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Optical and electrical spectra of a DFB quantum well laser under optical feedback, presenting the progressive appearance of coherence collapse [33].

3.11 Mapping of the appearance of LFF as a function of the feedback strength and the bias. The LFF regime is depicted in light gray. The dark-gray region embedded in the LFF regime corresponds to the region of coexistence of the stable emission state and the LFF state. The unshaded region encompassed by the dashed line corresponds to the continuous transition between the LFF regime and the fully developed coherence collapse regime. current [57]. Indium Phosphide (InP) [1] and integration on Silicon (Si) [2]. The first approach has reached a certain level of maturity for metropolitan networks transmission and long distance applications. However, the second approach is actively in a phase of rapid development and continues to receive a great level of attention from different communities for its vast potential to reach high volume production at low cost. Due to the significant technological developments in electronics, the second approach is well positioned to meet the high volume requirements for short distance transmission and access networks. However, major difficulties in the development of Si on PICs include the lack of effective light sources and isolator-free devices. The most promising solution is the incorporation of an active layer of III-V semiconductor on a silicon-on-insulator (SOI) substrate to jointly exploit the emitting properties of III-V heterogeneous materials and the numerous advantages offered by Si [3].

From a monolithic integration perspective of all these photonic components, it is essential to ensure that the parasitic reflections that may stem from multiple internal and external locations do not affect the stability of the laser. Specifically, III-V hybrid components on

Si appear to have many potential sources of reflections that can create centimeter external cavities in addition to those naturally produced inside the fiber in the order of several meters. Therefore, the work presented herein aims at understanding the behavior of III-V/Si semiconductor lasers (SCL) when subjected to a variation of optical feedback, explores the basics aspects of chaotic dynamics, and investigates potential applications suitable for optical telecommunication systems.

xviii CHAPTER 1

INTRODUCTION AND BACKGROUND

Silicon Photonics

The allure of silicon photonics (SiPh) lies in the potential for production of low-cost and compact circuits that integrate photonics and microelectronics on a single PIC [1,2] to enable faster data transfer over longer distances at higher speed rates. Historically, the main use of Si-based photonics has been primarily for optical communications and optical interconnects in microelectronic circuits [3], where optical transceivers are the fundamental building blocks of the data center interconnects (DCIs). However, PICs are increasingly becoming more appealing to other markets due to the promising benefits these devices can offer to a wide range of applications [4] to include high performance computing (HPC) and optical signal processing technologies [5,6]. Additional emerging applications for PICs also reside in the area of healthcare, sensing, spectroscopy and measurement instrumentation among others for both the military and the private sector domain [7,8,9].

From the telecommunication industry point of view, the ability to handle the unprecedented increase in volume and complexity of data traffic as more devices and users become connected is a continuous challenge faced by data providers [10]. It is no surprise that as new digital services and high power consumption applications are released such as video and gaming, the amount of bandwidth growth becomes more critical in order to handle a higher rate of users and data traffic. For instance, the average smartphone user in 2015 consumed more data in less than a minute than a mobile user did in an entire month in 2000 [11] [12] reaching the so called "Zettabyte Era". Therefore, existing and future data centers (DCs) must adapt to the fast growing bandwidth demand to enable large amounts of data to be transferred reliably at higher speed rates in order to satisfy the hyper-connectivity levels required by networked end-user devices and the internet of everything (IoE) [13]. Consequently, the use of PICs in the telecommunications domain continues to increase due the enormous data capacity this technology can provide.

Figure 1.1: Cisco's visual networking index internet protocol traffic forecasts [12].

In an attempt to meet new optical network requirements and fundamentally improve the way data is moved using smaller form factor and low power devices with maximum functionality; various alternatives such as SiPh are currently being investigated as part of the proposed solution combined with coherent communication techniques to achieve higher functionality and overcome limitations of legacy systems. Several research efforts have already revealed promising results to meet the aforementioned needs and associated challenges hence, SiPh is now seen as a rapidly evolving candidate solution of choice for the next generation of high frequency circuits. This technology provides numerous advantages over traditional optics and communication networks by delivering enhanced bandwidth and significant size reduction through the well-established wafer scale manufacturing process, which in turns leads to remarkable cost savings while reducing networking bottlenecks and enhancing compute capacity. In addition, the integration of optical functions on a microelectronic chip brings many innovative perspectives, along with the possibility to improve the performance of converged photonic and electronic circuits [14] altogether such as the ability to perform signal processing closer to the receiver and the emitter. This novel approach uses Si as the medium for optical signals, allowing much faster digital signaling than is currently possible with traditional electron-based semiconductor devices. The high refractive index contrast of Si allows for a dense integration of optical building blocks, ideal for accommodating thousands of photonic components on a single chip [15]. PICs should then lead to a drastic reduction of the circuit size and allow novel ways of handling and transmitting data, resulting in significant performance improvements overall [6,16].

As a result, SiPh is considered a disruptive technology meant to achieve a new breed of monolithic opto-electronic devices for a potentially low cost Si process with the ultimate goal of delivering connectivity everywhere, from the network to the chip-to-chip level for increased capacity and improved functionality [17].

This ongoing digital transformation of data analytics and the IoE will drastically force mobile providers to move faster than ever towards the next generation of mobile communications to meet the forecasted bandwidth demand. Therefore, improvements in the existing network infrastructure to include scalability of advanced DCs must be edge-centric, cloud-enabled and data-driven [18]. Thus, building on the already established complementary metal-oxide-semiconductor (CMOS) large-scale fabrication methods, techniques and commercially proven processes developed for the microelectronics industry is critical for creating PICs with a high density of optical components in a timely and cost effective manner to address existing capability gaps [19]. Since the first demonstration of the heterogeneous device platform in 2005 [20], the success of the hybrid-silicon technology has been inevitable. Hybrid III-V SCLs have played a key role in the functionality of DCIs and have without a doubt achieved substantial performance characteristics over the last decade.

In this thesis several hybrid SCLs configurations are fully exploited to assess their potential to serve as light sources in PICs and optical isolator-free applications. Published results have revealed that by varying the conditions of the design and fabrication process such as geometry, cavity length and so on, one can impact and optimize the response of a SCL as reported in [21] to maximize performance based on the identified application.

Significant advancements in SiPh have already been proven and different approaches to develop materials platforms for photonic integration that can conceivably deliver enhanced performance with a monolithically integrated solution have successfully demonstrated high reliability [22] . These approaches include: 1) pure III-V semiconductor material (e.g., InP); 2) SOI; 3) heterogeneous integration of III-V on SOI and 4) direct epitaxial growth of III-V on Si [23]. The level of integration and PIC complexity as a function of time for the first three approaches is illustrated in fig. 1.2 to show both the progress of InP-based and hybrid III-V/Si PICs. It is clear that InP-based monolithic integration has increased over the last two decades. However, hybrid III-V/Si PICs are catching up exponentially [24]. The last approach, direct epitaxial growth of III-V layers on Si remains a challenge.

Although recent efforts have reported substantial breakthroughs on this approach [25,26,27], several technology constraints still exist due to the restrictions posed by the indirect gap of Si that can result in a much smaller absorption coefficient [28]. Therefore, current research is also strongly focused on heterogeneous integration of III-V semiconductors on Si through wafer bonding techniques [29,30,31]. The main difficulty lies in material property mismatches among different elements, such as the introduction of threading dislocations (TD) in the III-V material due to the large lattice-constant mismatch between Si and the III-V region in addition to thermal expansion, which lead to a high-density of defects, cracking, and delamination [32].

Practical monolithic or hybrid integrated light sources and on-chip optical isolators with low risk of short-cavity reflections and the desired performance are still missing, thus, current light sources on Si have to be either bonded or coupled off chip. Electronically pumped Si based light sources with enough light generating efficiency heterogeneously integrated with III-V materials on-chip are actively being investigated [33] in order to achieve the full potential of PICs. The future of PICs currently relies on complex designs where light is coupled between III-V and Si waveguides. Light sources within a PIC are destined to be monolithically integrated close to other optical components, all sources of optical reflections. Such complex devices thus require careful study of their dynamical properties, in particular when a laser may be subject to any external light fed back into the cavity [20] as discussed in Chapter 4. Therefore, the lack of on-chip source limits the potential applications of PICs, which pushes users such as Cisco, Luxtera, Acacia and Petra among many others to heavily rely on external III-V lasers as the light source for monolithic Si photonic approaches [23,34,35].

In addition, no on-chip optical isolators with low risk of short-cavity reflections, sufficient isolation ratio, low loss and the sought performance have yet been reported at the required operating wavelength, however, significant progress has already been demonstrated.

Optical isolators are extremely important devices because of their unique functionality to shield the SCL from backward propagating light. These components are necessary to protect SCLs from unwanted optical feedback [28] that can potentially destabilize their performance and in order to maintain the desired lasing frequency steady [36]. Therefore, investigating the impact these parasitic reflections have on the performance characteristics of SCLs due to the tight heterogeneous integration of passive and optical functionalities remains of first importance for PIC integration in the telecommunications industry.

Progress in III-V foundry processes has already made possible monolithic integration of both passive (isolators, circulators, couplers, etc.) and active components (active isolators, lasers, modulators, amplifiers and photo-detectors) with very high densities enabling the development of complex circuits with a steadily increasing number of components [37,38,39,40,41,42] for PICs development. Novel semiconductor optical amplifiers (SOA) are also very attractive devices for optical communications and will also play a key role in optical fiber transmission and data processing due to their capability to operate as multi-functional devices [43]. SOAs can enable increased output power and signal pre-amplification. Their ability to control the output power levels from individual transmitters by altering them external to the cavity in addition to their high gain and low power consumption makes SOAs indispensable amplifier blocks in complex PICs [44]. These devices can be employed as stand alone devices or monolithically integrated with a LD for high power, long haul applications, or an electro-absorption modulator (EAM) for metrocore applications. Published literature have demonstrated the multi-functional capability of SOAs by combining optical amplification with either photodetection, modulation, wavelength conversion among many others. Different applications for SOAs have been identified for data optimization such as the one reported in [45,46] where a multi-section SOA is used as an in-line photodetector in the presence of bi-directional transmission for signal detection in order to minimize crosstalk.

Multiple efforts have emerged from both industry and academia addressing the associated challenges with SiPh. For instance, the University California Santa Barbara (UCSB) has demonstrated promising results with their unique approach of utilizing a Si waveguide mode evanescently coupled to III-V semiconductor multiple quantum wells (QWs), thus combining the advantages of high-gain III-V materials and the integration capability of Si to develop light sources. In this case, the difficulty of coupling to Si-based passive optical devices was overcome by confining most of the optical mode into the Si. The approach taken restricts the laser operation to the region defined by the Si waveguide, relaxing the requirement for high precision pick and placing of the III-V device on the Si substrate. Thus, concerns over process compatibility of disparate components were minimized because the bonding procedure used to attach the III-V device and the Si is positioned at the back end of the process flow [22].

The growing need of novel devices required to address these major technology gaps as well as the reliable and functional integration of embedded systems remains of paramount importance and extremely necessary to achieve the craved power and efficiency [17]. The need to learn not only about the advantages offered by hybrid III-V on Si light sources but also about their strengths and limitations is in fact the motivation of the work herein.

Applications and Challenges

Telecommunications network systems are now facing an explosive traffic increase with a growth rate of more than 30 % per year [47]. The main industrial drive in the SiPh domain is in optical interconnects [48] with the intent to replace existing electrical links unable to provide the required network scalability for the increased data traffic to support the next generation of DCs. Therefore, this arena is a rapidly growing field of opportunity for optics and photonics technology. Fig. 1.3 illustrates the forecasted SiPh market size in millions from 2017 -2026 at a CAGR of 20.4 % based on trends and information collected from the key players in this market globally [49].

Much of the traffic on the DC interconnection is extensively associated with machine learning and dominated by video services [14,50]. As server output data rate extends beyond 10 Gbps, novel solutions will be needed to increase the speed of short-reach optical interconnects at least 4 fold to 40 Gbps, 120 Gbps and 480 Gbps, while keeping the same power-and-space profiles of existing modules [51]. In order to progressively achieve the higher bandwidth demand and increased data rates for capacity-building infrastructure; each discrete component used in electro-optical devices has been redesigned for integration on Si with the intention of taking advantage of the high-density PIC approach to incrementally transform the network ecosystem. The number of efforts conducted by both academic and industry have led to the development of innovated technical solutions for a variety of domains as described in [5,6]. These efforts include the realization of novel integrated modulators, photodetectors, isolators, polarization controllers, amplifiers, as well as novel laser sources [52].

While the performance specifications for long-haul telecom backbones cannot yet be met with PICs, shorter-range communication (metropolitan networks, fiber-to-the-home)

and DCIs (rack-to-rack, board-to-board) consider SiPh a very attractive technology to address existing network challenges [53]. Recent advances in DCs and informatics [14,50] reveal how photonic integration will become increasingly used for data transmission, either inside a chip or for short-access and eventually for long-haul telecommunications networks to meet the growing high bandwidth requirements [16,54]. The use of SiPh in the long-haul network, based on coherent optical communications will set the path for the next industrialization of high performance opto-electronics transceivers at a lower cost with the sought functionality [55]. In order to provide speedy and unfailingly connectivity, DCs need to talk to each other reliably to successfully share data and connect. Current standards are based on 100 Gbps, however, growing bandwidth demands resulting from cloud based applications and multi-media demand will required new standards based on 200-400 Gbps [55].

Since the most effective transport for optical interconnects is high-speed packet-optical connectivity such as coherent optics [56]; SCLs are primarily used as light sources in the optical links.

In this section, I will expand on how SiPh is being employed for various applications with emphasis on DCIs. These devices play a critical role in long-haul, metropolitan and access networks as they efficiently connect regional and access networks DCs from multiple locations enabling the transmission of critical assets over various distances. Short-reach intra-data center interconnects with photonic integration are also critical for building scalable datacenter clusters [51]. This high pace development of state-of-the-art devices and specifically DCIs is driven by emerging services and large data sets derived from machine learning applications to improve the user's experience. The increased bandwidth requirement is indisputably paving the way for new endeavors to achieve enhanced performance, lower cost and higher integration.

Optical Interconnects

Modern DCs heavily rely on interconnects for delivering critical communications connectivity among numerous servers, memory, and computation resources [50]. In fact, we can say that the existing data server infrastructure is almost completely based on optical interconnects [57]. The rapid evolution of the IoE along with the immediate need to remain widely connected is pushing for the development of higher speed interconnects to provide the distributed processing, computational power and memory required by the nextgeneration of DCs. Among the various technologies for dealing with this unavoidable bandwidth demand, SiPh holds the most potential for providing high density photonics integration with ultra-small footprint, low power consumption and affordable devices to deliver the scalability [58] and increased functionality necessary to address existing bottlenecks in PICs [59]. Therefore, it is important to examine the history of optical data links penetration into communications to clearly visualize their continuous evolution over the that the required technologies are well under development. Central to this case are optical links that demonstrate higher data capacity in addition to a power dissipation benefit over electrical solutions as reported in [START_REF] Boletti | Performance comparison between electrical copper-based and optical fiber-based backplanes[END_REF] when comparing an electrical copper-based backplane and a full-optical fiber-based backplane using a vertical cavity surface emitting laser (VCSEL). In this study, the electrical solution with equalization at a bit rate around 20-22

Gbps showed a power consumption per Gbps higher than 0.8 mW. However, using the same power budget, the optical backplane was able to reach 25 Gbps with a power consumption per Gbps lower than 0.2 mW. This is more than 4 times less than the electrical solution.

