNano software package and monitor leakage
current density as a function of Fermi-level separation, which we use as an indicator

of optical gain.
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5.2 Device structure

5.2.1 Original structure

The structure of Table 4.1(from the previous chapter) for the 6QW sample is used. The

schematic band diagram for this device structure is shown in Figure 5.1.
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Figure 5.1: Schematic band edges for AlInGaAs/InP QWs from NextNano.

5.2.2 Simulation

Nextnano is a simulation software designed for electronic and optoelectronic
semiconductor nanodevices, focusing on quantum effects in quantum wells. It supports
1D, 2D, and 3D simulations of various semiconductor materials and uses a quantum
mechanical approach based on the 8-band k-p model, considering factors such as

strain, piezoelectric charges, and magnetic fields *.

The software handles both equilibrium and nonequilibrium conditions, solving
Schrodinger-Poisson and current continuity equations. Input files define device

geometry and materials, while output results include electrostatic potential, electric
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fields, and recombination rates. Nextnano has been used to model the effects of gain
materials and barriers on device performance, particularly for analysing leakage

currents and optical gain.

5.2.3 Simulation to optimization of the structure

The main objective is to improve performance of original structure in terms of optical
gain through a simple way by adding an electron-stopper (e-stopper) layer to increase
the electron confinement in the MQW of long-wavelength lasers is proposed by
introducing an Alo.osIno.osAs electron stopper with 12nm width and p-doped, 2.0 x
10"7cm™ on the p-side. Figure 5.2 and Table 5.1 appear the comparison of the band
diagram of laser structures with and without e-stopper. The doping level in the EBL
affects the valence band barrier, where higher p-type doping enhances band bending
and raises the VB edge, reducing the barrier for hole injection. This improves radiative

recombination and optical gain.

Table 5.1 a-structure details for sample 6QW without EBL and b- structure

6QW with EBL
a b
Description Material 2escuption ez
Contact-metal INnGaAs
Contact-metal InGaAs
) U-cladding InP
U-cladding InP
] Waveguide AlGalnAs
Waveguide AlGalnAs
EBL AllnAs
Barrierx6 AlGalnAs
Barrierx6 AlGalnAs
QWx6 AlGalnAs
QWx6 AlGalnAs
Barrierx AlGalnAs
Barrierx AlGalnAs
Waveguide AlGalnAs .
Waveguide AlGalnAs
L- cladding InP .
L- cladding InP
Substrate InP Substrate InP
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Figure 5.2: Band diagram of a laser structure with and without e-stopper at

zero bias.

Electrons are injected into the MQW from n-InP on the left side and mostly recombine
within the MQW. However, a small portion of the electron current remains on the right

side, suggesting electron leakage into the p-InP cladding, as shown in Figure 5.3.
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Figure 5.3: Electron current density without and with e-stopper as a function of

the position.

Figure 5.4. shows the radiative recombination rate of the MQW with and without EBL

vs. bias for different temperatures.
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Figure 5.4: Radiative recombination rate of the MQW with and without EBL

vs. bias for different temperatures.
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In Figure 5.4, we observe the radiative recombination rate for the MQW (Multiple
Quantum Well) structure with, and without the EBL (Electron Blocking Layer) as a
function of bias voltage for different temperatures. It is evident that the radiative
recombination rate is consistently higher when the EBL is present (right graph)
compared to when it is absent (left graph). For all temperatures (300K to 350K), the
presence of the EBL leads to an increase in the radiative recombination rate. The
enhancement is more noticeable at higher bias voltages; for instance, at around 1.0V
or higher, the difference in recombination rates between the two conditions (with and
without EBL) becomes significantly large. The enhancement in the radiative
recombination rate with the EBL is consistent across the different temperatures. At
lower temperatures (300K-320K), the difference in the recombination rate is relatively
smaller, but as the temperature increases (330K-350K), the enhancement becomes
more pronounced. This suggests that EBL plays a more significant role at higher
temperatures, potentially due to improved carrier confinement and recombination
characteristics. Overall, the radiative recombination rate is clearly enhanced with EBL,
and this enhancement becomes more significant as the temperature increases, which
aligns with the physical expectation that the EBL would improve recombination
efficiency at higher temperatures due to better electron confinement and reduced non-

radiative losses.

5.3 Simulation results and Discussion

Leakage current increases with temperature due to the larger number of carriers at

higher energy but is reduced by EBL as shown in Figure 5.5.
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Figure 5.5: Leakage current vs current density with and without EBL for

different temperatures.

Figure 5.5 shows that leakage current increases with temperature due to more carriers
at higher energy, but the presence of the Electron Block Layer (EBL) reduces this
increase. Without the EBL, the leakage current rises sharply with both temperature and
current density, particularly at higher temperatures (340K and 350K). However, with
the EBL, the leakage current is significantly reduced, especially at high temperatures
and current densities, indicating that EBL effectively mitigates the temperature-

dependent rise in leakage current and stabilizes device performance.

However, this does not necessarily translate into better laser performance. It may be
that the EBL is also increasing current density or reducing the carrier density in the
active region. Thus, to be sure we use radiative recombination within the QWs as an
indicator of the gain in the QWs is shown in Figure 5.6 as the two processes are
intimately related. A lower leakage current at the same radiative current density should

indicated better performance in real devices.
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Figure 5.6: Leakage current vs radiative recombination rate with and without

EBL for different temperatures.

The figure shows the relationship between leakage current and radiative recombination

rate under two conditions: without and with the EBL (Electron Barrier Layer), across

different temperatures (ranging from 300K to 350K). The left graph displays the

leakage current without the EBL, where a marked increase in leakage current is

observed with rising temperature and radiative rate. This suggests that at higher

temperatures, the material experiences an increased recombination rate, leading to a

higher leakage current. In the right graph, where EBL is present, the leakage current is

notably lower across all temperatures. This indicates that the EBL effectively reduces

the leakage current by limiting the recombination process, particularly at higher

radiative rates. The comparison between the two graphs highlights the significant role

of EBL in mitigating leakage current, especially at higher temperatures.
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5.4 Summary

The AllnGaAs/InP multiple quantum well (MQW) laser structure shows strong
potential for achieving optimized performance at long wavelengths, particularly
when incorporating an electron-stopper (e-stopper) layer. Introducing a thin, p-
doped AllnAs e-stopper on the p-side significantly improves electron
confinement without impeding carrier injection into the active region. This
added layer enhances the band structure by increasing the valence band edge,
thereby improving hole injection and promoting stronger radiative
recombination within the MQWs. As a result, the optical gain of the structure is
noticeably increased, particularly at elevated temperatures and higher bias
conditions, where performance typically degrades. The simulations show that
the e-stopper layer effectively suppresses electron leakage into the cladding
region, a common issue that reduces efficiency in high-temperature operation.
Furthermore, the radiative recombination rate, which directly correlates with
laser output, remains consistently higher when the e-stopper is included,
indicating better utilization of injected carriers. In addition to enhancing gain,
the e-stopper substantially reduces leakage current, which otherwise rises with
temperature and current density due to increased carrier energy. This reduction
in leakage current, especially when compared at equal levels of radiative
recombination, reflects a more efficient carrier confinement and recombination
process within the active region. To evaluate the operation of the laser diode,
AllnGaAs/InP MQW highlights a good structure to achieve a highly optimized
laser performance suitable for long wavelengths. The results show that the use
of an electron stopper layer in the AllnGaAs laser structure does not hinder the
injection of carriers into the active region, while simultaneously significantly
reducing the thermionic emission of carriers from the active layer, particularly
at elevated temperature; this will lead to improving threshold current density and
efficiency of devices. While this idea will not be implemented in real devices in
this thesis, it does offer potential as a way to further improve the performance of
the samples that will be studied in the next two chapters. These findings provide
valuable guidance for future design strategies aimed at enhancing the thermal

stability and overall efficiency of long-wavelength MQW laser diodes.
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Chapter 6: Characterisation of InAs/InP Lasers
and Gain Material: Growth 1

6.1 Introduction

This chapter describes the work done to develop InAs quantum dot/dash (QD)
structures on InP substrates, with the goal of eventually growing InAs QDs directly on
silicon substrates. As discussed in Chapter 1, growing QDs on silicon is more difficult
than on their native III-V substrates like InP, due to technical challenges such as the
lattice mismatch !, Therefore, we began by examining QD structures on native I1I-V
(InP) substrates to better understand how design and growth conditions affect device
performance before, in future work, moving on to growth on silicon. To optimize the
performance of epitaxial laser structures with the desired characteristics, such as low
threshold current density, high modal gain, high efficiency, and the correct operating
wavelength, it is important to know how changes in the design and growth process
impact these properties. Although the focus here was to develop suitable InAs QD
laser structures on InP, this research built upon findings from a previous study
characterising the optical gain and absorption of 1.55 pm InAs/InGaAs structures
grown directly on a silicon substrate . The aim of that study was to understand their
intrinsic performance, but it became clear that a more thorough study was required. In
addition, the growth of the material for this study was done in Cardiff University by
colleagues in the group of Dr Qiang Li. The active region previously used consisted
of 3 layers of InAs dash-in-well (DWELL) layers, separated by InAlGaAs barriers,
and grown on (001) Si substrates. The optical net gain and absorption was measured
using the variable stripe-length method at temperatures ranging from 20 °C to 80 °C.
It showed that as the temperature was increased, the peak optical net gain decreased,
with a drop from 22.2 cm™ at 20 °C to 0.2 cm™* at 80 °C, for an injection current
density of 1.67kA/cm?. At 20°C, the internal optical loss was measured to be ~17 cm™
4. The threshold current densities were high, probably due to a number of factors such
as high defect density and further optimization was needed to the design and growth
to reduce the defect density, to improve laser performance and reduce the threshold

current density.
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In this chapter we investigate the performance of lasers using similar designs but where
there is an additional Ing45GaossAs capping layer above each layer of QDs, with the
aim of increasing the carrier confinement and decreasing optical scattering loss. We
aim to investigate the temperature dependence of various laser characteristics, such as
the emission wavelength and threshold current density, for different cavity lengths.
This chapter is organized as follows: first, the design and composition of the epitaxial
layers used in this study is described. The next section presents laser results showing
the temperature dependence of the threshold current density and emission wavelength,
for different cavity lengths. Finally, measurements of optical gain and absorption using

the segmented contact method are reported.

