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Abstract

Photonic technologies have been considered new methods to achieve high bandwidth data
communication and transmission. Si-photonics was proposed to address the discrepancy between
bulky photonic devices and advanced electronics and create high-density integrated photonics. One
of the challenges is integrating all the components necessary for full-functionality photonic
integrated circuits (PIC). Great efforts have been devoted to overcoming the inherent limitations
of Group-IV materials to provide sufficient gain, efficient modulation and sensitive detections.
Making Si the host material for efficient light emission poses the most stringent requirements and
is the primary missing component in the Si-photonics platform. Incorporating I1I-V materials with
the Si photonics platform and quantum dot (QD) structure is a promising solution to the problem
of a fully-integrated and high-functioning PIC.

High-performance QD lasers on III-V substrate or epitaxially on silicon have been developed
in the last few decades with low threshold current density, low-temperature sensitivity, great
reliability and large injection efficiency. Moreover, from the dynamic aspect, the intrinsic
frequency of direct modulated laser and noise intensity is important for its applications in a data
centre. QD is considered an alternative to quantum wells (QWSs); however, the demonstrated QD
laser has not fulfilled initial expectations, mainly due to its high gain compression and low
differential gain. Another feature that needs to be noticed is feedback sensitivity, as the properties
of semiconductor lasers are greatly degraded by reflection from external reflectors, such as the
fibre connects and facets of integrated devices. QD devices are predicted to have stronger feedback
resistance due to their large damping and small linewidth enhancement factor (LEF).

These properties have attracted much research, and high-performance QD devices have been
developed. In this thesis, we comprehensively investigated QD laser performance and applied our

QD laser in the optical module instead of the commercial QW distributed feedback (DFB) laser.
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The background of Si photonics, the development of QD devices, and the fundamentals of QD
lasers are presented in Chapter 1. The basic static and dynamic performances are demonstrated in
Chapters 2 and 3. The GaAs-based QD laser provides a low threshold, high-temperature stability,
and low noise operation with a limited small signal bandwidth. Chapter 4 provides a
comprehensive study of the feedback resistance of the QD laser. The onset of coherence collapse
is determined as -14 dB, verified by the static optical and electrical spectra and small signal
response. Based on previous measurements, the QD laser is proven to be a high-performance, low-
cost candidate for the Si-photonics module. In Chapter 5, the QD laser is used in practical
applications, including a large signal transmission system with and without feedback and a
commercial optical module. Although the intrinsic bandwidth of the QD laser is limited to around
5GHz due to the large damping and unoptimised capacitance, 30 Gbps data transmission has been
demonstrated by a directly modulated QD laser. Large, high-speed signal modulation is achieved
due to its high gain compression factor. Regarding the laser with intentional feedback, there is little
degradation in the eye diagram under the whole feedback level up to -8dB. We also replaced the
commercial QW DFB laser in 100G data-centre reach (DR)-1 optical module with our QD Fabry
Perot (FP) laser without an isolator which gives a clear eye diagram under 53 Gbps 4-level pulse
amplitude modulation (PAM4) with an extinction ratio (ER) of 4.7 dB.

In conclusion, this thesis verifies the feasibility of adopting the QD laser as a light source for
the Si-photonics module. The QD laser is selected over other lasers because of its low threshold,
high-temperature stability and maximum operating temperature, and strong tolerance to
unintentional feedback. This is the first project to measure critical feedback levels with different
characteristics and to theoretically analyse the inconsistent value. More importantly, this thesis’
most original contribution is investigating the commercial applications of QD lasers in a Si-
photonics module in an isolator-free state. In summary, the QD laser has been proven to be a

feasible solution for the next-generation optical system.



Impact statement

Over the last half-century, the ever-growing increase in global internet traffic has imposed
significant challenges on data centres. Extensive improvements have been demonstrated in the
performance and functionality of Si microelectronics. The integration density of the logic transistor
has increased exponentially, while the electrical connects do not scale at the same rate. Thus, optical
interconnects are proposed as an alternative to traditional copper cabling. However, optical
modules are usually bulky and expensive. Si photonics is proposed to address this problem and
create large-scale photonic integrated circuits (PICs) utilising the existing mature complementary
metal oxide semiconductor (CMOS) platforms.

Early studies have focused on passive devices, and recently, other components with full
functionalities for PICs, including a light source, modulator, and detector, have been developed.
Lasers have attracted the most attention due to their high requirements. The quantum dot (QD)
laser is considered the most promising alternative to quantum well (QW) devices as the reduced
quantum confined dimension provides the benefits of lower threshold current, high-temperature
stability, less sensitivity to defects and smaller linewidth enhancement factor (LEF). The QD laser’s
dynamic performance and feedback tolerance need to be considered for further application and
integration. Optical feedback from the external facets degrades the performance of devices and
becomes the main obstacle, thwarting photonic integration. As fabricating optical isolators on chips
remains extremely challenging and expensive, developing lasers with intrinsic insensitivity to
feedback is an appealing solution.

This PhD research focuses on the comprehensive measurement of the GaAs-based QD laser,
which is essential for applying QD lasers in Si-photonics modules. First, it researches its low
threshold and high-temperature characteristics and the related properties of materials and devices.

There is no doubt that the QD laser offers a stable and satisfying performance. More importantly,
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the strong feedback tolerance of the QD laser is emphasised. The critical feedback level under
statical operation and small signal modulation of 600 um length QD laser are -14 dB, exceeding
the feedback resistance of most QW counterparts. An even stronger tolerance of -8 dB is observed
in more practical applications under large signal modulation. Together with the high gain
compression factor, a Gbps feedback-resistant back-to-back operation under a feedback level of -
8 dB is realised. Thus, a QD laser is a promising solution for most optical systems, with a reflection
of around 13.2%. The most attractive finding of this thesis is the successful demonstration of the
first isolator-free commercial QD laser-based Si-photonics 100G data-centre reach (DR1) module,

which has commercial and industrial value.
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1 Introduction

Si photonics is a technique that manipulates light in the Si, which involves generating, routing,
modulating, processing and detecting light. It brings advantages of integration and photonics and
is now widely accepted as a key technology in next-generation communications systems and data
interconnects. This section will first provide the background and challenges of electronics and
discuss the benefits and motivations for photonic integrated circuits (PICs). Then, each component
and integration technology of Si photonics will be covered. Afterwards, the basic theory of lasers
and quantum dot (QD) will be discussed, emphasising the fundamentals of its strong feedback

resistance. Finally, an outline of this thesis and its original contributions will be given.

1.1 Si photonics

Over the past few decades, Si has served as the foundation on which the multi-billion-dollar
electronics industry has been built. The Si semiconductor device processing is considered a mature,
low-cost, high-yield and robust process. Si is also a good optical material, with transparency in
commercially important infrared (IR) wavelength bands, and is a suitable platform for large-scale
PICs. Si-photonics attempts to leverage the maturity and know-how of Si complementary metal
oxide semiconductor (CMOS) processing techniques and apply them to the realm of photonics and
optoelectronics. In doing so, researchers hope to achieve an order-of-magnitude improvement in

yield, cost, and time-to-market with less additional investment.
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1.1.1 Background

The performance and functionality of Si microelectronics have been extensively improved
while the integration density of the logic transistors has increased at an exponential pace from less
than 200/mm? (Intel 4004 in 1971) to 100.8 million/mm? in Intel’s 10 nm technology node [1].
Recently, Samsung Electronics planned to produce the 5 nm node [2], and IBM announced the

world’s first 2 nm node chip [3].
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Figure 1.1: The development of logic transistor density for Intel [4].

From Figure 1.1, it can be seen that the transistor density jumped by a factor of 2.7 from the
14 nm to 10 nm node technique. Delivering more transistors in the same area means that the
circuitry can be made smaller, saving costs. In addition, more functionalities can be added to a chip.
Together with shrinking the components’ dimensions, developing a manufacturing infrastructure
capable of churning out wafers with a large diameter further lowers the cost of the electronic
integrated circuits (EICs) [5]. This unprecedented level of commercial development revolutionised
information technology on a global scale.

However, the electrical interconnect does not scale up at the same rate as the increased
transistor density. Firstly, conventional electrical interconnections possess resistance which limits
the rise time of signals and restricts the signal rate down the line. It is already the case for electrical
transmission that the performance is dominated by the interconnection medium rather than the
devices at either end. Optical interconnects show great promise because, at high data speeds, an

optical channel has much lower loss and lower dispersion than copper traces. Additionally, optical
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interconnection has the advantage of cost-efficiency. A typical optical fibre and coaxial cable cost
$1 and $3 per meter, respectively [6]. Nowadays, optical links are used to connect racks of
equipment that span 1-100 m and will continue to be adopted at distances of 1 m and below if the
link power falls below 1 pJ/bit/m.

However, Si-based optical modules are usually bulky and expensive compared with versatile
Si-based electronics. Over the last few decades, hundreds of billions of dollars have been invested
in the electronics industry to scale Si chips’ manufacturing capabilities. Photonics had no
justification unless manufactured based on this existing, inexpensive, robust platform. To address
the previous discrepancy, Si-photonics are proposed to create a large-scale PIC utilising mature
CMOS platform space [7, 8]. Many breakthroughs have occurred over the past few years. Si-based
devices’ performance is advancing rapidly, including high-speed modulators and PDs,
amplification and wavelength conversion at 40 Gbps in Si, and electrically pumped hybrid Si lasers.
Although Si photonic-based optical interconnects show significant promise for low-cost
bandwidth-scalable and high-volume manufacturability, this technology is not yet mature, and
there are many challenges ahead. The development of Si photonics and details about each

component are given in the following section.

1.1.2 Development of Si photonics

Si-photonics’ roots can be traced back to pioneering studies of waveguides in silicon on
insulator (SOI) wafer structures in 1985, and the early works were mostly stimulated by passive
devices [9]. The cross-section of the Si-photonics waveguide is shown in the Figure 1.2 below.
Owing to the high refractive index contrast between Si and SiO, planar waveguides with low
scattering for a wide range of wavelengths from ultra-violet (UV) to IR can be achieved [10, 11].
Si waveguides’ high refractive index contrast greatly enhances scattering loss at the core-cladding

boundary.
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Figure 1.2: Si photonics wire waveguide (a) Shematic diagram and (b) scanning electron
microscopy (SEM) figure [12].

Low propagation losses in waveguides and cavities are considered the most basic requirement
for virtually all integrated optical devices. The typical loss of sub-micron Si waveguides is around
2 dB/cm. One can minimise the optical overlap with the boundary to achieve much lower loss or
eliminate the etched sidewall by using selective oxidation to form the waveguide [13-15]. Both
approaches have achieved Si waveguides with a loss of 0.1-0.5 dB/cm [7, 16, 17]. To further lower
waveguide loss, one can use silica or SiN waveguide deposited on the Si substrate [18].

Small fibre-waveguide coupling loss is another requirement for creating efficient real-estate
devices. Despite the severe modal mismatch, an enhanced coupling could be achieved using the
inverse taper approach and surface gratings [19-22]. Other important passive device applications
are the optical filters used for wavelength multiplexing and demultiplexing. The arrayed waveguide
grating was demonstrated using SOI as early as 1997, while recently, the extinction ratio (ER) of
the add-drop filter was improved to 50 dB with only 2 dB drop loss [23].

The practicality and promise of data communications advanced further with the realisation of
modulators and photodetectors (PDs). An optical modulator that writes data onto an optical carrier
constitutes an essential element in Si-photonics, decreasing the channel bandwidth limitations and
reducing power consumption. Research into Si optical modulators dates back to the mid-1980s.
The most common approach for commercialisation is the Mach-Zehnder modulator (MZM). This
modulator is noted for its temperature insensitivity, high bandwidth and high-contrast optical
transmission without deterioration due to spectral broadening and frequency chirping [24, 25].

Theoretically, Si is not an ideal material for modulators because of the inversion symmetry of a

26



non-strained Si crystal, which prohibits linear electro-optic (EO) effects [26, 27]. In Si MZMs, the
modulation method relies on high-speed refractive index modulation via free carrier plasma
dispersion, where changes in free electron and hole concentrations in the waveguide result in
changes in the material’s refractive index and absorption. However, MZMs tend to require a long
interaction length of around millimetres which hinders higher-speed performance and results in
greater insertion loss, power consumption and cost. Extensive work has also been done using ring
resonators to modulate the light, providing lower power consumption, smaller footprints, and better
modulation efficiency [28, 29]. These micro-ring modulators (MRMs) are also advantageous with
multi-wavelength laser sources, which can help address scalability issues [29]. The challenges of
Si MRM stem from its nonlinear effects and temperature sensitivity [30]. To further extend the
bandwidth of optical modulators, heterogeneous integration can introduce other materials with
strong EO effects to the Si platform, including SiGe [31], graphene[ 32], organics [28], III-V
compounds [28] and lithium niobate [33, 34]. Thin-film lithium niobate on SOI waveguides has
enabled over 100 Gbps modulators that are on par with state-of-the-art modulator performance
using lithium niobate on insulators [35, 36]. Whilst impressive performances have been
demonstrated in each case, a disadvantage is that CMOS compatibility and fabrication simplicity
are compromised.

Alternatively, high-speed modulators can be achieved by III-V compound semiconductors,
such as GaAs and InP, based on the electro-absorption (EA) [37, 38]. EA modulators generally
offer low drive voltages (-2 V) and are cost-effective in volume production. Unfortunately, the
indirect bandgap of Si makes it incredibly challenging to create an effective Si EA modulator. On
the other hand, Ge exhibits comparable strong quantum-confined Stark effect (QCSE) and offers
an alternative approach without heterogeneous modulator integration [39, 40].

A PD is another well-developed semiconductor device that converts an optical signal to an
electrical signal, such as a voltage or current pulse. As a crucial optical building block in Si PICs,
high-performance PDs are choired with high responsivity, low dark current, large bandwidth, and
CMOS compatibility. Si is a rather poor optical absorber in the IR due to its low absorption
coefficient in the wavelength range A > 1100 nm. The Figure 1.3 shows that the absorption
coefficient depends on both the materials and light wavelength. III-V-based materials and Ge-on-

Si are typically considered the solution for IR PD on Si for Si-photonics[41, 42].
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Figure 1.3:The absorption coefficient in various semiconductor at 300 K as a function of
wavelength [43].

Waveguide PDs on Si broadly fall into two categories: Ge-based and hybrid I1I/V-silicon. Ge
is an appealing absorbing material for use in silicon-based PICs because it can be integrated into a
CMOS pilot line relatively easily (Si/Ge alloyed contacts are already used in CMOS electronics)
and because the bulk material absorbs the entire 1310 nm window and much of the C and L bands.
Comprehensive work has been conducted on the hetero-epitaxial Ge PD on the Si-photonics
platform due to its strong linear absorption, high throughput and mature fabrication technology
based on the CMOS pilot line [44-46]. The first comprehensive performance of practical Ge-PD
was demonstrated in 2007 with an optical bandwidth of 31.3 GHz, 0.89 A/W responsivity and 169
nA dark current for 1550 nm [45]. More recently, an ultra-fast PD was demonstrated with
optoelectrical bandwidth of 265 GHz and responsivity of 0.3 A/W, indicating the great potential of
high-speed Ge-PD [47]. The waveguide-integrated efficient and high-speed CMOS-drivable PDs
have been successfully commercially demonstrated with Ge-in-SOL.

Nowadays, most optical components based on IV materials, except light source, are well
established in a single chip [48]. However, the inherent indirect bandgap properties of group IV
materials hinder efficient photon generation of IV-based optical devices. A Si-based light source is
the only missing component in Si-photonics and is considered the most explored component [49].
The III-V-based light sources have superior optical properties owing to the direct bandgap of I1I-V
semiconductors and thus are incorporated in Si-photonics to overcome the inherent limitations of
Si-based light sources. Then, the challenge became the monolithic growth of I1I-Vs on Si with a

significant material dissimilarity. The mismatches in lattice constants and thermal expansion
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coefficients induce high densities of crystalline defects, such as threading dislocations (TDs), and
micro-cracks, which are detrimental to the device’s performance.

Additionally, antiphase domain (APB) is formed in the epitaxy of polar semiconductors such
as GaAs on nonpolar Si substrate. To fully realise the benefits of all epitaxial processes, the
mismatch between several aspects of these semiconductor materials (lattice constants mismatch
[50], thermal expansion coefficients mismatch [51], and APBs [52]) must be overcome. Fortunately,
by using strained interlayers, thermal cycling, and dislocation filter layers (DFLs) [53-57], defects
and cracks can be minimised by a few orders of magnitude, while the issue of APBs is eliminated
through utilising miscut Si substrates[58]. Recently, devices with APB-free CMOS compatible on-
axis Si have been developed through carefully optimised growth conditions, such as GaP/Si and
GaAs-on-V-groove-Si templates or Si patterning [59-61].

QD lasers are regarded as an ideal light source for Si photonics [5]. Carrier confinement plays
a pivotal role in the superior performance of self-assembled QD lasers [62-66]. Firstly, the QD
structure offers the advantage of stronger tolerance to crystalline defects than quantum well (QW).
As mentioned before, monolithic growth generates large amounts of dislocations which will act as
non-radiative recombination centres. Each QD will trap carriers, thus effectively reducing
sensitivity to the sidewall and defects-related non-radiative recombination [67]. Its insensitivity
allows the fabrication of high-quality and long-lived (extrapolated lifetimes > 10 billion hours) QD
lasers on Si despite the presence of many defects [68]. Secondly, as the density of states is further
discretised, the subbands collapse into delta-function-like energy levels with atom-like
degeneration, meaning that there will be less Fermi-level pinning at the band edge. Thus, it will be
easier to achieve population inversion, and the threshold current density for the QD laser will be
lower than its QW counterpart. Another significant merit of QD lasers is their high-temperature
performance. The commercially available QD laser on the GaAs substrate operates up to 220 °C,
while the QW laser can operate above 100 °C [69-71]. Temperature stability is highly desirable as
it reduces the overhead needed to adjust laser drive currents due to temperature fluctuations on-
chip. An infinite characteristic temperature was theorised and realised over a limited range of
temperature due to the unfavourable offsets. The absolute temperature invariance can hardly be
accomplished due to the small hole energy spacing in common InAs QD of only a few meV|[72,

73]. Several techniques are used to increase the energy separation, including adjustments of the dot
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size, composition and doping [74].

QD lasers also offer better dynamic properties than their QW counterparts regarding the
linewidth and feedback sensitivity [75]. For QWs, the typical values of the linewidth enhancement
factor (LEF) are 2-5, whereas, for QDs, a zero or even negative LEF is theoretically demonstrated,
and a small value as low as 0.25 is derived from experimental measurements [65, 76, 77]. Lower
LEF usually means narrower linewidth, lower noise, and higher feedback tolerance [78-80]. The
low noise characteristic of QD lasers also originates from their higher damping rates and large K-

factor (1 ns for QD while 0.265 ns for QW) [80, 81].

1.1.3 Si photonics module and integration

With each separate device well developed, the challenge became combining all the
components with full functionality to form a small footprint and low-cost PICs. Integrated Si-
photonics provides a pathway for all the key building blocks for communications and interconnects
using optical channels. With more and more photonic devices integrated into a single chip, the
PICs’ complexity and functionalities have been greatly improved. The Figure 1.4 shows the number
of photonic components integrated on a single waveguide over time for InP substrate with
integrated lasers and Si substrate with and without integrated lasers. Si photonic integration is now
catching up with InP-based III-V photonic integration, with over 4000 devices integrated in the

large-scale silicon phase tuning array chip in 2013.
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Figure 1.4. The number of photonic components integrated on a single waveguide over

time for InP and Si substrate.
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In particular, Si-photonics with fully integrated optics have been successfully deployed in 100
G pulsed slope modulation (PSM) and coarse wavelength division multiplexing (CWDM) quad
small form-factor pluggable (QSFP). The 4A X 25 Gbps CWDM4 transmitter is produced for
datacentre applications, with heterogeneous integration of distributed feedback (DFB) lasers array,
MZMs, and wavelength multiplexer [82]. The superior performance of the laser chip, up to 95 °C
and the large bandwidth of the multiplexer contribute to the operation of the CWDM4 transmitter
with low-intensity noise and a high side-mode-suppression ratio of up to 85 °C without temperature
control. Datacentre networks are expected to scale from 100 G to 400 G. Several other multi-source
agreements have been specified for the 400 G transceiver, depending on the link media and
transmission distance[83]. In particular, the DR4 module with single-mode fibre packaged in a
quad small form-factor pluggable direct detection (QSFP-DD) form has shown quite promising
performance[84-86]. Real-time transmitter results, such as transmitter and dispersion eye closure,
ER, optical modulation amplitudes and receiver sensitivity, are better than IEEE specifications.