For many years, electrical interconnects have dominated ultra-short reach links, however, existing electrical interconnects cannot handle the data capacity expected in the years to come because of the required level of integration density. Electrical solutions are close to reach their limit; therefore, different alternatives must continue to be explored such as optical technologies. Optical solutions have already demonstrated the ability to provide higher capacity over longer distances than electrical transmission systems in addition to reduced losses, coupling efficiency and lower costs among many other benefits.

Fig. 1.5 displays the estimated annual growth rates and the impact connected devices and additional data services will have on the cloud and DC traffic. Undoubtedly, the network transformation to support such demand is imminent. Therefore, optical interconnects with integrated optics on a single chip continue to be vigorously investigated as a viable solution because of their promising capability to replace bulky components as well as extremely energy and cost prohibited copper interconnects used for electronic data transmission. In addition, optical interconnects have negligible frequency dependent loss, low cross talk and high bandwidth [START_REF] Mishra | Overview of optical interconnect technology[END_REF]. Recent efforts on optical links based on PICs for short distance applications have previously been proposed and have demonstrated significant energy efficiency improvements. This includes higher bandwidth due to the reduced coupling loss since optics can transport more data at a significantly lower power compared to electronic transmission [11], which makes this disruptive technology very appealing to data providers. To achieve future network scalability, which must be able to handle ultra-large data flows and bandwidth-intensive requests, existing DCs architecture must undergo a fundamental shift to progressively introduce optical technologies at different system levels to enable a variety of transparent network or all-optical networking schemes [START_REF] Ring | Silicon photonics: Challenges and future[END_REF]. Additional needs exist in determining suitable network topologies to optimally support high transmission capacity for powerful DCs, handle the increased computational capability of large data sets and run multiple requests in parallel as described in [START_REF] Farrington | Facebooks data center network architecture[END_REF][START_REF] Zhou | Datacenter optics: Requirements, technologies, and trends (invited paper)[END_REF] by both Facebook and Google, respectively. The selected network architecture must be flexible, scalable and modular to accommodate new service requirements with zero or minimum downtime. Optical interconnects at various scales can make use of different networks topologies since system parameters, design goals and requirements can differ significantly among providers. Furthermore, several digital signal processing techniques have been established and continue to be developed to alleviate impairments in coherent optical communications such as clock recovery (CR) for enhanced floor-free transmission at higher bit rates as well as different modulation schemes. Different efforts have been carried out to demonstrate the robustness of CR devices with high spectral purity against detrimental degradation encountered in optical transmission to include excess optical noise of optical amplifiers and residual chromatic dispersion in optical fibers as reported in [START_REF] Roncin | Demonstration of chromatic dispersion and optical noise insensitivity of a quantum-dash based fabry-perot laser in all-optical clock recovery at 40 gbit/s[END_REF]. Innovative approaches leading to a major technology shift will also come from new developments in the field of advanced packaging. Tighter opto-electrical integration along with packaging will play a significant role in the overall performance of these devices and will likely change the landscape of SiPh as it can help solve some of the challenges associated with heterogeneous integration [11]. New packaging techniques can potentially alleviate the risk of short cavity reflections that can be detrimental to the laser's performance and limit floor-free transmissions at the desired level as demonstrated in Chapter IV and V of this manuscript.

Although hybrid SiPh integration and its use for optical links has already been proven as described in [33]; the implementation of next generation optical interconnects poses specific technological constraints, especially in relation to power dissipation, optimal reach and maximum channel data rate. The development of light sources on-chip using a wafer scale approach remains a critical challenge. The main difficulty still resides in designing the appropriate chip-level interconnects that satisfy the high requirements on bandwidth capacity, latency and energy efficiency in order to optimize the internal network architecture to support the new generation of DCs [START_REF] Aleksic | The future of optical interconnects for data centers: A review of technology trends[END_REF]. Therefore, different efforts continue to be carried out to further investigate the properties of III-V materials and Si combined for the development of feedback insensitive light sources on-chip for high-speed optical interconnects to achieve a cost effective solution compatible with legacy data center standards.

High Performance Computing

Another important application of SiPh is in the high performance computing (HPC) domain. This technology goes hand in hand with the existing and projected digital appetite.

It is evident that computing performance must continue to improve in order to meet the growing proliferation of computing processing and communications capability required by DCs (massive parallel supercomputers infrastructure) to support increased capacity and distance as digital trends continue to evolve [61]. In an effort to forecast the rapid growth of cloud-based IP and the degree of virtualization, Cisco reported in [START_REF]Cisco, Cisco global cloud index: Forecast and methodology[END_REF] By 2021, 94% of workloads and compute instances will be processed by multi-cloud DCs;

6% will be processed by traditional DCs, therefore, a robust underlined compute capability and reliable infrastructure to ensure prompt response time is imperative. Furthermore, DC workloads and compute instances will more than double from 2016 to 2021; however, for cloud those will nearly triple over the same period [START_REF]Cisco, Cisco global cloud index: Forecast and methodology[END_REF]. A compute instance is defined as a virtual or physical set of computer resources, including storage, that are assigned to run a specific application or provide computing services for one to many users. Therefore, it is crucial for data providers to prepare for this pivotal and unavoidable fast-coming growth of intensive workloads requirements. Compute capacity must continue to scale at the component and at the system level in order to meet the high pace bandwidth growth in support of the essential network's infrastructure transformation while maintaining high level performance [61].

For computation hardware, the past three decades saw central processing units (CPUs) performance gains governed by Moore's Law and driven by reduction in semiconductor feature size and the use of multi-core architectures. However, the semiconductor form factor is at the edge of practical lithography capability and will be limited by physical principles. While multi-core architectures performance hinges on having high-bandwidth chip-scale communication networks. Bandwidth to access off-chip memory is also crucial to scalable high-performance architectures [START_REF] Zhu | Systems engineering for silicon photonic devices[END_REF]. The need for bandwidth is driven by the server and storage consolidation and inter-processor communication, as well as the increased bandwidth demands of multi-core and multi-threaded CPUs. Therefore, future supercomputers are expected to have tens of thousands of transceivers, each providing aggregate point-to-point interconnect bandwidths of greater than 100-Gbps [START_REF] Pepeljugoski | Data center and high performance computing interconnects for 100 gb/s and beyond[END_REF]. State-of-the art network typologies will then require sophisticated architectures for optimizing an increased number of processor-memory units, lower latency signaling between chips, and larger system bisection bandwidths for communication. Currently, the top HPC systems have bisection bandwidths between 1 to 10 Tbps and next generation systems are looking for 10-100x improvements in bandwidth [61]. This means that enhanced compute capacity is of paramount importance to accommodate the cloud estimated workloads and traffic demand to perform tens of trillions of computations per second [START_REF] Sabban | Novel wearable antennas for communication and medical systems[END_REF] as we continue to scale and improve efficiency at the system level.

1.3 Overview of III-V/Silicon Hybrid Technology

Silicon Waveguides

Si waveguides form the basic building blocks of all SiPh circuits. Their fabrication starts with a SOI wafer, which is considered the most suitable platform for SiPh devices. The characterization results presented throughout the course of this thesis were obtained using devices provided by III-V lab. In this section, the process used to fabricate the devices under investigation is generally described. to precisely control its size. The slab width W slab is usually larger compared to the mode size. Its value has very little impact on the mode properties; therefore, it is fabricated with a less precise 248 nm DUV lithography equipment. In order to achieve Si dry etching, a 180 nm hydrogen bromide (HBr) process is used [START_REF] Lamponi | Hybrid III-V on silicon lasers for telecommunication applications[END_REF]. After the patterning is completed, the waveguides are encapsulated in silicon dioxide (SiO 2 ) then chemical-mechanical polishing (CMP) is performed to planarize the wafer surface and reduce the SiO 2 thickness to 80 nm. The variation in refractive index between Si and SiO 2 is important because it provides strong vertical confinement of light traveling in the Si overlay of the SOI [22]. As described in [START_REF] Pommarede | Hybrid III-V/Si photonic integrated circuits for optical communication applications[END_REF], the waveguide single mode operation depends on the rib width W Si . If W Si is larger than a cut-off value W Si l , both transverse electric (TE) modes: the fundamental mode, TE 0 and the first-order mode TE 1 are guided in the structure. Fortunately, due to the accuracy of DUV lithography and the well-established Si etching processes, it is possible to fabricate Si based-waveguides with W Si < W Si l to keep only one TE mode (i.e., TE 0 ). As referenced in [START_REF] Pommarede | Hybrid III-V/Si photonic integrated circuits for optical communication applications[END_REF] the rib and strip waveguides have losses around 1.5 dB/cm and 4 dB/cm, respectively. Losses are influenced by the sidewall roughness and mode leakage in the substrate as indicated in [START_REF] Grillot | Propagation loss in single-mode ultrasmall square silicon-on-insulator optical waveguides[END_REF]. The following section describes the fabrication process of III-V materials on Si lasers devices by bonding a III-V wafer on top of a processed Si wafer.

Hybrid III-V/Si Semiconductor Lasers

III-V compounds have emerged as the materials of choice for lasers that emit in the 0.7-1.6

µm wavelength rage because heterogeneously integrated III-V materials have demonstrated significant improvements in the development of electrically-pumped laser sources on Si [START_REF] Grenouillet | Hybrid integration for silicon photonics applications[END_REF]. This integration is achieved by means of die to wafer SiO 2 /SiO 2 direct bonding as described in [START_REF] Gallet | Hybrid III-V/Si lasers for optical communications[END_REF]. The gain region is a forward bias pn junction. The devices studied herein use an active region with height AlInGaAs QWs that are 8 nm thick. They are sandwiched between two separate confinement heterostructures as well as an n and p-doped

InP. Normally, III-V lasers are grown from an n-type substrate to a p-doped contact. Since the III-V wafer substrate needs to be removed, an inverse structure is then grown, that is, the p doped InP first followed by active region and then the n-doped Indium Phosphide (InP) as shown in fig. 1.7. The n side is then bonded to the SOI wafer and the substrate is removed as described in detail in [START_REF] Bordel | Direct and polymer bonding of III-V to processed silicon-on-insulator for hybrid silicon evanescent lasers fabrication[END_REF].

Figure 1.7: III-V on silicon epitaxy and bonding [START_REF] Gallet | Hybrid III-V/Si lasers for optical communications[END_REF].

Different approaches for wafer fabrication and bonding techniques has been proposed.

For instance, UCSB and Intel Lab first developed a III-V/SOI laser [START_REF] Fang | Electrically pumped hybrid AlGaInAs-silicon evanescent laser[END_REF]. In their platform the Si and III-V wafers are oxidized before bonding. This technique results in a very thin spacer of 5 nm between III-V and Si. As illustrated in fig 1.8(a), the Si waveguide is not encapsulated: there are air trenches in each of its sides. Their III-V mesa is wide (ω > 7 µm). Proton implantation limits the current injection on a small surface to efficiently inject carriers into the gain region and prevents the coupling to III-V higher order mode (gain guided structure). The mode is also index-guided by the Si waveguide. Another innovative approach has been developed by Ghent University and IMEC as demonstrated in fig. 1.8(b). In this case, the Si waveguides are encapsulated in SiO 2 and CMP is then performed to reduce SiO 2 thickness down to 5 to 60 nm. Then, benzocyclobutene (DVS-BCB) is deposited by spin coating, which results in a spacer thickness lower than 110 nm. The III-V wafer is bonded by DVS-BCB as it sticks to both wafers. This bonding technique is more tolerant to III-V wafers defects as compared to the molecular bonding approach used on the devices investigated in throughout this thesis [START_REF] Keyvaninia | Heterogeneously integrated IIIv/silicon distributed feedback lasers[END_REF]. The hybrid SiPh integration approach exploits the highly efficient light emission properties of some direct gap III-V semiconductor materials that can offer unique advantages as well as some shortcomings. The proposed novel designs have demonstrated that making use of existing microelectronics techniques for integration density while tailoring the selected approach based on the desired functionality can be extremely beneficial.

For instance the III-V process carried out by III-V Lab is performed on a 2, 3 or 4 inch wafer bonded on Si as depicted in fig. 1.9. First, contact lithography is conducted to define the different III-V active regions. In this step, both dry and humid etching processes are used. Secondly, the NiCr heaters are plated on top of an alumina layer to protect the optical mode from the highly absorbing metal. Thirdly, modulator electrodes as well as the heater and the laser buried contacts are made. In addition, the component is then encapsulated in 

Organization of the Thesis

The work presented in this manuscript aims at further investigating some of the strengths as well as the imposed restrictions and limitations of SiPh as it pertains to the light source for PIC applications, specifically novel hybrid III-V/Si SCLs. The structure of the thesis is as follows. First, in this chapter, an overview of SiPh is provided where technology The development of SCLs slowly transitioned from a pulse-operated simple pn homojunction to a continuously operated (300K) double heterostructure (DH) in 1970 [7,8], which led to the development of light sources in fiber optics communications. Rapid improvements and enhanced reliability in SCLs, together with the introduction of low-loss optical fibers, have undoubtedly opened up the door for optical communications [9] as anticipated in 1966 by Kao and Hockham [10], indicating that optical fibers can be made pure enough to carry signals for very long distances. Semiconductor heterostructures have played a significant role in the progress made in several electronic, photonic and opto-electronic devices over the last couple of decades due to their abrupt change in the energy band structure at the hetereointerface. This may lead to discontinuities in the conduction and valence band edges that can be used to control the flow and distribution of electrons and holes in device structures while significantly altering the performance of the device [11].

In this chapter, the most related fundamentals principles of SCLs are outlined, followed by a short description of different laser configurations to include FP cavities, variations of tunable lasers (TULs) and hybrid III-V/Si technologies. In addition, the rate equations of LDs are reviewed to better understand the static and dynamic characteristics of the devices under investigation. Last but not least, the optical properties of SCLs and significant aspects of different structural designs are also discussed.

Basic Operation

Electronic Transitions in Semiconductors

The principle of SCLs lies in the interaction between light and semiconductor materials.

The quantum electronic concept common to all lasers can be found in the pn junction of a semiconductor device, which is fabricated into an optical waveguide geometry that provides lateral opto-electronic confinement with certain mechanisms providing optical feedback for the generated optical wave such as front-end facets or grating [12]. The operation of a SCL relies on the interband recombination of carriers and the subsequent release of photons.

By applying a forward bias into the center of the pn junction using an external voltage, a diffusion and drift of electrons and holes across the junction takes place, which pumps the carriers promoting population in the conduction band [13].

In a narrow depletion region, electron-hole pairs (EHP) can recombine both radiatively or non-radiatively. Electrons and holes can also absorb the radiation. When the current through the junction exceeds the critical value, population inversion is then achieved due to the rate of photon emission caused by the electron-hole recombination exceeding the rate of absorption associated with the electron-hole generation. The electronic radiative transitions that take place between the conduction and valence bands in a SCL play a key role similar to the one between the pairs of states in a simple two-level laser system following convention [14]. Fig. 2.1 provides a schematic energy-level diagram for two states |1

In this case, both the frequency and the phase of the emitted photon are identical to those of the incoming photon. Photons generated by stimulated emission then results in a narrow spectral linewidth. In addition, non-radiative recombination can also take place where a conduction band electron can recombine with a valence band hole without generating any useful photons [16]. Non-radiative mechanisms include [17,16]: Recombination at defective surfaces and interfaces in the active region of the device and Auger recombination in which the electron-hole recombination energy is given to another electron or hole in the form of kinetic energy. In such processes, a conduction band electron recombines with a valence band hole while generating no useful photons, but phonons or lattice vibration. In the context of the SCL, crystal imperfections in the final wafer are inevitable but should be minimized because they represent the loss of electrons which do not contribute to the gain and significantly influence the efficiency of the carrier recombination. For instance, it is known that the direct growth of III-V on Si introduces a high-density of TDs [18] that lead to non-radiative recombination and reduced carrier density due to lattice, polarity, and incompatible thermal expansion coefficient mismatch between Si and the III-V, which can limit device performance and reliability [19].