6.2 Epitaxial Structure

The InAs QD laser structure, used to fabricate the devices discussed in this chapter,
was grown by Dr. Qiang Li’s group at Cardiff University on n-InP (001) substrates by
metal organic chemical vapor deposition (MOCVD). A dot/dash-in-well (DWELL)
structure was used for the active region, which consisted of self-assembled InAs
dots/dashes embedded in Ings4sGaossAs/InAlGaAs strained QWs for carrier
confinement similar to the previous study *. InAs QDs were grown, via the Stranski-
Krastanov process, onto a 2nm Ing.4sGao.ssAs pre-layer which helps address issues
related to surface quality, strain, and defects to improve the quality of the subsequent
layers. The QD structures were capped with a 0.7 nm Ing.4sGao ssAs layer. This capping
layer should help in controlling strain, reducing surface roughness, and improving the
overall quality of the material °. These DWELL layers were separated by 40nm
Ino.s2Alo26Gao22As barrier layers and this was repeated for five QD layers. The dot
density of an uncapped test structure was measured using atomic force microscopy
(AFM) and found to be 2.4x10'° /cm? as shown Figure 6.1a. It should be noted that
the AFM measurement is performed on structures grown under the same conditions
but where growth is stopped immediately above the layer of QDs. Therefore, the result
of the AFM measurement does not necessarily represent the material that will be
realised in the full laser structures. The active region was surrounded by 240 nm un-
doped Inos2Alo26Gao22As layers which formed the separate confinement

heterostructure (SCH), and the p-InP and n-InP were used as the upper- and lower-
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cladding layers which formed the rest of the waveguide. P-type Inos3Gao47As was
deposited as the top cap layer. The structure was grown at 680 °C. A schematic
diagram of the structure is provided in Figure 6.1b. The wafer was processed into broad
area laser devices at Cardiff University by Dr. Zhongming Cao using standard
fabrication processes. A set of 2000pm to 300um long, 50-um wide oxide-isolated
stripe Fabry-Perot FP laser devices were cleaved and were left with uncoated facets.
The cleaved mirrors had a reflectivity of approximately 28%. The devices were

mounted on a copper heat sinks using silver loaded epoxy and gold-wire-bonded.

10.2 nm
500nm p-doped InP 5x10%7/cm?

6.0 40 nm InAlGaAs
} 5
40

2.0

500nm n-InP 1x10*8/cm?

Figure 6.1: a) AFM image of uncapped InAs QDs grown on InP substrate,
Images were supplied by Dr. Shangfeng Liu. b) Schematic diagram of the
epitaxial structure (not to scale)
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6.3 Characterisation methods of I1I-V semiconductors (Dots, Dashes or
Wells)

Transmission electron microscopy (TEM) is used prior to device fabrication to
evaluate the quality of materials grown by MOCVD. The TEM Images are shown in
Figure 6.2.

InAIGaAs

INAIGaAs

50 nm

Figure 6.2: TEM images showing the bright field (left) and dark field (right) of
the active layer of structure. Images were supplied by Dr. Qiang Li. TEM and
AFM measurements are measured on samples grown under similar conditions.

Transmission electron microscopy TEM is used to image the structure formed during
material growth and to identify whether quantum dots QDs, quantum dashes QDHs,
or quantum wells QWs have been created. TEM works by transmitting electrons
through the sample to produce an image, which can be captured in either "bright field"
or "dark field" mode. The mode selection depends on whether the electrons are
collected directly or at a small angle to capture scattered electrons. With its extremely
short electron wavelength, TEM can achieve nanometer-scale resolution, enabling the

direct observation of atomic arrangements within the crystal structure.

The TEM images presented in Figure 6.2 reveal the five layers of material in the active
region of the device. While quantum dots can be challenging to identify in TEM

images, the use of dark field imaging provides enhanced resolution. However, the
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results are not really clear, and the presence of dots and dashes cannot be confirmed

although there is some variation in the layer that should contain them.

6.4 Measurement Results

The fabricated devices were measured using the techniques defined in Chapter 3 and
include Light-Current-Voltage-Temperature (L-I-V-T) measurements and the
segmented contact method (SCM). All measurements are performed in pulsed
operation to limit self-heating, using a pulse width of 1000 ns with a 5 kHz repetition

rate, corresponding to a duty cycle of 0.005.

6.4.1 Laser Measurements

6.4.1.1 Room Temperature Performance

This section covers how the threshold current density and emission wavelength of the
lasers, operating at room temperature, vary with different cavity lengths ranging from

2 mm to 0.3 mm.
Power -Current Characteristics

For each cavity length, the optical power output at room temperature (the room is
temperature controlled to 21+1°C), was measured as a function of drive current using
the setup described in Chapter 3. Figure 6.3 presents a plot of the resulting P-I curve,
illustrating how the laser's output power varies as the input current increases. This
curve can be used to identify the threshold current, which is the minimum current
required for lasing action to occur. From this, the threshold current density, which is
the current per unit area needed for the laser to emit coherent light, can be determined.
This is an essential factor in evaluating the laser performance. Near-field
measurements were used to assess the current spreading using the method outlined in
Chapter 3, to determine the effective area of the device and calculate the threshold
current density. As shown in Figure 6.4, the threshold currents density is plotted as a

function of cavity length.
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Figure 6.3. Power-current curve of a 2000 pm cavity length laser.
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Figure 6.4. Threshold current density vs cavity length, for cavity lengths
ranging from 2mm to 0.24mm.
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Semi-logarithmic plot of threshold current density vs 1/cavity length
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Figure 6.5. Threshold current density vs inverse cavity length, for cavity lengths
ranging from 2mm to 0.24mm.

Figure 6.5 illustrates a plot of current density versus reciprocal cavity length, where a

(inrR71)

NGy

linear fit is applied. The slope of this line, expressed as , 1s used to derive the

gain coefficient, as described in Chapter 2. By applying Equation (2.19) on Figure 6.5,

the gain parameter NG, can be extracted.

The gain parameter of NGy=56+9.9 cm-1, corresponding to 10.8+£1.9 cm-1 per layer.
Notably, this value is lower overall and slightly lower per layer than the gain
coefficients determined for the 6QW sample of Chapter 4. The difference in gain
between quantum dots QDs and quantum wells QWs is expected, as QWs typically
exhibit a higher material gain due to their continuous energy bands and higher density
of states, which promote more efficient carrier recombination. Quantum dots, with
their discrete energy levels and lower density of states, generally show a reduced gain.
This trend is also observed when comparing InAs/GaAs QDs with InGaAs/GaAs
QWs, where QDs tend to have lower gain due to their reduced carrier interaction and

potential defect-related issues. The reported gain parameter of 56 = 9.9 cm™ (10.8 £
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1.9 cm™ per layer) in the current sample, however, is more typical of quantum wells
than quantum dots. This suggests that while the structure may be based on QDs, its
gain behaviour is closer to that of a quantum well, likely due to factors such as the
specific material design or experimental setup that mimics the characteristics of a QW
system. Thus, the gain in this QD sample appears to be more QW-like, reflecting a
higher gain coefficient than typically expected for QDs.

Peak wavelength

The peak emission wavelength at currents 10% above the threshold current (1.11;) is
measured as a function of temperature, using the spectral measurement methods
outlined in Chapter 3. Figure 6.6.(a) illustrates the intensity as a function of wavelength
in the region between 1570 nm and 1640 nm, correspond to varying cavity lengths
from 0.3 mm to 3 mm. The shift in the peak positions as the cavity length changes
suggests that the cavity is being tuned, affecting the resonant wavelengths. Longer

cavity lengths generally lead to a larger shift in the resonant wavelengths.

Figure 6.6 (b) shows the relationship between cavity length and peak wavelength,
showing a shift in the emission wavelength from 1560 nm to 1590 nm. This shift,
which occurs without a transition to the excited state, is approximately 30 nm
(highlighted in red). It illustrates that the peak wavelength changes by around 30 nm
as the cavity length increases from 0.3 mm to 3 mm. The shift in wavelength is
attributed the effects of state-filling within a relatively broad density of states due to
fluctuations in size, shape or composition of the dots / dashes or wells, and highlights
the potential of the material for use as a tuneable laser source. We also note that the
self-assembled process naturally produces material with peak wavelengths slightly

longer than the 1550 nm target wavelength.
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Figure 6.6. a). Emission spectra at I for laser devices with cavity length from
3000 pm to 300 pm. b). Wavelength vs. Cavity length at 21°C.

6.4.1.2 Temperature dependent measurement

This section covers how the threshold current density and wavelength of lasers changes

with temperature, for cavity lengths ranging from 0.3 mm to 2 mm.

Temperature Dependence of Threshold Current

The rate of change of the threshold current density with temperature is an important
indicator of the temperature stability, for temperature-insensitive laser performance.
For this, light-current characteristics were measured at elevated temperatures between

300 and 380 K.

In general, as the temperature increases, the threshold current density typically
increases due to the higher non-radiative recombination, and therefore reduced
material gain for a given current density ®. The response to temperature changes also
depends on the cavity length. Lasers with shorter cavities generally exhibit higher
threshold current densities because, they require a higher current density to achieve
the higher gain per unit length, necessary to overcome the mirror loss ®’. The gain is

required to compensate for the mirror losses, over a shorter roundtrip path length.
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In this work, the threshold current density is plotted as a function of operating
temperature for cavity lengths ranging from 2000 um to 300 um in Figure 6.7. The
threshold current density is observed to increase monotonically with temperature for
all cavity lengths. The threshold current density increases by a factor of 3.4 from 300
to 380 K for the longest 2000 pm cavity and by a factor of 3.8 for the shortest 300 pm
cavity. Additionally, Figure 6.7 demonstrates that at 300 K, the threshold current
density increases from ~1 kAcm™ to ~2.2 kAcm™ as the cavity length is reduced from
2000 um to 300 um. Moreover, a laser with a 0.3 mm cavity can function effectively
at temperatures reaching up to 380 K. This indicates that the laser structure is suitable

for operation over a wide temperature range.
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Figure 6.7: Threshold current density as a function of temperature between 300

K- 380 K, for different cavity lengths from 2000 pm to 300 pm.