The evolution of Si-photonics in the next decade will require implementing several new
processes and packaging techniques. The Figure 1.5 shows the generational progression of optics
and the co-packaging technologies used in a data centre. Over the last 20 years, the optical ports
have been deployed as independent optical sub-systems physically plugged into a front panel of a
host system which has been mass produced. However, as the density and speed of optical links
increased manifold, the power and cost of the interconnect between electronics and optics have not
scaled effectively.

Pluggable optics

On-board optics
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Figure 1.5. The generation of optics and corresponding evolution of co-packaging
techniques [87].

31



There are some challenges in accomplishing a new paradigm of packaging optics directly with
application-specific integrated circuits. First, optical components’ physical area and volume are
traditionally larger than could fit within a semiconductor package. Second, the reliability standard
of co-packaged optics is expected to be consistent with core integrated circuit (IC). Finally, the
optical fibre attached to a chip poses a unique challenge in optical components. Si photonics
addresses these challenges based on its high-density, integrated solutions and direct connector to
waveguides. Concurrently, PICs are evolving from pluggable transceivers at the board’s periphery

to co-packaged optics and electronics to 3D-integrated PICs and EICs.

1.2 Laser theory

A widely discussed challenge of Si-photonics is the lack of a monolithically integrated light
source. To understand the EO transformation in lasers, we need to consider the generation of energy
level electrons can occupy beforechand. When the distance between atoms is relatively large, the
energy level distribution is only perturbed slightly by its neighbouring atoms, and its electron levels
are thus discrete, similar to the isolated atom. The wave functions of the electrons will start to
overlap as the spacing between atoms decreases. Due to the Pauli exclusive principle, the energy
levels begin to split. In semiconductors, atoms are arranged in a crystal lattice. The number of
neighbouring atoms increases, and the distance between them becomes quite small. Due to the
enhanced splitting of energy levels, the valence band (VB) is simply the outermost electron orbital
that electrons can occupy, while the next high-lying atomic level splits apart into the conduction
band (CB). In semiconductors, the energy of the emitted photons should be exactly equal to the
bandgap. Basically, there are three types of electron transition mechanisms: absorption,

spontaneous recombination, and stimulated recombination.
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Figure 1.6 Electron transition between the CB and VB: (a) absorption, (b) spontaneous
emission, and (c) stimulated emission. The solid circles represent electrons and the open

circles represent holes

If the incident photon has an energy that coincides with the energy difference, E; = E. — E,,
(where E, is the CB energy and E, is the VB energy), the photon can be absorbed by the
promotion of an electron to a higher energy level while leaving a hole in the VB, as shown in the
Figure 1.6. However, the electrons excited to higher energy levels are unstable and will eventually
relax to lower energy states in a certain lifetime. There are two processes to realise this relaxation:
radiative and non-radiative recombination.

The spontaneous emission depicted in the figure shows a radiative recombination, in which
an excited electron decays from CB to VB with a photon emission corresponding to E,. The
generated light by spontaneous emission is incoherent, as the photons are emitted in random
directions. Another radiative emission process is stimulated emission. Unlike spontaneous
emission, an existing photon initiates this radiative transition. As an incident photon perturbs the
system, namely the excited electron, two photons with the same energy and the consistent direction
of propagation with the incident photon are emitted.

The recombination between electrons and holes can also happen in non-radiative ways:
recombination in non-radiative centres and Auger recombination. The basic radiative and non-
radiative processes discussed here happen simultaneously in the semiconductor material. The
lasing is initiated by the photons emitted through spontaneous emission. These generated photons
are then further amplified through the stimulated emission. As the fundamental mechanism to
generate a positive gain stimulated emission is the first necessary condition for lasers to operate.
Non-radiative recombination and absorption are basically two mechanisms hindering the lasing, as
non-radiative recombination contributes to the loss of carriers and absorption results in an optical
loss. The optical gain generated by stimulated emission alone cannot accomplish the lasing. The

absorption will dominate in thermal equilibrium, and the number of electrons that remain in lower
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states far exceeds the holes. Population inversion is necessary to achieve the gain, in which the
number of electrons in excited state (ES) is higher than in ground state (GS). Therefore, several
pumping methods are developed to inject carriers in the active region and make the number of
electrons in CB larger than in the VB. Once the electron in CB reaches a certain value, population
inversion, the second necessity, could be realised.

By creating the population inversion in the gain medium, coherent light is initiated by
spontaneous emission and amplified by stimulated recombination. The resonant cavity, which
provides the optical feedback, is the last necessary ingredient of lasers. A portion of the light
penetrates the facet and forms the output of the laser, while the rest of the light is reflected back to
the cavity and further enhances the stimulated emission. Except for the multiple amplification, the
resonant cavity also provides the mode selection mechanism, which will be discussed later. Three
conditions compulsory for lasing are discussed above: stimulated emission, population inversion

and resonant cavity.

_> Cladding layers

\/’

As-cleaved facets
Figure 1.7: Schematic of Fabry-Perot FP cavity

As shown in the Figure 1.7, one of the most fundamental structures is the Fabry Perot (FP)
cavity, in which the gain medium is placed inside the cavity with two cleaved facets as mirrors.
The light of a range of wavelengths generated through spontaneous emission will bounce back and
forth between the facets. However, only the wavelength that has undergone constructive
interference is maintained in the cavity. The mode’s amplitude and phase profiles should be
maintained in a steady state after one closed loop path inside the resonator. For example, assume
that the initial amplitude of the mode is A, and the constant propagation § = 2nnv/c, where n
is the mode index, v is the frequency. In the one round trip process in the FP cavity with gain g

and length L, the mode becomes,
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AoR R, exp(2GL — 2a;L) exp(i2BL) = A, Equation 1.1
R; and R, are the facet reflectivity, depending on the coating conditions. The amplitude
increases by exp(2GL) because of the gain and decreases by R; R, exp(2a;L) due to the internal

loss a; and reflection on the facets while its phase experiences a change of exp(i2fL).
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Figure 1.8: Transmission line section of length L.

By equating the gain and the frequency conditions on two sides, we obtain
1
RiR,

mc (mi nt ) Equation 1.3
v =—— (mis an integer
2nl g

1
G=a;+ ﬂln ( ) Equation 1.2

From the results calculated above, the modal gain (G = I'g) equals the sum of total cavity

ZIn (L) at the threshold. Although the main carriers are
2L “RiR,

loss, a; and mirror loss a,, =
confined in the active region, the field of the photons penetrates the cladding layers. Light will thus
see additional optical losses during the propagation. The confinement factor I', defined as the
volume overlap between the electrical mode and optical mode V,/Vj,, is employed when
considering the entire optical gain.

As shown in the Equation 1.3, for resonance to occur, the phase shift of the longitudinal mode
over a round trip should be equal to an integer multiple of 2m. The optical path determines the
longitudinal mode, corresponding to the standing wave patterns confined in the FP cavity. Only the

mode satisfying these two conditions could lase. The resultant lasing spectrum of the FP laser is

shown below.
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Figure 1.9: Schematic of gain and loss profiles in semiconductor lasers.
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Generally, several longitudinal modes will simultaneously lase in the FP cavity, while the
modes closest to the gain peak will dominate the lasing. During the transmission in optical fibres,
the propagation speed of each mode is different as their refractive indexes depend on the
wavelengths. Accordingly, the original optical pulses are broadened during transmission in the time
domain. Multimode FP lasers can be used for simple applications, such as compact discs and short-
haul communication systems. However, in long-haul, large-capacity optical fibre communication
systems, the multimode nature of FP laser will limit system transmission performance. With higher
modulation speed and longer transmission distance, the pulse spacing becomes shorter, and
dispersion in fibre becomes more severe, making it difficult for a receiver to resolve sequentially
transmitted optical pulses. 1.3 and 1.55 um are often chosen as the wavelength window for optical
communications to address the transmission challenge. The value of the attenuation of optical fibre
greatly depends on its material and manufacturing tolerances. In fibre optics made of SiO», there
are various resonant frequencies of glass relating to energies resonant with electron transition to a
higher state and lattice vibration. Absorption of light around these resonances causes the refractive
index to increase or decrease. As shown in the Figure 1.10, the refractive index reduces around the
UV absorption tail and increases at the infrared absorption tail, and thus a resultant zero dispersion
occurs at a wavelength of around 1.3 um. The maxima of optical transparency of silica fibres occur

at 1.3 and 1.55 um.
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Figure 1.10: Real refractive index as a _function of photon energy for Si0: fiber optic [88].

The major part of the optical link cost is the laser. Although operating at 1.55 pm provides the
best performance, the 1.55 pum laser is usually employed only in longer link distances due to its
high cost. For short links (up to 10 m) in the local area and enterprise optical network transmission,
in which amplification is not necessary, the 1.3 pm laser is chosen due to its good performance and
low cost.

III-V semiconductor lasers operating at these wavelengths have been developed since the
1980s, and nowadays, they are exclusively used in optical communication systems. Basically, the
constituent elements and compositions determine the bandgap of semiconductor materials, namely

the emission wavelength.

Band Gap (eV)
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Figure 1.11: Plot of bandgap energies versus lattice parameters for selected I1I-V
materials [89].

To realise the 1.3 um wavelength emission, at least two compatible materials with same crystal

structure and similar lattice constant must be found. It is required that the bandgap of the material
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consisting of the active layer of semiconductor laser should correspond to the oscillation
wavelength. Figure 1.11 plots the bandgap versus lattice constant for several families of III-V
compounds. The combination of these compound semiconductors enables a wide range of emission
from 0.7 to 1.6 um. To maintain high crystal quality, the lattice mismatch between the lasing
material and substrate should be less than <0.1%.

To realise the 1.3 pm wavelength emission, at least two compatible materials with the same
crystal structure and similar lattice constant must be found. It is required that the bandgap of the
material consisting of the active layer of the semiconductor laser should correspond to the
oscillation wavelength. The figure below plots the bandgap versus lattice constant for several
families of III-V compounds. The combination of these compound semiconductors enables a wide
emission range from 0.7 to 1.6 um. To maintain high crystal quality, the lattice mismatch between
the lasing material and substrate should be less than <0.1%.

Typical compound semiconductors that meet these conditions for 1.3 and 1.55 um are
GalnAsP and AlGalnAs grown on the InP substrate [90]. However, the T, of conventional
InGaAsP/InP lasers is typically low (between S0K and 70K) due to the small band offsets (1.34 eV
for InP cladding and 0.95 eV for 1.3um InGaAsP QW and the small difference in refractive indexes
[91-93]. Temperature-insensitive characteristics are required to realise colourless, low-cost, low-
power consumption optical interconnections. In this regard, using GaAs-based lasers has the
potential advantage of realising a stable temperature operation in the 1.3um range due to its large
band offsets combined with the high optical confinement factor.

As shown in Figure 1.12, InGaAs ternary can be used to form 1.3 um lasers. However, the
growth of two-dimensional InGaAs QW is limited by the formation of dislocations and three-

dimensional islands [94].
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Figure 1.12: The relationship between the InAs mole fraction in In.Ga;..As and critical

thickness for the onset of dislocation and three-dimensional islands formation [95].

The emission wavelength boundary of QW is mainly limited by the fraction of the In content.
However, a large mole fraction brings high dislocation density, leading to a three-island transition
at arelatively small critical thickness. As a result, a pseudomorphic strained InGaAs QW is unlikely
to achieve 1.3 um emission. Alternatively, a plane of coherently strained QDs of InAs grown on
GaAs substrates can provide 1.3 um lasers on GaAs, as the island formation results in a redshift of
the luminescence line [96, 97]. Nowadays, 1.3 um InAs QD lasers can be grown using several
techniques, particularly molecular beam epitaxyMBE, to form QDs with uniform size and high

density [98-101].

1.3 Quantum dot lasers

It is pointed out that QD is an ideal light source for Si-photonics applications. This section
provides a detailed analysis of the QD laser and its development. Carrier confinement within the
active region is crucial for improving the performance of semiconductor devices. Initially, most
common bulk-like materials were used with heterostructure layers. The carriers within the structure
were only confined by the height of their band offset and could potentially have any energy within
this band structure. Although the room temperature oscillation of the laser was achieved, as an
increase in temperature and additional thermal energy kT makes the emission energy higher than
the expected bandgap energy, the output wavelength will shift, corresponding to the new photon

energy (Ey; + kgT), and thus the linewidth of the whole laser emission increases. Even worse,
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an electron with energy higher than the band offset will escape from the confinement potential. In
the early stage, double heterostructure (DH) was proposed, leading to the realisation of room-
temperature laser oscillation [102, 103].

The quantum-structured laser’s success with the active region’s reduced dimensionality soon
triggered much attention. Then, very thin layers called QW were utilised in the active region [104].
In quantum theory, due to uncertainty regarding its momentum (Ap) , the confinement
energy(Econs) of a confined particle increases with a reduced spatial confinement distance (Ax)

[105]

_ (4p)? h?
onf T 2m* 2m*(Ax)?

E; Equation 1.4
Considerable attention has been paid to the one-dimension confined structure, namely the QW
lasers, with ultrathin active layers [106]. They have superior characteristics, such as extremely low
threshold current, less temperature dependence, and a narrow gain spectrum [107-109]. The
improved temperature stability made QW lasers a standard active layer employed in semiconductor
lasers in the 1980s. Before QW became the typical structure of the active region, the innovation of
QD as an extension of the conventional QW was theoretically proposed in 1982 [110]. This idea
can be taken further if the confinement width in all 3 spatial directions is small enough (namely,
several tens of nanometer-scale) to entirely confine the particle with its energy state.
m?h? nZ ﬁ n2

— S+ 2+
2m “Ax?  Ay?  Az?

Econg(Ny, iy, M) = ) Equation 1.5

It can then be seen that, in quantum dot structure, the particle can have only discrete energies
depending on ny,n,,n,. The calculated density of states of materials with different carrier
confinement dimensions is shown in Figure 1.13. The zero dimensionality of QDs leads to the
presence of fully quantised discrete energy levels like an artificial atom, and the density of states
is similar to the delta function at each allowed energy level [111, 112]. This merit, along with a
further reduction in confined dimensionality and improved energetical distribution of carriers,

makes QD lasers less temperature-sensitive than QW lasers.
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Figure 1.13: Evolution of semiconductor layers for light emission [111].

Theoretical predictions concerning the improved characteristics of QD are widely recognised,
but the realisation of high-quality QDs has proven elusive in the initial stage. The first
experimentally realised QD was fabricated by wet etching after the advantages of QDs had been
recognised for over a decade [113]. Soon after, the fabrication methods of QDs, etching and
regrowth techniques, gas phase nucleation, applying a strong magnetic field to QW systems and
several other ex-situ processing techniques [114, 115]. Many of these suffer from a poor surface
quality and nonuniformity. The advent of the self-organisation technique has opened an ideal way
to realise QD lasers [116]. Based on the Stranski-Krastanov (SK) growth, highly uniform, high-

density QDs can be achieved with high crystalline quality and without many dislocations [101].
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Figure 1.14: Schematic representation of three known film growth modes[117].

Three growth modes exist in the film epitaxial: Frank-van der Merwe (FM), SK, and Volmer-
Weber (VW) growth modes are listed in the Figure 1.14, based on different interactions between
materials. In the FM growth mode, there is a strong interaction between the depositing atoms and
the substrate; thus, layer-by-layer growth is formed. VW growth of polycrystalline films involves

the nucleation of 3D islands on a substrate surface and the impingement and coalescence of islands
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to form continuous films. The SK growth mode is considered an intermediate combination of these
two modes.

Two-dimensional planar growth is preferred in a few initial layers during the SK mode growth.
The material is spontaneously re-distributed to relax the accumulated strain into a three-
dimensional island after the deposited material exceeds a certain critical coverage and QDs become
self-organised. Quantum-sized dots are obtained based on the 2D-3D growth mode transition. It is
known that InAs QDs can be formed on GaAs. During the initial stage, when the growth of InAs
is interrupted exactly at the onset of the 2D-3D transitions (about 1.8monolayers), 3D growth starts
and dense InAs islands are formed. Uniform, high-density and high-quality crystalline QD was
realised with the advent of the self-assembling technique, which contributes much to high-
performance QD lasers [118, 119].

For lasers with QDs in the active region, theoretical calculations predict a high differential
gain, an ultralow threshold current density and an ultrahigh temperature stability. Due to the size
quantisation in QDs, the injected non-equilibrium carriers concentrate in a narrow energy band
range near the band edge. The increase in the state’s density leads to a much steeper dependence
of optical gain on the injection current, and the deep confinement potentials lead to efficient GS
emission [120-123]. All of these factors contribute to the lower threshold current density of the QD
laser. In addition, due to the rapid filling of the charge carriers into the working states, population
inversion is achieved with fewer injected carriers and, thus, lower transparency current density is
realised. To this day, the threshold of QD lasers now approaches its theoretical limits and
suppresses state-of-the-art QW lasers by improving the QD epitaxy layer quality together with the
design of laser structures.

Another fundamental merit of the QD laser is its capacity to operate at high temperatures and
temperature insensitivity [124, 125]. At relatively high temperatures, the temperature-dependent
operation of lasers mainly originates from the parasitic transition of the thermally activated carriers
[126]. As the dimension of confinement increases, the degree of freedom in the free-electron
motion decreases, leading to a change in electrons’ state density. The rate of the total spontaneous
emission can be uniquely determined when the density of states and Fermi levels are given. It is
derived that the analytical expressions of QD are independent of temperature. Such a feature could

make QD laser commercially viable in a system operating over a large range of temperatures as, in
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real applications, the surrounding ambient temperature is relatively high and unstable[127-129].
Additionally, a thermoelectric cooler is usually a prerequisite with relatively high-power
consumption and a bulky power supply system to keep the active components within their
operating temperature range.

Despite very high Ty in QD lasers being expected in the early stage, QD devices still did not
give the predicted temperature insensitivity. At relatively high temperatures, a significant amount
of heat is generated at the junction, leading to a thermally activated carrier residing in layers
adjacent to the active medium. The recombination of these thermally distributed electrons and
holes does not primarily contribute to the lasing, giving rise to an increment in threshold current
and reducing efficiency. Further possible improvements include increased optical gain through
increasing the QD density, reducing the inhomogeneous broadening, improving the room
temperature spontaneous emission efficiency and p-type modulation doping [130].

Defect tolerance is another pivotal superiority of QD over QW materials. In the epitaxial
deposition between lattice-mismatched materials, the strain energy is built up and released by
elastic relaxation [131-133]. Once up to a certain critical thickness, the introduction of dislocations
is necessary to accommodate the structural mismatch [134]. This marks the plastic relaxation
transformation, and several defects will be formed [135]. The threading dislocations caused by
lattice mismatch act as non-radiative recombination and scattering centres, while macroscopic
cracks originating from the thermal expansion mismatch limit heteroepitaxy films’ thickness [136-
138]. As growth proceeds, these defects eventually propagate upward and climb into the active
zone. They can act as non-radiative recombination centres, reducing the photon emission efficiency
and minority carrier lifetime [139]. Most early devices suffered from poor reliability and short
lifetime, which impedes their practical applications [140-143].