However, there are several distinct features in a SCL active medium. For instance, the optical transitions in SCL for Si take place between a continuous band of states within the valence and conduction bands. The interaction between the different excited states in the band of a SCL is considerably greater than the interaction between the excited states of the different atoms in the two-level system. Therefore, the collision process in the electron and hole subsystems occurs much faster and the intraband relaxation time can be much shorter compared to that of the radiation (interband) process. The intraband process then plays a crucial role in the line broadening of a SCL. In addition, the higher the concentration of electronic states in the bands, the higher the potential for an enhanced optical gain. Finally, in a SCL, the EHPs can be transported through the material by conduction or diffusion leading to a spatial variation of the optical mode through the stimulated emission.

For LDs, the transition from the conduction to the valence band should be radiative and must yield a photon energy:

hω = E c -E v = E g (2.1)
where h is the Planck's constant and ω the angular frequency defined as 2πν, where ν = c/λ (c = speed of light and λ = wavelength of light). E v and E c are the electron energy in the valence and conduction bands respectively. As stated by the rules of quantum mechanics, it can be shown that each process must conserve both the energy and the wavevector k. The k-conservation rule immediately implies a requirement for direct band-gap semiconductors for the radiative recombination to be significant. The condition for lasing in a SCL is given by

E g < hω < F c -F v (2.2) 
where F c and F v represent the separation of the quasi-Fermi levels for electrons and holes respectively. Condition (2.2) is necessary, but not enough for lasing to occur in a SCL.

Therefore, in order to achieve lasing, all conditions must be met for the stimulated emission rate to be sufficiently large to compensate the loss mechanisms. The optical gain is directly related to the rate of stimulated emission. The process of stimulated emission provides optical gain to an incident wave by generating a coherent wave (i.e., same direction and phase). Thus, the optical radiation propagating through the medium will be amplified as long as the stimulated emission process overwhelms the absorption in the cavity which requires a high density of electrons in the conduction band resulting in coherent light emission. However, under thermal equilibrium, more electrons naturally exist in the valance band resulting in the absorption process surpassing the stimulated emission. In this case, the gain is insufficient to compensate the cavity losses. Consequently, the material has to be driven into a higher non-equilibrium state to invert the carrier population by energy injection so that incident radiation can be amplified rather than absorbed. For SCLs, population inversion is achieved by injecting current into a pn junction-based structure [12].

The main factors influencing the gain spectrum are the density of state functions as well as the transition and occupation probabilities.

The Rate Equations

The rate equations are of paramount importance to investigate the static and dynamic characteristics of SCLs as they model the electrical and optical performance of these devices.

The differential equations relate to the density of photons and charge carriers in the device to the injection current as well as to the device and material parameters to include optical gain, photon lifetime and carrier lifetime. There is strong evidence substantiated by numerous publications that the rate equations can also capture the essential physics of SCLs subject to external optical feedback [20]. Therefore, these equations are necessary to properly understand the feedback parameters that will be discussed throughout the course of this thesis. The rate equations that follow are expressed in terms of carrier and photon generation.

Carrier Generation

The rate equation for the carrier density N can be defined as

dN dt = G gen -R rec (2.3)
where G gen is the rate of injected carriers and R rec is the rate of recombining carriers per unit volume in the active regions. Because there are η i I/q electrons per second being injected into the active region then,

G gen = η i I qV (2.4)
where I is the bias current, q the electron charge, V the volume of the active region and η i is the injection efficiency representing the fraction of terminal current that generates carriers in the active region. The rate of recombining carriers can be expressed as

R rec = N τ c + R st (2.5)
where τ c is the carrier lifetime and R st is the net stimulated recombination defined by Equation (2.8), which is directly proportional to the optical gain G(N ) defined by Equation (2.12). Thus, the carrier rate Equation (2.3) may also be expressed in terms of gain such as

dN dt = η i I qV - N τ c -G(N )S (2.6)
The last two terms of this equation correspond to the carrier decay and photon generation, respectively. In the absence of a large photon density, such as in the laser well below threshold, R st can be neglected.

Photon Generation

The rate equation for the photon density S, which includes the photon generation and loss terms can be defined as

dS dt = ΓR st + Γβ sp R sp - S τ p (2.7)
where Γ is the confinement factor, β sp is the spontaneous emission factor, defined as the percentage of the total spontaneous emission coupled into the lasing mode and τ p is the photon lifetime. R st represents the photon-stimulated net electron-hole recombination that generates more photons. Thus, photon generation term above threshold R st can then be defined as:

R st = ν g G(N )S (2.8)
where ν g is the group velocity. In this context, ν g G(N ) is the normalized differential gain (i.e., the differential gain normalized to the group velocity). From this point on, we will call G N the differential gain. Thus, in terms of gain, Equation (2.7) can be re-written as

dS dt = ΓG(N )S + Γβ sp R sp - S τ p (2.9)
Therefore, the carrier and photon density rate equations can be rewritten as

dN dt = η i I qV - N τ c -G N (N -N tr )S (2.10) dS dt = ΓG N (N -N tr )S + Γβ sp R sp - S τ p (2.11)
where N tr is the carrier density at transparency where the gain compensates totally the absorption. Equations (2.10) and (2.11) are valid for both above and below threshold.

Optical Gain and Laser Cavity

Optical gain is the fractional increase in light per unit length, which is proportional to the photon density and can only be accomplished through the process of stimulated carrier recombination. A simple formula for the optical gain G(N ) is obtained by assuming a linear dependence on the carrier density N in the active region such as:

G(N ) = G N (N -N tr ) (2.12)
where G N is the differential gain coefficient ν g ∂g/∂N (i.e. dynamic gain) and N is the carrier density injected into the laser. Optical gain alone is not enough to operate a laser, optical feedback is also necessary to establish amplified radiation and ensure laser oscillation as well as to sustain pumping levels above threshold. Optical feedback can be generated in many different ways but the simplest way to create it is by forming a laser cavity with front-end cleaved facets, also known as partially reflecting mirrors. The laser cavity provides a direction selectivity for the process of stimulated emission because only photons traveling along its axis are reflected back and forth to experience maximum gain.

Although spontaneous and stimulated emission can also take place while current is applied to the junction, the laser does not generate the required coherence emission until the current exceeds the critical value, which is referred to as the threshold current, I th . In other words, if the resulting gain is sufficient to overcome the losses of a resonant optical mode of the cavity, this mode is said to have reached threshold. For I th to occur, it is required that the optical field in the cavity of the device is reproduced after each round trip.

Therefore; the I th conditions for self-sustaining oscillation of a FP laser can be expressed as:

Γg th = α i + 1 2L ln( 1 R 1 R 2 ) (2.13)
where Γ is the optical confinement factor, g th the threshold gain, α i the internal loss in the active layer due to free-carrier absorption and scattering and L the cavity length bounded by the facets with power reflectivities, R 1 and R 2 . This equation indicates that at laser threshold, the gain balances exactly the losses.

The modal condition of the wavelength is given by

βL = mπ (2.14)
where β is the propagation constant, m the longitudinal mode integer. The optical confinement factor Γ in Equation (2.13) represents the fraction of the mode energy contained in the active layer. This factor is also known as the electron-photon overlap, V /V p , where

V is the volume of the active region occupied by electrons and V p is the cavity volume occupied by photons. Thus, Γ accounts for the reduction in gain due to the spreading of the optical mode to the cladding/passive layers surrounding the active layer. The term α i takes into account the internal losses of the cavity. Since the mirror loss term α m is defined as

(1/2L)(ln[1/R 1 R 2 ]
). Therefore, Equation (2.13) can be re-written as

Γg th = α i + α m (2.15)
Γg th is also referred to as the threshold modal gain because it represents the net gain required for the mode as a whole, and it is the mode as a whole that experiences the cavity loss [16]. Because photon losses occur within the cavity due to optical absorption and scattering out of the mode and the output coupling mirror where a portion of the resonant cavity mode is usefully coupled to some output medium [16]; the net loss by a photon lifetime can be characterized as τ p as previously discussed. Therefore, noting that the photon decay rate, 1/τ p = ν g (α i + α m ); Equation (2.13) can also be expressed as

Γg th = α i + α m = 1 ν g τ p (2.16)
Equation (2.14) is related to the phase and yields a condition on the modal λ = 2nL/m. It can be used to extract the lasing frequency ω = βc, therefore:

ω = mπc n g L (2.17)
known as the cavity resonance frequency, which leads to m λ 2 = nL . In this resonance condition, n is the refractive index of the active layer and c the speed of light in vacuum. Equation (2.17) means that the laser tends to oscillate at a frequency that is a longitudinal mode supported by FP cavity. Interestingly, reaching the lasing threshold for one or more longitudinal modes depends on the characteristics of gain curve including the gain width and the gain broadening mechanism (whether homogeneous or inhomogeneous) [21]. In the case of homogeneous broadening, only one longitudinal mode, whose frequency coincides with the gain-peak frequency, reaches threshold and the laser remains in the single mode operation regime as shown in fig. 2.3. mally, there are several modes that meet the phase condition described by Equation (2.14) and exhibit gains that are only slightly smaller (≈ 10 -3 -10 -4 ) than the threshold gain (2.13).

Single-mode operation can be achieved if the threshold gain for the oscillating mode is significantly smaller than that for the other modes.

Light-Current Characteristic

The light-current (L-I) curve characterizes the emission properties of a SCL. It indicates the current that needs to be applied for a desired amount of power. The inter-band radiative recombination can lead to either spontaneous or stimulated emission. The steady-state gain in the laser operation above I th must also equal its threshold value as given by Equation (2.13). That is, in a laser cavity,

G(N )(I > I th ) = g th .
(2.21) Furthermore, because the gain is monotonically related to the carrier density, this implies that the carrier density must clamp at its threshold value. That is,

N (I > I th ) = N th (2.22)
The stimulated recombination term R st also increases, reducing the carrier density and gain until a new steady-state dynamic balance is struck where Equations. (2.21) and (2.22) are again satisfied [16]. Assuming a linear dependence of the optical gain on the carrier concentration, the ideal ligth-current characteristics (LCC) above the laser threshold can be obtained using the following relationship:

P (I) = η i α m α m + α i hω 2q (I -I th ) (2.23)
where η i is the fraction of the terminal current that contributes to the generation of carriers in the active region and q is the electric charge. Equation (2.23) represents a linear LCC range of 150-200K for GaAlAs lasers and between 40-70K for InGaAsP lasers.

Note that the small values of T 0 indicate a larger dependence on temperature. Both the gain and internal loss variation result in an exponential temperature dependence of the threshold current.

Stability Analysis, Relaxation Oscillations and Damping

SCLs are class B lasers, meaning that τ c ≥ τ p . Relaxation oscillations are inherent to this type of lasers [24]. In a SCL, the lasing field E can be described as [25] 

dE dt = 1 + iα H 2 ΓG N (N -N tr ) - 1 τ p + iω E (2.25)
where α H is the linewidth enhancement factor defined by Equation (2.44) and ω is the lasing angular frequency. By writing S = |A| 2 and assuming the lasing field is in the form E = Ae iωt + iφ , thus by separating the real and the imaginary part of Equation (2.25), we obtain the photon density and the phase of the electric field rate equations

dA dt = 1 2 ΓG N (N -N tr ) - 1 τ p A (2.26) dφ dt = α H 2 ΓG N (N -N tr ) - 1 τ p (2.27)
As opposed to Equation (2.11), the spontaneous emission term is neglected in Equation (2.26). Equation (2.10) can be rewritten in terms of the amplitude coefficient as

dN dt = η i I qV - N τ c -G N (N -N tr )|A| 2 (2.28)
Therefore, the steady-state solutions A s , φ s , and N s of equations (2.26)-(2.28) are given by

A 2 s = η i I/qV -N s /τ c G N (N s -N th ) (2.29) φ s = 0 (2.30
)

N s = N tr + 1 ΓG N τ p = N th (2.31)
Note that for equation (2.30) φ s = 0 when ω s = ω. Since the laser is under steady-state (A s = 0), this leads to N s = 0 and A s = P , where

P = τ p G N N th /2 = I/I th -1.
Assuming the presence of small perturbations around the steady-state can be expressed as 

A = A s + δA (2.32) φ = (ω s -ω 0 )t + δφ (2.33) 
N = N s + δN (2.
δφ dt = α H 2 ΓG N δN (2.36) δN dt = - 2A s Γτ p δA - 1 τ c δN -G N A 2 s δN (2.37)
Rearranging Equations (2.35)-(2.37) yields the Jacobian Matrix M j below:

      δA dt δφ dt δN dt       =       0 0 1 2 ΓG N A s 0 0 α H 2 ΓG N -2As Γτp 0 -1 τc -G N A 2 s       ×       δA δφ δN       = M j       δA δφ δN       (2.38)
Thus the solutions to Equations (2.35)-(2.37) can be extracted from the eigenvalues of the Jacobian Matrix The characteristic equation solving the eigenvalue ξ is given by |M j -λI|

= 0 | M j -λI |= -ξ ξ 2 + 1 τ c + G N A 2 S ξ + G N A 2 S τ p = 0 (2.39)
where the trivial solution ξ = 0 and the two other solutions are given by

ξ = - 1 2 1 τ c + G N A 2 S ± 1 4 1 τ c + G N A 2 S - G N A 2 S τ p (2.40) 
As previously discussed, in class B lasers, τ c ≥ τ p , therefore, the term inside the square root is negative, thus the solution becomes complex with

ξ = - 1 2 1 τ c + G N A 2 S ± i G N A 2 S τ p - 1 4 1 τ c + G N A 2 S = ξ Re + iξ Im (2.41)
where the relaxation oscillation frequency (ROF) f r and the damping factor γ are defined from the real part ξ Re and the imaginary part ξ Im such as [25] f r = 1 2π

G N A 2 S τ p (2.42) γ = 1 2 1 τ p + G N A 2 S (2.43)
In Equation (2.41), since τ c , G N and A s are positive meaning that ξ Re < 0, thus the steady-state solutions are always stable. In Equation (2.42), the steady-state field amplitude A s increases with the bias current, leading to the increase of the ROF as well as the damping.

The ROF is also known as optical perturbations. These oscillations are usually damped and eventually lead back to the steady state of photons and carriers because any disturbances or perturbations decay with time. For operation just above the laser threshold, the relaxation oscillations are slow, and their damping time is about twice the upper-state lifetime of the gain medium [26]. For higher powers, the oscillations can be faster, and the damping time gets shorter. One can then say that the resonance is damped at low and high output powers.

This happens because the imaginary damping term depends on ω r as defined by Equation (4.1) in the presence and absence of optical feedback [16].

The high-speed devices studied herein exhibit strongly damped relaxation oscillations with very high frequencies in the gigahertz region. This pronounced oscillatory behavior can be observed in the experimental results provided in Chapter IV [27]. It is important to note that f r , γ and the α H are key parameters in SCLs as they fundamentally drive the laser's dynamics discussed in Chapter III. Due to the inhomogeneous broadening and the high gain compression effects discussed in Section 2.1.7, the ROF is further reduced as well as the 3-dB modulation bandwidth [16].