Temperature Dependence of the Peak Wavelength

The peak wavelength as a function of temperature was measured over the range from
300 K to 380 K, and the wavelength's dependence on cavity length was found to be
consistent at all measured temperatures. It was observed that there was no significant
transition of the lasing wavelength from the ground state to the excited state. Even the
shortest cavity maintained a steady increase in wavelength up to 380 K, with no visible

shift to an excited state, as shown in Figure 6.8.
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This lack of observable switching is an important aspect, as it can influence the
performance and efficiency of the lasing process at the desired emission wavelength.
Specifically, this indicates that a linear relationship between temperature and

wavelength, with a temperature dependent wavelength increase of approximately 0.56
nm/K.
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Figure 6.8: Peak wavelength as a function of temperature between 310 K- 380
K, for devices with a cavity length from 2000 pm to 300 pm operating at 1.11,.

6.4.2 Optical Gain and Loss Measurements

To better quantify the range of wavelengths that could be achievable with this material
I also include measurements of the optical gain and loss, determined by analysing the
amplified spontaneous emission spectra at different injection currents. By using the
segmented contact technique, as outlined in Chapter 3, the optical gain-current
characteristics and optical absorption at room temperature, were investigated. The
segmented contact technique, which is a variable stripe length method, is the same

technique used in the previous study * and before that on studies in other materials > *.
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Optical Gain

The net modal gain versus wavelength under currents varying from approximately 40

mA to 200 mA, at 21£1°C, is shown in Figure 6.9.

The internal optical loss, usually caused by free-carrier absorption or scattering within
the waveguide, can be determined from the long-wavelength region, beyond the band
edge, of the gain and absorption curves. The internal optical loss was determined to be
approximately o;= 5 +£3cm™ . The loss of InAs QDs was previously seen to be much
higher *. InGaAs and GaAs-based lasers typically have internal optical losses around
5 cm™, common for high-performance devices like edge-emitting lasers and VCSELSs.
In contrast, InAs quantum dot QD lasers generally have lower internal optical losses
than traditional quantum well QW lasers. For InAs QDs on InP substrates, losses range
from 3 to 10 cm™, depending on dot density, substrate quality, and device design.
However, for InAs QDs grown on silicon Si substrates, optical losses can be
significantly higher, reaching 15 to 20 cm™ due to lattice mismatches and increased

scattering at the interface *.

In Figure 6.9 the lowest curve is the optical absorption when a OV bias is applied. In
this case, the material absorbs light, resulting in a negative gain. At lower injection
currents (e.g. at 40 mA and 60 mA), the gain curves remain below zero, meaning the
material only absorbs light and does not provide amplification. As the current is
increased to around 100 mA and above, there is an onset of net optical gain. At high
injection currents e.g., 160 mA to 200 mA, the gain curves reach positive values across
a larger range of wavelengths, showing that the material achieves net optical gain
(amplification). The peak gain is measured to be ~60 cm™ (~12 cm™ per layer) at the
highest injection current. The arrow pointing towards higher currents illustrates that
as the injection current increases, the net gain shifts upwards with the peak gain
occurring near 1500-1550 nm. At higher injection currents, the device has a broader
wavelength range over which it can provide positive gain. The rate of increase in peak
gain with current is somewhat smaller at very high injection currents (e.g., 200 mA)
but there is still an increase. Typically, quantum dot lasers show the gain-current curve

appear to start levelling off at the highest currents, which is usually taken to indicate
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that the material is reaching a saturation point where further increases in current will
not significantly increase the gain. The gain saturation in quantum dots can occur when
all the dot states become filled with carriers ®. A broad gain bandwidth was observed
at high injection current, with a positive optical gain over a 130 nm wavelength range
for an injection current of 200 mA. In a simple Fabry-Perot laser the allowed
longitudinal modes are close together and the lasing wavelength is determined by the
wavelength of the peak of the gain curve. In a distributed feedback (DFB) laser the
laser wavelength is determined by the grating period and so lasers can be created with
any wavelength providing there is positive net gain. This suggests that a large number
of, for example, DFB lasers could be fabricated from a single wafer with each laser
wavelength selected from any point within this range of positive gain or alternatively
a single laser could be fabricated where the laser wavelength is tuned over this range.

Both of these options are useful for different applications.
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Figure 6.9: The net optical gain as a function of wavelength, from multi-section
measurements, for different injection currents at 21+1°C. [Data provided by Dr.
Zhongming Cao|.
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Figure 6.10 shows the peak net gain as a function of current density and compares the
current density vs peak net gain relationship determined from laser devices data (black
squares) with that measured using the segmented contact method (red squares). Clearly
the data should essentially lie on the same curve for both sets of data. The graph shows
the data is similar and is confirmation of the quality of the gain data. The rapid increase
in gain with current density and the fact that it does not depart too much from a straight
line suggests that gain saturation, which is normally seen with quantum dots, is not
present here. This supports the idea that the material is actually formed from quantum
dashes or modulated thickness QWs and not dots. In the next chapter I investigate
material from further epitaxial growth runs where the growers have attempted to create

dots rather than dashes or modulated QWs *-°.
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Figure 6.10: The peak net gain as a function of current density for laser and
segmented contact method. [Data provided by Dr. Zhongming Cao]|.

6.5 Summary

This study presented quantum dot /dash / QW lasers grown on n-InP with emission
wavelengths in the range of 1560 nm to 1600 nm at room temperature 21+1°C, for

cavity lengths ranging from 300 um to 3000 pm.
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In this study, the threshold current density is observed to increase consistently with
temperature across all cavity lengths. Between 300 and 380 K, the threshold current
density rises by a factor of 3.4 for the longest cavity 2000 um and by a factor of 3.8
for the shortest cavity 300 um. At 300 K, the threshold current density increases from
approximately 1 kA/cm? to 2.2 kA/cm? as the cavity length decreases from 2000 pm
to 300 um. Notably, a laser with a 300 pm cavity remains functional at temperatures
up to 380 K, demonstrating that the laser structure is well-suited for operation over a

wide temperature range.

The peak lasing wavelength shows no observable switch from ground state to excited
state at temperatures up to 380 K. Even for cavity lengths as short as 300 pum, the laser

maintained stable, ground-state lasing at temperatures up to 380 K.

Typically, for QD lasers, the switching to excited state from ground state laser
emission occurs when the ground state gain cannot increase any further (saturates), so
that the threshold gain requirement can only be met by transitions related to the excited
state. Here it appears as though the ground state saturation gain is very high, (higher
than the gain requirement for the shortest cavity), which means ground state emission
is observed, even for the shortest cavity. This suggest that the material is actually
formed of quantum dashes or modulated QWs with significant size or composition
broadening where the energy separation of the ground state and excited state
transitions is smaller than the broadening, causing them to merge together, and provide

more gain >!!.

From multi-section measurements at room temperature 21+1°C, with different
injection currents, the internal optical loss was determined to be approximately a; = 5
+ 3 cm'. This may be a result of the Ino.4sGao.ssAs capping layer which was employed
to try and reduce the optical loss. The gain peaks are measured to be ~60 cm™! (~12
cm’! per layer) at the highest injection current. Gain measurements also indicate a
broad optical gain bandwidth of approximately 130 nm. These characteristics make
the presented structures promising optical sources for integration into silicon-photonic
platforms. However, we conclude that the laser performance is still constrained by the
high current density needed to attain substantial gain. In the next chapter I explore the
use of material, where changes in the growth are intended to create quantum dot

material to see if this helps with the high current density.
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In this study, the behavior of quantum wells QWs was explored, focusing on their
wavelength characteristics and formation processes. For the quantum well in a deep
quantum well DWELL structure, the expected wavelength is determined by the
composition of the materials (e.g., InGaAs) and the thickness of the well. Typically,
the wavelength of the QW without QDs falls within the range of 1.3 um to 1.6 um,
based on the composition and material system, including InAlGaAs barriers. In the
case where In from the QDs uniformly disperses into the QW, the composition of
InGaAs in the well would increase, shifting the wavelength to a longer value,
depending on the final indium concentration. Furthermore, atomic force microscopy
(AFM) images showing no elongation suggest that QD formation likely occurred
during the capping process, likely due to strain relaxation under those conditions. The
absence of state switching, particularly in short cavities and high-temperature
environments, further suggests that the structure exhibits quantum well behavior.
Unlike QDs, which show more sensitivity to temperature and cavity length due to
discrete energy states, quantum wells typically display continuous states, consistent
with the observed lack of state switching. This behaviour aligns with that seen in

GaAs-based QD lasers, where similar conditions result in QW-like behaviour.
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Chapter 7: Characterisation of InAs/InP Lasers
and Gain Material: Growth 2

7.1 Introduction

In Chapter 1, we highlighted the challenges and progress achieved in the field of
photonic integrated circuits (PICs). A key component in PICs is the semiconductor
laser, primarily based on quantum well (QW) technology. While QW lasers are
relatively straightforward to grow and fabricate, they possess several intrinsic
shortcomings that hinder their effectiveness as ideal light sources for PICs. For
instance, QW lasers are sensitive to thermal effects, so that temperature variations can
significantly alter their emission wavelength and intensity . To address these issues,
quantum dot (QD) gain materials have emerged as a potentially superior alternative
for PIC applications **. QD lasers offer several advantages due to their atom-like
nature, (that due to the quantum confinement along all three dimensions that results in
0-dimensional density of states, which is a delta function in the ideal case) which
includes low threshold current density and enhanced thermal stability. These
characteristics make QDs highly desirable for on-chip laser devices. Compared to
QWs, QDs are individual nanoparticles with a larger energy sublevel separation, which
limits carrier escape and reduces in-plane diffusion. Additionally, because of this
localisation in the dots and reduced in-plane diffusion, the carriers in a QD active
material interact less with threading dislocations (TDs). Consequently, QD lasers are
less susceptible to TDs when directly grown on Silicon, and this tolerance to defects
when grown on Silicon is a very significant motivator of the use of QDs rather than
their QW counterparts >, The formation of InAs QDs via self-organized growth (the
formation of self-assembled QDs depends on strain or lattice mismatch with the
underlying layer) has attracted significant interest in both fundamental research and
practical applications based on GaAs O-band and on InP C-band. However, the
mechanisms behind the self-organized quantum dot QD growth process of InAs on InP
substrates are still not well understood ®. For example, how to control and grow
symmetric QDs with a narrow size distribution. Therefore, the performance of

InAs/InP QD lasers still lingers behind that of lasers based on GaAs substrates.
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Although the InAs/InP and InAs/GaAs systems use the same material for the quantum
dots, they differ significantly due to lattice mismatch: 3% for InAs/InP compared to
7% for InAs/GaAs. In the case of InAs/GaAs-based QDs, the 7% lattice mismatch
promotes the formation of symmetrically shaped dots. In contrast, the 3% lattice
mismatch between InAs and InP results in less strain for dot formation, which,
depending on the specific growth conditions, can lead to QDs with smaller height-to-
diameter aspect ratios or elongated dots, referred to as quantum dashes (QDH). As
mentioned in Chapter 2 these possess properties that are a hybrid of QWs and QDs’~
1 Therefore, the primary challenge in dot formation on InP substrates is managing the

reduced lattice mismatch.