To overcome this fundamental challenge, QDs are used as a gain material due to their inherent
property of carrier confinement and reduced interaction with defects [144-146]. In principle, the
strong Peach-Koehler strain field is introduced around the QD array, which can bend over the
propagation of threading dislocations or propel them away from the QDs. Such bending increases
the chance of destruction of the threading dislocation as they encounter or transport to the edge
[147]. The self-organised QDs are assumed to be pyramidal in shape, as shown in Figure 1.15 (a).

As the threading dislocations penetrate into the active region, their propagation is directed toward
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the island’s base [148, 149]. If the released strain energy exceeds the dislocation’s energy, a
segment of misfit dislocation will be generated and glides down into the dots. The dislocation under

this area is bent.
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Figure 1.15: The mechanisms about the high defect tolerance of the QD laser. (a)

Schematic of the cross-section of the dislocation by QD [150] and schematic of the interaction
of TD between (b)QW and (c)QD.

In fact, self-organised QDs have been developed as dislocation filters for monolithic III-V/Si
materials [150, 151]. It is also expected that multiple QD layers can achieve enhanced bending of
the dislocations while the maximum layer numbers are limited by the kink generated in misfit
loops[152]. Moreover, the very small ratio between the active dot and the total volume of the active
region suggests that optoelectronic devices incorporating QDs could be more tolerant to defects.
As shown in Figure 1.15 (b) and (c), one threading dislocation can damage the entire QW layers
as it propagates through the active region, while, in QD lasers, it can only kill one or a very limited

number of dots.

1.4 Optical feedback resistance of lasers

After briefly introducing the main advantages of the QD structure, we can identify another
superiority, namely, its strong feedback tolerance. In an integrated photonic system, a portion of

the output power is usually reflected back into the cavity from an external reflecting facet, such as
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the fibre end and device facets. The weak external feedback can sometimes enhance the
longitudinal mode selection and reduce the distortion in modulation [153-155]. However, the
useful range of feedback effects is very narrow and restricted. In most general situations, serious
problems arise from unintentional reflection, such as increased noise intensity and frequency and
modulation degradation [156-159]. The inclusion of optical isolators is thus indispensable to
blocking the reflections from each on-chip component and keeping the transmitter working in a
stable condition and low noise state. However, the cost of an isolator is usually equivalent to or
even higher than the laser chip itself [160]. Even worse, optical isolators are sometimes unavailable
in specific circumstances. Until now, a suitable integrated isolator with strong isolation and
negligible insertion loss has not been demonstrated. Therefore, an isolator-free transmitter with
stable performance remains a major objective that could revolutionise the core technology of the
physical layer.

In optical fibre communication systems, optical connectors act as a periodic reflector with a
maximum value of as much as 13.2% [161]. Under such high-level feedback, the performance of
the widely used QW lasers is severely destabilised. QD lasers demonstrate better performance
mainly due to their symmetric gain curves and the resultant small coupling between phase and
amplitude. Based on the extra insensitivity of the QD laser, it is possible to design directly
modulated lasers that operate without an isolator.

The practical issue caused by facet reflection in the integrated circuits and metrics of the QD
laser will be discussed in the following section. Firstly, it analyses and calculates the mechanism
behind the fluctuation caused by feedback noise and the critical level. Then, it details the origin of
the outstanding reflection resistance of QD material and its related physical parameters. Finally, it

reviews the development of QD laser’s improved feedback tolerance as it appears in the literature.

1.4.1 Ciritical feedback level

Optical feedback noise is generated when some light emitted from the cavity is unintentionally
reflected back to the cavity due to external reflection [162]. When the optical field is perturbed

with the light reflected back into the cavity, the carrier density and the gain profile will be affected
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due to the fluctuation in photon density. As a result, various significant changes occur even with a
minute fraction of reflection, including threshold current change, excess noise, linewidth
broadening, high and low-frequency components of the intensity noise, un-damped relaxation in
oscillation, or even a collapse of coherence accompanying an abrupt increase in noise and linewidth
[163-168]. Even with a relatively low feedback ratio of -40 to -60 dB, the impact is noticeable,
causing a drastic reduction in the coherence length of the laser, often termed as coherence collapse
[169, 170].

Many researchers have provided a detailed understanding of the mechanism of the fluctuation
[167, 171]. A multi-mirror cavity equivalent model is used to quantitatively analyse the effects of
feedback noise. A laser plus the external reflected system is usually considered a compound cavity
system. An effective mirror is used to fold the effects of mutual coupling between the laser cavity

and external cavity through the partially transparent facets.
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Figure 1.16. (a)Laser with external reflective facet. and (b) Equivalent model.

Ry, R, are the power reflectivities for the laser facets: R; denotes the reflectivity of the

. 2 . . .
whole external cavity system, and R.rr = |reff| is defined as the effective reflectivity of the

whole external cavity system. Various factors intricately affect changes in the light output,
including the distance between refractive objects and laser facets, the reflected ratio, and operating

conditions.

E R .
Torf = E: = JRy[1+ (1—R,) ’R_ze—JwTexc] Equation 1.6

where w is the angular frequency of the laser and 7,,; is the round-trip time in the external
cavity. The change in effective reflectivity gives rise to a shift in the mirror loss and modifies the

photon’s lifetime. A further impact on the threshold gain and performance, such as threshold current
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and spectrum distribution, is also introduced [172]. Regarding dynamic characteristics, according
to the phase shift caused by the feedback, noise level and relaxation oscillation are altered [173,

174]. By considering the decay time, the coupling rate k of feedback light is derived [175, 176].

- 1-R —R3 Equation 1.7
= uation 1.
* 2nL ( 2) R, 1

The numerical analysis of the effects of feedback noise is usually evaluated based on k. Due
to the high reflectivity and short cavity length of semiconductor lasers, the impact of the reflected
light is usually severer in laser diodes than in lasers based on other materials. Another factor, LEF
quantifying the coupling between amplitude and phase, affects the performance of diode lasers
under external optical feedback, as semiconductor lasers with lower ay are less sensitive to
feedback noise. A parameter indicating the instrumental role of all the factors mentioned above due

to external optical feedback is given below [177].

C = KText /1 + a? Equation 1.8

Various regimes can be classified based on the C factor [169]. For the single-mode laser, in
the region of C < 1, both line narrowing and broadening have been predicted and observed [178].
For 1 < € < 2, mode hopping and hysteresis effects involving two external cavity modes were
presented. In the range above 2, relaxation oscillation became undamped, giving rise to satellite
and external-cavity peaks. Since the critical optical feedback condition often attracts more interest,
the criterion for where the transition to coherence collapse can be expected is further derived. The
feedback level is defined as the ratio between the power reflected into and out of the laser cavity.

A general theoretical expression of the predicted coherence collapse level is

T2T?R(1 + af

fCTit = 4(1 _ R)Za;l_}

Equation 1.9

This expression involves the damping rate T', LEF «, internal round-trip time 7;, and facet
reflectivity. Examining the equation, a higher damping factor, smaller LEF, longer cavity length

and higher facet reflectivity lead to an increased critical level.

1.4.2 High feedback resistance of quantum dot laser

Among all the types of laser, QD lasers are predicted to have a low threshold and high-
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temperature stability and show superior performance in optical feedback tolerance because of their
large damping and small LEF. This section presents detailed theories on the impact factors of the
parameters relevant to QD lasers’ strong reflection resistance. Among various properties of QD
lasers, LEF is regarded as a critical gain medium parameter that can distinguish their behaviour
from other types of materials. Based on the Schawlow-Townes relation, it is predicted that the
linewidth of the conventional laser is inversely proportional to power [179]. However, in
semiconductor lasers, the measured width value decreases linearly with reciprocal mode power at

a rate much greater than that predicted by the modified Schawlow-Townes formula,

41thv(Avy)? .
Avigser = — > Equation 1.10
out
. 4mhv(Avy)? Equation 1.11
Avigser = P—t 1+ aﬁ)
ou

hv is the photon energy, Av, is the resonator bandwidth and P,,; is the output power.

For semiconductor lasers, any change in gain is accompanied by a corresponding change in
its refractive index [180]. The coupling between the carrier-induced refractive index and intensity
gain is described by the ratio of their derivative concerning carrier density and can be derived via
the Kramers-Kronig relations. Generally, the broadened linewidth of the laser is thought to result
from the phase fluctuations in the optical field. The linewidth broadening and further impact on the
dynamical properties of semiconductor lasers due to the effect of the changed refractive index with
carrier density can be quantitatively evaluated by the LEF [181]. The LEF serves as a key parameter
in semiconductor materials as this factor not only determines the spectral linewidth and chirping
but also affects the performance of feedback tolerance and high-speed modulations in lasers and
amplifiers [182-184].

Typical values of LEF in QW lasers are around 2-5, causing a significant linewidth broadening
and a weak feedback tolerance. By optimising the active region’s composition and improving the
waveguide design, a lower value of 0.5 can be achieved. A reduction in active region
dimensionality from two-dimensional QW to zero-dimensional QD lasers is an effective way to
reduce the LEF. In atom-like active regions, the carriers are confined in spatially separated potential
dots, which localize both the variations in index and gain. Several models predict a near-zero LEF
in QD material at its early stages [185, 186]. In addition, the symmetric gain spectrum in QD plays
an important role in reducing the LEF. It is reported that a value as low as 0.1 is achieved in GaAs-
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based QD devices, and even a negative value has been reported [187, 188]. The non-zero linewidth
enhancement and shift of gain peak wavelength are a direct consequence of plasma, band filling,
and many-body effects [185, 189], while the inhomogeneous size grown by the SK mechanism
further broadened the gain spectrum and thus degraded the linewidth [190]. Since the critical
coherence collapse feedback ratio is inversely proportional to the fourth power of the LEF, QD
lasers have the potential for high external feedback resistance.

Another important parameter affecting the QD laser’s feedback resistance is the damping
factor. The high-relaxation oscillation damping rate caused by large gain compression is thought
to originate in finite capture time from the wetting layer to the dots and the burning of the dot
wetting layer’s holes [191]. An increase in the relaxation oscillation damping will increase the
threshold for instability. A sample with a LEF of 2 exhibited a highly suppressed relative intensity
noise (RIN) peak and the critical level increased by as much as 15dB compared to the QW laser

[192].

1.4.3 Literature review

The influences on the semiconductor laser properties of external optical feedback were
examined as early as 1978 [157, 175]. Five distinct regimes of feedback effects were identified in
1986, depending on the optical feedback level and the distance to the reflection [165]. The feedback
regimes defined the coherence collapse state, in which the optical power field’s spectral density
exhibits a very large broadening, which is particularly important since it is likely to be encountered
in an optical communication system. It was observed that the transition to the coherence collapse
occurs at optical feedback levels in the order of about 10 [177, 193]. Theoretical analysis can
describe the stable region of the laser using small signal theory [172], RIN [194], rate equations
[195] and nonlinear dynamics [174]. These numerical expressions and simulations for the critical
feedback level were proposed and met with strong consensus. The phenomena occurring in
semiconductor lasers due to optical feedback have been well studied, including variation of the
threshold current as a function of feedback [196], mode-hopping [197], and chaotic behaviour

[169].

49



The InAs/GaAs QD, laser feedback characteristics, were first reported with a threshold for
coherence collapse of -8 dB [198]. This high reflection tolerance has been explained as a
consequence of low value for LEF, a long laser cavity of 1.5 mm and a very high relaxation
oscillation damping rate of 6 GHz caused by large gain compression. QD lasers on Si with high
feedback tolerance are further demonstrated to meet techno-economic requirements of low cost,
high device density and low power consumption for high-volume applications. The measurements
of RIN versus various levels of optical reflection for QD laser epitaxially grown on Si were first
carried out in 2017 [79]. A systematic comparison was made between monolithically grown 1.3
um QD laser and heterogeneously integrated 1.55 pm QD lasers on Si regarding their RIN at a low
frequency of around 100 MHz and a high frequency of up to 10 GHz. The results indicated that the
QD laser showed 20 dB higher insensitivity than its QW counterpart.

Recently, a penalty-free operation with a QD laser on Si operating up to -7.4 dB optical
feedback was performed at 10G Hz under external modulation [63]. Such remarkable resistance
under modulation could definitely satisfy the maximum value of the optical feedback caused by
the end-face reflection of as much as 13.2%. However, the circumstance becomes more
complicated in the directly modulated laser and in most isolator-free applications, a major portion
of the reflections comes from the facets or connectors outside of the transmitter, where the back-
travelling modulated signal is the actual source of injection to the laser source. It was demonstrated
in [160] that under 10 Gbps direct modulation speed, error-free back-to-back operation of QD laser
was performed under up to -12 dB feedback level. The 20 km transmission was achieved under a
maximum optical feedback level of -9 dB with a power penalty of less than 1d B at a bit error rate
(BER) of 107,

Several methods have been employed to promote feedback resistance, such as the corrugated
waveguide and gain-coupling structures [199-201], to implement gain or loss coupling and take
advantage of the consequential standing-wave effect. The 300 um laterally loss-coupled QD DFB
with absorptive metal gratings and high reflection was expected to improve tolerance with a -14
dB critical level and 2.5 Gbps modulation [198]. It has been suggested that the p-type doping
technique can improve thermal resistance. It can lower the LEF and thus increase the critical
feedback level. The comparison of tolerance to optical perturbations of epitaxial undoped and

doped QD lasers was explored in [202, 203]. Based on the strong feedback tolerance of QD lasers,
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optical transmitters for optical 1/O cores using QD lasers without isolators were developed. The
signal degradation by optical feedback reflected within the transmitter was negligible, and an error-

free transmission was demonstrated at 25 Gbps with an estimated BER of less than 10712 [204].

1.5 Objective and outline

This thesis aims to investigate the QD laser’s basic static characteristics, dynamical
performance, optical feedback performance and integration with the Si photonic module. The
research is presented in six chapters, briefly described below.

In Chapter 1, the development of Si-photonics and related devices are briefly introduced. Then,
the fundamental laser theories are shown. After that, the concept of QD and the advanced properties
of the QD laser were discussed. At last, the fundaments of feedback sensitivity are given, and the
development of the feedback-resistant laser is reviewed.

Chapter 2 presents the static results of the QD FP lasers. Before the data is presented, basic
principles of the MBE, wafer characterisation and fabrication processes and facilities are
introduced. Then the experimental setup is given. First, the basic light-current curves of different
cavity-length QD lasers with identical wafers are measured. Based on these results, the related
efficiencies and physical parameters are derived. The temperature characteristics of lasers with
different cavity lengths are also provided. From these data, the design of the laser can be optimised
based on the requirements of specific applications.

In Chapter 3, the measurement of the RIN of a 200 pm high-reflection coated laser is first
demonstrated under different injection currents. The relevant parameters, such as the damping
factor and D-value, are estimated. Then, a small signal modulation is posed on both 200 um and
600 um devices, followed by a large signal transmission performance.

Chapter 4 describes the feedback resistance of QD lasers. It was theoretically analysed that
the feedback sensitivity relates to the intrinsic parameters of materials and the cavity and system
structures. The experiments are divided into groups with various cavity lengths and injection
currents. The static and dynamic properties with reflected light are presented and compared.

Based on previous results, QD laser shows an impressive performance in all aspects ranging
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from static, dynamic, noise and feedback resistance. Chapter 5 evaluates practical applications
regarding data transmission and optical modules. The eye diagrams under different large signal
modulations are derived. A relatively high-quality 25 Gbps transmission is achieved under large
optical feedback as high as -8 dB. Then the 1000 um QD FP laser is adopted in the commercial Si
photonics DR1 module instead of the QW DFB laser, and a comparative performance is achieved.

The first time using the QD laser was the light source in an isolator-free commercial Si-
photonics module. The high performance of the QD laser is verified by its low threshold, high-
temperature stability, low noise and strong reflection resistance. From an industrial view, QD
material has the potential to be a low-cost solution without an isolator, controlling temperatures
under quite a low injection current. The final chapter discusses the challenges in improving the
performance of directly modulated light sources in Si photonics modules and co-packaging

techniques.

1.6 Original of contributions

This thesis is a comprehensive study of the challenges and advantages of applying QD lasers
in Si-photonics modules. Firstly, the QD sample was developed by my colleague Dr Mingchu Tang
in the MBE group at UCL, while I conducted the related material characterisations myself. The
fabrication processes were mainly carried out with the help of the engineers in LCN, while Dr
Suguo Huo executed the dry etching due to its high requirements. Regarding the static
characteristics, including length dependence and temperature variation LIV measurement, the
related experiments were designed and performed by myself. For the RIN, small signal and large
signal measurement, the tests were operated by engineers from NOEIC. The data test and the
feedback sensitivity testbed were designed and constructed with help from NOEIC. The
commercial module-based test was performed in the packaged test system and operated by

Accelink Technologies Co., Ltd.
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2 Static characteristics

In this chapter, a systematic study of the static characteristics of narrow ridge quantum dot
(QD) lasers is performed. Before the measurement start, the fundamentals of QD epitaxial are first
discussed. The molecular beam epitaxy (MBE) techniques and equipment are provided. Then the
grown QD material is characteristic using atomic force microscopy (AFM) and photoluminescence
(PL). The device structure and fabrication methods are also provided later. After the material
growth and fabrication is introduced, the static characteristic measurements are carried out, mainly
based on the light-current-voltage (LIV) curve. Further characteristics such as efficiency and loss
can be extracted experimentally by subsequently cleaving lasers to different cavity lengths and
measuring the corresponding threshold current densities. The metrics of QD laser regarding the

low threshold and high temperature stability are verified in the testbed.

2.1 Material growth, characterisation and device

fabrication

Firstly, a description of the working principles of MBE and epitaxy structure of the wafer are
given. In essence, MBE is material deposition technique based on ultra-high vacuum evaporation
method [1]. The composition and doping of the impurity level can be precisely tailored and
controlled below the accuracy of ten parts per billion. The schematic process of MBE is shown in
Figure 2.1. During the growth, the molecular beam is generated by fluxes of constituent matrix and
doping species, which will be deposited on the substrate with an average rate on the order of around

one monolayer per second.
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Figure 2.1: Schematic representation of the MBE processes and control interface [1].

The sources are heated and transferred from the flux generators to the substrate. By altering
the evaporation condition or controlling the mechanical shutters, the constituents of deposited
material can be temporarily controlled. QD samples used in this thesis were grown in UCL using

solid-source MBE reactor epitaxy on an n-doped GaAs substrate.

Figure 2.2:Shematic diagram of InAs/GaAs QD wafer.

The QD wafer is designed based on the previous optimised structures used in [2, 3] and the

layer structure is shown in Figure 2.2. It is composed of two1400 nm-thick AlGaAs cladding layers
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and active region of seven stacked layers of InAs/GaAs QDs. The upper and lower cladding layers
were doped with Be and Si, respectively. The self-organisation of nanoscale 3D clusters due to the
strain-induced transformation of the pseudomorphic layers has emerged as one of the most
promising ways for in situ QD fabrication. Each QD layer consists of 3 monolayers of InAs grown
on 2 nm InGaAs before capping with 5 nm of InGaAs. This dot-in-a-well (DWELL) method is
based on capping the self-assembled InAs QD with the less strained InGaAs. One of the main
merits of DWELL structure is the improved surface dot density per layer. A 42.5 nm GaAs spacer
layer, in which the 6 nm-thick p-modulation doping with Be is applied, is inserted between each
DWELL layer.

Then relative characteristics are measured, AFM and PL. AFM is a mechanical profilometer
with the capability to image almost all types of surfaces, including conductor, semiconductor and
even insulator. It gives a straightforward topography of QD structure in three dimensionalities. In
force microscopy, the sample is fixed on a holder positioned accurately in lateral and vertical
directions, and the probing tip is attached to a cantilever, which is mounted on another holder. Most
of the scanning probe microscopes is based on piezoelectric element which is made of crystals that
create electrical polarisation when deformed mechanically. The basic components and relation

between the distance and force are shown below.
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Figure 2.3(a) Basic principle of AFM [4] and (b) Force-distance curve [5].
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As the cantilever is approaching the sample, it is bent due to the interaction between tip and
sample. In the detection system, a laser beam is directed onto the cantilever and reflected onto
photodiodes. The generated force depends on the distance and is determined by the deflection of
the cantilever. Morphology of the sample, including its roughness and height distributions, is taken
quantitively through digitizing the reflection as a function of distance. In addition to deflection
sensor and force measurement circuit, traditional positioning and feedback loop control are
included in the basic AFM system. The AFM image of InAs/GaAs QD of our sample is shown in

Figure 2.4, which indicates a high dot density of 3 X 101°/cm? with good uniformity.