Linewidth Enhancement Factor

The linewidth enhancement factor (LEF), also known as the α H [28] factor or the linewidth broadening factor is of paramount importance for SCLs because it is one of the most distinctive features that differentiates the behavior of a SCLs with respect to other types of lasers. It quantifies the coupling between the real and imaginary parts of the material's nonlinear susceptibility, i.e. between the differential gain and the refractive index, or equivalently the coupling between the amplitude and the phase of the electric field in the laser cavity [29]. The linewidth is dependent on the reflectively of the mirrors. Decreasing, the mirror reflectively affects the mode structure; the higher the reflectively of the mirrors, the narrower the linewidth, which is an essential feature for coherent communication systems.

The α H factor impacts several fundamental aspects of SCLs to include chirp under current modulation, linewidth (that is proportional to the factor (1 + α 2 H ), sensitivity to optical feedback, mode stability and the occurrence of filamentation in broad-area devices [30]. In other words, the LEF is a fundamental feature in SCLs and is responsible amongst other consequences for a large spectral linewidth broadening.

Historically the α H factor was first introduced simultaneously in 1967 by Lax [31] and

Haug Haken [32]. Using either quantum calculations from the density matrix equations or a semi-classical theory, both have introduced a factor of (1 + α 2 H ) to describe the noiseinduced phase fluctuations that also appear in the equation setting the spectral linewidth.

However, the former did not further exploit the spectral linewidth equation, whereas the latter did not consider the α H factor since it was too small as compared to unity. In 1982, Henry [28] reintroduced the α H factor and fully theorized the spectral linewidth of semiconductor lasers. Typical values of the α H factor range between 2 to 5 for bulk and QW materials. The α H factor can be defined as [33]:

α H = - d[ℜ{χ(n)}]/dn d[ℑ{χ(n)}]/dn = - 4π λG N dn dN (2.44)
where n is the electron concentration, λ the lasing wavelength, G N is used to defined the differential gain, and dn dN the differential index. In synthesis, the dynamics of SCLs are greatly influence by the α H when studying the effects of optical feedback. Furthermore, the LEF significantly influences the nonlinear dynamics of a SCL subject to optical injection or optical feedback, and nonlinear dynamics can only be observed in lasers for which α H > 0 [33]. The birth of the α H traces back to the early 80s, when the first measurements revealed that the linewidth of a SCL was much broader than predicted by the Shawlow-Townes theorem [34]. A theoretical explanation soon came from Henry, who then developed a theory that ascribes the excess linewidth to the joint action of spontaneous emission events and population inversion (i.e., carrier) relaxation, through the mechanism of index-gain cou-pling [28]. The latter represents the fact that in a semiconductor medium, both the optical gain and the refractive index depend on the actual carrier density. Since then, a number of theoretical and experimental efforts have been carried out in an attempt to calculate the dependence of the α H on the LD material parameters and to measure its value in practical parameters.

Gain Compression

It has been extensively demonstrated both theoretically and experimentally that above threshold some additional effects such as gain compression significantly impact the α H factor [35]. Gain compression in SCLs corresponds to the decrease of the gain coefficient with optical intensity. Several processes such spatial hole burning (SHB) and carrier heating (CH), contribute to the gain compression in these devices [36,37].

The nonlinear g nl is defined as

g nl = g 1 + ǫ p P (2.45)
Where g is the uncompressed material gain, P the output power, and ǫ p the gain compression coefficient related to the output power. The gain compression has a direct impact on the above-threshold α H factor. For instance, in QW lasers, which are made from a nearly homogeneously-broadened gain medium, the carrier density is clamped at threshold and the change in α H factor is due to the decrease of the differential gain from gain compression. As a result, the change of the α H factor that is mostly due to the gain compression can be expressed as follows:

α H (P ) = α H0 (1 + ǫ p P ) (2.46)
Where α H0 is the α H factor at threshold. Since the carrier distribution is clamped, α H0 itself does not change as the output power increases. There is still not "one systematic

Distributed Bragg Reflector Lasers

Distributed Bragg Reflector (DBR) used Bragg grating mirrors as the basis of operation.

The mirrors consist of a series of relatively small impedance discontinuities (reflections) along the axial propagation direction (z-axis), phased so that the reflections add constructively at some (Bragg) frequency to a large net reflection [16]. DBRs are employed in-plane periodic structures to provide distributed selective feedback. The built-in grating leads to a periodic perturbation in the refractive index where feedback occurs by Bragg diffraction.

The first order gratings are generally formed in the DBR regions with a coupling coefficient, κ of about 100 cm -1 . The longitudinal mode closest to the Bragg wavelength has the lowest threshold gain. The Bragg wavelength λ B is related to the pitch of the grating Λ:

Λ = q λ B 2n (2.47) 
where n is the mode effective refractive index and the integer q represents the order of the Bragg diffraction. For instance, a first order grating has a pitch of 0.23 µm at a wavelength of 1.5 µm and for a typical effective refractive index value of n ef f ≈ 3.4. DBR lasers use gratings etched outside the active region. These unpumped corrugated regions act as frequency selective mirrors. Here optical gain and wavelength tuning are provided by the active region and the Bragg section, respectively. The passive phase-control section can be used to ensure single-mode operation. A DBR laser is usually designed such that the dominant mode has a threshold gain of about 8-10 cm -1 lower than the neighbor modes.

These modes are typically suppressed by ≈ 30 dB. In contrast to FP lasers, the longitudinal modes of a DBR laser are not equi-spaced. Because of their spectral purity and practicality for wide wavelength tunability, DBR lasers have been successfully deployed in modern fiber optics networks and continue to be promising devices for applications in optical fiber communications schemes.

Distributed Feedback Lasers

Just as DBR lasers, distributed feedback (DFB) devices also use grating mirror but in this case gain is included in the grating, thus this configuration is simpler to fabricate because no active-passive transitions are necessary. A theoretical laser based on DFB was introduced by Bell Laboratories in 1972 [40]. A DFB device functions as a FP cavity, except that the fact a Bragg grating is integrated with the gain region as a DFB mechanism between two end mirrors as illustrated in fig. 2.6. The DFB grating is an index or gain periodic perturbation in an active waveguide that provides frequency-selective feedback. Therefore, a DFB laser without a structural phase shift in its grating has a high threshold and oscillates in two modes. The grating in a DFB cavity provides all of the optical feedback required for laser oscillation. The oscillation condition of a DFB laser can be found by considering the fact that when a laser mode is oscillating, there is a laser output without an optical input at that particular mode frequency. The end facets of a DFB laser are anti-reflection (AR) coated in order to eliminate any possible reflections from the facets. Generally, the transition between these two structures leads to an improvement of the temperature stability in the emitted wavelength. In a DFB device, an optical wave traveling in one direction is reflected by the grating into a wave traveling in the opposite direction and vice-versa [43].

Since it is not very practical to cleave and make coatings on integrated lasers, the simplest way to fabricate a single mode laser is to introduce a quarter-wave (λ/4) phase shift in the middle of the DFB cavity [44] to ensure that there are not reflections in the chipset. A DFB laser with a proper structural phase shift has a lower threshold with only one oscillating mode. Because the grating in a DFB laser runs along the length of the active region where optical gain exists, the device then functions as a frequency-selective contra-directionally coupled amplifier for the intracavity laser field [45] because periodic perturbations in the refractive index along the laser cavity provide frequency-selective feedback. Its output power capability is also lower than the FP type with one selected wavelength, hence it provides a narrow spectral width of less than 0.1 nm.

The properties of a DFB laser depend on the grating strength k, also known as the grating coupling coefficient proportional to the index variation. Basically, this coefficient allows to estimate the strength of the interaction between the optical fields. This parameter is mostly linked to the grating profile, its position from the active region as well as the thickness and composition of the different layers of the waveguide. Also, it should be noted that the coupling coefficient has a strong impact on the laser's external optical feedback sensitivity.

Several approaches exist to develop DFB devices. However, the most known approach consists of a structure with an AR and a high reflection coating. AR coatings are assumed to avoid additional reflections. Therefore, this design leads to single mode operation of the de-vice with strong side mode suppression ratio (SMSR) and large output power as described theoretically in [46]. Experiments conducted have demonstrated that a SMSR of at least 30 dB is necessary for single-frequency system applications [47]. The SMSR increases with the increasing threshold gain margin and the threshold gain margin depends on the cleavage position in the grating [48]. DFB devices still suffer from wavelength chirp during highspeed modulation and during ultra-short light pulse generation because the carrier-induced variation of the refractive index of the laser cavity causes the effective pitch of the grating to change. Additional information on DFB laser and a comprehensive description of the structure can also be found in [44]. A study on DFB devices and associated performance characterization results is provided in Chapter IV.

Semiconductors Under Study

Tunable Lasers

A TUL is a device whose wavelength of operation can be adjusted in a controlled manner.

When a laser is tuned, the device jumps from one wavelength to another corresponding to the resonance modes of the laser cavity [49]. Several key tunable designs have been proposed as presented in [50,51] but the operation principle remains the same. The design is based on the DBR configuration [50] where a waveguide corrugation, which forms a grating, functions as a basic element of single mode selection and tunability [52]. In this case, the grating mirror has a narrow spectral reflectivity centered on the Bragg wavelength.

There are three configurations to achieve a tunable laser, which are DBR diode laser with Bragg wavelength control, those with phase control and those with Bragg wavelength and phase control, the combination of control of Bragg wavelength and phase results in a widely tunable range [53]. In some instances a booster SOA placed after the laser can be used to manage losses and enhance the output power of the device. By sampling the grating, multiple reflection peaks are then formed. These peaks are spaced apart in wavelength at a period inversely proportional to the period of the sampling.

The front and back mirrors of the laser are sampled at different periods such that only one of their multiple reflection peaks can coincide at a time, as shown in fig. 2.10. This is known as the Vernier effect. In this way the desired channel can be selected by tuning the two mirrors such that the closest reflection peak of each mirror is aligned at the desired channel for lasing occurs [51].

When a DBR mirror section is tuned, two effects come into play, 1) the grating Bragg wavelength will vary due to the changed grating index; 2) the cavity mode position will change also because the effective optical cavity length in now different. At the same time, the cavity modes will shift and subsequently, the new lasing mode will be the cavity mode that is the closest to the Bragg wavelength [16]. The SG-DBR structure is a very elegant solution that addresses the need for wide tuning range lasers. The SG-DBR laser is probably the most flexible and extendible tunable laser architecture available today. It is widely tunable and can also be monolithically integrated with an SOA for high power, long haul applications, or an electro-absorption modulator (EAM) for metro-core applications [51]. However, there are some challenges associated with the required sensitivity to cover a narrower tuning range in addition to the very precise wavelength selection and high stability. The SG-DBR overcomes this conflict by using a tuning mechanism with two degrees of freedom.

The bell shape of the SG-DBR reflectivity envelope is not very favorable for a wide tunability due to the Vernier side mode competition. In order to overcome this issue, a superstructure grating (SSG-DBR) concept has been proposed. This structure shares most of the features of the SG-DBR design but instead, the desired multi-peaked reflection spec-fiber. To obtain a single mode laser with a RR filter system, there are two design rules:

• The filter selects a single FP mode. This means that the 3 dB bandwith of the filter must be around the FP cavity spacing ∆λ F P = λ 2 /2n g L where L is the cavity length and n g the group index

• The filter selects one FP mode on the 3 dB bandwidth of the gain medium (≈ 30 nm), thus the filter free spectral range (FSR) F must be greater than this value.

There Figure 2.12: Schematic of a double RR laser design [57].

Since the two rings have slightly different radii; therefore, the FSR is also different such that the two ring combs have only one coincidence in the gain window [57].

Therefore, the two sets of transmission peak combs have small different peak spacing. The operation principle of this device is displayed in fig. 2.13. When current is applied to the resistor on top of the ring, the refractive index is changed by the thermo-optic effect and the comb is is shifted in the longer wavelength. If the ring with small FSR is tuned, the coincidence wavelength is shifted in the longer wavelength as illustrated in 2.13(b).

The opposite yields for the ring with the larger FSR. Additional information on double RR resonators under optical feedback is provided in Chapter IV. (WDM) systems require the ability to switch between different wavelengths. In a WDM scheme, several wavelenghts are modulated and multiplexed into one fiber. This approach is appropriate in a wide area telecommunication backbone network where tuning is used to configure and re-configure routes through the network [49].

Therefore, these devices are considered key optical components in optical communications systems because of their suitable wavelength range flexibility and adaptability in metropolitan and long distance networks.

Hybrid III-V/Silicon DFB Lasers

The hybrid laser consist of a heterogeneous integration approach of bonding III-V materials such as InP onto the Si waveguide as discussed in Chapter I. This is presently the most successful method for fabricating lasers integrated on Si. The use of these two materials combined brings great advantages to include the high optical gain offered by Si and the efficient light emission available in III-V materials. The hybrid III-V/Si structure consists of a III-V QW region bonded to a SOI wafer.

Various approaches can however, be taken when designing a hybrid waveguide to ensure coupling between the Si and the III-V material. In addition, the design of these devices can be manipulated in order to meet the desired performance characteristics. A proposed designed can be based on evanescent coupling, where most of the light is guided by the Si waveguide, and a small amount of light is evanescently coupled to the III-V material as illustrated in fig. 2.14(a). In this configuration, the optical cavity is defined in the Si using a variety of reflector structures such as Bragg gratings and RR as described in [60].

Another approach is to build the cavity in the III-V material and to evanescently couple the laser to the Si waveguides, as shown in fig. 2.14(b) to mainly confined the light in the III-V material.

Figure 2.14: Hybrid silicon structures where the gain matrial is bonded to the silicon waveguide. The laser cavity can be implemented either in the III-V material or in the SOI material [60].

cussed. When W Si is narrow, the mode is highly confined in the III-V material. Conversely, when the Si waveguide is thicker, the mode is confined in the Si waveguide instead. Some of the challenges associated with these type of devices lie in carefully designing the III-V region to define the tapers for the transition section between the hybrid and the Si waveguides to ensure low optical loss. This is because that part of the taper is built using III-V materials that may possibly have surface recombination which can also contribute to insertion losses between the III-V and Si regions.

A schematic of the device is provided in Chapter IV, fig. 4.10 along with detailed information on the structure's features. In addition, performance characteristics to include solitary measurements as well as maps of the optical and frequency spectra of the device when subject to optical feedback are provided. The distance of the laser to the mirror L ext is related to the external round-trip time τ ext in external cavity that is defined as:

τ ext = 2n ext L ext c (3.1)
where n ext is the refractive index of the external cavity and c the speed of light in vacuum.

In practice, the reflectivity of the re-injecting facet R' may not be zero, so that the returning light can be bounced onto multiple round-trips within the external cavity. Such configuration can become a critical issue in the case of short external cavities, as the beam's path is equivalently multiplied. The feedback strength, r ext represents the fraction of emitted power coupled back to the laser and is defined as the ratio between the output power, P out from the laser facet subject to the optical feedback to the returned power P return such as:

r ext = P return P out (3.2)
There has been a considerable amount of interest in the spectral characteristics of the emission of a laser under external optical feedback, including the introduction of external cavity disperse elements [5]. Optical feedback can often be disadvantageous as it can cause consequential irregularities and unwanted instabilities in the laser output including deterministic chaos (i.e., coherence collapse) [6]. In fact, a great amount of time and effort is spent on investigating different alternatives to suppress or eliminate sources of optical feedback [7]. However, from the fundamental physics point of view, intentionally implemented feedback can also serve as an attribute to enhance several performance characteristics of the device to include increased output power, threshold reduction, decreased linewidth, and modulation bandwidth improvement. In addition, this deterministic chaos can also be used as a vehicle to perform random number generation and to carry out secure communications, which is in fact part of the motivation the work presented in this manuscript was conducted. Chapter IV provides additional information substantiated by experimental results demonstrating that a combination of optical feedback can be used for chaos bandwidth enhancements. This data helps us to better understand the perturbations generated by optical feedback on hybrid III-V on Si SCLs and determine how this phenomenon can be further investigated to augment existing applications and identify future uses such as the development of isolator-free integrated photonics.