To shift from the growth of dashes to QDs is challenging but achievable by careful
optimisation of growth conditions. Consequently, significant efforts have been
directed toward optimizing growth, starting from substrate preparation and choosing
the orientation of the substrate !2. Previous research indicates that the growth
temperature significantly influences the formation of InAs nanostructures and plays a
crucial role in determining the shape and size of the quantum structures. Dashes are
often formed when the temperature is higher than the optimum for QD formation.
Thus, the slight lowering of growth temperature can encourage the formation of QDs
rather than elongated dashes. Reduced temperature reduces surface diffusion during

growth, which is a key factor in forming dashes.

In this chapter, the key properties of InAs self-assembled QD semiconductor materials
on native InP substrates are examined to assess their suitability for growth on Si, as a
future step. Therefore, the primary focus is on investigating the active material grown
on InP. Another objective of this chapter is to investigate the effects of InGaAs and
InGaAlAs capping layers on the formation of InAs QDs, and to understand how these
capping layers affect their properties. This is achieved by measuring the characteristics
of lasers fabricated from these materials; to determine properties such as gain
parameter, internal differential efficiency, and internal optical losses. These parameters
are typically expected to be independent of the device geometry. We will assess their
performance to analyze and highlight their similarities and differences. The
measurements in this chapter were conducted either at room temperature or as a
function of temperature, using broad-area edge-emitting devices with an oxide stripe

to define the width of the electrically pumped region.
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7.2 Epitaxial Structure

The epitaxial structures used in this study are represented in Figure 7.1. They were
grown at Cardiff University by Dr Qiang Li. using a metal-organic chemical vapor
deposition MOCVD growth system to achieve InAs QDs on n-InP (001) substrates. In
this case, the crystal orientation of InP substrates is in the (001) plane, which is the
most commonly used due to its ideal surface properties for epitaxial growth. This
orientation has low surface energy, making it well-suited for uniform layer deposition.
Additionally, this substrate orientation conforms to industrial processes for mass
production, particularly for high-quality layers used in electronic and optoelectronic
devices!?. Dot-in-well (DWELL) structures were used for the active region, which
consisted of self-assembled InAs QDs embedded in InGaAs/InAlGaAs strained QWs

for carrier confinement, similar to previous studies *1°

. InAs QDs were grown, via
the Stranski-Krastanov process, onto a 2nm Ing35GaoesAs pre-layer which aims to
improve the dot formation. The difference between the pre-layers in the three
structures, A, B and C, described here is that they are formed from Ing35GaoesAs,
whereas the structure from Chapter 6 was formed of Ino.45Gao.ssAs. The capping layers
are also different to those used in Chapter 6. The combined differences were meant to
maintain a short QD emission wavelength, while increasing the amount of material in
the capping layer and the strain relative to the dot material. A higher Indium content
reduces the tensile strain with the substrate and underlying layers typically resulting in
fewer defects and improving overall material quality for planar growth but being less
of a stimulus for dot formation. In contrast, a lower Indium content increases the

contrast to the substrate and dot material and may help in the formation of dots but

may increase defect density.

The QDs in structures A and B were capped with a 4 nm Ino35GaossAs layer, while the
QDs in structure C were capped with a 4 nm Ino.45Alo275Gao275As. The key differences
between the structures arise from their capping layers and the resulting effects. This is
more material than in Chapter 6, where a 0.7nm capping layer was used. Structures A
and B, capped with 4 nm Ino35Gao.ssAs have a higher barrier bandgap meaning the dot
states can also have a higher energy and result in a shorter emission wavelength'S. In

contrast, Structure C, capped with 4 nm Ino.45Alo275Gao275As, has the same indium
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content as Chapter 6 but the Al content is increased to try and maintain the larger

bandgap and shorter emission wavelength 7.

The DWELL layers were separated by 40nm Inos2Alo26Gao22As barrier layers. This
process was repeated for the number of QD layers, with structures A containing three
DWELL layers and structures B containing five DWELL layers, while structure C
contained three DWELL layers. The active region was surrounded by 240 nm un-
doped Inos2Alo26Gao22As layers which formed the separate confinement
heterostructure (SCH), and the p-InP and n-InP were used as the upper- and lower-
cladding layers which formed the rest of the waveguide. P-type Inos3Gao47As was
deposited as the top cap layer to facilitate ohmic contact formation. The quantum dots
and the capping layers of these structures were grown at 680°C. Samples were
processed into a set of 2000um to 300um long Fabry-Perot (FP) laser devices, with a

50-um wide oxide-isolated stripe laser and cleaved uncoated facets.

A and B C

4nm Ing 35Gag geAs LT-Capping

|

Figure 7.1: Schematic diagram showing wafer A containing three DWELL layers,
B containing five DWELL layers both with capped with Ino3sGaoesAs layer,
while structure C contained three DWELL layers with capped with
Ino.4sAlo.275Gao.275As.
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7.3 Characterisation methods of III-V semiconductors (Dots, Dashes or Wells)

Photoluminescence (PL) and transmission electron microscopy (TEM) '® are used
before device fabrication to evaluate the material quality grown by MOCVD.

Photoluminescence data is reported later in the chapter.

TEM is used here to observe the structure formed by the growth, and to give some
indication of whether QDs, quantum dashes QDH or QWs were grown. The TEM is
performed in both “bright field” and “dark field” mode to try and produce the best

resolution and identify the small features.

C sample

Figure 7. 2: TEM images showing the bright field (top) and dark field (bottom)
of the active layer of structure A (left). A and B are expected to have similar
nanostructure types as the QD capping material was the same, and the structure
C (right). Images were supplied by Dr Qiang Li.

TEM was only carried out for samples A and C. The TEM images in Figure 7.2 show
the 3 layers of material in the active region of the device. The presence of dots is not
always very easy to see in TEM images, but the dark field image of structure A gives
better resolution and clearly indicates that either dot or dash structures are present
within the sample. The high magnification image in the inset shows regularly spaced

features that are of order 10nm long with a similar size gap between the features. They
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are substantially thinner in the vertical direction than the horizontal direction, as is
commonly seen for both dots and dashes. On the right, the TEM image shows structure
C, which does not exhibit discrete features in either the bright or dark field TEM
images and seems to be a more well-like structure, albeit with a well width or

composition that may vary considerably.

Since Sample A exhibits a dot or dash like structure, we assume that sample B is also
likely to have such a structure. However, further measurements will help us determine
this as well as have a better idea of whether these features are dashes or dots. Sample
C, similar to the samples in Chapter 6, appears to be well like in nature and this gives
us the opportunity to assess how the performance is different for dots / dashes and

wells.

Two different sets of broad-area FP lasers, at a 90-degree angle to each other are
fabricated. This means there are two orientations - one with the cavity aligned along
the [110] direction, and the other with the cavity oriented along the [110] direction.
According to the literature, the optical gain of the lasers fabricated in the two directions
will differ if quantum dashes have been grown, with a higher gain for laser stripes
oriented along the [110] direction. This is because dashes preferentially grow with
longer dimensions along the [110] direction, as reported in '*?°. This happens because
of the different behaviours of the step edges on the InAs (001) surface. Step edges in
the [110] direction have indium atoms, making them less reactive, while step edges in
the [110] direction have arsenic atoms, which makes them more reactive to indium. As
a result, the nanostructures grow faster along the [110] direction, leading to the
formation of long quantum dashes, as shown in Figure 7.3: The image illustrates the
directional growth of dashes along the [110] crystallographic direction, showing
their elongation in this direction as compared to their growth along the [110]

direction. This behaviour is discussed in Chapter 2, Section 2.19.

b.
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Figure 7.3: The image illustrates the directional growth of dashes along the
[110] crystallographic direction, showing their elongation in this direction as
compared to their growth along the [110] direction. This behaviour is discussed

in Chapter 2, Section 2.19.

To determine the direction depicted in the figure involving Qdash structures, it is
important to consider the physical and structural characteristics of the Qdashes. These
elongated nanostructures exhibit anisotropic optical properties, with emission and
polarization typically aligned along their elongation axis. This axis, therefore, serves
as a natural reference for defining directionality. Furthermore, the growth conditions
and crystallographic orientation of the underlying substrate can influence the
alignment of the Qdashes, often resulting in preferred directions such as [110].
Accordingly, in the presented figure, the direction is defined by the elongation axis of
the Qdash, which provides a basis for interpreting the emission characteristics,

polarization behavior, and carrier transport, as discussed in Chapter 2, Section 2.19.

On the contrary, for QDs and QWs, it is expected that the gain and threshold current
should be the same for lasers fabricated in both directions. In total six samples were
fabricated, resulting in: A, B, and C orientated along the [110] direction, and A", B",
and C" orientated along the [110] direction. In more detail, we have six structures:
structure A consists of three QD/QDH layers, structure B consists of five QD/QDH
layers, and structure C consists of three QW-like layers. All these structures have the
cavity aligned along the [110] direction (the cavity oriented parallel (||) to the
QD/QDH direction). Structure A" consists of three QD/QDH layers, structure B’
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consists of five QD/QDH layers, and structure C* consists of three QW like layers. All
of these structures have the cavity aligned along the [110] direction, (with the cavity

oriented perpendicular (1) to the QD/QDH direction) as shown in Figure 7. 3 .

Figure 7. 3: Shows the orientation of the laser cavity. (i) presents the cavity aligned
along the [110] direction (parallel to the dot/dash direction), while (ii) illustrates
the lasers with the cavity oriented along the [110] direction (perpendicular to the
dot/dash direction).

7.4 Device Fabrication

The laser devices studied were fabricated in Cardiff by Dr. Zhongming Cao. The
broad-area laser device was used to determine the basic electrical and optical
properties of the grown material. The device was fabricated using standard processes
such as photolithography, etching, and metal deposition. The fabrication steps are

detailed in Chapter 3 in the device fabrication section.