-6.0 nm

Heiaht 200.0 nm

Figure 2.4:AFM of the QD wafer used in this thesis. The right bar gives the color map
corresponding different height of wafer.

PL spectroscopy is a non-contact, non-destructive method to characterize the optical
properties of samples. From the extracted information, sample composition, crystal defects, and
even the internal stresses can be identified. In the case of QD samples, PL spectrum provides the
information about the QD monodispersity that can facilitate sample analysis. PL is a spontaneous
emission by the optical excitation. When the light directed onto a sample is absorbed, photon-
excitation occurs. The electron in the lower energy state (valence band (VB) for semiconductor) is
excited to higher energy state (conduction band (CB) for semiconductor). Photon is released when

the excited electron returns back to the lower energy level.
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Figure 2.5:Shematic diagram of PL setup.

The PL spectral characterisation is obtained by an automated spectrofluorometer system in
Figure 2.5. In our measurement, a laser beam generated by 532 nm source is directed onto the
surface at room temperature. Under the optical excitation, PL occurs with the photon emission
corresponding the bandgap of sample. The reflected beam is directed into the monochromator, in
which a diffraction grating is used to diffract different wavelengths separately toward an array of
detector. The intensity of corresponding wavelengths is interpreted by the digital information to

form a PL spectrum.
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Figure 2.6:PL of the QD sample.

The displayed spectrum indicates the distribution of relative PL intensities measured by the
detector. PL spectrum of our QD sample is shown in Figure 2.6. The intense peak appears at 1290
nm with a full width at half maximum (FWHM) around 31 meV. The broadening of PL spectrum
results from the inhomogeneity of QD distribution. This notable peak and narrow width of the PL
spectrum also indicates good dot uniformity. An additional shoulder exists at 1205 nm,
corresponding to the excited state (ES) emission.

With the QD material is verified with high density and great uniformity based on AFM and
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PL results, the wafer is then fabricated to laser device. Figure 2.7 gives the brief processes of the
fabrication flow chart. Prior to the structure fabrication, sample cleaning is the first crucial process.
The contaminants formed during the growth can severely degrade the device performance and yield.
During the cleaning, acetone and isopropyl alcohol are usually employed with the ultrasonic
vibration. Then, the wafer is blown dry by a nitrogen gun. Processes are repeated until there are no

obvious particles on the wafer surface under the microscope of view at 50x magnification.
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Figure 2.7: Flow chart of laser fabrication processes.

In the following processes, several critical techniques, including photolithography, chemical
wet/dry etching, passivation, metallisation, and facet coating, are carried out. Photolithography,
also called as ultra-violet (UV) lithography, is one of the most basic techniques for forming
accurate and precise patterns in semiconductor manufacturing. The patterns are transferred on the
substrate under the UV light exposure by using photosensitive chemical known as photoresist.
Typically, the UV light is in the range of 350 to 430 nm wavelength. After which the photoresist is
selectively dissolved in the corresponding developer. These delineated areas are subsequently used
for etching, deposition or doping. The main advantage of photolithography is the ability for mass
production and high efficiency. However, the limiting size of the individual elements is about 1 um
due to the diffraction of the optical systems. Advanced photolithographic strategies provide precise
control of the shape and size down to few tens of nanometers with the expense of high cost and
long writing-time. Another problem that needs to be addressed is the task of designing optics to
form precise image over the wafer with growing size.

Several strategies have been pursued to achieve the dimensions and overlay accuracies
required for next generation devices, including short wavelength lithography, electron beam

lithography (EBL), x-ray lithography, and ion beam lithography. An EBL system is comprised of
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several subsystems, including electron optical column, analog/digital electronics, high-precision
mechanical stage, and high vacuum system. By scanning focused electron beams onto a sample
surface covered by organic polymer film, similar to the physical mechanism of photolithography,
the solubility of the resist in developer is altered by the passage of electrons. The ultimate resolution
is typically in the range of few nanometers. Another advantage of EBL over the photolithography
is that any arbitrary pattern can be directly written without the pre-existing photo-mask. EBL is
currently used by many companies to manufacture high-resolution devices and try out a large
number of different patterns in development phase. In our fabrication, the 5 um narrow ridge is
defined by the EBL and wide contact metal area is exposed by photolithography.

Once the ridge width of laser is defined, the stripe structure is then fabricated using etching
techniques which removes layers or slices of material There are two basic types of etching agents:
liquid or plasma phase. Removing material by using liquid chemical is called wet etching while
the plasma etching process by the plasmas or gases is referred as dry etching. Several
considerations are needed to be taken into account for deciding the etchant type.

In the wet etching process, the substrate is partially protected by the resist. Chemicals such as
hydrofluoric acids, nitric acids, phosphoric acids, and hydrochloric acids are usually employed as
the etchant due to the corrosive properties. The wafer is laid into a tank full of liquid solution or
sprayed by etchant while rotating. The unprotected part is removed as the wafer immersed in
chemical solution. It is easy to implement wet etching with simple equipment and related chemicals
and the etch rate is particularly high with good material selectivity. However, the matter of safety
is needed for consideration and proper care should be taken around the regularly changed solution
and cleaning of the corrosive liquid afterwards. Another drawback of wet etching is the isotropic
property. Complex interaction on molecular level is caused during the etching and results in the
different shape of the surface. In isotropic etching, the etching rate towards all directions are
identical and results in a semi-circular shape. The removed materials are not strictly defined by the
mask. Meanwhile, undercuts of the mask are usually formed and wet etching are thus considered
to be not accurate. Anisotropic etching is desired in the fabrication to achieve the accurate mask
pattern transfer, as the material cut out is only perpendicular to the surface. Dry etch techniques
are employed to remove a masked pattern of semiconductor material with a tendency toward

anisotropism in a quite flexible process. High kinetic energy beams in plasma phase are used to
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knock off atoms on substrate and reacted material is removed in the evaporation form. Performance
parameters such as etching rate, selectivity, uniformity, and anisotropy can be modified depending
on the technique used and conditions such as gases categories and distance to the substrate.
Encompassed chambers are assembled in dry etching equipment and the safety risks are considered
rather low.

There are two techniques included in our narrow ridge laser fabrication: reactive ion etching
(RIE) and inductively coupled plasma reactive ion etching (ICP-RIE). For RIE etching, chemical
reactive species are accelerated by the high-frequency electrode and directed toward the etching
surface. Its directionality can be controlled by adjusting the pressure and electric intensity inside
the chamber. More control is allowed in ICP-RIE by adding the RF-powered magnetic field on the
top of RIE system. The plasma state is created in this case and shattering ionised gas molecules are
propelled towards the substrate. In semiconductor markets for device manufacturing, both wet
etching and dry etching technologies are employed. The wet etching provides high selectivity with
simpler equipment, while dry etching offers strong anisotropic control with greater precision and
safer operation. The ICP etching is used to form the shallow etched narrow ridge, while the wet
etching is used for the smoothing purpose.

Followed by laser fabricated, connections via metal layer deposited on the wafer forms
conductive pathways. The formation of electrode is important in determining the performance of
most semiconductor devices. Different types of contact between metal and semiconductor,
Schottky and Ohmic contact schematically depicted in Figure 2.8, are formed due to the Fermi
energy mismatch. When the potential barrier height between the Fermi energy of the two materials
is relatively large, a Schottky barrier contact is formed. Generally, Schottky barriers could lead to
rectifying characteristics and when the current flowing through the Schottky contact, it shows a
current-voltage characteristics similar to those of pn-junction. Materials such as Titanium Silicide

and Platinum Silicide can be used to form Schottky contact with both p- and n-type semiconductors.
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Figure 2.8: Schematic IV characteristics of (a) Schottky and (b) Ohmic contact.

The desired metal contact for laser diode is the Ohmic contact. Under this situation, no
potential barrier is formed and the current can be conducted in both directions as shown in above
figure. Ideally, low resistance and non-rectifying junction Ohmic contact is desired. Generally, the
Ohmic contact for III-V compounds are deposited by sputtering or evaporation processes while the
contact layers are high doped to narrow the depletion region. For Ohmic contact to GaAs, Ti/Pt/Au,
PdGe, and NiGeAu are usually used. Additionally, several techniques are employed to reduce
Schottky barrier height: plasma surface pretreatment and buffer layer with low bandgap alloy [6,
7].

In our works, the contact layers are doped at a level of 108 /cm3 by MBE to achieve low
contact resistances. A Ti/Pt/Au (20 nm/50 nm/ 400nm) layer was used as a anode and deposited by
sputtering. To perform sputtering, the plasma of inert carrier gases is formed in a low-pressure
circumstance. The ionised atoms with the applied electric field are drawn to the target source that
will be deposited. The target atoms are dislodged as ions strike and will then be deposited in a thin
film on substrate. In our metal contact scheme, the Ti layer was used to prevent the diffusion and
increase the adhesion between the semiconductor and metal, while the Pt layer can also avoid Au
diffusion [8, 9]. For the n-type contact layer, Ni/GeAu/Ni/Au (10 nm/100 nm/30 nm/200 nm) was
designed and deposited by the thermal evaporator with annealing afterwards. The first Ni layer was
used to improve the adhesion while the second layer works as a barrier layer [10, 11]. GeAu alloy
forms a heterostructure barrier, and the final layer is provided for the contact [12].

The schematic plot and scanning electron microscopy (SEM) image of the cross section of

laser is shown in Figure.2.9. The device structure employed in this research is narrow ridge shallow
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etched above active region with top-bottom metal. Human eyes can distinguish two points in space
down to 0.2 mm. As dimensions of the subjects and materials are shrinking, electron microscope
was developed to provide higher resolution to detect the nanostructure in samples. The SEM
projects and scans a focused electron beam over the sample surface, and the topography and
composition of specimen are obtained from the produced signals. As the electrons penetrate and
interact with the sample, secondary electrons, backscattered electrons and X-rays are produced.
These signals are then collected by detectors, and the corresponding figures reveal information
about external morphology, chemical deposition and crystalline structure. The maximum resolution

of SEM is increased to less than 20 nm.

(a) Highly doped (b)
contact layer

P-type electrode

N-type electrode

Figure 2.9: (a)Cross section diagram of narrow-ridge FP laser and (b) SEM of the cross

section of fabricated device.

In Fabry-Perot (FP) laser, the cleaved facets could be served as mirrors with specific
reflectivity. In principle, laser emits radiation from the front as well as the back facet. However,
only the optical output from one facet is desired in many applications. The output power can be
enhanced by modifying the facet reflectivity through anti-reflection (AR) and high-reflection (HR)
coating, which at the same time serve as a role of protection and passivation. The characteristics,
including threshold current, output power, efficiencies, feedback resistance and even dynamical
properties, can be impacted and improved with the different coating conditions. HR coating with
reflectivity greater than 90% at the rear facet is widely applied, as for most of the practical
applications, a little bit amount of output power from rear end is needed for monitoring purpose.
The deposition of HR coating works on the constructive interference, which can be achieved by
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alternate stack of Si and Al,Os. The light is reflected from successive boundaries of multilayer
dielectric films and gathers in phase. On the other hand, AR coating, based on the complete
cancellation of the reflected light at the upper and lower surfaces of a single layer of dielectric
material, is desired in some cases such as the amplifier and external cavity systems. The optical

thickness of the coated dielectric is calculated to be one quarter of the lasing wavelength.

2.2 Experimental setup

After fabrication of the laser devices, their properties are first characterised. Laser bars with
different length and coating conditions are tested by measuring the light output and voltage as a
function of current to derive various properties.

One of the most important characteristics of laser devices is the light output as a function of
current density. The basic setup for light current (LI) measurement is shown in Figure 2.10, with
LabVIEW software used to communicate between the instruments and record the result. The
mounted device under test (DUT) was placed on metal plate with a temperature controller and
thermoelectric cooler to keep temperature constant during testing. Keithley 2400 was used as a
continuous-wave (CW) current source, and electrical contact to laser was made via probes. The
optical header interface without any lenses was placed as close to the lasing facet as possible to
collect the output light, and the power was measured via the lightwave multimeter. The resulting
LI graph shows the transition of the laser output from spontaneous emission to stimulated emission

and the increase in stimulated emission intensity with current.
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Figure 2.10: LI setup

Based on the above setup, the different LIV characteristics regarding the optical and the
electrical properties under different temperature can be derived. To further obtain the efficiencies
and internal loss, it is common to measure the LI curves of different cavity length and plots the
inverse slope efficiency (SE) versus the length. However, this method neglects the enhanced loss
mechanism with short cavity length. Advanced laser simulation software such as PICS3D was
employed to self-consistently reproduce and study the impact of the lengths on internal loss and
internal efficiency [13]. In addition, compared to quantum well (QW), the increased mean dot
carrier occupancy results in early onset of gain saturation [14]. This gain saturation also means that
careful consideration of length dependent results must be undertaken to form an accurate picture
of QD lasing characteristics. As a result, when extracting data, the shorter length samples tended

not to be considered.

2.3 Rate equation

Before the measurements carried out, an important analysis tool needs to be introduced, rate
equations, which describes the operation between carriers and photons inside the active region.
Based on this group of equations, the most common static characteristic and even dynamic
performance can be theoretically predicted. We first analyze the carrier concentration N, by

separately considering the generation and consumption terms.
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dN,

a Ggen — Ryec Equation 2.1
G = nil B
gen — q_V Equation 2.
Ryec = Rsp + Ryt + Ry + Ry Equation 2.3

where 1; is the injection efficiency defined as the ratio of terminal current that generates
electron-hole pairs in the active region to the total injected current I, q is the elementary electron
charge and V is the volume of the active region. The recombination processes, which includes

spontaneous emission rate Rg,, stimulated emission rate Rg;, nonradiative recombination rate

sp>
R,., and current leakage rate R;, are more complicated

The lifetime 7 of particles is often used to describe its decay rate with the definition of;
N(t) = N(O)e_% Equation 2.4
N denotes for both the carrier and photon density. We first consider the simplest circumstance

when there are no injected carriers (Ggep, = 0) and photons (R, = 0). The rate equations for the

carrier density and carrier lifetime are derived as,

dN, N
e-__¢ Equation 2.5
dt T,
N
T_e =Rsp + Ry + R, Equation 2.6

e

Similar to the rate equation for carriers, when constructing the rate equation for photons, we

need to include the generation and loss terms.

dn, N,
- [Rg + TBspRsp — T Equation 2.7

D

where 'R, is the fraction of photons generated by stimulated recombination. For the
spontaneous emission, photons are emitted in all directions over a wide spectral range, and only a
small fraction could resonate along the cavity, contributing to the lasing. Thus, the contribution of
spontaneous emission should be multiplied by the coupling factor f,. The depletion of photons

mainly relates to the cavity loss and mirror loss which could be described as,

t
N, (t) = N,(0)e ™ Equation 2.8

1

Ty =——"T
Ug (‘Zmir + ai)

p Equation 2.9

The growth of photon density can also be described in terms of the gain g over small length
Az.When Az is sufficiently small, e94” ~ 1+ gAz and Az = vgAt (yg is the group velocity).

77



The R, can be represented as,
Ry = vyygN, Equation 2.10

Overall, the coupled rate equations are rewritten as,

dN, _md N, - Ne Equation 2.11
dt = qV Ugg P ‘L'e C]LlCl on <.
dN. N, Equation 2.12
P _ 4 q
W = F'Ugng + FBSpRSp - _‘L'

p

These rate equations will be solved to analyze the steady and dynamic responses of the lasers

in the following sections.

2.4 Static characteristics

Static CW measurement of length dependent characterisation, and characteristics temperature
To measurements are carried out in this section. Since the facet reflectivity will impact the
performance of lasers regarding its threshold, output power and essentially, the feedback sensitivity.
The detailed studies of the static characteristic of QD laser comprises of FP lasers with 8 different

lengths with and without coating.

2.4.1 Basic light-current-curve characteristics

The basic LIV characteristics of FP lasers with different length are presented in this section.
The illustration of LI curve provides the most fundamental relationship between the input current
and output optical power. It is generated by plotting the power out from the facet as a function of
the drive current. From the LI curve, the threshold current and SE could be easily derived. In
addition, several other complex efficiencies can be determined by length-dependent calculation.

As the current is injected into the laser, carriers will initially accumulate in the active region
and the photon concentration increases gradually. When the carrier density exceeds the threshold
value to compete the loss and spontaneous emission, stimulated emission becomes dominant and
output power surges. The first parameter of interest is the point onset of laser action, typically

referred to as the threshold current denoted by the symbol I;,. Lower threshold current is much
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desirable from the power consumption aspect. From the physical view, the change in injection
current and optical output corresponds to the variation in the carrier and photon density. Thus, the
LI curve can be analytically expressed by rate equations. When the injected current has not reached
threshold, both the stimulated emission rate and photon density are negligible (N, = 0). The
generation term in steady-state carrier rate equation equals recombination term, and Equation 2.11

reduces to

Nilen _ Ne tn
qv Te

Equation 2.13
Above threshold, the carrier population is clamped at the threshold value, since all additional
carriers further injected to the active region contribute directly to the generation of photons into

the lasing mode. By solving Equation 2.11, Equation 2.12, and Equation 2.13, the linear

relationship between the injection current and the output optical power is mathematically proved.

(I =1

p= et ) Equation 2.14
qVvyg

Poye = 204 Q- hUV N, Equation 2.15

The primary benefit of the QD laser is the ultra-low threshold current. Due to the size
quantisation in QDs, the injected non-equilibrium carriers concentrate in a narrow energy band
range near the band edge. The increase of density of state leads to a much steeper dependence of
optical gain on the injection current, and the deep confinement potentials led to efficient ground
state (GS) emission [15-18]. All of these contribute to the lower threshold current density of QD
laser. In addition, due to the rapid filling of the charge carriers into the working states, population

inversion is achieved with fewer injected carriers and thus lower transparency current density.
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Figure 2.11: LIV curves of different caivty lengths (a) 300 um, (b) 350 um, (c) 400 um, (d)
600 um, (e) 800 um and (f) 1000 um.

As-cleaved FP lasers with 2.2 um width and 6 different cavity length (300, 350, 400, 600, 800,
and 1000 pm) were fabricated and measured. The 300 um long as-cleaved laser exhibited a
maximum CW output power of 1.9 mW per facet at an injection current of 30 mA, as shown in
Figure 2.11. From the inset, a threshold current of 11.72 mA was obtained at room temperature.

Based on the ridge width and cavity length provided, the corresponding threshold current density
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is derived to be 1.7 kA/cm?. The performance of QD devices are not that ideal due to the size
fluctuation and low dot density since the self-organisation technique inevitably induces some
variation of the size and shape of dots. The inhomogeneous broadening of QDs deviates from the
ideal structure, leading to a spread of localisation energy within a dot ensemble and the gain
spectrum. Eventually, the maximum peak gain is reduced and the threshold current density

becomes higher.

Table 2-1 Basic parameters derived from LI curve

Cavity length | Threshold current | Threshold current | Maximum  output
(um) (mA) density (A/cm?) power (mW)
300 11.72 1699 1.9
350 9.87 1226 7.6
400 9.33 1014 16.1
600 10.31 747 31.6
800 11.95 649 48.6
1000 14.02 610 66.1

Similar parameters for other devices with different cavity lengths can be derived from the LI
curves, and the results are summarised in Table 2-1. Since the threshold current is dependent on
the size of the laser cavity, it is more sensible to use the threshold current density to compare the
performance of laser devices of different sizes. It is found that threshold current density decreases
monotonically from 1.7 kA/cm? for L =300 um to 0.6 kA/cm? for L = 1000 um. The
lower threshold current density in longer cavity laser is clearly the results of the diminishing mirror
losses based on the definition in Equation 1.2. With cavity lengths of 300 um, the CW output
power saturates at a power level of only several milliwatts. Then the total output power continues

to increase as the cavity becomes longer and reaches ~70 mW for 1000 wm length devices.
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Figure 2.12: Threshold current density as a function of inverse cavity length.