Multiple experiments conducted throughout the years have demonstrated the impact returned light into the cavity of a laser has on its performance properties [8]. According to the Poincaré-Bendison theorem, a dynamical system requires at least three degrees of freedom in order to become destabilized and exhibit deterministic chaos [9]. The three rate equations that govern the properties of a laser [10] are given by:

dN dt = f (N, E, P ) (3.3) dE dt = g(N, E, P ) (3.4 
)

dP dt = h(N, E, P ) (3.5)
where N is the carrier density, E the electric field and P the polarization. Arecchi et al. [11] proposed a laser classification based on the photon, carrier and polarization lifetimes, τ p , τ c and τ pol respectively. The solutions to Equations (3.3) to (3.5) explain the variety of influences external feedback can exert on the laser characteristics. In SCLs, the polarization responds rapidly to the changes in the carrier density or electrical field; the third equation governing the polarization can be replaced by its steady-state solution. With only two degrees of freedom, the laser can not become unstable, therefore; an additional degree of freedom induced by an external mechanism such as optical injection or optical feedback is then required.

Optical Feedback Effects on the Optical Spectrum of a Laser Diode

The first observation of optical feedback impact on a LD was related to the feedback induced evolution of the optical spectrum. Depending on the feedback conditions (e.g., external cavity length, feedback strength), the spectrum can either become single-mode with a narrow linewidth as described in [12], (where the linewidth decreases from 6 MHz down to 30 kHz), or become strongly multimode [13]. In 1986, Tkach and Chraplyvy [14] as a milestone reference for many scientists describing the effects of optical feedback in SCLs. The graph has been revisited numerous times [16] to extend the classification of feedback to short and long external cavities when addressing sub-regimes of the CC [16] and incoherent interactions and it has also been complemented based on desired applications to address the small cavity regime [17], defined when r ext τ ext < 1.

Regime I is a stable and single-mode regime where the laser linewidth and the output power depend on the feedback phase. Here, the laser spectrum demonstrates that the laser linewidth can be narrowed or broadened based on the distance to the reflector. Regime II is characterized by a bistability, the larger the distance to the feedback reflector, the more sensitive the laser is to the lower levels of feedback. In this regime, the laser remains single-mode but jumps around due to the changes associated with the phase of the laser spectrum that lead to mode hopping of the spectrum. In the optical spectra, two modes appear simultaneously, which corresponds to the external cavity modes (ECM) between the laser output facet and the feedback reflector with frequencies multiples of c/2n ext L ext .

The amplitudes between the two peaks depend on the feedback phase. A further increase in the feedback strength leads the laser into the third regime, where the length of the reflector and the optical phase are inconsequential. Regime III provides stable and single mode operation with linewidth reduction. After this, the laser then enters Regime IV, where the device experiences unstable operation with CC causing a drastic decrease of the coherence length and a significant linewidth broadening to several tens of GHz with severe peaks. In this regime, the laser spectrum develops enhanced side modes separated by the main lasing mode due to the relaxation oscillation frequency (ROF) denoted by f r . In this case, the laser is insensitive to changes in the feedback phase. This route to chaos is commonly observed in SCLs with optical feedback where two frequencies with incommensurable ratio namely the ROF and the external cavity frequencies interact with each other and result in the quasiperiodicity route to chaos as the feedback strength increases. The onset of this regime is also referred to as the critical level, denoted by r crit and can be analytically estimated as [18]:

r crit = γ 2 τ 2 int 16C 2 l 1 + α 2 H α 4 H (3.6)
where γ is the damping factor associated with the ROF, τ int = 2n int L c /c the internal round trip time where n int and L c are the refractive index and the cavity length of the laser, respectively; C l the external coupling coefficient from the facet to the external cavity (Equation 3.12) and α H the linewidth enhancement factor.

Last but not least, fig. 3.2 shows that for very high feedback strengths, the laser re-enters stable operation with a notable linewidth reduction and very high power. It is important to point out and emphasize that in order to achieve high enough feedback strengths, an anti-reflection coating on the laser output facet must be added. This regime corresponds to the extended cavity regime where the laser operates as a small gain medium in a long cavity. The back facet of the laser and the feedback reflector serve as cavity mirrors, where sufficient wavelength selectivity allows the laser to operate in a single longitudinal mode with narrow linewidth for all phases of feedback [19,20,21].

Analytical Approach of Optical Feedback

Rate Equations of a Laser Diode under Optical Feedback

The formalism of SCLs under optical feedback was first proposed by LK [1] in 1981 when the rate equation model was proposed for a single-mode laser, describing the evolution of the carriers and complex optical field. Over time, extensive research has been successfully carried out and promising results have been well-documented as the basis to further investigate the uncertain impact of optical feedback on a LD while improving the LK models.

In their study only one round trip in the external cavity is considered, which suggests a relatively small amount of feedback. If E is the slowly varying envelope of the complex electric field and N the carrier density of the upper laser state, the rate equations for a solitary LD can be expressed as

dN dt = I q - N τ c -G(N ) | E | 2 (3.7) dE dt = 1 + iα H 2 [G(N ) - 1 τ p ]E (3.8) 
where G(N ) = 1/τ p + G N (N -N th ) the gain per unit time, | E | 2 the normalized complex amplitude (which corresponds to the number of photons inside the cavity) and ω 0 the angular optical frequency of the solitary device (i.e. without optical feedback). The solitary device is assumed to oscillate in a single longitudinal mode. The LK models included the influence of the optical feedback by considering the interference of the laser field with its own coherence delayed field that had propagated once through the external cavity [1,22]. These equations have become the paradigm for investigating the dynamical behavior of LDs when subject to optical feedback [23]. Therefore, the rate equations of the laser subject to optical feedback can then be expressed as:

dN dt = I q - N τ c -G(N ) | E | 2 (3.9) dE dt = 1 + iα H 2 [G(N ) - 1 τ p ]E + κE(t -τ ext )e -iω 0 τext (3.10)
The feedback appears in the last term of Equation (3.10), where external field, E = E(t)e iω 0 τext is incident on the facet subject to the re-injection with an amplitude coefficient E(t) for an electromagnetic field entering the laser where e iω 0 τext is the fast lasing oscillations. The feedback coefficient κ is defined as:

κ = 1 τ in 2C l √ r ext (3.11)
where C l , the external coupling coefficient for a FP cavity, which represents the fractional amount of coupled field into the device is given by Equation (3.15) under steady conditions yields:

ω s -ω 0 = -κ[α H cos(ω s τ ext ) + sin(ω s τ ext )] (3.16) 
As discussed later on, this leads to several solutions for ω s , that are the angular frequencies of the external cavity modes, or fixed points. Among these frequencies, the laser will tend to operate on the mode with minimum linewidth, corresponding to the best phase stability [25].

Threshold Reduction

The steady-state equation resulting from Equation (3.14) yields:

G(N ) - 1 τ p + 2κcos(ω s τ ext ) = 0 (3.17)
where ω s is the solution of Equation The transmittance in x-axis is proportional to the feedback strength [26].

Osmundsen and Gade [26] derived the expression of the threshold current by considering multiple round trips in the external cavity. In the limit case of small feedback strengths, (r ext ≪ 1), the threshold current I th can be expressed as:

I th = I o (1 -2κ cos(ω s τ ext )) (3.18) 
This equation fits very well the experimental results shown in fig. 3.3

Linewidth Evolution

The linewidth of a semiconductor laser is due to the existence of spontaneous emission and the phase-amplitude coupling, leading to phase fluctuations that result in frequency noise [27]. In order to characterize the linewidth of a SCL, Langevin noise forces, F N , F S and F φ must be added to the rate equations (3.9), (3.14) and (3.15) [28] to take the stochatics fluctuations arising from the laser's noise into account in addition to the spontaneous emission rate R sp . By defining the phase fluctuation as ∆φ = φ(t) -φ(t -τ ext ) + ω 0 τ ext , the rate equations can then be expressed as:

dN dt = I q - N τ c -G(N )S + F N (t) (3.19) dS dt = (G(N ) - 1 τ p )S + R sp + 2κ S(t -τ ext )S(t) cos(∆φ) + F s (t) (3.20) dφ dt = α H 2 (G(N ) - 1 τ p ) -κ S(t -τ ext ) S(t) sin(∆φ) + F φ (t) (3.21)
where we consider the photon number S and the phase φ instead of the complex electric field E. F s (t) refers to the role of spontaneous emission, that is the amplitude and phase of the modal field are randomly perturbed by each spontaneously emitted photon that contributes to the mode. On the other hand, F N (t) arises from the discrete nature of the carrier generation and recombination process but has little impact on the laser dynamics compared to the spontaneous emission noise [23]. These rate equations can be solved by considering a small fluctuation around the steady results and assuming slow variations of the phase and intensity of the electric field.

Considering the power spectrum this leads to [27]:

∆v = ∆v o [1 + κτ ext 1 + α 2 H cos(ω s τ ext + tan -1 (α H ))] 2 (3.22)
where ∆v o is the linewidth of the free-running laser [29]:

∆v o = (1 + α 2 H )v 2 g hv o Gn sp α m 8πP opt (3.23)
where v g is the group velocity; h the Planck's constant; v the emission frequency; G the gain; n sp = R sp /v g G the spontaneous emission factor and P opt the optical power. Levine et al. [34] proved that, although the most stable mode is the mode with maximum gain (also the mode with minimum threshold, corresponding to the external cavity mode closest to lowest point of the ellipse given by ω s τ ext = 0), the laser subject to optical feedback will tend to stabilize on the mode with minimum linewidth, which is the closer one to the free-running state, as illustrated in fig. 3.5 which corresponds to the third feedback regime. However, these two modes will enter in competition and then the CC regime occurs.

Figure 3.5: Ellipse of the feedback modes and anti-modes. In blue circles, stable external cavity modes, and in red circles, unstable anti-modes [33].

The term CC was introduced by Lenstra et al. [35], by realizing that the feedback terms in Equations (3.20) and (3.21) were interfering in the case of relatively strong optical feedback and therefore; these equations could no longer be linearized. By considering this inter-dependence of amplitude and phase, a drastic linewidth broadening as well as a strong decrease of the coherence length compared to the free-running case can be obtained numerically, that are in agreement with the experimental results.

Dynamical Properties of a Laser Diode under Optical Feedback

Dimensionless Rate Equations with Optical Feedback

The dynamics of a LD subject to optical feedback are usually studied using dimensionless parameters [36], that can be extracted from the complex rate equations (3.9) and (3.10).

Then, when these rate equations are normalized, we define a new set of dimensionless variables (Y, Z), with Y the normalized complex electric field and Z the normalized carrier density. Therefore, the normalized equations can be re-written as:

dY ds = (1 + iα)ZY + ηe -iΩθ Y (s -θ) (3.25) T dZ ds = P -Z -(1 + 2Z)|Y | 2 (3.26)
where η = kτ p is the normalized feedback coefficient; Ω = ω o τ p the normalized free-running frequency; θ = τ ext /τ p the normalized external cavity round trip time or delay; T = τ c /τ p the carrier to photon lifetime ratio and P the normalized pump current; defined as:

P = τ p aN th 2 = ( I I th -1) (3.27)
In this last equation, the threshold current I th and the carrier density N th are linked by I th = N th q/τ c with q being the electron charge.

Solving the equation | M j -λI | = 0 as demonstrated in Chapter II leads to the eigenvalues of the perturbed system

λ ± = -Γ norm ± Γ 2 norm -Ω 2 with Ω = 2P T (3.28) Γ norm = 1 + 2P 2T (3.29)
where Ω and Γ are the dimensionless variables when the LD is subject to optical feedback.

The unnormalized rate equations of these two parameters were derived in Chapter II from the LK equations in the absence of feedback, Equations (2.42) and (2.43).

Bifurcation Diagram Representing the Laser Dynamics

The rate equations (3.25) and (3.26) are solved by using the Runge-Kutta method (RK4).

For a given set of initial conditions, including a given feedback strength, the numerical time trace of the laser under optical feedback is built by iterations. The final point of the time trace will then be used as the initial condition for the next feedback. A bifurcation diagram [37] is then built that represents the intensity extrema, extracted from the time series when excluding the transient part of the trace, as a function of the feedback strength. For very low levels of feedback, the laser emission is stable, there is only one line on the bifurcation diagram and the only perturbation that appears on the time trace is due to noise. At a critical feedback level, here η ≈ 0.0008, the minimum and maximum of the intensity split significantly. This particular point is called Hopf bifurcation (or Hopf point), and it corresponds to the appearance in the time trace of a periodic oscillation at the ROF as displayed in fig. 3.6(b). This regime is also called period 1 (P1). For higher feedback strengths, the diagram splits again as another oscillation frequency appears, that is superimposed on the first one as illustrated in fig. 3.6(c). More and more frequencies are involved, until the oscillations become totally aperiodic as seen in fig. 3.6(d). These random pulsations do not correspond to noise, since they strongly depend on the initial conditions and are purely deterministic, i.e.; the pulsations can be fully anticipated by using a complete numerical model: the laser has a chaotic behavior (coherence collapse).

As the feedback strength increases, the laser re-stabilizes on an external cavity mode, and the cycle starts again. Sometimes, although this was not observed in this particular example, for a very strong feedback value, the periodic oscillations occur at the external cavity frequency, but the first oscillations just after the first Hopf point always occur at the ROF. These results are consistent with experiments conducted on several SCLs [38] and with other numerical analyses presented in literature [39,40]. The nonlinear dynamics described here is called the quasi-periodic route to chaos [41]. and P = 0.02, P = 0.5 and P = 1 respectively. It can be seen that the first chaotic area strongly expands with the pump parameter. In addition, the feedback strength at which the first Hopf bifurcation occurs increases with the bias current. When the laser operates just above threshold, the dynamics are different from the one explained before. After the Hopf bifurcation, the laser does enter the period 1 regime and oscillates at the ROF, but the destabilization towards chaos occurs through period doubling, i.e.; the second frequency that appears is exactly twice the ROF. This dynamical regime is known as period 2 or P2.

Afterwards, the period continues to double until it reaches the chaotic region [42]. compared to the others). The limit case, as observed in the literature, is the disappearance of chaos for ultra-short cavities [43,44,45]. This occurs in the short-cavity regime, i.e.;

when the f r τ ext < 1, where f r is the ROF. Finally, fig. 3.7(g)-(i) show the influence of the α H factor on the bifurcation diagram, with α H = 1, α H = 3 and α H = 5 respectively, which correspond to typical values for LDs, at given T = 1700, P = 0.5 and θ = 500. Increasing the α H results in decreasing the feedback strength at which the first Hopf bifurcation occurs as well as expanding the chaotic area. Furthermore, for very small α H values, the shape of the Hopf bifurcation differs significantly from the higher α H case [46]. When the bifurcation occurs on an external cavity antimode, this is called subcritical Hopf bifurcation. Supercritical Hopf bifurcations are the most common scenario in interband lasers under optical feedback, and correspond to bifurcations leading to stable periodic solutions, whereas subcritical bifurcations lead to unstable periodic solutions, and occur mainly in the short-cavity regime [46]. For LDs with extremely low α H , no chaos appears, and the dynamics correspond to a cascade of supercritical and subcritical Hopf bifurcations.