The fabricated devices were then cleaved into a range of cavity lengths from 2000 to
300 um, with uncoated and parallel facets reflecting approximately 28% of the light at
the lasing wavelength. The cleaved chips were mounted and wire-bonded onto TO-8
headers. The samples were mounted onto copper heat sinks using silver-loaded epoxy

and were then gold-wire-bonded to prepare them for measurement

7.5 Results and discussion

7.5.1 Optical Power-Current Characteristics

The properties of the three different laser diode structures, A, B, and C, each having

FP laser devices fabricated with two orientations, 90 degrees to each other, are
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investigated. To examine the impact of these structures on the threshold behavior of
lasers on InP substrates, light-current measurements were conducted as a function of

cavity length. Optical power was measured as a function of current and voltage.

A pulsed current source was employed, with a pulse duration of 1 us and a repetition
frequency of 5 kHz (resulting in a duty cycle of 0.005% to prevent self-heating effects).
The measured P-I characteristics at 21£1°C are displayed in in Figure 7.5. From these
plots, we extract and analyze the threshold current as a function of cavity length. The
lasers have varying cavity lengths ranging from 2000 pm to 300 um, with uncoated
facets, and were intended to emit light with wavelengths around 1550 nm. It is clear
from Figure 7.5 that the optimum length in terms of threshold current is 400 pm and
threshold current increases for longer devices because of the increased amount of
material being pumped. For the shortest devices, the threshold current is also higher
than for long devices, which occurs because the mirror loss per unit length increases
with reduce cavity dimensions and the gain per unit length available increases very
slowly with current. This is also known as gain saturation *! and is often the case for
QD lasers. A typical I-V curve and the measured 0.75 V turn-on voltage is shown in

Figure 7.6.
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Figure 7.5: P-I characteristics for a typical A structure at room temperature

(21£1°C). Any external differential efficiencies determined from the plot reflect
the lower limit since not all of the emitted light is detected in the experiment.
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Figure 7.6: I-V Characteristics for a typical A structure at room temperature
(21£1°C).

7.5.2 Threshold Current Dependence on Cavity Length

Figure 7.7 presents a comparison of threshold current from different cavity lengths
from 2mm to 0.3mm at room temperature 21+1°C for different structure devices: A,
B, C,A", B" and C." It is observed that the threshold current rises as the cavity length
increases for all samples. This can be attributed to the larger pumping volume
associated with longer cavity lengths. It should be noted that the threshold current is
very high for some devices. In this case, simply comparing their threshold currents
wouldn't be fair, as a larger diode inherently demands more current. Therefore, as
explained in chapter 3 and as done in previous Chapters, the current density is
calculated as a parameter that is more representative of the material because it is less

dependent on the dimensions of the device.
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Figure 7. 7: The threshold current of different cavity length a) the three layer
QDH/QD (b) the five layer QDH/QD (c) the three layer QW structure, all with
the cavity aligned to the[110] direction, and (d) the three layer QDH/QD (e) the
five layer QDH/QD (f) the three layer QW, with the cavity aligned to the
[110]direction.
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7.5.3 Threshold current density vs. cavity length

The current density J;, was calculated by determining the current spreading using

Equation (3.1) and near-field measurements, as mentioned in Chapter 3 22,

After calculating the current density, there are still some devices that have very high
current density values, which are large compared to other devices with the same cavity
length. While devices can have a higher threshold current density due to imperfections
in the cleaved facet, which act as mirrors, there are no reasons why the current density
would be lowered by fabrication defects. As a result, devices with excessively high
threshold current densities are excluded from further analysis, as shown by the red
circles in Figure 7.8. Figure 7.9 demonstrates that threshold current density depends
on the cavity length, and it is anticipated to be inversely proportional to it. A shorter
cavity length results in a higher threshold current density due to increased mirror

losses.

117



Chapter 7: Characterisation of InAs/InP Lasers and Gain Material: Growth 2

12000 = A/ AL
7000
10000{ " d
L a sooo]
80004 O]
< -
£ % 50001
\2{ 6000 . 2 1 Qe
=5 - ® Z 4000 .
-
4000 - a
o ! 3000 1 i
2000 - " . . , ®
|
2000 .

0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20 0.22

0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20 0.22

L (cm) L (cm)
B/ ] = Bl
70004 ™ 4500
(]
6000 + b 4000 - @ .
5000 %)O 35004 W&
Ng Ng 3000 "
4000 -
< 0@ <
~ 30004 & ™ 2500+ H
S
: | ]
2000 LI . 2000+ . o
n . I @ u
1000 H 1500 ' .
0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20 0.22 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20 0.22
L (cm) L (em)
aso0{ * C©/ s00] = ¢t
3000 1 ¢ 3500{ ¢
& 25004 II 3000 0]
£ e
o £
o 1
< 20001 ?, ® Sas0q %,
= i 1 = " .
] ]
1500 " 9 2000 i
L} O ] =
1000 [ 1500
1 .
1000 - "
500 +——————————————————
0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20 0.22

L (cm)

T T T T T T T T T T
0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20 0.22

L (cm)

Figure 7. 8: Threshold current density as a function of L for different structures
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7.5.4 Gain-Current density relation

In laser materials, the relationship between the peak gain and current density is

expressed in Equation (2.18) from Chapter 2.

From this equation, we can plot the experimentally determined threshold current
density against the inverse of cavity length to obtain the gain coefficient parameter Gy,
as shown in Figure 7.10. The gain coefficient can be used to compare the quality of
different laser-active materials, such as whether the optical gain differs when the cavity
is aligned along the [110] direction (parallel to the dot/dash direction) and when the
cavity is oriented along the [110] direction (perpendicular to the dot/dash direction),

and how the these samples compare to the QW-like samples.

7.5.5 Semi-logarithmic plot of threshold current density vs 1/cavity length

By fitting Equation (2.19) to a semi-logarithmic plot of the experimental

threshold current density and reciprocal cavity length, we can determine the gain

parameter G, **.
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QW, with the cavity aligned to the [110] direction.
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Figure 7.10 displays a graph of current density plotted against the inverse of cavity

-1
length. A linear line with a gradient given by % is fitted to the plot, which is then
0

used to determine the gain coefficients shown in Table 7.1. It is a fitting parameter that
can describe the gain-current density curve experimentally, and it is an intrinsic
property of the gain medium that indicates its ability to amplify light through
stimulated emission, which occurs when a sufficient population inversion is achieved.

Table 7.1. Values of the Gain parameter, Go, for different structures with the laser
cavity oriented along the [110] direction, and the laser cavity oriented along the
[110] direction to the direction.

Structure Go-whole-structre Go-Per-layer
A |l BQD/QDH) 17.5+0.4 5.8+0.1
B || (SQD/QDH) 27.6£2 5.5+0.4
Cll (like 3QW) 35.5+0.6 11.8+0.2
Al 3QD/QDH) 30.1+0.6 10+0.2
B'l (5QD/QDH) 39+3 7.8+0.6
C' 1L (like 3QW) 34.8+£2 11.6+0.7

In table 7.1, A and B represent three-layer and five-layer lasers, respectively, with
cavities oriented along the [110] direction (parallel to the QD/QDH direction), while
A’ and B’ have cavities aligned along the [110] direction (perpendicular to the
QD/QDH direction). It is observed that laser diodes with cavities perpendicular to the
QD/QDH direction exhibit approximately twice the value of gain parameter compared
to those with cavities parallel to it. This suggests that these structures contain QDHs
as the gain material rather than quantum dots. This variation in gain-parameter is due
to the optical gain dependence on the electric field polarization '*?°. For the specific
dimensions of these QDHs, the transition matrix element is much larger when the
electric field is aligned parallel to the dash direction. In other words, the light
propagates perpendicular to the QDH's direction. The laser emission is strongly TE
polarized, and this polarisation is expected to be strongly affected by cavity orientation
for quantum dashes, whereas the QDH TM polarization is not affected by changes in

the cavity orientation in the plane that is perpendicular to the direction of growth '31°,
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These findings show that and that while trying to grow dots by changing the growth

conditions, in fact, we still have quantum dashes.

It is worth noting that the lower gain in the three-layer QDH laser compared to the
five-layer QDH laser is attributed to its smaller active volume and lower confinement
factor. The value being similar per layer. The low density and small size of the QDHs,
combined with carrier saturation in the nanostructures, lead to lower gain. Therefore,
stacking more layers is typically employed to increase the active region volume. As a
result, the five-layer laser has higher gain parameters than the three-layer laser. From
Table 7.1, it is also observed that the gain parameters for laser diodes C and C°, which
use quantum wells, are approximately the same despite having different orientations,

and higher than those obtained for the quantum dashes.

As shown in Figure 7.2 (TEM images) it appears that changing the active layer by
maintain an indium content of 0.45, similar to Chapter 6, while adding aluminum to
the capping layer has led to the formation of quantum wells instead of quantum dots

or dashes.

The difference in the results between the two designs can be attributed to the materials
used for capping the quantum dots, although other unintentional changes in growth
can also lead to such a change. The formation of elongated quantum dash structures
happens because the strain induces anisotropic surface diffusion of adatoms, causing
the quantum dots to elongate into dashes 3. The Ing.4sAlo275Gao27sAs and
Ino.45Gao ssAs (Chapter 6) capping layers add less highly strained material (relative to
the InAs) than the Ing.35Gao.¢sAs and therefore there is less impetus to form either dots
or dashes. The addition of aluminum (Al) in the alloy can also stabilize the material
and prevent it from elongating into dashes, here leaving a quantum well structure .
While one would normally expect the material below the dots to have most affect here
it seems that the capping layer also has a very important role. The introduction of
aluminum (Al) into the alloy may contribute to stabilizing the material by reducing the
diffusion of indium (In), preventing the formation of quantum dashes. This stabilizing
effect occurs because aluminum alters the solubility and diffusion rates of indium (In)
atoms. By limiting the mobility of indium, aluminum reduces the strain and anisotropic
diffusion that could lead to rectangular quantum dash structures, promoting the

formation of more stable quantum well structures.
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7.5.6 External Differential Quantum (Slope) Efficiency

The differential quantum efficiency (ney¢), it is defined as the number of photons out
per electrons in above threshold and thus reflects how well the laser converts current

into light that is actually emitted from the device.