Plotting J;, versus % yields a straight line. The dependence of J;; on % follows this line

very well until L = 400 um. The transparency current density obtained from the intercept of the
line with the vertical axis gives the threshold current density of 313 A/cm?. However, it can be
seen in Figure 2.12 that at short cavity length, the current density value diverges from the linearly
fitting. This is due to the assumed linear relationship between gain and carrier density is only valid
under low injection. For the short cavity length with higher threshold current density, the
differential gain decreases with increasing carrier numbers [19, 20]. Thus, with the higher current

density, a logarithmic function should be employed.

2.4.2 Length dependent characteristics

Length-dependent characterisation as described before was carried out based on the LI curves
of the as-cleaved FP lasers. Based on the measured threshold current density for lasers with
different cavity length, the transparency current density can be calculated. It is mentioned before
that the value of the transparency current helps to determining the ultimate available threshold
current for the material [21, 22]. Efficiency is a measurement of how well a device can convert the
input current to lasing light power out of the laser. To assess the radiation efficiency of laser diodes,
the SE, a quantity of practical interest, could be directly derived from the LI graph. It is defined as

the ratio of the increase in light intensity AP, to the increase in injection current Al.
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Pout

SE =
Al

(W/A) Equation 2.16

It is mentioned before that lower threshold current is usually desirable from the power
consumption consideration. Higher SE is preferred as well, which means that more light output is
derived with less expenditure of current.

From the calculation of this gradient of the LI slope, the differential external quantum
efficiency (DEQE, n,), describing the conversion efficiency between the carriers and photons,

could be further derived.

_ APy /h

The SE and calculated DEQE is list in table below. At relatively long cavity lengths (above

Equation 2.17

400 pum), the slope efficiency is reduced as the cavity length becomes longer. However, the short

length devices show opposite tendency. This is due to the saturation limitations of QD laser.

Table 2-2 Efficiencies calcualted from the LI curve

Cavity length | Slope efficiency | Differential external
(um) (W/A) quantum efficiency
300 0.111 0.232
350 0.121 0.253
400 0.152 0.318
600 0.143 0.299
800 0.140 0.293
1000 0.135 0.283

The DEQE is usually used to evaluate the entire conversion from electrons to photons, while
the internal quantum efficiency (IQE, 7;,;) phenomenologically indicates the transformation rate
inside the active region. When deducing the IQE from DEQE, the output coupling efficiency should
be considered. The total loss inside active region mainly falls into internal loss a; and mirror loss
Amir While the output power is generated by the photon escape from the cavity. The 1;,; can be

derived as,
Umir + @
Nint = Lnd Equation 2.18

Amir
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Based on the SE directly derived from LI curve, DEQE and mirror loss can be calculated,
provided the wavelength and cavity length are known. However, the internal loss and internal
quantum efficiency, which are direct indicators of the quality of the semiconductor crystal material,
cannot be derived from a single laser. In order to obtain these two parameters, it is required to
measure the lasers with different cavity length but the same reflectivity. The DEQE and mirror loss
in Equation 2.18 can be measured and calculated. By varying the cavity length, other two knowns
a; and 7n;,; can be derived as,

a;
—1+—
Na  Mint In (ﬁ)

L] Equation 2.19

The internal optical losses are dominated by carrier density dependent absorption while the
differential internal efficiency above threshold is found to be mainly restricted by carrier
recombination losses [14]. In lasers with short cavity length, relatively high threshold current
density, corresponding to higher carrier density, will enhance both the loss mechanisms described
above. As a result, in the following calculation, it is more accurate to use the thresholds of longer
length lasers as they are still in the linear region from 400 pm. It is assumed that these devices are
operating in the linear region, so that n; and «; do not depend on the laser length.

Figure 2.13 plots the relation between the reciprocal of external quantum efficiency and cavity
length. The differential external quantum efficiency reaches a value of 31.8% for a cavity length
of 400 um and decreases to 28.3% at a cavity length of 1000 um. The internal efficiency of
34.3% was derived from the reciprocal of intercept point. The value of the internal loss coefficient

calculated from the gradient is 2.53 /cm.
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Figure 2.13: Inverse external differential quantum efficiency as a function of cavity length
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With the internal loss known, the overall modal gain can be calculated by the sum of internal
loss and mirror loss. At each cavity length, the corresponding modal gain for the threshold current
density can be obtained and plotted as follows. We further fitted this relationship with logarithmic

function [23].
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Figure 2.14: Gain as a function current density.

In Figure 2.14, the logarithmic relationship between modal gain and injection current is
obvious and reasonable. This is the results of both the gain saturation in subbands and impact of
Auger recombination. The curve also demonstrates a trend toward saturation at a current above

2 kA/cm? as predicted. The gain current relation can be mathematically approximated,
J :
g = goln (-5 Equation 2.20
tr
Solid curve is given for quantities calculated from the theoretical model. From the fitted curve,

the transparency current density can be estimated as 337 A/cm?, which is slightly higher than the

previous linear estimation.

2.4.3 Temperature dependent characteristics

Having successfully achieved the breakthrough regarding the QD growth and related device
fabrication, much effort has been made to realise the theoretical expectation of the superior
temperature characteristics in lasers. In real applications, both the high temperature resistance and
temperature insensitivity are required. According to the resource findings such as mineral in deep

underground or mobile applications, temperature of the ambient can reach as high as 200 °C,
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which is destroying for common laser operation. Additionally, the starting temperature may be
quite low even in the negative degree range.

Fundamentally, due to the discrete electronic levels brought forth by the decreased
dimensionality of the free electron motion and deep confinement potentials, QD lasers under ideal
conditions should offer high T, [24]. This predicted high characteristic temperature in QD lasers
has opened new markets [25]. However, temperature sensitivity still occurs due to inhomogeneous
broadening and small separation between energy levels in valence band. When the barrier height
is too low, thermionic emission of carriers from the confined region to the barriers will lead to an
increase of the threshold current because of leakage currents [26]. Such variations have impact on
the crucial parameters, such as the emission wavelength, efficiencies, and threshold conditions.
Temperature dependent loss effects have been intensively discussed in the literature [27]. The
temperature dependence of threshold current density is sensitive to both the form of the density of
states and the carrier distribution functions [28].

Generally, as temperature increases, the threshold current increases and efficiencies decrease.
Several mechanisms result in the degraded performance of laser at high temperature, such as Auger
recombination, free carrier absorption (FCA), thermal hole spreading, etc. The threshold current
density can be empirically expressed as an increased exponential function with temperature, that
is,

Jen = Joexp (Tlo) Equation 2.21

T, is a characteristic temperature, which is used to indicate the temperature sensitivity of
device. A higher T, results in a smaller dj;,/dT, namely, better thermal insensitivity. To
determine Ty, LI curves of laser were illustrated over a range of temperatures. The threshold
current density obtained from these measurements are plotted logarithmically against the
temperature. The characteristic temperature is then determined by the slope of the linear fit line.
For InGaAsP/InP lasers, T, is typically in the range of 50-70 K (25 °C-65 °C). The low T, and
thus poor temperature stability require the complex and costly system, including thermoelectric
cooler, power monitoring and feedback indispensable. By contrast, T, exceeds 160 K (25 °C-
80 °C) for AlGaAs/GaAs lasers. With this temperature insensitivity, operation can be extended into

the temperature range required for commercial devices (-40 °C-85 °C). Indeed, several techniques
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have been investigated to improve the temperature characteristic, including modulation p-doping
and band offset adjustments.

As mentioned in previous chapter, 6 nm GaAs layer with Be modulation doping is employed
in the GaAs spacer layer. The LI curves for the fabricated devices with cavity length above 400 pm

were measured over a range of temperatures under CW operation.
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Figure 2.15: Tempreature dependent light current curve and characterstics temperature
of different cavity length (a) (b) 400 um, (c) (d) 600 um, (e) (f) 800um and (g) (h) 1000 um.
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Figure 2.15 shows the LI characteristics as a function of heat-sink temperature in CW mode
of operation of different length lasers. In general, the longer devices show better temperature
insensitivity, regarding both the maximum operation range and the characteristic temperature. At
room temperature, the threshold current for 400 um length laser is around 10 mA with a slope
efficiency of 0.152 W/A. These values remain stable up to 60 °C with slight increase in threshold
current and reduced efficiency. However, further elevation in operating temperature exceeding 75 °C
brings degradation in efficiency while the threshold current doubles the value compared with the
room temperature operation. The relative low characteristic temperature is obtained from Figure
2.15 (b) as only 93 K from 20 °C to 60 °C. For the devices with 1000 pm length, the threshold
currents were measured to be 15 mA and 30 mA at the temperature of below 60 °C and 120 °C,
respectively, as shown in Figure 2.15 (g). Figure 2.15 (h) reveals that the characteristic
temperatures are 182 K (up to 90 °C ) and 67 K (from 90 to 170 °C). The maximum operating

temperature, slope efficiency and characteristic temperature are summarised in Table 2-3.

Table 2-3 Temperature characterisitcs

Cavity length | Max. operating | Slope Efficiency Characteristic
(um) | temperature (°C) (W/A) temperature
0.152 @ 20 °C 93K (20-60 °C)
400 80
0.113 @ 75 °C 39K (60-80 °C)
0.143 @ 20 °C 122K (20-80 °C)
600 125
0.139 @ 125 °C 45K (80-125 °C)
0.140 @ 20 °C 131K (20-90 °C)
800 150
0.125 @ 150 °C 54K (90-150 °C)
0.135 @ 20 °C 182K (20-90 °C)
1000 170
0.119 @ 170 °C 67K (90-170 °C)

The maximum operation temperature for devices with different lengths are 80 °C (400 um),
125 °C (600 pm), 150 °C (800 pm), and 170 °C (1000 pm) and their slope efficiencies decrease
gradually from room temperature to higher operating temperature. This reduction in quantum
efficiency is mainly due to the thermally activated carriers from the ground energy state to the

wetting layers and barrier potentials [29]. Furthermore, the nonradiative Auger recombination and
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free carrier absorption increase the internal loss as well [30].

Due to the limited surface density of single-layer QD, gain saturation or excited state lasing
occurs at high injection and high temperature [31, 32]. One of the solutions is the multiple stacking
of the QDs. However, the accumulated high strain will cause degradation in practice [33]. The
ability to incorporate large number of QD layers without compromising other performance of lasers
remains as a formidable challenge. Another technique that could improve the temperature
characteristic of QD materials is p-doping [34-36]. With the injection of extra holes in valence
band, the thermally escaped holes can be compensated, and therefore the QD laser performance is
improved.

It is verified theoretically and experimentally that lasers with longer cavity has a better
performance at high operation temperature. The LI curve of 1000 pm length device at a large

injection current range up to 300 mA as a function of heat-sink temperature is presented.
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Figure 2.16: LI characteristic as a function of heat-sink temperature for 1000 um as-
cleaved FP QD laser.

Up to 60 °C, the output power reaches 45 mW at an injection current of 300 mA. Then, the
maximum output power decreases, and the rollover starts to appear with maximum power of 40
mW at 80 °C. For even higher temperature, the lasing of ES occurs, corresponds to the kink in the
LI curve. At 100 °C, the output power slightly decreases at around 210 mA and then continuously
increases, eventually reaching 35 mW at 300 mA. The maximum output power of 10 mW is
achieved with QD laser operating at relatively high temperature of 150 °C.

A larger To can be achieved by engineering the energy separation between the GS and first ES.
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In fact, the energy separation of the electron energy is enough to achieve high temperature
operation with a typical value around 75 to 80 meV [37]. In contrast, the separation between hole
levels remains a limitation. Although the injected electrons may reside in the GS in the CB, the
holes are thermally broadened to the high energy levels in the VB. As a result, the superior
insensitivity of temperature in QD lasers is inhibited. Theoretically, p-type modulation doping can
substantially increase the GS gain in QD laser by providing excess holes in the active region[38,
39]. Then, the closely spaced hole energy levels, filled with extra holes, provide the ground states
transition [40].

Another source of temperature dependent operation is the inevitable inhomogeneous
broadening arising from the size fluctuation of the QD [41]. A sizable fraction does not contribute
to the useful lasing. It is also supposed that the degradation of temperature stability results from
the internal loss brought by FCA and Auger recombination related to defects and impurities. The
superlattice barriers may be used to increase the carriers confinement and improve the temperature
characteristics of QD laser [42]. The carriers are reflected by the superlattice due to an increased
effective barriers height. When the barrier height is too low, the thermionic emission of carriers
from the QW to the barriers will lead to an increase of the threshold current because of leakage

current.

2.5 Conclusion

In this section, the measurement and description of the static characteristics of QD laser is
given. Based on the LI curve, the threshold current, slope efficiency and external quantum
efficiency can be read or calculated directly. More intrinsic physical properties include the internal
loss, internal quantum efficiency, gain characteristics and transparency current can be derived by
measuring the LI curve of lasers with different cavity length. QD laser has a low threshold current
and low transparency current on the whole. Its modal gain can be improved by increasing the
number of the layer and dot density.

We also measured the LI curve at different temperatures and the characteristic temperature

are derived by plotting the logarithmic threshold current density versus the operating temperature.
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It is obvious that lasers with longer cavity lengths have a better temperature stability while it gives
larger maximum output power, high maximum operating temperature and greater characteristic

temperature value.
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3 Dynamic characteristics

Optical gain material based on quantum dot (QD) offers advantages from the discrete delta
function-like density of states. The improved static characteristics of low threshold and temperature
insensitivity have been verified in previous chapter. In addition to the static characteristics,
developing high-speed lasers is of great importance for the application of high-speed digital data
transmission [1-4]. In other words, it is crucial to theoretically analyze the dynamical parameters
and characterize their performance under small and large signal modulation. In this regards, the
use of QDs as a gain material offers superior dynamical properties which stem from the predicted
large differential gain and low linewidth enhancement factor (LEF) of QDs [5]. However, the
maximum bandwidth reported for QD laser at room temperature is only around 10 GHz, which is
inferior to the quantum well (QW) counterparts [6-8].

In order to improve the dynamic characterisation and thus realise the predicted performance
of QD lasers, it is necessary to clarify the impacting factors of the modulation bandwidth in QD
Fabry Perot (FP) lasers first. The carrier-photon oscillations give an insight to the inherent dynamic
speeds of the laser, as they are a measure of the maximum rate at which the material can convert
carriers to photons and vice versa via its recombination mechanisms. Moreover, the photon and
carrier densities can also be altered due to quantum fluctuations associated to the lasing process[9].
Variations in photon and carrier densities lead to changes in the output power intensity and the
frequency/phase of the optical field, respectively. Lowering the intensity noise in optical sources
helps reducing the bit error rate (BER) in broadband data systems.

In this chapter, we will first analyze the relative intensity noise (RIN) of QD lasers and predict
the limited bandwidth due to the damping factor based on the intensity spectra. Then, the small
signal response and eye diagram under large signal modulation are provided. By varying the

injection current, the corresponding 3 dB bandwidth and modulation efficiency are derived.
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Although it is predicted that laser with shorter cavity should give a better modulation bandwidth,
in our measurement, the 200 pm and 600 um devices show the similar bandwidth as a result of the

lack of proper electrical design.

3.1 Fundamentals of dynamic characteristics

The rate equations have been used to analyze the static characteristic in chapter 2. This method
can also be employed in the dynamical region. In this section we will first utilise rate equations to
theoretical predicted the intrinsic bandwidth of directly modulated laser. Then the basics of

intensity noise originated from spontaneous emission is provided.

3.1.1 Directly modulated laser

In the dynamical system, as N, increases, N, will increase in time due to enhanced gain.
Each stimulated photon consumes an electron-hole pair and thus decreases N,. With the reduction
in N,, N, subsequently begins to fall due to the lack of carries, meanwhile the further injected
current replenishes the N,. The cycle between N, and N, repeats itself automatically and
produces a natural resonance between the input and output. The detailed understanding of the
intrinsic frequency response of semiconductor lasers and the effect of the device’s electrical
parasitics are of considerable interest as an aid to the design of very high-speed lasers. Small signal
modulation is a measure of how fast the real laser is capable of operating at. For this measurement,
a laser is modulated with small modulation depth, which allows evaluation of the laser’s response
without non-linear effects, such as thermal heating, gain saturation, and spatial and spectral hole
burning.

The inference of small signal response goes back to the basic rate equations as well. Similar
to the static circumstances, the dynamical response of carries and photons to the perturbation equals

the time derivatives of the generation terms minus the consumption terms.
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dN, n; 1 |

( dt ) - q_VdI - EdNe — (Vg gdN, + vgNpdg) Equation 3.1
dN, r 1

A\ )= (Fvgngp + Fvngdg) +——dN, ——dN, Equation 3.2
dt % 7,

where T, is the differential carrier lifetime, which is typically two to three times smaller than
7,and Tg, is the differential lifetime of carriers that radiate photons by spontaneous emission into
the lasing mode [10]. Since the gain is known to be impacted by both electron and photon density,

its variation can be further expanded as,

dg = adN, — apdN, Equation 3.3
Qo

a= Tel\lp Equation 3.4
£g

ap = m Equation 3.5

where a, is the nominal differential gain and ¢ is the gain compression factor. The
expression of Equation 3.3 is based on the fact that the gain increases as the carriers accumulate,
while is compressed with higher photon density.

Under perturbation, both the density of carriers and photons deviate from steady state in
relatively subtle value. Sinusoidal functions are usually accommodated to express the small signal

response among I, N, and N,.

I=1,+ e/t Equation 3.6
N, = N,g + Np e/t Equation 3.7
N, = Ny + Nplejwt Equation 3.8

As the direct current (DC) is sufficiently far above threshold, the spontaneous emission can
be neglected. Applying these to Equation 3.1, Equation 3.2 and Equation 2.15 can generate

frequency domain equations and solve for the transfer function.

P(w) nghv w3

= Equation 3.9
I(w) q wi—w?+joy q

vyaN.

wi ~ 420 Equation 3.10
T

Yy =Kf2+7v, Equation 3.11

where wp is the natural resonance frequency. Based on the rate equation in dynamical range,
the mutual dependence of N, and N, is founded as above. Initially, the response increases with
frequency and reaches peak with an enhancement existing at the relaxation oscillation frequency.

Afterwards, the modulation response is limited and drops off. However, other limitations, including
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damping factor and electrical constant, should be considered for the actual modulation response.
The real resonance is always less than calculated wp, and sometimes there is even no evident peak.

After discussing the static and dynamic characteristics of single laser diode, we could move
to the design of the system. The conversion between electrical information and optical signal with
the same information plays a prior role in designing the optical communication system [11]. There
are mainly two techniques used in generating the corresponding optical bit stream: direct
modulation and external modulation. The direct modulation is directly manipulating the input
current or biasing the laser with constant current. In contrast, the external modulation is alternating

the output separately by external modulator [12].
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Figure 3.1: Variation in small signal modulation response depending on damping factor.

In the real world, parasitic resistance and capacitance are introduced to the structure, due to
the bond pads to a laser for electrical contact, non-zero thickness of device, etc. Excessive
resistance-capacitance (RC) transport contacts affect the modulation bandwidth directly. Typically,
in the device with high resistance, it usually takes few picoseconds for the injected carrier to make
its way to go through the low-doped regions and gets to the active layers. This diffusion gets longer
with exceptionally thick cladding. The dynamical performance of laser is limited by the resistance
and capacitance (associated with the blocking layers, metallisation layers and junction) and the

resultant modulation response could be regarded as a single-pole, low-pass RC-filter.
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Since the small signal response of semiconductor laser is impacted by both the intrinsic
frequency and the electrical properties of the devices such as resistance and capacitance. The

frequency response of a laser diode is then modified as
w3 1
V(w2 — 02?2+ w?y? /14 (wCR)?