It is important to highlight that, contrary to the two previous parameters, the α H is not a degree of freedom during the experiment. However, the analysis of the influence of this parameter on the bifurcation diagram allows explaining the difference in behavior that has been observed from one structure to another when subject to optical feedback.

Phase Diagrams

Another representation of the laser dynamics consists in plotting the phase diagrams, corresponding to the carrier number versus optical power curves. When the emitted power remains constant that is when the laser is under steady-state, the device operates on an external cavity mode at an angular frequency ω s and it is represented as a single point on the first curve of fig. 

Coherence Collapse and Chaos

The chaos predicted numerically from the LK equations was also observed experimentally and was proven to coincide with the CC regime. The first hint of the appearance of chaos within the CC regime originated from the analysis of the experimental electrical spectra of a laser, which was shown to match the power spectral density derived from the numerical time traces [48]. A few years later, the time resolution of the photodiodes became sufficient to observe directly the experimental time series and experimental phase diagrams as displayed in fig. 3.9 [41].

Figure 3.9: Experimental phase diagrams showing the route to chaos [41].

The two predicted routes to chaos, quasi-periodic or through period-doubling, were observed experimentally as reported in [41], the occurrence of one scenario or the other depending on the laser intrinsic characteristics and the initial conditions.

A careful sweep of the feedback strength in the experiment sometimes enables one to observe the whole route to chaos on the optical spectra, as shown in fig. 3.10 from measurements performed at Telecom ParisTech on a DFB QW laser [33].

Figure 3.10: Optical and electrical spectra of a DFB quantum well laser under optical feedback, presenting the progressive appearance of coherence collapse [33].

While the optical spectrum is broadening, some peaks may appear on the spectrum corresponding to the ROF, as verified on the electrical spectrum. Then these peaks disappear, leaving a very broad spectrum both in the wavelength and frequency domains. The critical feedback level r crit (Equation (3.6)) corresponding to the onset of CC, that was defined from the maximum frequency shift with respect to the free-running, it then corresponds to the occurrence of an unstable behavior in the laser, and can be considered as the maximum parasitic feedback strength that can be tolerated for stable operation. r crit is derived from the laser transfer function (i.e., by looking at the instabilities from the poles, which make the transfer function diverging) after a cascade of approximations.

Another form of chaos may appear different from the aperiodic pulsations described above. This chaos is usually observed just above the solitary threshold and it takes the form of sudden power drop-outs followed by a progressive recovery, or build-up on a time scale much larger that the period of the relaxation oscillations or the external cavity round trip. This striking phenomenon is known as the low frequency fluctuations (LFF) regime.

Many efforts have been conducted to explain the origin of such power drop-outs. Henry

and Kazarinov [31], followed by Mark et al. [49], attributed the LFF to a bistability between the mode with maximum gain and the mode with lower linewidth, and to the switching between the two modes due to noise and spontaneous emission. With this potential model, they were able to reproduce qualitatively one deterministic power drop-out and the associated recovery. However, this model can not explain the existence of more than one drop-out. The satisfying explanation was given by Sano [50] by studying the feedback ellipse representing the modes and anti-modes. During LFF, the build-up process comes from mode switching towards the mode with maximum gain. According to [14], the CC including the LFF phenomenon corresponds to the chaotic emission regime IV, in which the LFF occurs close to the transition to the stable emission regime V as demonstrated in [51]. A so-called crisis [50] occurs during the process, corresponding to a collision between a quasi-attractor, (i.e., an external cavity mode that temporarily loses its stability due to the occurrence of chaos) and the associated anti-mode. Due to the crisis, the ∆G value will increase, and in order to restabilize, the laser frequency will shift until it meets the ellipse again on an antimode, and the stabilization then occurs on the corresponding low-power external cavity mode. This explanation allows us to understand the origin of LFF, and also to conclude that the presence of LFF in the dynamics of a laser under optical feedback is a manifestation of deterministic chaos. Many different phenomena can lead to slow fluctuations in a SCL under optical feedback, such as a misaligned optical cavity [52].

To recognize LFF among these fluctuations, the study of the statistics of the period between two consecutive drop-outs is necessary [53,54,55,56]. In most cases, the LFF appears very close to threshold, but it has also been observed at higher bias currents, where LFF and CC may coexist, until the fully developed CC regime takes over at high bias current or CHAPTER 4

HYBRID III-V/SI SEMICONDUCTOR LASERS

In the case of integrated photonics, identifying the sensitivity to optical feedback of novel laser sources involves studying the impact of external cavities below a few centimeters to a few meters long to simulate reflections from nearby components and short fiber networks.

Indeed, identifying sources of parasitic reflections inside the laser cavity, such as at the interface between the III-V material and the Si waveguide [1] remains a critical challenge that must continue to be addressed to further understand the stability constraints of such integrated lasers.

As discussed in Chapter III, optical feedback should not only be seen as a detrimental phenomenon but also as a well-established technique used to create, i.e., chaotic transmitters for secure transmissions and random bit generation [2,3]. Several encoding and decoding schemes for communication applications have already been demonstrated by using the synchronization of chaos in SCLs [4]. As the results below demonstrate, the ROF is indicative of the maximum possible rate of data transmission in chaotic systems of SCLs [5] and can be greatly enhanced by optical feedback [6]. Therefore, SCLs with a high frequency of chaotic carrier are desirable as a light source of chaotic communications to perform high data rate transmissions. Thus, understanding the behavior of these devices when subject to optical feedback is important to introduce new approaches for secure communications since any parasitic reflection may make it difficult to transpose such well-known technique to SiPh.

In [7], an integrated laser with a filtered-feedback configuration is studied, where the dynamics of such device were investigated as a function of the feedback phase and injection current, revealing both stable and unstable single-frequency regimes. In this chapter, the response of three different hybrid III-V/Si SCLs in the steady and dynamic states is carefully analyzed to assess the sensitivity of the output intensity to both amplitude and phase variations. Several measurements are performed using different feedback strengths at different distances to reflection in order to investigate the impact on the performance characteristics of the devices when subject to short-cavity, long-cavity and subsequently a combination of both types of feedbacks.

In this work, I provide the very first experimental investigation of these novel hybrid III-V/Si SCLs subject to optical feedback. Compared to recently reported devices directly grown on Si [8], the SCLs under test allow studying the dynamics of the III-V active region within a Si optical cavity. A description of the devices is first presented followed by comprehensive experimental results of the FP and the DFB laser under a combination of two types of optical feedbacks: very short-cavity free-space feedback and long-cavity fibered feedback. The long fibered feedback cavity was created within the experimental set-up to study the route to chaos of these devices under long-cavity feedback. The short-cavity reflection measurements were conducted by coupling the laser using a cleaved fiber, thus creating a free-space cavity between the laser and the tip of the fiber to determine the impact of the feedback's phase on this route. The dynamics of a TUL based on an extension of the FP laser design just mentioned is also investigated but under long-cavity feedback only.

The impact of sub-cavities in the Si waveguide is also of great interest for the development of PIC and are also discussed.

Short-cavity reflections within a PIC can potentially destabilize these lasers due to the tight heterogeneous integration of optical components as previously discussed. The sensitivity of these devices to this short-cavity feedback was examined by comparing measurements performed with both a cleaved and an AR coated lensed fiber, and revealed the modal and temporal dynamics created by such cavity. Results demonstrate that short-cavity feedback significantly impacts the behavior of the SCLs and influences the route to chaos under long-cavity feedback. A combination of short and long-cavity feedback can successfully generate chaotic dynamics in these type of devices, ideal to carry out chaotic secure communications. The information gathered shows that accurate manipulation of the feedback strength can be performed to dynamically control deterministic chaos [9] and tune the bandwidth based on the desired application and performance.

Last but not least, direct modulation measurements at 10 Gbps for a 10 km transmission are also conducted on the DFB device only to closely examine its ability to enable a floorfree transmission with low power penalty degradation. Information on the CC is provided and the transition to chaotic state due to the non-linear dynamics effects is experimentally demonstrated. The devices under investigation play an extremely important role in digital communications because they offer precise control of the lasing wavelength; therefore, understanding their limitations and identifying their strengths is of paramount importance for the rising generation of data centers to meet the increased bandwidth demand. The experimental results reported herein, can serve as a source of information to assist researchers in the field with making informed decisions for technology improvements and to optimize the development for practical applications such as future high-speed integrated circuits. The motivation to study these complex structures was two-fold: to compare the performance results between different laser configurations and to identify their potential as chaotic transmitters.

Devices under Study and Experimental Set-up

The first two devices studied are based on a FP laser cavity inspired from [10]. The fabrication starts with 200 mm SOI wafers with a 440 nm thick Si top layer. The III-V region consists of a p-InGaAs contact layer, a p-InP cladding layer and 6 InGaAsP QWs surrounded by two InGaAsP separate confinement heterostructure layers, and an n-InP layer. DBRs with reflectivities of 30% and 100%, form the optical cavity. Outside the cavity, additional Bragg gratings with reflectivities below 1% are placed about 130 µm away from the cavity's DBRs to allow vertical output fiber coupling [11]. The design of the TUL is more complex, with an active region only 400 µm-long and Si waveguides that include two ring resonators with metal heaters on top of the rings for thermal wavelength tuning. These have FSRs of 400 and 440 GHz, respectively, allowing selection of a single cavity mode if tuned properly, thus enabling tunable single mode emission. As will be discussed later, the TUL studied in this work is cleaved in the III-V region, thus removing one of the tapers as well as the Si waveguide containing the cavity's lower-reflectivity mirror and the VBG as depicted below. The third device under investigation is a 1 mm-long hybrid III-V/Si DFB laser as illustrated in fig. 4.2. As described in [10], the hybrid III-V SOI is fabricated using a III-V QW active medium bonded on top of a processed Si waveguide consisting of a DBF laser with tapers on each side. To ensure single-mode operation, a 50 nm-deep and 600 m-long Bragg grating with a quarter-wavelength phase shift in the center is etched on the Si waveg-uide below the III-V material. The strength of the grating is chosen such that the product kL Bragg is of a few units, and the period of the grating is 240 nm. The light is coupled from the Si waveguide to the III-V material with adiabatic tapers, and outcoupled using VBG on both sides of the device. The VBG couples the light out of the laser with an angle of 80 • from the waveguide; therefore, light must thus be coupled vertically using a fiber positioned above the laser, with a 10 • angle from the normal to the laser's surface. round trip time on the order of a few ps) created by the tip of the cleaved fiber [12], was used to both collect the light emitted by the devices and inject the light from the longer cavity.

The re-injected light of the short free-space feedback cavity into the device is ≈ 3%. The

FP Laser

Short-Cavity Feedback

In this section, the effects of a short-cavity feedback on a FP laser are studied. The external mirror of the cavity is created by the facet of a cleaved fiber placed on a mount holding it with an angle of 10 • to the vertical corresponding to the emission angle of the vertical couplers. The shortest achievable distance between the facet of the fiber and that of the laser being around 10 µm and the piezo-micropositioner having a fine displacement range of 20 µm, the average length of the external cavity is estimated to be of 20 µm (τ ext = 1.3 ps). The FP laser is kept at a temperature of 20 • C, where its threshold current is 23 mA. To verify the effects of the fiber position on the laser, measurements of the power collected by the fiber were performed for minute displacements of the fiber along the vertical axis. The fiber displacement does not appear to linearly follow the applied voltage, as these actuators also exhibit hysteresis, hence the applied voltage is used in the following graphs in place of the actual distance between the fiber and laser facets. Note that this distance increases as the voltage decreases, thus in fig. 4.4 the fiber is the closest to the laser for an applied voltage of 1.5 V. It can be seen that the overall power tends to drop as the voltage decreases, which corresponds to the loss in coupling resulting from the fiber displacement away from the laser. The graph presents a clear periodicity, which confirms that the fiber position influences the laser output and that a short-cavity feedback is created, its phase changing as the fiber moves. It is however difficult to estimate how the feedback strength is evolving. Fig. 4.5 presents the evolution of the optical spectrum of the laser for two slightly different positions of the cleaved fiber. multi-mode emission does not show a typical gain profile but exhibits a modulation of the spectrum that can be distinguished in both maps. This evolution of the spectrum is very similar to that of recent lasers with an integrated filtered-feedback section [7]. The Fourier transforms of below and above threshold optical spectra were used to identify the various FSRs of the cavities leading to the observed spectra. Assuming a group index of 4, that of the Si waveguides, the FSR corresponding to the overall modulation of the spectrum would correspond to a cavity between 130 and 150 µm. Unlike a traditional external cavity scheme, where the external reflector creates a cavity that is longer than the laser cavity, a sub-cavity within the laser cavity is also observed in this case. Comparing the calculated sub-cavity length with the dimensions of the Si waveguides, the sub-cavity may either stem from reflections between the DBRs and the taper regions, in which case it would be inside the laser cavity, or correspond to the cavity between the fiber facet and the low reflectivity DBR, which would make it a parasitic cavity outside the laser cavity.

These two cases are in fact similar as they both correspond to a sub-cavity outside the gain region, with most of the cavity within the Si waveguide, and therefore; further studies of the proposed laser design are necessary to determine whether or not the taper region can indeed generate enough reflections to create the sub-cavity in question. We thus observe that the FP laser exhibits great sensitivity to short-cavity feedback, in addition to the emission spectrum being strongly affected by a sub-cavity shorter than the laser cavity.

Since this impact results in various modal behaviors depending on the position of the fiber, the effect of the short feedback on the behavior of the device under long-feedback is also fig. 4.4. As the long-feedback strength increases, the FP laser appears to follow different routes depending on the fiber position. Indeed, under maximum long-feedback strength, the red line shows a different pattern than the blue line but with the same periodicity. The route followed by this mode as the long-feedback strength is increased resembles a traditional route to chaos, where relaxation oscillations undamp and lead to a chaotic regime, which can be identified in the RF spectrum by first the apparition of a peak at the ROF of the laser, followed by a strong increase of the spectrum pedestal. However, it can be seen that for the other two fiber positions, different routes to chaos are observed and the chaotic spectra differ slightly. The parasitic effect of the short-cavity feedback thus has a great impact on the behavior of the laser in a long-cavity feedback scheme. In fact, the modal behavior under long-cavity feedback is dictated by the short-cavity feedback, which acts as a seed. Diverse routes to chaos, each leading to chaotic signals with slightly different spectra, can thus be observed for a given operation point of the FP laser.

Tunable Laser

To further understand the behavior and capability of hybrid III-V/Si devices under optical feedback, a TUL is also studied using only long-cavity feedback. As previously mentioned, this device was cleaved within the III-V region towards the end of the taper region, allowing us to perform optical feedback experiments by injecting light directly into the active region.

This configuration also removed a potential source of reflections as both the low-reflectivity DBR and one of the vertical coupler were cut away. For practical applications, these devices are meant to be biased below 100 mA and the two ring resonators must be tuned to obtain stable single-mode emission.

In order to study the laser in unstable regimes, a biased current of 100 mA was applied to the device and the resonators were tuned to obtain single-mode emission. We then mapped the optical and electrical spectra of the free-running TUL for bias currents up to 200 mA to capture evolutionary effects on the laser's properties. shows that these regions of bi-modal emission correspond to regions of oscillations. While these oscillations resemble exalted relaxation oscillations with harmonics, the evolution of the main oscillation frequency does not evolve in the expected manner as the bias current increases. Around 190 mA, the single-mode laser enters a region of strong pe-riodic oscillations. Unlike the FP laser studied previously, the TUL is here in free-running operation: a long-focus AR coated lensed fiber is used to collect the light emitted by the laser, thus suppressing any short-cavity feedback that could be potentially created by the tip of the fiber, and the laser is not yet subject to long-cavity feedback.