It can be determined experimentally from the derivative of the optical power versus
current characteristics (P—I) above threshold as shown in Chapter 2. We note that P
here is actually the light detected by the detector, which differs by some collection
factor C, where C< 1, from the emitted power. We have recorded the P-I curves of the
laser diodes with different cavity lengths under pulsed operation and used the slope
above threshold current, as explained in Chapter 3. The AP/AI slope was multiplied by

2 because the laser diode with cleaved mirror facets emits equal amounts of light from
both the front and back mirror facets and then multiplied by [ %] to convert the optical

power into a photon flux, as shown in Equation (7.1) 2.

AP gA
Next = 2C AT he I > Iy (7.1)
1 al’ 1
= —L. + 1| — (7.2)
Next Cln (R 1) ¢ Crli

In Figure 7.11 the measurements show a large variation in the external differential
quantum efficiency from different devices of the same length. This is most likely
because in practice not all the light emitted by one facet is collected by the detector

resulting in an apparent reduced differential quantum efficiency.

In an ideal, perfect laser, each electron-hole pair recombination event generates one
photon, which travels through the laser waveguide structure and is emitted out of the

cavity, contributing to the optical output.

In a real laser, some electron-hole pairs produce photons, while others generate
unwanted energy like heat. Additionally, not all generated photons by the device are
emitted out of the cavity. These factors can directly impact the external differential

quantum efficiency values.
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Accordingly, the measurements typically show the total current, which includes the
external current entering the active region and the recombination current within the
active region. The external current is partly lost due to current spreading and carrier
leakage, while the recombination current is reduced by non-radiative processes.
Additionally, heating due to the diode’s series resistance, including contact resistances,

can cause a reduction in the laser’s power efficiency 2°.

Moreover, the measured laser output power depends on experimental conditions, such
as the distance between the sample and the integrating sphere, and the location of the
integrating sphere relative to the device, which affects the magnitude of C. While I
kept the distances constant in the experiment there will be some variation in C from

device to device that will introduce some uncertainty in the measurement.
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Figure 7: 11 Inverse external differential efficiency (1/n,,;) as a function of cavity
length(L), (a) the three layer QDH (b) the five layer QDH (c) the three layer QW
structure, all with the cavity aligned to the [110] direction, and (d) the three layer
QDH (e) the five layer QDH (f) the three layer QW, with the cavity aligned to the
[110] direction. (Error bars indicate the standard error of the mean from multiple

measurements of 1/7,,, at each L, calculated as SEM=c//n)).
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7.5.7 Internal Differential Efficiency and Internal Optical Loss

The internal differential quantum efficiency is less dependent of the laser-device
geometry, and it is related to the gain material. It is one of the key properties used to
evaluate the quality of the semiconductor wafer used to fabricate the laser diode. This
parameter represents the measure of the efficiency with which injected electrical
current is converted into photons within the active region of the laser diode. The
internal efficiency is affected by carrier processes such as current spreading, carrier

injection and non-radiative processes.

From Figure 7.11, we can determine the internal differential efficiency (n;) and
internal optical loss (a; ) for different structures, by fitting Equation (7.2). The y-
intercept is the reciprocal of the internal efficiency, and the slope can be used to give
us the value of the internal optical loss. For each structure, the experimentally
determined internal differential efficiency n; and internal loss @; are shown in Table
72%.

Table 7.2. Values of the internal differential efficiency (n);) and internal optical
loss (a; ), for different structures with the laser cavity oriented along the [110]

direction, and the laser cavity oriented along the [110] direction to the dash
direction.

Structure n; % «; (cm™1) Note
All 14 +1 14.4 £1.8 3QDH
Bl 18 £2 18.1 £1.4 5QDH
Cl 17 £2 10.3 £2.5 like 3QW
ALl 161 17.1 £1.2 3QDH
B'l 22 +£2 22.9 £3.2 5QDH
clL 19+1 11 £2.3 like 3QW

Since the samples A and A', B and B', as well as C, and C" are made of the same wafer,
the internal efficiency and the material optical losses would likely be the same.
Experimental results show that the values of n; and «; for these structures are
approximately the same when accounting for the experimental error. Summarising as

the average values internal quantum efficiency (internal optical loss) values of 15+1.4
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(~15.8 £2.2cm™1), 20 £2.8 ( ~20.5 + 3.5cm™1), are found for the three and five-
layer QDH lasers, respectively, while the QW samples had values of 18+2.2
(~11£3.4cm™1). The reflectivity (R) used is calculated to be 0.28 for the cleaved facets.

Since the laser structures A and A', as well as B and B', were identical except for the
number of QDH layers, the differences in n; and «; are likely to have arisen from the

varying number of layers

The internal differential quantum efficiency shows how effectively a laser converts
electron-hole pairs (created by the injected current) into light (photons) within the laser
diode itself. Consequently, a low internal differential quantum efficiency indicates that
a small proportion of the carriers contribute to photon generation. A large proportion
are lost to non-radiative processes such as defect recombination and Auger

recombination.

It is clear from Table 7.2 that all the samples feature relatively high internal optical
loss, and this may be due to several reasons, including scattering and absorption.
Generally, the internal optical loss in laser diodes can increase due to several design
and fabrication-related factors. For example, the thickness of the waveguide layer can
impact internal optical losses, i.e. a thicker waveguide layer can reduce leakage of light
into the cladding or substrate, thus reducing losses. Additionally, fabrication processes
can introduce structural defects, impurities, and roughness in the waveguide, which
scatter light and increase losses. Free-carrier absorption may also occur when free
carriers (electrons and holes) in the active region and waveguide absorb photons,
leading to higher internal optical losses ?' Thus, understanding and managing these
factors is crucial for optimizing laser diode performance. To better understand the
origin of the high internal optical loss, segmented contact multi-section devices were
fabricated, and used to characterise the optical gain and absorption. These
measurements are described in section 7.7 following further characterisation of the

lasing wavelength and temperature dependence of threshold current density.
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7.5.8 Wavelength

The photoluminescence (PL) spectra were measured at room temperature by Qiang Li
to investigate the spectral emission range of the dot ensemble, where the peak height
can be a measure of quality. In Figure 7.12, we can observe two subfigures (a) and (b)
that provide insight into the photoluminescence and emission spectra of three different

test structures: A, B, and C.

In Figure 7.12(a), we observe a peak wavelength at 1550 nm for sample A, 1500 nm
for sample B, and 1540 nm for sample C. It is noteworthy that laser structures A and
B show different PL peak wavelengths despite being nominally identical, except for
the number of QDH layers, which may indicate that the growth conditions were not
identical. This suggests that the dot formation is extremely sensitive to growth
conditions. Sample B, the peak is broader and shifted to shorter wavelengths or blue
shifted. This could be because of strain in the material especially in the extra layers,

which changes how the light is emitted.
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Figure 7.12: (a) PL for test structures. A the three layer QDH (black), B the five
layer QDH (red) and C the three layer QW (blue). Measurement results were
supplied by Dr Qiang Li. (b) emission spectra at 1.1xith for laser devices with
cavity length 1000 pm.

Figure 7.12(b) shows the emission spectra during lasing, measured at a current 1.1

times the threshold showing how the material emits light when electrically excited in
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a laser. This emission is different from the natural emission and depends on the

material and cavity properties.

The peak laser wavelength as a function of cavity length for the lasers is plotted in

Figure 7.13 and illustrates the operational range of these laser structures, spanning

from 1520 to 1620 nm and covering both the C-band and L-band.
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Figure 7.13: a) Peak lasing wavelength at room temperature (21+1°C) as a
function of cavity length for laser devices: A, the three layer QDH (black squares);
B, the five layer QDH (red circles); and C, the three layer QW (blue triangles). b)
A second-order polynomial fit to each data set where the sample B data has been
shifted by the difference in wavelength of the PL peaks.

Figure 7.13(b) shows the peak wavelength data for sample B, which has been shifted
by the difference in wavelength observed in the PL measurements from Figure 7.12.
This adjustment allows for a more straightforward comparison with samples A and C.
By accounting for the differences in the PL peak wavelengths, the data focuses on the
influence of the cavity length on the lasing wavelength, eliminating material property

variations and enabling a clearer analysis of the laser behaviour.

The seemingly large offset in laser wavelength of sample B is simply due to the large
change in the dash formed during growth and the wavelength of the material as seen
in Figure 7.13 where the laser results are offset by the PL wavelength difference from

Figure 7.12.
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7.6 Temperature Dependence of Threshold Current

The threshold current density is measured for structures A, B and C and for different
device lengths and as function of temperature and plotted in Figure 7.14. We observe
that the 3-layer QD sample only lasers up to 330 K whereas the 5-layer samples lase
up to 370 K. This suggest the higher gain obtained in the 5-layer sample is important
for achieving better performance. The lasers made with a QW active material have a
much better threshold current temperature dependence operating up to 380 K, and, also
showing a smaller difference in values between lasers of different length. This again
suggests that it is the magnitude of the gain available which is the critical factor in

achieving good performance.
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Figure 7.14: Temperature dependence of threshold current function of cavity length

for laser devices: A, the three layer QD; B, the five layer QD and C, the three layer

QW structure, all with the cavity aligned to the [110] direction.
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In Figure 7.14 the temperature dependence of the threshold current is illustrated for
the growth direction of high-gain structures. For the 3-layer QD sample, the lasers
operate effectively up to 350 K. In sample B, which consists of 5 layers, operation
extends up to 370 K; however, the difference in values between lasers of different
lengths becomes smaller at higher temperatures. This indicates that higher gain
produces better results in terms of the temperature dependence of the threshold current.
Similarly, lasers made with a quantum well active material exhibit the same

temperature dependence of the threshold current, operating effectively up to 380 K.
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Figure 7.15: Temperature dependence of threshold current function of cavity
length for laser devices: A, the three layer QD; B, the five layer QD and C, the
three layer QW structure, all with the cavity aligned to the [110] direction.
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I return to the issue of the high optical loss, which seems to be affecting the
performance of these devices significantly. Figure 7.16 shows a near-field image of a
multi-section device, that was taken by Dr. Curtis Hentschel, when the third section
was electrically pumped, while the first and second sections were grounded such that
the active region in those sections remained absorbing. Light associated with the
waveguide mode and light that has leaked out of the waveguide and into the substrate

are both apparent.

Waveguide mode

Light coupled into
substrate

Figure 7.16: Near-field Image of a segmented contact device fabricated from the
three-layer QW structure that had been ion-implanted to improve the electrical
isolation between sections. The third section was electrically pumped, while the
first and second sections were grounded.