Due to the impact of RC parasitic, the resistance and capacitance for each device are statically

|H(w)| = Equation 3.12

measured before the commencement of small signal modulation. Knowing these parameters
allowed deconvolution of their components from the final frequency response to find the true laser
response. In this thesis, I focus mainly on the semiconductor materials and the electrical constants

cannot be carried out due to the lack of laboratory apparatus.

3.1.2 Relative intensity noise

In steady state where the injected current is constant, the carrier and photon densities should
remain stably unchanged. However, even under no deliberate current modulation, random carrier
fluctuation, such as spontaneous emission into the lasing mode, produces instantaneous time
variations in the carrier and photon densities. The fluctuations lead to undulation in the optical

power intensity, which provides a noise floor and brings broadening in spectral characteristics [13].
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We also need to consider the optical feedback noise when the laser is applied to systems. Since all
these noises degrade the performance of devices and also have impact on the whole transmission
systems, the analysis, estimation and improvement of the noise characteristics are important [14].

Spontaneous emission is one of the dominate noises generated in semiconductor lasers due to
the random direction of the photons. The coherence field is perturbed both in amplitude and phase
by the spontaneously emitted photons. The RIN of the laser is a measure of the ratio of optical

intensity noise over a particular bandwidth to the average overall optical intensity [15, 16].

(AP?)
P2

RIN = (dB/Hz) Equation 3.13

(AP?) is the mean squared optical intensity fluctuation and P? is averaged optical output
power squared. The unique unit dB/Hz is due to the fact that RIN is usually averaged in a limited
range of frequency. RIN is regarded as an essential feature to realise high signal-to-noise ratio
(SNR) in optical communication systems, community antenna television (CATV) and mobile
communication[17]. In laser, RIN can be used to characterize the key parameters[18]. From the
noise intensity plotted as a function of frequency, the value of RIN is considerably enhanced around
the resonance frequency fr and drops rapidly for f > fz, since the laser is not able to response
to the variations at such high frequencies. By increasing the injection current, the carrier intensity
and RIN will change. The number of carrier available for the recovery process becomes faster and
hence the relaxation resonance peak increases, till the system reaches its intrinsic recovery speed.
From more mathematic view, it is found out that RIN decreases with an increase of P~3
dependence in power at low frequency and P~! dependence at high powers. The RIN spectrum
can further be modelled for the derivation of damping factor [7, 19].

Af?+B

RIN = 2 _fR2)2 72 (dB/Hz) Equation 3.14

where A and B are fitting constants and y is damping factor. RIN calculated from the system

is always higher than the laser RIN, due to the presence of other noise, such as thermal noise arising
from heating of carriers in electronic systems and shot noise originating from the carrier
fluctuations with an applied voltage. As the output of laser consists of several modes, even for the
DFB lasers, mode partition noise needs to be considered. It is possible that the total intensity noise

remains quite stable while there is large intensity deviation exhibited in the individual modes [20].
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3.2 Experimental methods

The measurements of the dynamical properties of QD laser is more complex than the static
characteristics. Special submount is needed for the small signal modulation measurement, and in
our experiment, commercial submount for 25 GHz distributed feedback (DFB) QW laser is
employed. The laser is mounted n-side down on the Au-plated ceramics carriers while the p-side

is connected with bond wire, as shown in Figure 3.3.

Figure 3.3: Packaged laser for small signal response measurement.

The small signal modulation response of the laser was measured using a Hewlett-Packard
8350B sweep oscillator, low noise amplifier, New Focus high speed detector, and a Hewlett-
Packard 8562A spectrum analyzer. Before carrying out the small signal measured, the calibration
of measuring system are performed without the connecting the laser. Then the laser is forward
biased and applied by the perturbation of the voltage. Its frequency response is determined by

measuring the S,; scattering parameters.
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Figure 3.4: Small signal response setup.

The small signal response gives only theoretical estimation of the direction modulation
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performance. What is really relevant for most applications and standards is the properties under
large signal modulation. Regarding the assessment of high-speed digital signal transmission, eye
diagram is employed as a key method to visualize the performance and determine the key

parameters.

Decision

BER

Sampling time interval

Figure 3.5: Example of eye diagram and its relationship of BER and decision level [21].

The data eye diagram is constructed by repeatedly folding the waveform and displayed in a
single graph. Overlaps of each individual bit ‘1’ and ‘0’ compose the upper and lower eyelid. Ideally,
only the time domain waveform is shown in the resemble eye. While in real situation, impairments,
such as attenuation, crosstalk and noises, arising from the high-speed digital systems affect the
resultant eye diagrams. During the measurements, low-pass filter with bandwidth just below
relevant gigabit is used to suppress the inherent ring and overshoot. Additionally, automation of
instruments is developed to simplify the test. Measurements of rise times, fall times, jitter,
overshoot as well as extinction ratio (ER) are considered important when characterizing an eye.
Many other numerical descriptions can be made depending on eye behavior. The small signal
parameters could be related to the large signal pattern by these results. Moreover, eye diagram can
also reveal the influence of parameters, such as damping factor, capacitance and resistance. As a
whole, eye diagram gives an intuitive view of parametric performance together with the numerical
data, which helps optimizing the laser transmission. Apart from the accessible visualisation from
eye diagrams, the quantity judgement about faithfully passing each bit is pivotal. The BER is a
ratio between the number of correctly received bits and transformed bits [22].

The measurement of RIN describes the ratio between the intensity fluctuation and overall
output power. The maximum available amplitude range for signal modulation is given by this value.
In the RIN measurement systems, the ratio of the optical power is considered equivalent to the
detected electrical powers while the value of the output power can be derived straightforward and

noise characteristics is more complex.
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When measuring the noise, several factors need to be noticed. Typically, the noise at the
optical receiver consists of three basic contributions: intensity noise in laser, thermal noise in
electronics and shot noise. The shot noise is a function of intensity depending on the photodiode
while thermal noise and laser intensity noise vary with frequency. At a given temperature, thermal
noise can be considered as a constant value, while very low noise amplifiers are often added after
the photodiode to reduce the thermal noise contribution. When dealing with the thermal noise, we
could directly regard it as the noise in the turn-off state. However, shot noise is introduced by the
quantum nature of photons arriving at the detector and thus is related to the detection statics. The
mean-squared noise current from the photodetector is denoted as (i2) = 2ql;.B. If the average
power is quite low, the thermal noise is the main limiting factor when measuring the RIN while

shot noise becomes the measurement limit when the average power is large enough.

Measurement System

Keithley 2400
Source Meter

Keysight

N9030B PXA
Signal Analyzer

Figure 3.6: Experimental setup of RIN measurement.

The experimental setup is shown in Figure 3.6. The AO0O10A RIN measurement system was
used. It is a quite function-packaged equipment inside which a unique and accurate calibration is
included in the device. Thus, there is no need to extract the RIN from the total noise. Laser under
test was biased by probes and its output was coupled to the single mode fiber with 80° angle. An
isolator was then used to prevent the feedback noise. The radio frequency (RF) output of AO0O10A

was connected to the signal analyzer from which the noise spectrum was displayed.

3.3 Small signal modulation measurements

The large bandwidth is expected in the QD lasers due to its predicted high differential gain

[23-26]. In practice, however, the related bandwidth is inferior to their full potential, especially
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regarding the dynamic characteristics [8, 27]. To find the strategy for improving the modulation
bandwidth compatible with the network’s requirement, it is necessary to clarify the origin of
limitation in the QD lasers first. It is known that both the inhomogeneous gain broadening and
large gain compression in QD contribute to the degradation of modulation bandwidth of QD lasers
[28-31]. The impact of p-type doping on enhancing modulation bandwidth of QD lasers has been
theoretically analysed and experimentally demonstrated in [32, 33].

In this work, the small signal response of the QD lasers were measured, from which a detailed
understanding of the intrinsic frequency response was further analysed. For each cavity length, the
small signal response was plotted as a function of injection current. Firstly, the 200 um length

device under different injection current range from 10 mA to 40 mA was measured.
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Figure 3.7: Small signal response of QD laser under different injection current with

cavity length of 200 um (a)small injection current and (b) high injection current.

It is common practice to renormalize the frequency response to 0 dB. From the frequency
response data, only 1.5 GHz 3 dB-bandwidth is achieved with 10 mA injection. As the bias current
increases to 15 mA, the bandwidth almost doubles with the value of 2.5 GHz. A further
increasement in bandwidth of f; ;5 = 3.1 GHz is measured with 25 mA continuous wave biased
current. As the electrically pumped current increases from 30 to 40 mA, the 3 dB-bandwidth show
a reducing tendency. Such saturation can be understood as a result of the large gain compression
factor and low density of states in QD. Additionally, there is obvious fluctuation in the measured
transfer function of the 200 pm. It is mainly due to the lack of feedback resistance and parasitics
in the laser with short cavity length. It was speculated the slow capture and relaxation rate which

are measured on picosecond times scales fundamentally limits the device speed [34-36].
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In previous section, the resonant frequency is theoretically analysed to be proportionally
related to the square root of the optical power. We then plot the bandwidth as a function of the

square root of the relative biased current based on the small signal results.
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Figure 3.8:Relaxation frequency versus injection current.

From the slope of Figure 3.8, the modulation efficiency D = f345/(I — I,;)'/? between 10
mA up to 25 mA shows a value of 0.7 GHz/v/mA. The lower D factor derived by the RIN is due
to the overall relaxation oscillation frequency which is limited not only by the intensity noise and
material quality but also the electrical parameters related to capacitance and resistance. The
analysis based on fitted modulation efficiency from small signal response serves as a convenient
and direct technique to calculate the differential gain if the dynamical measurements performed on
lasers with various cavity length as the variation of f./+/P is known related to cavity losses.

It was anticipated that the intrinsic bandwidth and modulation efficiency of lasers can be
improved by p-type doping which provides more holes and optimizing the mesa dimensions to
form better current injection. We will then further check the small signal response of the 600 pm

length laser with the identical coating conditions and materials.
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Figure 3.9: Small signal response of QD laser with cavity length of 600 ym.

The normalised modulation response of 600 um QD laser was obtained with injection current
from 10 mA to 100 mA. Under low injection current, relatively low 1.1 GHz 3 dB-bandwidth is
achieved. As the bias current increase to 20 mA, the bandwidth doubles with the value of 1.9 GHz.
This large rising rate keeps up to 40 mA and reaches a saturation stage up to 90 mA. A final
bandwidth of 3.8 GHz is achieved. Additionally, an obvious peak exists for the response under 30
mA. In contrast, the modulation response under relatively high injection current is overdamped
with the resonance peak vanished. Compared with the modulation response of 200 um in Figure
3.9, the feedback-induced fluctuation diminishes as the resistant to the reflected power is enhanced
with longer cavity length.

Based on the transfer function, the intrinsic bandwidth is predicted as

VgaNyo

wi ~ Equation 3.15

Tp

It is predicted that the intrinsic bandwidth should be promoted with decreasing cavity length.
However, the 3 dB bandwidth measured from 600 um is higher than its 200 um counterpart. From
the Equation 3.15, it can be determined that the frequency response depends on the intrinsic
frequency, damping rate and also the device’s electrical parasitics. These relatively low modulation

bandwidth should be mainly limited by the RC roll-off.
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Figure 3.10:Relaxation frequency versus injection current.

A plot of f3 45 versus the square root of relative injection current is shown in Figure 3.10,
from which a modulation efficiency of 0.58 GHz/vmA is fitted between 10 mA to 40 mA. This
length variation is caused by the cavity loss and threshold induced differential gain variation. A
further increased bandwidth under 100 mA may be the results of the excited state transitions.

From these results, the dynamic response of the QD lasers is far inferior to what is predicted
and also the QW counterparts. Except for the mentioned improvement could be realised by
optimised electrical properties and larger modal gain, other structural parameters can be considered
as well.

It is obvious that modulation bandwidth is increased with higher value of wg. In order to
understand how the wg is determined, we expand the expression of N, and 7, in terms of
parameters that could be adjusted or measured. Above threshold g = g;;, the steady state photon

density is derived as,

_ ni(I — Itn)

Equation 3.16
qug9enV 1

P
Using Equation 3.21 for N,, with gy, given by Equation 2.15, expression of wpg in

Equation 3.20 becomes,

Tvgan;(I — Itn)
qV

Equation 3.17

In this form, we observe that it is desirable to enhance the differential gain, internal efficiency,
and the current relative to threshold, while minimize the volume of the mode for maximum

bandwidth. Obviously, the modulation response increases as the input current increases. While for
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the power consumption consideration, it is more desirable to decrease the threshold by optimizing
the materials and laser structures, as well as by adjusting the facet reflectivity. The improvement
in differential gain is consequential. In detail, the differential gain could be adjusted by
manufacturing the material system to achieve large conduction band offset which will result in
better electron confinement and thus higher differential gain value. Regarding the design of the
small volume of the active region, high reflection coating will help as well. In addition, several
cavity structures, including grating and complex cross section structure (BH rather than ridge
waveguide), could be employed to improve the intrinsic frequency.

In the low-damping regime, f;45 is usually estimated as

fzag = 1.55f; Equation 3.18

At relative high powers, the maximum bandwidth is actually limited by the damping factor as

2V21

fzaB = K Equation 3.19

Alarge K factor prevents high speed modulation, and the mechanism behind the suppression
of relaxation oscillation is mainly the gain compression and transport effects. In detail, the
reduction of K factor is largely limited by the photon lifetime related to the low mirror losses.
From Equation 1.2, it is clear that the cavity length and facet reflectivity substantially determine
the photon lifetime. Thus, in designing the high speed directly modulated lasers, it is important to
have short cavities. Apart from its proportionality to the photon lifetime, other factors, including
smaller intrinsic capture time, higher modal gain and differential gain, and lower gain compression
factor, helps decreasing the K factor.

For the RC time constant, we could analyze the resistance and capacitance separately. The
resistance increases with reduced area of active region and could be magnified by optimisation of
doping profile, decreasing band discontinuity and special design of the electrode contact. However,
the capacitance is almost independent of design of active layer and cavity. It is more related to the
PN junction and the size of the bonding pad. In practice, semi-insulating current blocking structure

and reduced area of upper cladding layer and boding pad size is widely employed.
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3.4 Relative intensity noise measurements

Under steady state lasing conditions, the carrier and photon densities are assumed to remain
constant. However, in reality, photons with random phases are emitted through random carrier
recombination mainly induced by spontaneous emission, which perturbates the lasing modes and
results in time variations of both the carrier and photon densities. Even when it is constantly biased
by continuous wave injection in a very stable manner, the intensity fluctuation exists in the emitted
light beam and, hence, imposes an ultimate limit on optical communication especially in direct
detection system. To qualify the impact of intensity noise, RIN in lasers, defined as the ratio of the
relative amplitude fluctuation of the optical power to the average output power, is measured. Its
value is further normalised by the average power level over a well-defined bandwidth, usually with
the unit of dB/Hz.

In the real optical interconnection, the RIN of lasers serves as a major noise source. The
resultant degradation in signal quality and bit error rate limits the achievable data transmission rate
[37]. Generally, a RIN value as low as -155 dB/Hz is necessary to achieve the required SNR in
optical transmission. The increased electrical driving is often used for the compensation to get
enough modulation bandwidth [38]. However, this strategy consumes more power and produces a
relatively low efficiency. As a result, the reduction of RIN in lasers has attracted extensive interest
to design future high-speed and low-noise devices integrated in photonic integrated circuits (PICs).

Both GaAs-based and InP-based QD lasers can produce a RIN as low as -160 dB/Hz while a
higher value of -120 dB/Hz was reported in Si-based QD lasers [30, 39]. Further reduction in
intensity noise and improved noise stability is envisioned by reducing the carrier noise or p-doping
to suppress the hole thermalisation with greater energy intervals [40, 41].

The RIN spectra of different cavity length devices are plotted as a function of frequency with

increasing current injection levels.
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Figure 3.11: RIN for 200 um cavity length laser biased at different injection current.

The RIN at frequency below 1 GHz is relatively high due to the combined effect of bias
current noise, thermal noise and mode partition [42]. For the 200 um QD laser with 10 mA injection,
the RIN first increases with frequency and reaches a strong resonance peak around 5 GHz with a
RIN value of -143 dB/Hz. At higher frequency, the RIN keeps reducing to lower than -151 dB/Hz
at 26 GHz. As the injection current increases, the whole RIN spectra was down shifted with a peak
value of -154 dB/Hz at an injection current of 35 mA. The decreasing value of RIN is due to the
fact that the predominant source of intensity noise is generated by spontaneous emission. As the
optical output power increases dramatically with the increase of injection current through
stimulated emission, the spontaneous emission rate keeps almost unchanged above threshold. As a
result, the ratio between the intensity noise and output power is reduced.

Two important figures of merit can be found from the RIN spectrum. The first is the D value,

a figure of merit for the increase in RO frequency with square root of facet power out:

fr
Equation 3.20
V Pout

From the RIN spectra, the intrinsic bandwidth without the parasitic elements circuit can be

D =

derived. The resonance peak shows a trend towards higher frequency from 5 GHz under 10 mA to
7 GHz under 35 mA. In addition, the rate of change is first rapid from 10 to 20 mA while becomes
steady afterwards. The D value is proportional to the differential gain of the device is found form

the gradient of plotting resonant frequency as a function of square root of facet power.
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Figure 3.12: Resonance peak in RIN spectra versus bias conditions.

Based on the RIN under different injection current and the corresponding resonance peak, the
relaxation oscillation frequency is plotted as a function of the drive current. A D-factors of 0.98
GHz/mA'? is demonstrated. The second key parameter is the k-factor limited bandwidth, namely
the fastest intrinsic speed of the device at which recombination can occur and a measure of how
fast the system responds after perturbation

Yy =Kf#+7vo Equation 3.21

where K is the damping time from which K-factor limited bandwidth is found, and y, is a
measure of electron decay time. From Equation 3.16, the damping rate is proportional to the square
of' the resonant frequency while the offset associates with the inverse of differential carrier lifetime.
Thus, we could analyse the damping rate on laser with single cavity length as it is independent of
device geometry and facet reflectivity. Plotting damping as a function of relaxation oscillation
frequency squared, the gradient of the graph is a measure of the intrinsic k-factor damping of the
laser without parasitics.

A profile of the RIN as a function of frequency allows determination of key intrinsic behaviors
of a laser without the degradations of parasitics such as resistance and capacitances in the device.

By modelling the RIN spectra, the damping and k-factor limited bandwidth can be found.

Aw? +B ,
RIN = @i = w,%)z Tty Equation 3.22

where A and B are fitting constants, w is frequency at which the response is measured,
wg 1s resonant relaxation oscillation frequency, and y is damping parameter. Based on the fitting

parameter, we can further predict the intrinsic frequency response. If we consider only the
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limitation of the intrinsic properties of material and damping effects while neglecting the electrical

parasitics, the 3 dB bandwidth can be simplified as

£ 1 .
2 232 25 5= 5 Equation 3.23
(fza” — FP)? + f3a8"v?/(21) 2
3dB — 2v2n Equation 3.24
K

From the above theoretical inference and the RIN spectra, we derive a K factor of 1.7 ns. This
value is consistent with most of the simulated and experimentally measured level. The high
damping factor in QD lasers is considered as a dominant limiting factor for high modulation
bandwidth. It is also reported that the K factor and thus the intensity noise decrease with the p-
doping concentration to a certain range [43]. Other strategies to further optimize the damping
effects include choosing the optimum photon lifetime, reducing the intrinsic capture time and

maximizing the modal gain [30, 44, 45].