This was indeed verified by repeating measurements for various positions of the fiber, which this time had no effect on the dynamics of the laser. Therefore, any source of instability may thus come from the laser cavity itself as the Si section of the TUL consists of several Si waveguides including the ring resonators. Finally, fig. 4.10 presents the evolution of the electrical spectra of the TUL with its bias current in free-running operation and under strong long-cavity feedback. The two maps look very similar and reveal that instead of following a route to chaos for all currents, the laser only seems to take a route towards a chaotic regime from its free-running dynamics. Around 120 mA, where the free-running laser is stable, the laser does not exhibit chaotic dynamics under strong long-cavity feedback and only low-frequency components can be observed. Without being subject to an additional short-cavity feedback, the overall behavior of the TUL is very similar to that of the FP laser. While the FP laser was destabilized intentionally using a short-cavity feedback, the TUL appears to suffer from instabilities that could stem from sub-cavities within the laser cavity itself since no external cavity shortcavity is created in this case. In a similar fashion to the modal behavior of the FP laser, the dynamic behavior of the TUL under long-cavity feedback builds upon the instabilities caused by these sub-cavities.

Hybrid III-V/Si DFB Laser

Due to a relatively high ROF of 15 GHz and the destabilization of the laser by both the short and the long cavity, very wide chaos can be achieved as demonstrated when combining both types types of feedbacks. This study thus reveals the great impact parasitic reflections can have on the characteristics of a hybrid III-V/Si DFB laser as well as how these reflections can affect its dynamics in a well-known optical feedback scheme. It is important to point out that the VBGs, however, affected the study in two ways: first via their transmission losses of approximately 7 dB, which will be discussed later, and secondly by their parasitic reflectivity (below -23 dB), which affected laser operation when biased high above threshold.

Static Characterization

The experimental set-up used to characterize the device under solitary conditions is shown in fig. 4.11. In this case, the DFB laser was isolated from the set-up and the light from the device was coupled using an AR coated lensed fiber. 10% of the light was used to monitor the coupled optical power with a PM. The remaining 90% was amplified using an Erbium-doped fiber amplifier (EDFA) with a fixed output power of 10 dBm, and equally split between the optical and electrical spectrum analyzers. The EDFA was only required to increase the accuracy of the ROF measurements. For instance, it can be noted that around the threshold current of about 45 mA, the laser exhibited slight competition between two modes which translates into a visible subtle kink of the curve. Between 50 to 150 mA, a very stable single-mode operation is observed with a SMSR above 50 dB. Above 4 times the threshold, the laser revealed power drops, which were also observed on another laser from the same bar but differed from device to device.

Such behavior is indicative of the presence of parasitic reflections within these devices: the vertical couplers and tapers create reflections which only seems to affect the laser far above the threshold through the variation of the optical power or changes in the ROF as it will be discussed next. Based on this observation, we can say that even the slightest change in the experimental conditions may result in considerable changes, specially in the vicinity of the of the kink. As the amount of parasitic reflections varies from device to device, different sorts of power variations would indeed be expected between different lasers. Fig. 

ω 2 r = (2πf r ) 2 ≈ G N S τ p (4.1)
f r refers to an attempt by the photons and carriers to relax to their steady-state values. It can be noted that very high frequencies are observed as the ROF reaches 14 GHz at 150 mA, approximately 3 times the threshold. Usually, due to gain compression, the power evolves in a sub-linear fashion with increasing bias current, and the squared ROF follows the same trend. Here, it can be seen that the ROF evolves in the opposite way as it gradually increases above the linear fitting shown as a dashed line.

At above the threshold, the photon density S is proportional to I -I th and the ROF f r is proportional to √ I -I th , which is conveyed by figure 4.13. Also, it is known that the ROF of a SCL depends on the square root of the differential gain [13]. Therefore, it is desirable to enhance the differential gain and minimize the volume of the mode (Γ/V = 1/V p ) and maximize the current relative to threshold for maximum bandwidth. Indeed the 3dB frequency bandwidth scales with ROF (i.e., f -3dB ∼ 1.55f r ) [13]. Let us note that if we want to keep the overall drive current low, then we should also try to minimize the threshold current, (i.e., increasing the transmission loss). If, however, we are more concerned about keeping the photon density low (e.g., to reduce the risk of facet damage), then we should try to decrease the cavity lifetime instead, (i.e., decreasing the transmission loss) [13]. The transmission loss coefficient depends on both the facet power reflectivities and the cavity length (see the last term of 2.13).

It is suspected that these high values of ROF obtained during the characterization might come from the use of Aluminium in the III-V compound forming the QW [14], but also from the aftermentioned internal feedback. Under optical feedback, the ROF can oscillate around its free-running value depending on the feedback strength and delay [5]. Here, the internal feedback conditions do allow for a small enhancement of the ROF for some bias currents, showing an effect of parasitic feedback very different from the detrimental impact it can have further above the threshold.

The response of the RF spectrum under different bias currents was also recorded. In fig. 4.14(a) at 2 x I th (red) the laser exhibits some stability but as the bias value start to rise to 3 and 4 times above I th (green and blue respectively) the laser experiences broadening of realistically integrated into a PIC, however, this configuration permits pushing the laser into chaotic operation where the phase of the long feedback has little impact on the dynamic properties of the device. This technique allows to dissociate the effect of the combined short and long feedbacks, as it can be assumed that the feedback phase will only affect the dynamics induced by the short feedback. During the long and short-cavity characterization, the DFB is kept at a bias current of 146 mA and also at temperature of 20 • C. The route observed in the results obtained is typical of a DFB laser when subject to optical feedback despite the major difference in the device structures: first of all, the hybrid III-V/Si DFB laser consists of two evanescently couple waveguides, one passive and one active unlike the standard III-V DFB. In addition, in the hybrid device, the tapered regions on each side of the DFB structure may slightly amplify the light back-reflected into the laser or even act as a source of internal reflection [16]. The proposed chaos bandwidth enhancement method could also be applied to a standard III-V DFB, for which higher feedback strengths could also be achieved. Demonstrating the changes in ROF and bandwidth in the case of a hybrid laser is very interesting as it shows that the complexity of the light sources used in PICs does not necessarily affect their behavior under optical feedback.

For very low feedback strengths, the ROF can be seen at 14 GHz in the RF spectrum.

At around -43 dB of feedback strength, temporally unstable periodic oscillations start to appear and stabilize above -40 dB. These periodic oscillations correspond to an excitation of the relaxation oscillations that turn into chaotic dynamics above -30 dB of feedback strength. Under maximum feedback, the bandwidth of the chaotic spectra is 14.5 GHz. The routes exhibited by both lasers appeared to be very similar. Along the feedback strength axis, the routes are shifted by 6 dB as the III-V DFB reaches chaotic operation for only -36 dB of the feedback strength. Note that in the case of the III-V laser, higher feedback were achievable with the same set-up as there were no extra losses between the fiber and the laser cavity. Therefore, it can be seen that with the hybrid III-V/Si DFB, the laser merely enters the chaotic regime, and that much broader spectra could be observed for stronger feedbacks levels. Along the wavelength axis, broader spectra are observed for the hybrid DFB in the region of periodic oscillations as the base frequency of these oscillations is the ROF. It is then expected that the spectra observed in the traditional III-V DFB laser could also be obtained for the hybrid III-V/Si device, broadened by a factor close to the ratio between the two ROFs.

Short-Cavity Feedback

Using the cleaved fiber and setting the long feedback strength to its minimum of -79 dB allows studying the hybrid DFB under short feedback only. Fig. 4.17 depicts the variation of the coupled power as a function of the voltage applied to the piezoelectric actuator. As the coupling is only optimized for a voltage of 0 V, the power fades as the fiber is moved away from the device and the output image appears skewed. However, a clear periodicity can be observed in the evolution of the power as the phase is altered for the short feedback. For convenience, the main peaks at the beginning of each period were selected and considered that between each peak; the phase is varied from 0 to 2π. Note that this does not represent the absolute phase of the feedback, but only a representation of the phase shift within a period. Such variation of the output power under optical feedback corresponds to the effect of a medium feedback strength and usually exhibits bistability when the mirror is moved either way [5]. Even the lowest levels of intensity noise can create instability on the laser. The reference measurements unveil the weak impact of all parasitic reflections from the experimental set-up and show that the cavity created by the cleaved fiber is mainly respon- a bounded range of injection levels while following a period doubling route in and out of chaos [17,18]. In a similar way as in figs. 4.15 and 4.16, some points exhibit temporally unstable dynamics for feedback phases between 1.3π and 1.5π and feedback strengths of -42 and -36 dB, which can be seen as a disappearance of the dynamics for some isolated feedback phases. It is interesting to observe that, as the long feedback strength is increased, the wavelength of the spectrum peak oscillates in a more and more sinusoidal fashion, such that no bistability was observed under maximum long feedback strength. Due to large ROF of the free-running DFB, chaotic dynamics with a bandwidth of 14.5

GHz can be generated using long external feedback cavity. In this case, the route to chaos appears to be very similar to that of a standard commercial III-V DFBs, but due to the transmission losses of the device's vertical couplers, maximum feedback strengths of only 0.3% were achieved. The impact of the short external cavity on the laser dynamics revealed a variation of the ROF of 5 GHz, with a maximum value of 16 GHz. When combining short and long feedbacks, this 2 GHz increase of the ROF translates into a similar increase of the chaos bandwidth, which reaches 16.4 GHz.

Direct Modulation

Directly modulated lasers (DML) are optical components for short reach and access networks. Today, power efficient and lower cost optical sources are necessary for the deployment of access and metropolitan networks as well as for supporting new services such as HDTV (High-Definition television), Video-On-Demand (VOD) and cloud-computing among others [19]. In an attempt to provide new services and improve functionality, directly modulated (DM) DFB lasers used as 10 Gbps transmitters offer the desired size reduction, high output power, enhanced optical bandwidth and cost efficiency; hence, these devices are being investigated as a potential solution to satisfy existing hyper-connectivity requirements. In this section, the sensitivity to long-cavity feedback of the hybrid III-V DFB structure described in Section 4.1 (fig. 4.2) is investigated in a back-to-back (B2B) configuration and after transmission using a 10 km fiber coil. Different measurements were collected to better understand direct modulation properties at 10 Gbps and the impact of temperature variation on the performance of the device. A floor-free transmission with a power penalty below 1.5 dB is successfully achieved.

Static Characterization

The L-I characteristics of the device were discussed in Section 4.1.3 (fig. 4.12). However, additional measurements of the free-running device were also collected during this part of the characterizations at a higher temperatures of 35 destabilize. From this value on, the laser exhibits undamping of the relaxation oscillations, which strongly affects the laser modulation performance [20].

With the increase of r ext the rate of mode-hopping decreases until the transition to regime III, where the laser restabilizes and operates on the mode with the minimum linewidth.

This regime is insensitive to the phase of the delayed field, as already pointed out in Chapter III. However, this regime occurs in a very small window of operation, which makes it extremely difficult to observe, especially at low output powers [21]. Fig. 4.27 and 4.28 illustrate the difficulties to locate such a regime. Based on these observations we can then say that these figures certainly illustrate the impact of the oscillation frequencies on the transmission characteristics of the device as demonstrated in the following section, which should be minimized in order to avoid errors and floors when the laser is subject to direct modulation and optical feedback.

Eye Diagram and Bit Error Rate

In this section the effects of the temperature differential in the BER and power penalty degradation are investigated for the first time. sub-cavities in the Si waveguides, which are however extremely difficult to detect without being able to individually examine the various sections of the laser corresponding to a transition from one waveguide to the other. Nevertheless, the first two scenarios of the hybrid III-V/Si lasers studied demonstrate that the combination of an involved laser design with external perturbations indeed leads to complex behaviors.

In addition, the characterization of the DFB structure studied in Section 4.1.3, demonstrates that a combination of short and long-cavity feedback can be successfully used to generate chaotic dynamics in this type of device and also to tune the chaos bandwidth.

The dynamics of hybrid III-V/Si SCLs under such combination of feedbacks show the high potential to achieve passive chaos bandwidth enhancement in PICs.

As the wide bandwidth relies primarily on the large ROF of the laser, the design of the device is extremely important and for these applications QW sources may be more appealing than QD sources as QW lasers generally exhibit much higher ROFs than QD devices. In the case of Si PIC applications, the design of the Si waveguides is also very important, since all possible sources of reflections within the PIC will affect the dynamics of the laser. In this work, at least two feedback cavities allow pushing the ROF towards the values reported here: the cavity created by the cleaved fiber, but also the internal parasitic sources of feedback which seem to enhance the ROF of the free-running laser. If sources of feedback are inevitable in a PIC, they can thus be designed to potentially enhance the laser's operation instead of hindering it. Depending on the type of fiber used, the shortcavity feedback can either be enhanced or suppressed. By varying the phase of the short feedback and strength of the long one, the chaos enhancement can be controlled based on the desired application. ring laser was introduced with an optical isolator included in the optical cavity [1]. However, despite the observed 5 dB of isolation and 3 dB increase of tolerance for external optical feedback, the gain in terms of feedback insensitivity is quite limited due to a very complex structure where additional parasitic reflections may occur [1].

In order to maintain a much simpler laser design, other configurations can be considered such as those based on nano-lasers [2] or QD material systems [3]. In the former configuration, it was shown that such nano-devices can strongly suppress the dynamic instabilities induced by external optical feedback in spite of a limited optical output power. Interestingly, owing to a unique reduction of the ROF characteristics, a possible total suppression of the CC associated to chaotic oscillations was pointed out [2]. In the latter configuration, it was demonstrated that QD lasers with robust single-state emission, large damping and low linewidth enhancement factor are powerful candidates capable of reaching a high level of feedback insensitivity [4,5]. In case of epitaxial lasers on silicon, this effect can be further accelerated due to the epitaxial defects which may contribute to reduce the carrier lifetime [6,7]. At the system level, an InAs/GaAs QD transmitter integrated on Si substrate without optical isolator was proposed for core I/O applications with a 25 Gbps floor-free transmission [8]. In addition to that, other efforts are steered towards the feedback insensitivity by considering a semiconductor laser cavity having a resonator with a high quality (Q) factor [9].

existing technologies based on QWs. In [12], a photon lifetime as high as 100 ps has already been reported. The fabrication of the novel laser under investigation relies on proper modal engineering [13] in which light is generated in the III-V material and stored in the low-loss Si region in order to substantially enhance the quality factor of the cavity resonator. The results presented here successfully demonstrate a floor-free transmission at 10 Gbps under optical feedback with a power penalty below 2 dB, thereby paving the way to isolatorfree PICs. In addition, a qualitative interpretation is also provided by linking the standard feedback equations to the quality factor of the resonator.

Device Under Study

The device under investigation is a hybrid III-V/Si high-Q DFB laser made in the 500/300 nm SOI standard platform of LETI. The mirror losses, more precisely the coupling rate of the cavity to the output is adjusted to ensure mild overcoupling, hence improving differential efficiency without increasing the threshold. The total length of the cavity consist of three sections as illustrated in fig. 5.3

It is also observed that the laser efficiency falls off with increasing temperature. At the highest temperature, the maximum output power drops from 0.45 mW down to 0.2 mW and the threshold level is approximately 10 mA higher than the room temperature value.