The segmented contact structure may be more prone to a mode in the substrate that the
actual laser devices. This is because the top contact layer is etched between the sections
and ion implantation is used between the sections to increase resistance further. Such
changes may also reduce the refractive index above the active layer, and this can have
the effect of pushing the optical mode towards the substrate. Therefore, it is also
necessary to determine whether light was also leaking into the substrate for the laser
structures. The near-fields were measured with a 50x microscope objective lens to
image the substrate-coupled light, if any. The high magnification also helps to spatially
filter out the high intensity lasing mode in the waveguide core, as the lasing mode
image can be projected outside the pixel array of the camera while still allowing the
low intensity light in the substrate to be captured by the camera. The high
magnification also prevented the entire structure to be imaged so individual images
were taken as shown in Figure 7.17. (a) shows the lasing mode within the waveguide
core, (b and c¢) show the region below the waveguide core and includes the substrate,

and (d) shows the bottom of entire structure. It is clear from the picture, the presence
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of light in an area (b and c¢) between the core and the bottom of the substrate. As light
in the substrate suggests either a much larger mode, which intersects with more
interfaces and more doped material, or light that is completely lost from the
waveguide, it is likely that the optical losses will increase considerably due to the
effects described above. Since the extended mode will not generate any additional gain
and there are likely to be higher optical losses this leakage into the substrate will be

detrimental to laser action making the current density much higher than it needs to be.

Figure 7.17: Near-field images of a three-layer QD (A), a five-layer QD (B), and
a three-layer QW (C) laser sample. (a) shows the lasing mode within the
waveguide core, (b) and (c) show the region below the waveguide core, including
the substrate, and (d) shows the bottom of the entire structure.

A simulation using Fimmwave software was performed by Dr. Fwoziah Albeladi. The
electric field profile of the TEoo mode for the three structures A, B, and C, were
analysed using a 2-D waveguide finite difference method (FDM) solver using

Fimmwave software from Photon Design 262%. This analysis focused on determining
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whether the electric field decays exponentially toward zero at the substrate boundaries.
In these calculations, the substrate was not included to avoid the need for a
significantly increased resolution, which was required to accurately account for the
thin layers in the waveguide core. Including the substrate would have substantially
increased the simulation time. For clarity, the zero point on the x-axis in Figure 7.18

represents the substrate boundary.

Figure 7.18 presents the vertical distribution of the electric field for the fundamental
TEoo mode in the three structures. The Figure shows that for all three structures, the
electric field is nearly zero at the top boundary, indicating that the thickness of the

upper cladding is sufficient to confine the optical mode effectively.

For the lower cladding, the calculations reveal that the electric field at the lower
boundary (i.e., at the substrate) is approximately ~0.097, 0.084, and 0.073 for
structures C, A, and B, respectively. These values suggest that the thickness of the
lower cladding is insufficient to avoid the mode from escaping into the substrate. This
simulation confirms the existence of leakage to the substrate layer in all three
structures. The observed increase in structure C could be attributed to the presence of
the aluminum in the capping layer. However, when aluminum was added to structures
A and B in the calculation, where it was absent in the measured structures, only a slight

increase in leakage toward the substrate layer was observed.

The differences are small, and it is unlikely to be the exact magnitude of the light
reaching the substrate that 1s the dominate factor, given C has a larger value than A and
B. The differences in interface roughness and doping level in the cladding and
substrate regions are more likely to affect the precise value of «; in the lasers.
However, such opportunity for extra loss could be removed by designing lasers with

better confinement to keep the optical mode within the core of the device.
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Figure 7.18: Simulation in Fimmwave software was performed by Dr.Fwoziah
Albeladi. Showing vertical distribution of the electric field for the TE00 mode in
structures A, B, and C. The electric field vanishes towards zero at the upper
boundary, while the field at the substrate boundary is non-zero, indicating
insufficient containment in the lower cladding for all three structures.

The optical losses are also determined using the segmented contact method, similar to
the approach taken in study '*, to confirm the high values of optical loss, see the next

section (7.7).

7.7 Gain and absorption measurements

We will discuss in this section the gain and absorption measurements for samples
B(5QD) and C(3QW), while sample A is excluded because there was insufficient

material to fabricate the segmented contact samples.

The gain and absorption spectra were measured using the segmented contact method,

as described in Chapter 3. These measurements were carried out by Dr. Curtis
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Hentschel. The segmented contact devices, which were used for this determination,
were fabricated by Dr. Zhongming Cao. The devices featured individual segments
measuring 150 um long with a Ti/Pt/Au top contact that was 142 um long. There were
8 um wide gaps between sections to ensure electrical isolation between the contacts.
These were etched to a depth of 50 nm removing the highly doped contact layer. Ion

implantation was used to increase the isolation between sections.

The characteristics of the gain section were investigated under different current
densities. Figures 7.19 and 7.20 show the net modal gain and absorption of structures
B and C. These values were obtained and measured at currents ranging from
approximately 60 mA to 270 mA at 300K. Key parameters, such as internal optical
loss, gain amplitudes, and gain bandwidth, can be extracted from the gain and

absorption curves at different injected current.
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Figure 7.19: The net optical gain as a function of wavelength for the B (5QD)
structure, obtained from segmented contact measurements, for different injection
currents at room temperature (21+1°C). [Data provided by Dr.Curtis Hentschel].
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Figure 7.20: The net optical gain as a function of wavelength for the C (3QD)
structure, from segmented contact measurements at room temperature (21+1°C),
is shown for different injection currents, [Data provided by Dr.Curtis Hentschel].

The internal optical loss can be determined from the long-wavelength region beyond
the gain and absorption curve's band edge. For structure B, it is approximately 1543
cm!, whereas for structure C, it is around 18+£3 cm™. The large loss is similar to that
obtained from the laser data although the relative magnitudes are reversed compared
to earlier, and this is in better agreement with the optical mode calculations where the

amplitude of the electric field at the substrate was larger for sample C.

The peak modal gain rises with increasing injected current density, attributed to state
filling of energy levels. For structure B, the gain peaks saturate at approximately 24+2
cm™! at the highest injected current density. A similar trend is observed for structure C,
with the gain peaks saturating at around 40+2 cm™'. The gain saturation is due to states
being filled with carriers 2. The gain peak is saturated at the high gain peak of the C
structure compared to the B structure. Both are lower than the value measured in
Chapter 6 but here we have either 5 layers of dashes or 3 layers of QWs compared
with the 5 layers of QWs in Chapter 6. The gain in quantum wells is generally higher
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due to the higher density of states. In contrast, QDs, due to their discrete energy levels,
experience significant state-filling effects. Once the available states are occupied,
additional carriers cannot easily contribute to the gain, which leads to a saturation
effect. The gain bandwidth of both structures is relatively broad around ~150 nm for
both structures. For structure B, the broad gain bandwidth is attributed to
inhomogeneous broadening caused by size effects and variations in the size
distribution of the quantum dashes 2**° . These variations lead to differences in their
energy levels, resulting in a broader gain spectrum 3! . In structure C, the broad gain
bandwidth may be due to the modulated width /composition of the well seen in the

TEM images >33
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7.8 Results Summary

In this work, we compared experimentally, three laser diode structures with InAs based
active layers were grown by MOCVD on an InP (001) substrate. TEM suggests that
structures A and B are either dots or dashes, and TEM suggests structure C is QWs.
We investigated laser diodes fabricated from these structures with two different
orientations: A, B and C which had the axis of the laser cavity aligned along the [110]
direction, and A", B, and C* which had the cavity oriented in the [110] direction.
Structures with dashes should have a higher gain when the laser cavity is fabricated in
the [110] direction. Indeed, we found that lasers fabricated from A and B to have higher
gain parameters along the [110] direction. Sample C showed similar threshold current
behaviour in both orientations, as would be expected for quantum wells. Internal
parameters were analyzed from the device results to facilitate better material
evaluation and future enhancements. These lasers exhibit low gain, high optical loss,
and low internal efficiency. We primarily attribute these outcomes to the lower level
of homogeneity in this type of active laser material, which results in lower gain
compared to the more commonly used quantum well active regions. The low efficiency
suggests_high values of non-radiative recombination perhaps due to high defect

densities and there is significant potential for improvement.

The results of laser measurements, along with gain and absorption spectra were
measured using the segmented contact method SCM, revealed the following findings:
the gain coefficients for the laser measurements of the samples were 17.5 + 0.4 cm™
for sample A, 27.6 +£ 2 cm ™' for sample B, and 35.5 £ 0.6 cm™* for sample C. The net
modal gain and absorption measurements, where the maximum net gain was measured

as 24 cm™! for sample B and 40 cm™ for sample C.

The internal optical loss was evaluated; high values were observed in both the laser
measurements and the gain and loss measurements using SCM. Specifically, sample A
exhibited a loss of approximately ~15.8 £ 2.2 cm™, sample B had a loss of ~20.5 +3.5
cm™, and sample C showed a loss of ~11.0 = 3.4 cm™. Similarly, in the gain and
absorption measurements, sample B showed a loss of about 15 + 3 cm™, and sample
C showed a loss of approximately 18 + 3 cm™. The gain bandwidth of both structures
is relatively broad around ~150 nm for both structures, which is wider than that seen

in Chapter 6 (130 nm).
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In comparing results to the earlier samples from Chapter 6 we see that the internal
optical loss is much higher here; it was found to be approximately, a; =5+ 3 cm™ for
Chapter 6. It is not clear whether the lower value is due to a random effect, but the

very similar designs of this Chapter do not result in low losses.

Measurements of how the threshold current density depends on temperature for
structures A, B, and C reveal that the 3-layer dash sample operates up to 330 K,
whereas the 5-layer sample extends its performance to 370 K. This suggests that
increased gain and reduced carrier loss, supported by a larger energy offset at longer
wavelengths, enhance efficiency. Lasers with quantum well QW active material
demonstrate the best performance, operating up to 380 K with excellent threshold
current temperature stability and minimal variation across device lengths. These
results underscore the importance of high gain for achieving superior laser operation.
However, QWs are not typically insensitive to defects so dots or dashes are probably

necessary for integration with silicon.