3.5 Conclusion

In this chapter, the intensity noise and dynamic performance of QD lasers were discussed to
pave the way for high-speed low-noise laser source for PICs. Due to the spontaneous emission,
even under CW operation, intensity noise is generated in the output of lasers. The RIN of 200 pm
QD FP laser under different injection current was measured. An obvious resonance peak appeared
around 5 GHz with a low RIN value of -143 dB/Hz. As the injection current increases, the peak
frequency is shifted slightly with a reduced noise intensity. Based on the RIN spectra, the intrinsic
frequency of QD laser can be estimated, and the modulation efficiency is derived. The QD laser is
proved to have a relatively low RIN of -155 dB/Hz, which is desirable for optical communication
system.

After checking the intensity noise characteristics, we then directly modulated the QD laser
and verified the corresponding small signal response. It is predicted that the modulation bandwidth
is affected by the cavity length, and we thus measured the small signal response of both 200 um
and 600 pm length devices. However, two devices give a similar and limited performance of 3dB
bandwidth below 5 GHz, which is far inferior to the predicted results. It is analysed that the

oscillation frequency is degraded mainly due to the lack of proper electrical design. Both the
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commercial copper substrate and top-down chip structure are not suitable for high-speed operation.
The 600 um length device was also measured, as the laser with longer cavity normally gives better
feedback resistance and temperature stability. Its modulation efficiency 0.58 GHz/vmA is fitted
between 10 mA to 40 mA.

From all these dynamic performances of QD lasers, it is concluded that QD laser provide low
noise operation which satisfies the requirement of -155 dB/Hz in optical communication systems
and has the potential to give a high direct modulation bandwidth. Although the small signal
response of the laser is limited by the electrical properties and modal gain, a wide digital
modulation can be achieved. QD lasers thus can be considered as a promising candidate for future

high-speed PICs with an optimised electrical and wafer design.
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4 Feedback noise characteristics

After giving the brief introduction to the three main devices employing quantum dot (QD)
structure, the practical issue caused by facet reflection in the integrated circuits will be discussed
in the following section.

The on-chip photonic integration in Si photonics platform brings many innovative properties
while the development of extremely low-cost laser sources is especially in great demand.
Nowadays, the improved material quality together with the mature fabrication techniques allows
for the massive production. However, in the photonic integrated circuits (PICs), reflections are
produced from facets of each component, which will cause perturbation in the photon density. The
weak external feedback can sometimes enhance the longitudinal mode selection and reduce the
distortion in modulation [1-3]. However, the useful range of feedback effects is restricted to a very
narrow range. In most general situations, serious problems, such as an increase in intensity and
frequency noise and degradation of modulation, arise in practice from the unintentional reflection
[4-7]. Detailed understanding of the mechanism of the fluctuation has been provided in many
researches [8, 9]. The optical field is perturbed with the light reflected back into the cavity from
the unlinked fiber facets and other reflective surfaces. Due to the fluctuation in photon density, the
carrier density and the gain profile will be consequently affected. As a result, a variety of significant
changes take place even with a minute fraction of reflection, including threshold current change,
excess noise, linewidth broadening, high and low frequency components to the intensity noise, un-
damped relaxation oscillation, or even coherence collapse accompanying abrupt increase of noise
and linewidth [9-14]. This situation is even more complex in semiconductor laser due to its broad
gain spectrum and sensitive refractive index which depends on the temperature and carrier density
[15].

Despite the well-developed integration of I1I-V lasers on Si-based PICs, the stability of the
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integrated lasers still has a critical issue caused by the combination of the internal and external
reflections from the passive and active interfaces on the circuits. The inclusion of optical isolators
was thus indispensable to block the reflections from each on-chip component and keep the
transmitter working in the stable condition with low noise state. However, the cost of an isolator is
usually equivalent or even higher than the laser chip itself [16]. Even worse, optical isolators are
sometimes not available under specific circumstances. There are three basic categories of
integrated isolators: based on nonlinear effect, spatiotemporal modulation, and magneto-optic
effects. However, up to now, the applicable integrated isolator with strong isolation and negligible
insertion loss has not been demonstrated. Therefore, the isolator-free transmitter with stable
performance remains a major objective that can revolutionize the core technology of the physical
layer.

In practical optical fiber communication systems, optical connectors act as a periodic reflector
with the maximum value of as much as 13.2% [17]. Under such high-level feedback, the
performance of the widely used quantum well (QW) lasers is severely destabilised. Several
methods have been employed to promote the feedback resistant, such as the corrugated waveguide
and gain-coupling structures [18-20]. However, inherent sensitivity to feedback in QW structure
makes the realisation of feedback-insensitive lasers challenging.

At the communication band around 1.3 um, QD lasers on the GaAs substrates have been
considered as a promising alternative to the extensively used InP-based QW lasers [21]. Regarding
the feedback sensitivity, QD laser also demonstrates better performance due to its relatively small
linewidth enhancement factor (LEF) around zero or even negative value. The symmetric gain
curves and very small resultant coupling between phase and amplitude are generated in QD devices.
This relationship is quantitively evaluated by LEF, which governs the sensitivity of semiconductor
to external feedback. Based on the extra insensitivity, it is possible to design directly modulated
lasers operating without isolator. A 2.5 Gb/s modulation was demonstrated with QD distributed
feedback (DFB) laser with the signal-to-noise ratio starts to degrade at -30 dB feedback while the
critical level for coherence collapse was verified by spectral broadening as -14 dB. Recently, the
feedback tolerance of QD lasers has been improved to -8 dB. 10 Gb/s 20 km feedback-resistant
transmission was demonstrated by 1.3 pm directly modulated QD laser. Although from the optical

and RIN spectra, the critical feedback level was extracted to be -9 dB, the degradation in eye
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diagram and BER is limited. As a result, both the fabrication complexity and cost in Si photonics
will be reduced, and smaller footprint is achieved. This new merit attracts wide attentions in recent
years and the noise feature of QD lasers has been improved by various methods.

In our measurements, we investigate QD lasers with external feedback, concerning the
transition to the coherence collapse and transmission performance. Experiments have been
performed with QD lasers with stripe width of 2.2 um and cavity length ranged between 600 and
1200 pm. In details, the stability of QD lasers under strong feedback level is observed through
threshold current changes, intensity noise, optical spectra and dynamic performances [22, 23]. The
primary purpose is to examine carefully the mechanisms and characteristics of the coherence
collapse state. Apart from this intrinsic theoretical significance, the eradication and exploitation of
coherence collapse can be further determined. The theoretical analysis and experimental setup are
briefly reviewed in the first place. Then, the interference effects between the reflected light and
optical filed inside laser is verified with respect of the optical spectrum, noise characteristics, small
signal modulation and large signal transmission performance. Based on the transition of the static
and dynamic performances of laser, several regimes are confirmed, which offers a convenient way
of designing and predicting the operation of the optical communication system. However, the
influences of the static and dynamic performance are not always identical. This work also aims at
further evaluating and systematically comparing the potential impact of optical feedback in

different characteristics.

4.1 Theory

The effect of feedback light is first theoretical analysed, from which the critical feedback level
is mathematically calculated. When analyzing the effects of reflected light, an external feedback
term is accounted for adding a term to the standard laser equation in complex form corresponding
to the re-injection of output light back to the cavity with a delay of an external cavity round trip

time.

d . 1 ;
TTE@eI = fjay (Vo) +5[6(N,) — il E (e
Equation 4.1

+kE(t — 1)/t
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Here, wy(N,) is the longitudinal mode resonant frequency defined with an integer wy =
Nmc/nLy, «; is the cavity loss and ¢ is the light velocity. The last term represents the noise
source added by the external feedback. The coupling strength relates to the cavity parameters

between the two cavities with coefficient k is described as

R
Kk =c(1—R;) R—3 (2nLy)™?t Equation 4.2
w} 2

Starting from a usual form the rate equation, the carrier density under feedback can be

expressed as:
% . =Z—§j—1:—:—6(Ne)|E|2 Equation 4.3
In stationary lasing, E should be set constant with the real and imaginary part separately
expressed as,
G(N,) — a; + 2k cos(Qt) =0 Equation 4.4
wy(N,) = Q — 2k sin(Q7) = 0 Equation 4.5
The onset point of stability relates to the difference in gain and oscillation frequency. We could
first consider the simple single mode operation case. If the solution of these oscillation condition
becomes multivalued under feedback noise and a set of external cavity modes are generated around
the original solitary mode, coherence collapse is theoretically formed [24]. By analyzing the
coupling between gain and oscillation frequency, equations for the change in steady state gain and
oscillation frequency under reflection are then changed as:
AG = —kcos (1) Equation 4.6
Aw = —k [sin(Q71) + acos (Q71)] Equation 4.7
From the application aspect, the dynamic characteristics with optical feedback need to be
addressed as well [25]. Based on the rate equations, the numerical analysis of the modulation
response simply starts from the transfer function of single mode laser. In the small signal domain,

the transfer function can be evaluated, based on the ratio between modulation current and

modulated optical power [26, 27],

o o HGw) |
H(jw) =[1-K({w)] T=KGo)H(a) Equation 4.8
K(jw) =j 20 = RIVA + a%)fext [1—exp (wTey)] Equation 4.9
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where 7; is the cavity round-trip time, and C is the coupling coefficient of the laser’s front

Equation 4.10

facet. H(jw) corresponds to the normalised transfer function without optical feedback as
K(jw) = 0. The feedback level f,,; of a semiconductor laser is defined as the critical ratio
between the re-injected power and the original emitted power. At a certain feedback level, this
transfer function exhibits unstable poles, which could be used to theoretically predict the critical

feedback coefficient expressed as[28, 29],

2y? 1+ af
ferie = 7672

o ) Equation 4.11
In theory, this critical value gives the maximum ratio between the feedback and output power
that can be tolerated for the stable operation for both device operation and communication system.
It is clear that except for several factors contribute to determine the value of critical feedback

conditions includes the damping factor and LEF which are determined by the material quality, but

also on the geometry of the laser cavity and external cavity parameters.

4.2 Experimental setup

The device under study is a QD Fabry-Perot (FP) laser emitting at 1.3 um grown on a (001)
GaAs substrate by solid source molecular beam epitaxy (MBE). The active layer contains a seven-
fold stack of InAs QDs, and the length of the device is 600 um with a stripe width of 2.2 um. The
asymmetrical coating with 90% HR coating on the back end and 30% AR coating on the near facet

was applied for the high efficiency and protection purposes.
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Figure 4.1: Feedback resistance setup.
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As shown in Figure 4.1, the setup consists of the laser, a coupling circuit, a feedback circuit
and a monitor system. The laser output is split into feedback and monitor paths by a 90/10 optical
fiber coupler directed to the feedback loop. An optical circulator is used to direct part of the output
light back into the laser cavity while a variable optical attenuator is used to adjust the feedback
ratio. Additionally, a polarisation controller is inserted to maintain the transverse electric
polarisation of the feedback light and thus maximize the effects of the optical feedback. The
feedback ratio is defined as the optical power ratio between feedback light and incoming light at
the fiber of the laser. By adjusting the value of variable optical attenuator (VOA), feedback strength
was varied from 0% up to 100% and monitored by optical powermeters connected to the coupler.
The power in the 10% arm is fed into the power meter to monitor the forward and backward power
which are used to estimate the external feedback ratio defined as [;z = P; — Py + C4p5, where Py
is the reflected power, P, is the output power of the laser, Cy5 is the coupling loss from the
semiconductor laser to the fiber. Power meter 1 and 2 were used to experimentally calculate the
amount of reflection. The feedback loop contains a circulator which directs the output power back
into the cavity. The polarisation controller is adjusted to guarantee the same polarisation between
the reflected light and emitted light from laser. Then, a 3 dB coupler is used to couple a portion of
the light to a VOA which sends it back to the circulator and then to the cavity. To avoid excess
uncontrolled reflection, all the loops are connected by the angle-polished fiber ends. Optical
coupling losses of the system was about -4dB.

The external cavity length of the feedback is kept around 5 meters to create the most stringent
feedback conditions as the corresponding external feedback frequency is 30 MHz (f = ¢/Loyt),
far below the laser’s relaxation oscillation frequency.

Another half of the power is coupled through an isolator to the diagnostic instruments to
observe the optical and electrical spectra, modulation and transmission characteristics. In order to
avoid extraneous feedback, an isolator is positioned before the monitor systems. The optical
spectrum is simply measured by using the high-resolution optical spectrum analyzer, while the
noise spectra is measured by the microwave spectrum analyzer. Regarding the modulation
properties, the small signal response was detected by p-i-n photodetector, and the frequency

response is determined by measuring the Sy scattering parameter with a network analyzer.
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4.3 Static characteristics

Similar to the research about the characteristics of QD laser without feedback, we will first
examine the simple static case under feedback. The electric and optical properties are measured,
which corresponds to the change in noise spectra and longitudinal mode. With these results, the

critical feedback level, based on the onset of transitions, is determined.

4.3.1 Electrical spectrum

The electrical spectrum demonstrates the intensity noise. Generally, the intensity noise
derived from radio-frequency spectrum includes the noises generated by the device under test and
the related measuring equipment. We subtracted the ground intensity noise from the radio
frequency spectrum of the overall system and plotted it under different feedback ratio. The
threshold for coherence collapse was determined by the sudden increasement and large fluctuation

in the laser intensity noise.
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Figure 4.2: Spectral density of 600 um length laser under different feedback levels (100
mA injection current) (a) weak feedback up to -20 dB and (b) strong feedback from -18 dB.

Figure 4.2 shows the evolution of the noise spectra of QD laser with feedback above and
below coherence collapse threshold. In the curve of weak optical feedback ratio up to -20 dB, the
microwave spectrum below 3 GHz is simple broadband noise and remains around -135 dBm. In
this regime, our QD laser is stable against the optical feedback as there is no obvious sign of
nonlinear oscillations in the radio frequency (RF) map. For the higher reflected power, intense
chaotic oscillation starts in the RF response. For the curve with higher reflected power, sharp
increases and fluctuations over 10 dB between -130 to -140 dBm in the low-frequency range are
shown, and groups of large spikes in the noise spectrum are exhibited. At this stage, any further
increase of the reflected strength will lead to a more complex chaos. A drastic destabilisation is
shown with further increase of the optical feedback intensity above -14 dB, which can be
considered as a critical feedback level based on the electrical spectra. This value is much higher
than that of commercial QW lasers of which a critical level is usually expected to be around only
-30 dB.
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Figure 4.3: RIN in the low frequency range of 600 um length laser under different
feedback levels (100 mA injection current).

A critical feedback level is first verified by the electric spectra over a large frequency range.
We will then focus on low frequency range below 100 MHz with high resolution and greater
accuracy. The relative intensity noise (RIN) at low frequency of QD laser under different reflected
strength is depicted above, in which a more precise determination is made. Similar to the
observation in the noise spectra, for a reflected ratio below -18 dB, the RIN remains flat and stable.
As the feedback increases up to -14 dB, the satellite modes at roughly multiples of the resonance
of the external cavity start to appear. The peak-to-valley extinction ratio is around 5 dB/Hz for -14
dB feedback level and increases to 10 dB/Hz for -8 dB. Except for the sharp transition in the value
of intensity noise, we can further derive the properties of external cavity based on the RIN in low

frequency.

4.3.2 Optical spectrum

In previous measurement, the adverse effect of reflected light on intensity noise is observed
and the critical feedback level is determined. We then check the impact on the optical spectra. It is
theoretically predicted that under strong optical feedback, destabilisation of the longitudinal modes
will be formed with undesired side modes, wavelength shift and fluctuation in the mode amplitude.

Optical spectra of the QD FP laser under different feedback levels are shown in Figure 4.4.
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While the pump current is held constant at 100 mA and the external cavity loop is fixed, the
feedback fraction is increased from -40 dB. At room temperature, multimode lasing operation
centred at 1303 nm was observed at an injection current of 100 mA. At the lowest feedback levels,
the envelope of the FP laser spectrum is stable, with only a slight fluctuation in the intensity. The

apparent destabilisation starts to appear at feedback level of -18 dB and deteriorates dramatically

from -14 dB.
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Figure 4.4: Optical spectra of 600 um length laser (30% facet coating) under different
feedback levels (100 mA injection current) (a) -8 dB, (b) -14 dB, (c) -20 dB and (d) -40 dB.

Comparing the spectrum under -20 dB feedback with the -40 dB counterpart, the light
intensity remains perfectly stable and centre modes remain close to the solitary laser frequency.
For weak feedback below the critical level, the modification in gain and oscillation is quite small.
Thus, the solitary laser frequency keeps unchanged without obvious intensity fluctuation. With a
higher feedback level, a clear fluctuation in the amplitude of mode exists. Similar to the impact on
intensity noise, feedback ratio higher than -14 dB is considered as the beginning of the coherence

collapse regime from the transition of optical spectra. Due to the multimode property of FP cavity,
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the wavelength shift cannot be distinguished from the low-resolution spectra with large wavelength
range. As shown in Figure 4.4, the highest mode was found to be 1.25 times larger than the nearest
neighboring mode and reaches as much as twice the amplitude under -8 dB feedback ratio. The

splitting at the top of laser spectrum is attributed to mode hopping with a separation of 1.152 nm.
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Figure 4.5: Envelope of the optical spectra of 600 um length laser (30% facet coating)
under different feedback levels (100 mA injection current) (a) weak feedback up to -20 dB and
(b) strong feedback from -18 dB.

The envelopes of the optical spectra are then further compared. As shown in Figure 4.5, for
the feedback level lower than -20 dB, the envelope of the optical spectra is nearly superposed. As
the feedback strength increases above -14 dB, the occurrence of the beating which corresponds to
the external cavity modes increases. It is pointed out in [30] that the phase fluctuations are indeed
an dominant process, leading to the coherence collapse. Up to the point of chaotic phenomenon,
the coherence is maintained as light propagates in the external cavity system [31]. The dominance
of the well-defined external cavity modes has important implications as the appearance of the

emission line splitting is evidenced as the transition of the feedback regimes. With increasing
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feedback intensity, the perturbation in the spectrum becomes severer.
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Figure 4.6: High resolution optical spectra of the central mode of 600 yum length laser
(30% facet coating) under different feedback levels (100 mA injection current (a) weak
feedback up to -18 dB and (b) strong feedback from -20 dB.

Further precise spectral measurement with higher resolution is depicted in Figure 4.6. There
are marked differences in the spectral behavior of central mode depending on the feedback levels.
For a feedback ratio below -20 dB, the mode intensity distribution is slightly shifted with no sign
of obvious spectral broadening. The change in laser field oscillation is the result of the altered
modal gain induced by optical feedback, and the corresponding frequency is shifted to satisfy the
conditions for steady state operation in laser. Moreover, the change in gain is accompanied by the
redshift in the cavity resonance frequency due to incoherent optical feedback applied.

As the reflection becomes severe, the continuous red-shift is interrupted and down shifted
when the reflected ratio increases from -25 to -20 dB. Then red-shift tendency recovers.
Additionally, the chaos in spectrum arises and the linewidth is broadened, which denotes the onset

of coherence collapse range. This regime occupies a range of feedback power ratio. In Figure 4.6
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(b), the line continues to broaden with increasing feedback intensity, corresponding to the various
stages of the coherence collapse beginning at -16 dB. The quantity estimation is not provided in
our description due to the resolution limit of the optical spectrum analyzer (OSA).

The results of the optical and electrical spectra are quite compatible, with a typical value of -
14 dB based on these measurements of 600 um length QD laser under 100 mA injection current.
This value is far higher than that of common QW lasers where -30 dB can be expected. The stable
operation of QD lasers can be partly attributed to their relatively low linewidth enhancement factor
and high damping rate, which stems from the existence of high gain compression. The optical
spectrum shows a more visually clear variation and tendency with the modified feedback levels.
We will then check the feedback sensitivity of different operating condition and different devices

based on the optical spectrum characteristics.

4.3.3 Variation of feedback sensitivity under different

injection current

It is mentioned before that the LEF is one of the most distinguished parameter of
semiconductor laser and the characteristic behavior under optical feedback depends greatly on its
value. In previous research, it is found that the LEF is enhanced with increasing bias current.
Consequently, the feedback sensitivity of QD laser will be dramatically affected by the injection
current. We then vary the bias conditions to 50 mA and 150 mA, and check the impact up to -18

dB reflected light based on envelope of the optical spectra.
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Figure 4.7: Optical spectra of 600 um length laser under different feedback levels (a) 50

mA injection current and (b) 150 mA injection current.

The output power coupling into the fiber is measured to be 3.384 mW and 10.93 mW under
50 mA and 150 mA, respectively. The ground state (GS) emission remains stable for this range of
currents with red shift of the gain peak from 1297 nm at 50 mA to 1309 nm at 150 mA, and no sign
of spectral broadening exists. At 50 mA, the laser is found to be insensitive to optical feedback up
to -30 dB. This relative reduced feedback resistance is attributed to the lower relaxation oscillation
and thus decreased damping rate. Under -18 dB feedback ratio, the fluctuation in optical spectrum
is obvious with the ratio between the highest mode and nearest valley which increased to more than
twice. As the injection current increase to 150 mA, the destabilisation is retarded, but the tolerance
to feedback is inferior to the performance with 100 mA injection current. As shown in Equation
5.11, the coherence collapse is accelerated due to the strong enhancement of LEF with increasing
bias current. Consequently, the control of both LEF and damping factor remains as the most
important issue for designing isolator-free lasers.

In contrast to DFB lasers in which a better stability against optical feedback is observed at
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larger bias current, the destabilisation of FP lasers was proved to be more complex due to modal

competition [27, 32, 33]. Additionally, it is verified that the appropriate operation condition

determines the feedback sensitivity performance.

4.3.4 Variation of feedback sensitivity in longer device

The onset of the coherence collapse regime can be theoretically evaluated based on the

expression shown in Equation 4.11, where 7; is the internal round trip time in laser cavity.

Obviously, the critical value increases with the longer cavity length. The envelope of spectra and

high-resolution spectra of the 1200 um length FP laser are shown below. The coating condition

remains the same as 90 % high reflection coating on rear facet and 30 % on the other. To maintain

the same output power, the laser is biased at 200 mA.
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Figure 4.8: Spectral density of 1200 um length laser under different feedback levels (a)

high resolution spectra and (b) normal resolution spectra.

Based on these spectra, this 1200 pm length QD laser exhibits a stronger stability against
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optical feedback. In the above figure, the central mode keeps quite stable with the increased
feedback level. There is no sign of spectral broadening while the peak wavelength is equally red
shifted up to -8 dB feedback ratio. From the envelope of the whole spectra, as the reflection
increases, the 1200 um length QD laser remains almost unperturbed for the whole range feedback
strength, with slight red-shift in both the low-resolution envelope and high-resolution single mode
view. The enhancement of the robustness to the feedback results from the longer cavity length and
thus cavity round-trip time. From the mathematical expression, the critical feedback level is
proportional to the squared cavity length. However, excessive long cavity length poses a limitation
to the modulation capability of lasers. In order to increase both speed and reflection tolerance, 600

um QD FP laser is chosen for the dynamic measurements in the following sections.

4.4 Small signal response with feedback

In previous sections, the feedback was kept static, generated by circulating the output power
back into the cavity. The results of the optical and electrical spectra are quite identical with different
resolutions. However, the feedback robustness of laser in dynamic condition and real application
is more complicated. Even though the laser keeps stable against continuous wave (CW) output, the
pattern-dependent noise is added to the signal during re-injection of the modulated output. The
evaluation of the stability of directly modulated QD laser under dynamic modulated feedback is
necessary. In most real isolator-free applications, the modulated feedback signal is almost the only
source of injection, where the back-travelling modulated signal is the actual source of injection to
the laser source. The small signal transfer function has been discussed, yielding large deviations in
the amplitude and phase due to optical feedback [25, 34, 35]. We then verified the optical resistance
of small signal response of the 600 um length laser with asymmetric coating of 30/90 at an injection

current of 100 mA.

133



(@)

Modulation response (dB)

(b)

-16 dB
——-18dB
——-20dB

Modulation response (dB)
o
T

Frequency/Hz (GHz)

Figure 4.9: Small signal response of 600 um length laser under different feedback levels
(a) weak feedback up to -20 dB and (b) strong feedback from -20 dB.

Figure 4.9 shows the measured amplitude of the transfer function. For the feedback ratios
lower than -20 dB, the small signal response remains stable with a 3 dB bandwidth around 3.5 GHz.
As the feedback strength increases, the overall transfer function does degrade much with a constant
slope and 3 dB bandwidth. Above the critical feedback level, the transmission performance
produces large variations in |S;;| of more than 0.3 dB. From these results, it is found that the QD
laser provides a consistent critical feedback level for both static operation and small signal
modulation. The experiment is then performed on the testbed environment to derive the upper limit

in the real digital modulation.

4.5 Conclusion

In this chapter, we have estimated the effect of unintentional optical feedback on the high-

speed digital optical communication system. Although the impact of the reflection starts at around
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-18 dB feedback level, the existence of such fluctuation does not necessarily mean that coherence
collapse occurs. Both static performance and direct modulation are considered for the 600 pm
length QD FP laser. It is found that above -14 dB reflection, the chaotic behavior, which could be
regarded as the onset of coherence collapse regime, is obvious in the optical and electrical spectra

and small signal modulation.
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5 Large signal modulation and Si photonics

module

The static and dynamic properties of QD FP lasers have been comprehensively measured and
discussed. For the real application, large signal modulation should be considered, based on the eye
diagram. When it comes to commercial optical module, more complicated structure and
measurements need to be carried out. In this chapter, the practical performance of the QD laser will
be estimated under the large signal modulation with and without feedback. Moreover, the isolator-

free Si photonics module employed QD laser as the light source will be measured.

5.1 Large signal modulation of 600 pm quantum dot

Fabry-Perot laser

It is common to use small signal bandwidth as an indicator for large signal modulation
performance. For a given bandwidth of 1 GHz, more than 1.43 GHz in large signal bandwidth
could be obtained in the case of several optical devices [1]. This effect is also considered inherently
in semiconductor lasers, regarding the dynamical performance. However, this type of
characterisation does not provide sufficient information, and it is reported that in some QD lasers,
the digital modulation properties are vastly underestimated, in terms of its digital modulation,
especially in the QD laser with high gain compression and large gain value [2]. The eye diagram

under large signal modulation (0.8Vpp) is described as follows.
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(a) (b)

(c) (d)

Figure 5.1: Eye diagram of OD laser under 100 mA injection current with cavity length of
600 um (a) 5Gbps, (b) 10 Gbps, (c) 25 Gbps and (d) 30 Gbps.

From the 5 Gbps to as high as 30 Gbps, the 600 um QD laser exhibits a clear open eye with
an extinction ratio above 3 dB, as shown in Figure 3.13. This wide digital modulation, compared
with its small signal response, is ascribed to the large gain value and high gain compression of QD
[2]. It is well known that the intrinsic frequency of laser diode is limited by both the gain
compression factor and modal gain. There was impressive improvements in the gain of QD lasers
while the gain compression remains large, which stems from the basic material nonlinearity and
long transport times [3-5]. For instance, the 1.3 pm GaAs QD laser gave a bandwidth of 11 GHz
and was modulated at 25 Gbps, which can be ascribed to a relatively high modal gain of 46/cm

measured from 8 QD layers in this laser [6].

Figure 5.2: Eye diagram of QD laser at 20 Gbps under 30 mA injection current with
cavity length of 200 um.
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The similar performance of 200 pm QD laser of 20 Gbps large signal modulation is also shown
in Figure 5.2. The ability of modulating the laser with limited small signal bandwidth at large bit
rates with sufficiently large modal gain and large compression factor is only obtainable in practice

with QD structures [2].

5.2 Transmission characteristic with feedback

Based on the results of optical spectrum, noise intensity and small signal response under the
same reflected light, the onset of the coherence collapse is estimated to be -14 dB. Although the
impact of the reflection starts at around -18 dB feedback level, the existence of such fluctuation
does not necessarily mean that the coherence collapse occurs. The 600 pm length QD laser provides
a 3 dB bandwidth of 3.5 GHz under -14 dB feedback. Generally, the real digital modulation of QD
laser usually far exceeds the predicted bandwidth based on small signal response, and the coherence
collapse in dynamic process is quite complicated. We would then further examine the feedback
resistance in data transmission. The effects of intensity modulation on the chaotic behavior in the
laser output are examined, and performance estimation for 10 and 25 Gb/s systems are made.

The laser is modulated by non-return-to-zero format, and the loss of the fiber connection and
systems is calibrated and compensated. Eye diagrams under 10 Gb/s modulation back-to-back
transmission are shown in Figure5.3 (a) — (d) for feedback levels of -8 dB, -14 dB, -20 dB and

without feedback, respectively.
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Figure 5.3: 10 Gb modulation eye diagram of 600 um length laser under 100 mA
injection current with different feedback level (a) -8 dB, (b) -14 dB, (c) -20 dB and (d) without
feedback.

Whatever the feedback level is, no chaotic oscillations are observed on the eye diagram, and
these results remain clear with extinction ratio more than 4 dB. In general, it is well known that the
data transmission is theoretically no longer possible in the coherence collapse regime. However,
from the eye diagram in Figure 5.3, the transmission performance slightly degrades only with the
upper level broadened at the feedback level of -14 dB, corresponding to ‘1’ bits of the eye diagram.
Distributions of the ‘0’ level and timing jitters, including rise and fall time, were not affected by
external optical feedback. The broaden of level one signal becomes worse as the reflected power
gets stronger, but the whole eye diagram still remains quite stable. In previous research, five distinct
regimes of feedbacks are identified and the transitions between the regimes are well defined[7].

For the 802.3ae 10 Gb/s Ethernet standard, the laser must be tolerant up to -12 dB feedback
from the network. Although the critical level of -14 dB is confirmed by the static and dynamic
characteristics, based on the clear eye diagram of the QD laser under -8 dB together with the
coupling losses, the QD FP laser should still be able to tolerate network feedback without an

isolator.
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(b)

(c) (d)

Figure 5.4: 25 Gb modulation eye diagram of 600 um length laser under 100 mA
injection current with different feedback level (a) -8 dB, (b) -14 dB, (c) -20 dB and (d) without
feedback.

With an advanced compensation and digital processing techniques such as forward error
correction (FEC) and 4 level pulse amplitude modulation (PAM4), the large signal modulation
could be further pushed to 25 Gb/s. This high-speed operation is achieved by digital processing
and compensation for the connection and facilities. As shown in small signal response, due to the
lack of proper designment in electrical parameters and large damping in QD materials, there is no
clear relaxation oscillation peak. Although the 3 dB bandwidth is limited to below 5 GHz, through
the digital processing, the loss caused by links and connections could be compensated for more
than 10 dB. The result eye diagrams for different feedback level are shown above. Compared with
the 10 Gb/s transmission, the extinction ratio (ER) decreases to relatively lower value of around 1
dB and the chaotic oscillation becomes severe especially in the upper level due to the impact of

feedback and also the limited bandwidth.
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5.3 100G Si photonic module

The module measurement setup and the corresponding commercial test board are shown in
Figure 5.5. In commercial DR1 Si photonics transmitter, distributed feedback (DFB) laser, Mach-
Zehnder modulator and other passive optical components are heterogeneously integrated. We
replaced the complex high-cost quantum well (QW) DFB laser in DR1 module with our 1000 pm

QD FP laser with 30/90 coating and removed isolator connected to the laser.

(a)
Synchronous clock
4 A '
—
Eirror Detector] Test Board DR1 Module ]—[Oscilloscope ]
—
. J .
—
‘Power Source
(b)

Figure 4.10: (a) The schematic diagram of the setup of module measurements, (b) The
screen of the test board and (c) Image of 100G QSFP28-DR1 1310nm module .

The applied voltage of the test board was set as 3.3V, and 56 Gb PAM4 signal was sent from
the bit error rate (BER) tester. The back-to-back eye performance was displayed by the oscilloscope
with the (TDECQ) of 1.78 dB, ER 0f 4.657 dB and optical modulation amplitude (OMA) of -4.417

dBm.
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Figure 4.11: 53 Gbps PAM4 eye diagram of the 100G QSFP28-DR1 1310 nm module .

The sensitivity of this transmitter was also measured, which gives a BER of 2e-4 under -10.5
dBm optical output. This demonstrated DR1 module gives a comparable performance with

commercial module and well meets the requirement for 100 G data centre applications.

5.4 Conclusion

From the 5 Gbps to as high as 30 Gbps, the laser exhibits a clear open eye with an extinction
ratio above 3 dB. This wide digital modulation compared with its small signal response is
postulated due to the large gain value and high gain compression.

The feedback resistance is further examined in the transmission system. Especially for direct
modulated QD laser, higher damping means lower overshoot and lower intensity noise, which are
essential to the transmission system. Eye diagrams under 10 Gb/s modulation back-to-back
transmission are shown, and relatively clear results are shown with feedback power higher than the
critical level of -14 dB confirmed by the static characteristics. Due to the gain compression in QD,
the high-speed operation of 30 Gb/s eye diagram is demonstrated before. As we impose a -8 dB
feedback strength, the eye diagram degrades to limited extent with the chaos generated mainly on
the upper lid. As the gain compression has impact on both the feedback resistance and modulation
performance, especially in QD laser, a superior feedback-resistant high-speed modulation is
achieved for the digital modulation. Based on the transmission result, this QD laser should still be
able to tolerate the standard network feedback without an isolator.

Lastly, the high-performance, low-cost property of QD laser is verified in the commercial Si
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photonics DR1 modules. Over 100 Gbps transmission was successfully demonstrated by the
isolator-free QD FP laser based module with its performance compatible to the QW DFB laser

module with indispensable isolator.
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6 Conclusion and future work

This chapter provides a summary of the work and result derived in previous chapters regarding
the statics, dynamical, and feedback resistance of quantum dot (QD) laser. The achievements are
highlighted and conclusions are given. Finally, the suggestions for the future Si photonic module
are presented. Additionally, the related transmission and module performance based on our device

are also demonstrated.

6.1 Conclusion

The realisation of high-performance laser on GaAs substrate plays a prior role in the integrated
Si photonics module. This thesis aims to make an evaluation of the QD Fabry Perot (FP) laser on
GaAs and its application in optical communication.

In chapter one, the motivation and development of Si photonics are presented first. QD
structure has been considered as a promising solution and its application in each component is
briefly discussed. Semiconductor laser has attracted the most exploration due to its sensitivity to
defects and required high gain value. The temperature insensitive QD laser with low threshold
current, high efficiency and reasonable large bandwidth has been realised. Another important
feature needs to be noticed in integrated circuit is the feedback tolerance. The reflection resistance
of the QD laser was first theoretically analysed and feedback-resistant QD laser in 1.3 pm was
reviewed. Except the background of the above substance provided in chapter one, the fundamentals
of semiconductor laser and QD devices are also reviewed.

In chapter two, experimental methods are discussed. The fabrication process and related

techniques are first provided. Brief description about the lithography, etching, metallisation and
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facet coating is presented. Material characteristics, including atomic force microscope (AFM),
photoluminescence (PL) and scanning electron microscope (SEM), are shown. The measurement
setup of the static, dynamic and feedback sensitivity are then displayed.

Chapter three gives the static performance of QD FP lasers. Light-current-voltage (LIV) curve
is regarded as the most basic result, from which the threshold current, slope efficiency, turn-on-
voltage and resistance can be derived. Wall plug efficiency (WPE) and differential external
quantum efficiency (DEQE) can be further calculated from the LIV curve of single laser. By
varying the cavity lengths, the physical parameters of material such as internal quantum efficiency,
internal loss and transparency current are mathematically fitted. Moreover, the static performance
under different temperatures is measured. From all these results, the advantages of high efficiency,
temperature stable and low threshold current of QD lasers are verified.

The dynamical performances are demonstrated in chapter four. Due to the low linewidth
enhancement factor and large damping, QD laser shows a relative intensity noise (RIN) value less
than -150 dB/Hz. The modulation efficiencies and K factor are calculated based on the RIN
spectrum under different injection current. Then, the small signal response of 200 and 600 pm
length QD laser are measured. The 3 dB bandwidth was mainly limited by the electrical constant
with a relatively low value around 5 GHz.

It is found that above -14 dB reflection, the chaotic behavior which could be regarded as the
onset of coherence collapse regime. Under feedback ratio above -14 dB, the impact of optical
reflection on optical/electrical spectra and small signal modulation is obvious. The excellent
feedback-resistant performance of the QD laser can be attributed to the low linewidth enhancement
factor (LEF) and strong relaxation oscillation damping.

Finally, the large signal modulation is provided. A clear open eye with extinction ratio above
3 dB is exhibited from 5 Gbps up to 30 Gbps. This large digital modulation speed compared with
the predicted intrinsic bandwidth is postulated due to the combination of large value and
nonlinearity of the gain in QD. For the large signal application, the stable performance under 10
Gbps modulation with -8 dB feedback is exhibited. It is verified that although the critical feedback
level is estimated of -14 dB by the static and small signal performances, in the real applications,
the feedback tolerance of QD laser is much higher. We also further push the large signal modulation

up to 25 Gbps, and the extinction ratio (ER) of the eye diagram is degraded while the chaotic
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oscillation exists especially in the upper level.

6.2 Future work

With continuously increasing bandwidth demand between the server ranks and switches in
data centres, Si photonics transmitter has been considered as a key enabling technology to meet the
requirements of high-speed connectivity [1]. Its exponentially scaling have been achieved by
increasing the bitrate and number of physical lane per package [2]. Based on our measurements
and results, we will discuss the improvements in both QD lasers and transmitters.

Firstly, we have achieved low threshold, high temperature stable, low noise and feedback
insensitive QD lasers. However, QD lasers have not fulfilled the initial expectation of the large
modulation bandwidth. Several physical mechanisms which mainly affect the small signal response
are proposed in previous research: carrier capture from the wetting layer, slow relaxation results
from the state filling effects, limited differential gain and large gain compression [3-5]. It is pointed
out in [6] that although hole spreading and carrier hopping in QD have adverse effects on the
differential gain and gain compression, their impact on the modulation bandwidth is not
significantly or only for a relatively small range. The ultimate limiting factor is the intra-dot
relaxation, which determines both the differential gain and gain saturation, and tunneling injection
is considered as one of the possible routes. Another answer is the reduction of inhomogeneous
broadening in QD, which leads to increasement in relaxation oscillation frequency without higher
damping rate.

With the laser on native substrate providing promising performance in static, dynamic and
feedback sensitivity, we could further focus on the photonic integrated circuit on Si by direct
epitaxial. The monolithic method offers advantages of substantial manufacturing cost and
scalability, while the main challenge is the introduction of crystalline defect that will limit the
device quality and reliability. QD is given as a solution due to its discrete density of states and
unique electrical confinement. With the well-performed separate devices including lasers,
amplifiers, modulators and photodetectors based on QD structure achieved, integration is the next

step.
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From the module aspect, the scaling of the bandwidth of switch and electrical channel are not
at the same rate as shown in Figure 6.1. Moreover, with the increasing electrical line speed, the

loss in channel scales resulted in a significant increase in power consumption [7].
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Figure 6.1:Progression of switch and electrical bandwidth[§].

One of the solutions is co-packaging the optics with the switch over low loss electrical
channels [9, 10]. The next generation switch is estimated to have 106 Gb/lane electrical interfaces
and requires the connection between copper cables to optical transceiver modules at the faceplate.
In the co-packaged architecture, highly integrated dense optical modules replace the original front
plate pluggable module. Co-packaged optical transceivers and switch application specific
integrated circuit (ASIC) share a single organic package with a limited footprint. As a result, the
electrical interface power consumption is reduced by bringing optical transceivers inside the
chassis closer to processors. In [8], the fully integrated 1.6 Tbps silicon photonics integrated
transmitter with co-packaged optics is demonstrated [8, 9]. It consists of sixteen 1310 nm centred
optical channels compliant with DR4 IEEE wavelength grid. The co-packaging technique brings

the challenges of package size, bandwidth density, energy consumption and reliability to optical

transceivers.
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