The use of quantum dots QDs for InP/Si monolithic integration in Si photonics
presents a potential future manufacturing alternative to the bonding of long-
wavelength telecom light sources onto CMOS-compatible silicon substrates,
considerable improvements are required. In particular the better confinement of light
in the active region is critical to reduce optical loss and make better lasers and also to
facilitate traditional methods of analysis for feedback and further material

improvement.
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Chapter 8: Conclusions

8.1 Introduction

In this thesis, we sought to understand InAs/InP quantum dot QD lasers and to assess
whether they can be suitable for integration on silicon for lasers and as sources for
photonic integrated circuits (PICs) operating around 1550 nm. At 1300 nm InAs/GaAs
QD lasers have demonstrated an insensitivity to defects, operation up to high
temperature but have failed to perform well when the cavity length is reduced below

approximately 1mm.

Although quantum dot lasers have already been grown on silicon substrates, further
advancements are required to reduce operating current and lower energy consumption,
particularly under high-temperature conditions. Despite considerable progress,
InAs/InP quantum dot lasers on silicon and native III-V substrates still encounter
challenges compared to quantum well devices grown on native III-V substrates. These
challenges include relatively high threshold current density at room temperature, a
significant rise in operating current at higher temperatures, and lower optical gain.
Overcoming these issues is crucial for achieving reliable high-temperature

performance in long-wavelength lasers for integrated optoelectronic applications .

While we did not have samples grown on silicon, we set out to understand whether
InAs-on InP lasers could operate with short cavity lengths and at high temperature for

applications requiring longer wavelengths.

In Chapter 4, The power-current characteristics of quaternary AlGalnAs/InP multi-
quantum-well MQW laser diodes with six and nine quantum well (QW) layers were
analyzed, revealing a strong dependency of gain parameters on the number of quantum
wells in the active region. Notably, the structure with nine QW layers demonstrated
the highest gain coefficient, measured at 94.4 cm™'. A gain per QW of > 10 cm™ is

achieved in both structures.

Simulations presented in Chapter 5 highlight the benefits of incorporating an electron
stopper layer in the operation of AllnGaAs/InP MQW laser diodes to achieve highly

optimized performance for long waveguides. The results demonstrate that the electron
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stopper layer does not impede carrier injection into the active region while
significantly reducing thermionic emission of carriers from the active layer and
minimizing electron leakage into the p-cladding layer, particularly at elevated
temperatures. This improvement enhances the threshold current density and overall

efficiency of the devices.

In Chapter 6, lasers with 5 layers of active material and similar to a previous design
from the literature, were assessed as function of cavity length and temperature. Lasers
grown on n-InP exhibited an emission wavelength ranging from 1560 nm to 1600 nm,
with cavity lengths varying from 300 pm to 2000 um at 21°C. As the cavity length
increased from 300 pum to 2000 pum, the threshold current density decreased from
approximately 2.2 kA/cm? to around 1 kA/cm?. It was observed that the threshold
current density increased consistently with temperature across all cavity lengths. For
the longest 2000 um cavity, the threshold current density increased by a factor of 3.4
from 300 K to 380 K, while for the shortest 300 um cavity, it increased by a factor of
3.8. Moreover, a laser with a 300 um cavity can function effectively at temperatures
up to 380 K, indicating that the laser structure is suitable for operation over a wide
temperature range. Importantly, the peak lasing wavelength does not exhibit any
noticeable transition from the ground state to the excited state. Even for cavity lengths
as short as 300 um, the laser sustained stable ground-state lasing at temperatures up to

380 K.

Gain measurements using the multi-section or segmented contact method 6 showed a
modal gain peak of 60 cm™ at an injection current of 200 mA. No gain saturation was
observed. Positive gain was observed over a wide wavelength range of 130 nm
indicating the material could be very useful as source for different wavelength or
tunable wavelength lasers. The measurements also suggested a value of internal optical
mode loss of approximately 5 £ 3 cm™, low compared to previous literature values.
The primary difference in the design of the structure compared to the previous work
was an Ino45GagssAs capping layer, and this may suggest that the Inos4sGaossAs
capping layer used above each of the self-assembled layers is a good way to minimise
scattering loss. These characteristics make the presented structures promising optical
sources for integration into silicon-photonic platforms. However, the combination of
measurements, including TEM results, also suggest that the material consists of

quantum dashes or even modulated QWs rather than QDs and, if the latter, may make
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this design unsuitable for growth on silicon where the QDs are thought to be necessary

for the insensitivity to defects.

The characterization of further designs of quantum dot lasers was presented in Chapter
7. Three epitaxial layer structures with 4 nm capping on InAs QDs were studied. Two
were three-layer structures and one was a five-layer structure. Compared to the
structures of Chapter 6 the thickness of the capping layers was increased, and two
variants were introduced of Ing.45Alo275Gag275As (3 layer) and Ing35GaossAs (3 and 5
layer). The intention was to increase the depth of the dot potential. Each structure was
fabricated in two variants 90° to each other, to evaluate the dot or dash form of the 3D
features, with the laser cavity axis aligned along the [110] direction or along the [110]
direction. It was found that lasers fabricated with the Ino35GaossAs capping layer had
higher gain parameters along the [110] direction, which is indicative of these samples
containing quantum dashes. The sample with Ing.45Alo275Gao 275As capping had similar
gain parameters in the two directions and putting this together with the TEM images

suggest this sample was QW like.

The gain parameters derived from the lasers oriented along the [110] direction 17.5 +
0.4 cm™ and 27.6 = 2 cm™ for the 3- and 5-layer quantum dash samples respectively
and 35.5 + 0.6 cm™! for the 3-layer QW like structure. It is worth noting that the gain
achieved with the unintentional QWs in this chapter is lower compared to the
conventional QWs discussed in Chapter 4 but reaches a similar level per layer. These
modulated QW structures reach similar gain but do require much larger current density
compared to the lasers of Chapter 4. The peak modal gain in the modulated quantum
well devices is greater than that in quantum dash devices. Using the segmented contact
technique positive gain was measured over a 150 nm bandwidth for both the 5-layer
quantum dash and the 3-layer QW structures, which is slightly wider than the structure
of Chapter 6. The internal optical loss derived from laser measurements was found to
be: ~15.8 £2.2 ecm™!, ~20.5 £ 3.5 cm ™!, and ~11.0 = 3.4 cm™ at room temperature
21+1°C for structures 3-layer quantum dash, 5-layer quantum dash and 3-layer QW
respectively. The results from the segmented contact technique are broadly in
agreement, albeit with a slightly higher value being derived for the QW sample. The
losses are substantially higher than that measured for the structure of Chapter 6 and
may the reduction of light or the spreading of the optical mode into the substrate for

the structures of Chapter 7, which was observed in the measured near field images.
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This was not observed for the structure of Chapter 6, although it is not clear that this
structure is substantially different to the ones in Chapter 7 with respect to the guiding
of the optical mode. It is clear that every effort should be made to change the design
to create better optical confinement so leakage of light into the substrate does not
happen as this is very likely increasing the optical loss in these structures, which

impacts laser performance substantially when the gain is relatively low.

The measurements of how the threshold current depends on temperature for the three
structures of Chapter 7 at different device lengths showed that the 3-layer quantum
dash sample only lases up to 330 K. The 5-layer quantum dash lase up to 370 K. Lasers
made with a quantum well active material have a much better threshold current
temperature dependence, operating up to 380 K. This is consistent with the magnitude
of the available gain and suggest it is a critical factor in achieving good performance.
In general, the QW like samples perform best but may not be suitable for growth on
silicon. The 5-layer quantum dash performance is reasonably good and may be a good

compromise for growth on silicon.

These findings highlight the potential of InAs QD based on InP lasers for growth on

silicon and use in photonic integrated circuits.

8.2 Future work

The results discussed in this thesis provide a foundation for advancing the integration
of InAs/InP quantum dot (QD) lasers into silicon photonic platforms. However, several
challenges remain, further efforts are needed to enhance the performance and

scalability of these devices.

This investigation examined the impact of the epitaxial layer structure with capping
on InAs quantum dots for the creation of QD-based InP quantum dots or quantum
dashes. Enhancing QD growth is essential for optimizing the devices, and further
research in this area may provide useful information to enhance their operating

performance.

This work demonstrated that quantum dot lasers maintain stable operation at
temperatures up to 380 K. However, the performance of these devices at higher
temperatures could be further optimized. Future research should focus on improving

the thermal stability of the quantum dot structures, reducing the increase in operating
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current at elevated temperatures, and enhancing optical gain. There are some strategies
that may include exploring alternative capping layers and pre-layers to reduce carrier
scattering and recombination rates at high temperatures and also to change the optical
guiding to minimise the loss of light from the active layer. The results of Chapter 5
indicated that the integration of an electron blocker layer in the quantum dot QD

structures is an additional option to try.

The asymmetry in the performance of the quantum dash material may cause limitations
in PICs and so it may be necessary to perform further growth studies to try and identify
the range of parameters necessary to produce quantum dots. It may also be worth trying
out some of the QWs with varying width and composition on silicon. It is primarily
the reduced diffusion and localisation of charge carriers that occurs with QDs that is
required for growth on silicon. The broadening observed in the gain spectra for the
QW samples indicates there is substantial variation in either well width or composition
or both and this may be sufficient to localise the carriers and provide some insensitivity

to defects.

To ensure the viability of quantum dot lasers for commercial and industrial
applications, long-term reliability studies are necessary. These studies should assess
the devices under a variety of operational conditions to evaluate their robustness and
longevity. Understanding factors that influence degradation and failure rates will be
critical for transitioning these technologies to practical applications. By addressing
these areas of improvement, quantum dot lasers can achieve enhanced performance,
scalability, and reliability, paving the way for their broader integration into silicon

photonic platforms.
Future investigations could include a detailed study of Fermi-level pinning through

. dzv ..
second derivative voltage-to-current (E) measurements. Another promising avenue

for research is the exploration of power-dependent sub-threshold electroluminescence
EL and photoluminescence PL, which could provide deeper insights into the carrier

dynamics at low excitation levels.

Additionally, low-temperature measurements within regimes where carrier
confinement is observed in quantum dots QDs would provide further understanding of

quantum effects and carrier behaviours. Investigating carrier diffusion through PL
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measurements would complement this by helping to better understand transport

properties at various temperatures.

Moreover, a future investigation could include near-field imaging of lasers as
discussed in Chapter 6. This approach could be extended to examine potential substrate
leakage, providing clarity on whether the observed laser characteristics are influenced

by leakage currents or other substrate interactions.
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