The optical spectrum displayed in fig. 5.5(b) confirms the single mode operation of the high-Q hybrid laser with SMSR consistently greater than 50 dB at 3 x I th for all temperature values with minimum relaxation oscillation. However, as temperature rises, the laser's dominant emission wavelength shifts concurrently: λ = 1562.6, 1563.5, 1564.2 and 1564.6 nm respectively. Temperature variations affect the bandgap of the SCL junction and therefore, the peak wavelength of the gain profile. However, for this particular device, thermal differentials do not impact the BER and floor-free transmission is still achievable as demonstrated in Section 5.3. the BKR in order to control the feedback amount, which, on this stage, ranges between 0 to about 4% of the emitting power, i.e. the maximal attainable amount of feedback is -14 dB.

Optical Feedback Set-up

In the following, the feedback strength r ext defined as the ratio between the reflected power and the free-space emitting power at the front facet is normalized to the maximal level, hence ranging from 0 to 100%. The 7-meter long external cavity length (corresponding to τ ext = 0.70 ns) implies a long-delay feedback scenario, meaning that the effects associated with the phase of the back-reflected field can be neglected. The remaining 10% is amplified with an EDFA and filtered by a thin band-pass filter (TBPF). A second 90/10 splitter is also used to send 10% of this light to the PM, OSA and ESA to monitor the coupled light via an optical switch (SWT). The remaining 90% is then modulated by a Mach-Zehnder modulator (MZM) and analyzed by both the error detector (ED) and oscilloscope (OSC) before

It is also evident that as the feedback strength continues to raise, the lasing operation of the device becomes progressively chaotic which translates into a largely broadened lasing mode and an extended RF signal span in the optical and RF spectra. It is well known that any change in the feedback phase inside the cavity have a significant impact on the overall performance of the QW DFB laser and strongly affects its operation. Under a variation of optical feedback strengths, the relaxation oscillations of a conventional QW DFB device become easily excited subsequently leading to a chaotic oscillation state of the laser's output [16]. at stronger feedback levels thus transmitting such signal through conventional single-mode fibers in an error-free state is no longer possible.

On the other hand, we unveil a much higher tolerance offered by high-Q devices when subject to optical feedback as shown in fig. 5.9. Fig. 5.9 depicts the BER characteristics and the eye diagram of the high-Q DFB laser for the different experimental conditions. In Fig. 5.9(a), the red squares represent the reference curve without the presence of optical feedback, and the blue triangles are obtained when the laser is subject to the maximum feedback (ie., r ext = 100%) for B2B measurements. After transmissions, floor-free results are also achieved successfully. The magenta squares represent the reference curve for the solitary conditions and the cyan triangles are obtained at the maximum feedback strength.

To sum, this work validates that the high-Q factor prevents any degradation of the laser's performance under strong optical feedback conditions without any CC regime operation.

Q = ωτ p = ω v g (α i + α m )
(5.1)

Q i = ω v g α i (5.2)
and

Q e = ω v g α m (5.3)
where v g is the group velocity, α i the internal loss, α m the transmission loss and τ p the cavity photon lifetime. From Equations (5.1), (5.2), and (5.3), it is possible to link Q, Q i ,

and Q e such that

Q -1 = Q -1 i + Q -1 e (5.4) 
The high-Q laser mitigates the losses described above thus increasing the photon lifetime to about 100 ps [12]. It is also noted that Q e should not be above Q i to keep a reasonable external efficiency. Although the QW overlap can be significantly reduced by the proposed laser design, this doesn't imply a high threshold current as the low QW overlap is balance by low losses. Therefore, the threshold is obtained when the gain compensate the losses such as

G(N th ) = Γ QW G N (N th -N tr ) = 2πν v g Q (5.5)
Γ QW is the QW overlap. Interestingly, this novel laser design, the carrier density at threshold N th (threshold current) can be reduced by decreasing Γ QW . In order to obtain a high output power, a balance between Q i and Q e must be achieved to reach an adequate differential efficiency, η d , which is given by [17] 

η d = hν q 1 2 α m α i + α m = 1 2 Q Q e = 1 2 1 1 + Qe Q i (5.6)
This equation indicates shows that it is not useful to increase Q e above Q i . In addition, it is known that the external optical feedback induces an angular frequency shift whose expression is given by Equation (3.16). This angular frequency shift can also be expressed as [18]:

∆ωτ ext = -C sin(ϕ + tan -1 α H ) (5.7) 
where ϕ = ω s τ ext is the phase of the feedback wave, τ ext the roundtrip time in the external cavity, ∆ω = ω -ω s , α H the linewidth enhancement factor and C the coupling coefficient expressed as It is essential to note that this novel equation holds under the assumption that the high-Q laser has a perfect power reflectivity approaching unity hence the quality factor can directly be described as a function of the transmission loss. Despite Equation (5.9) being a limiting case of Equation (5.8), it gives a qualitative insight on how Q e impacts the laser's feedback sensitivity. When the external Q e factor is large, the C coefficient can be kept to a low value thus providing a relative feedback insensitivity regardless of the feedback strength.

C = τ ext τ int 1 -R √ R 1 + α 2
On the other hand, it was shown that the onset of the CC can be determined when the frequency shift (Equation 5.4) is maximized or a certain critical feedback level is greater than the ROF such as ∆ω max ≥ ω r [20]. Using Equation (5.5) and (5. Altogether, it is found Q e = ω × τ p = 1.2 × 10 5 leading to a r crit beyond -10 dB. This last value corresponds to an upper limit case of the CC level which can not be reached in our experiments due to the loss in the fiberized setup. Despite that, the high stability achieved herein for the high-Q laser shows a high CC level beyond r ext =100% (ie. > -14 dB), which corresponds to a strong improvement when compared to the QW DFB laser for which the CC level pops-up at r ext = 3% (ie. -30 dB).

Conclusions

To conclude, the dynamics of a high-Q hybrid DFB laser heterogeneously integrated onto Si is experimentally investigated at different temperature values. Results obtained demonstrate that this novel device is found to be inherently less sensitive to optical feedback compared to all their III-V counterparts [21] making these devices excellent candidates for isolator-free applications.

The development of feedback insensitive lasers remain a major challenge for the SiPh integration to alleviate the risk of undesired reflections. The work presented in this chapter shows a step towards achieving light sources with absolute feedback insensitivity paving the path for the design of single-mode lasers that can function without the need for optical isolators. Optical isolators are bulky and cost prohibitive, therefore, high-Q devices such as the one presented here can be advantageous in terms of footprint and operation cost.

The low f r exhibited by this device stems from the high photon lifetime estimated to be τ p = 103 ps, which is in agreement with the calculated quality factor. The high damping of the ROF is confirmed by RIN measurements remaining below -147 dB/Hz over 20 GHz. It was observed that the increase in I th and decrease in the slope efficiency comes from the rise in temperature but as demonstrated, these changes did not affect the overall performance of the device. This unique laser design provides prolonged photon cavity lifetime of the lasing mode due to the material absorption properties. Owing to the large quality factor, a high CC suppression is unveiled which transforms into a 10 Gbps floor-free transmission under the most stringent optical feedback conditions.

The hybrid device under investigation is found to be not susceptible to parasitic reflections with a power penalty not exceeding 1.5 dB at room temperature. These results indicate the vast potential these devices have to serve as an alternative solution for the development of isolator-free applications in future PICs eliminating the need for nonreciprocal devices. This work brings novel findings and insights towards the understanding of efficient semiconductor lasers operating without optical isolator which is of vital importance for integrated photonics technologies since the incorporation of magnetic isolators is not compatible with CMOS manufacturing used to fabricate hybrid III-V/Si lasers [21].

Other applications requiring improved coherence and precisely controlled light sources will be also considered in the future.

meet the new optical network requirements in order to handle the complexity of data traffic. In addition, it is important to emphasize that the extraordinary development of PIC technologies is one of the most attractive solutions considered to address the bottlenecks associated with the ongoing digital transformation and enable the rapidly increasing bandwidth demand required by data centers to meet the desired hyper-connectivity levels [4,5].

Although it is well-established that PICs gather all the essential functionalities of photonics systems, it is also known that optical isolation is a serious drawback since it is not possible to position an optical isolator with sufficient isolation ratio and low insertion loss at the output of the laser as it is commonly done in fiber and free space optics [6,7].

Therefore, designing ultra-stable semiconductor lasers with the intent to tackle unwanted short-cavity reflections remains a vital challenge for future integrated photonic technologies.

The work presented here aims at exploring the nonlinear dynamics of various configurations of hybrid III-V DFB lasers grown on Si substrate under different experimental conditions to fully understand their performance and identify strengths and technology limitations. In summary, three major accomplishments have been successfully demonstrated throughout the course of this study:

1. The existence of internal reflections within hybrid III-V/Si SCLs 2. Manipulation of the chaos bandwidth through the use of short and long delay feedbacks 3. High-Q devices feedback insensitivity for isolator-free solutions

The power evolution coupled with an AR fiber of the hybrid designs in Chapter IV, exhibits a slight competition between two modes which translates into a kink in the curve.

Above 4 times threshold, the laser also exhibited power drops which were also observed on the other lasers of the same bar, but differed from device to device. Such behavior hints that parasitic reflections are present within these devices. This parasitic reflections are most likely associated with the VBG and tapers since they create reflections which only seem to affect the laser far above threshold through variations of the optical power or changes in the ROF. In this case, the VBG were only necessary for testing purposes in order to characterize several unprocessed devices on the same bar but in a PIC they would not be positioned after the laser. They however affected our study in two ways: first via their transmission losses of approximately 7 dB, and secondly by their parasitic reflectivity which affected laser operation when biased high above threshold.

As observed in the results obtained on the hybrid DFB in Section 4.1.3, a chaotic dynamics of 14 GHz was achieved, which lead us to believe this high value of ROF can somehow stem from the aforementioned internal feedback. We then deduce that internal feedback conditions thus allow a small enhancement of the ROF for some bias currents, showing an effect of parasitic feedback very different from the detrimental impact it can have further above threshold. Since sources of feedback are often inevitable in a PIC, they can thus be designed to potentially enhance the laser's operation instead of hindering it.

From an application point of view, the sensitivity to external feedback can be detrimental for the performance of a SCL and is often considered a limiting factor due to strong perturbations affecting the emission characteristics of the device. However, from a fundamental physics point of view, deterministic chaos in a SCL when subject to optical feedback paves the way to a new set of novel applications. Chaos enhancement via the excitation of the ROF and related phenomena in SCLs are also attractive attributes that can be used to investigate their practical application in secure communications as demonstrated herein.

Therefore, a large ROF can be instrumental for chaos-based message encryption methods, such as chaos masking or chaos modulation among other applications [8]. Chaotic semiconductor lasers also offer pseudo-random bit generation with extremely high bit-rate, using strongly diverging trajectories, with a starting point almost impossible to recover once the optical signal has been converted to digital signal [9,10,11]. This area has already the course of my thesis, the high-Q approach, does not require neither a complex design [14], nor a nano-cavity [15], nor an epitaxial growth of QDs [16], nor the utilization of any artificial solution (e.g., external cavity) [17]. Its enhanced performance is simply due to the large Q factor of the laser's cavity, which pushes the transition to the CC regime at much higher reflection levels as compared to their conventional III-V counterparts. This Additional efforts will focus on the simulation of single mode III-V and III-V/Si lasers subject to two external cavities in order to replicate these experimental results to obtain a more reliable set of data with a higher confidence level. Conditions to maximize the increase of the ROF under short feedback will thus be studied in the presence of several short cavities, in order to reach larger bandwidth enhancements. It will also be possible to determine which absolute feedback phase leads to the wider chaos bandwidth. Finally, the theoretical results should allow identifying the minimum length of the long cavity required to achieve sufficient chaos bandwidth, which will help the design and realization of an integrated wideband chaos generator. Other efforts should also consider higher modulation rates to evaluate overall performance and the BER under optical feedback of different laser modalities.

The experimental results reported herein, can serve as a source of information to assist researchers in the field with making informed decisions on technology improvements to optimize the development for practical applications such as future high-speed integrated circuits. 
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 148 Photonic Integrated Circuits (PIC) have become key elements to perform broadband transmission and reception functions in optical communication networks. There are currently two parallel approaches developed to manufacture PICs: monolithic integration on

Figure 1 . 2 :

 12 Figure 1.2: Progress in hybrid-silicon photonic integrated circuit technology -Development of chip complexity measured as the number of components per chip [23, 24].

Figure 1 . 3 :

 13 Figure 1.3: Silicon photonics market annual growth [49].

Figure 1 . 5 :

 15 Figure 1.5: Connected devices and their impact on cloud and data center traffic [11].

Fig. 1 .

 1 Fig. 1.6 displays the Si waveguide: the Si is 500 nm thick and the SOI buried oxide (BOX) is approximately 2 µm thick. The SOI is constructed by patterning three types of Si waveguides: 1) the laser rib, 2) the strip and 3) the passive rib waveguide. The rib width W Si fabrication is conducted using a 193 nm deep-UV (DUV) high resolution lithography

Figure 1 . 6 :

 16 Figure 1.6: Silicon waveguides developed by III-V lab-Leti technology [74].

Figure 1 . 8 :

 18 Figure 1.8: III-V/Si heterogeneous integration approaches: (a) UCSB/Intel with low bonding thickness and non-encapsulated Si waveguides [81] (b) IMEC platform uses BCB bonding [80].

Figure 1 . 9 :

 19 Figure 1.9: III-V/SOI laser process [75].

Figure 1 .

 1 Figure 1.10: (a) Cross section of the III-V/SOI and (b) Scanned electron image of the structure [74].

2 PRINCIPLES

 2 applications and associated challenges are identified. In addition, the III-V/Si hybrid technology is generally introduced. Next, Chapter II summarizes the principles of SCLs to include basic operation parameters such as optical gain, radiative transition and linewidth enhancement factor among others. A description of several SCL structural variations available for potential on-chip integration is also provided. Chapter III dives into the definition of optical feedback and provides substantiating information on the potential effects parasitic reflections originating from multiple sources could have on the spectral characteristics of SCLs and overall performance. An analytical approach of non-linear dynamics is also discussed. The static and dynamic characteristics of different hybrid III-V/Si devices to include Fabry-Perot (FP) and tunable lasers (TUL) as well as the impact of optical feedback on their operation properties are experimentally demonstrated and highlighted in Chapter IV by comparing results obtained using different experimental set-ups configurations to understand the modal and temporal dynamics caused by optical feedback. In this section, we draw attention to the sensitivity of the output intensity to both amplitude and phase variations when these devices are subject to a combination of short and long cavity feedback conditions by discussing the findings from various characterization scenarios. Furthermore, Chapter IV examines the coherence collapse (CC) and the transition to chaotic state due to the non-linear dynamics effects. Performance results of a hybrid III-V/Si distributed feedback (DFB) SCL directly modulated at 10-Gbps is also demonstrated. Chapter V extends the modulation efforts to examine the dynamic properties of a hybrid III-V/Si DFB with a high quality factor externally modulated and explores its thermal sensitivity. The perfor-CHAPTER OF SEMICONDUCTOR LASERSSemiconductor devices are key elements for optical communication systems and are quickly penetrating other markets due to their enhanced coherence and potential to meet the required size, weight and power vital for modern data centers. In addition, SCLs have successfully demonstrated a suitable wavelength range and high reliability necessary to support increased bandwidth requirements and efficiently move large sets of data at higher speed rates. SCLs have also found use in many other potential applications to include long distance transmission, high-speed optical recording, single and multi-mode database transmission, free-space communications and high-speed printing among others[1].The first laser, based on the ruby rod and emitting at λ = 694 nm, was demonstrated by Maiman in 1960 at Hughes Research laboratories in California[2]. The burgeon of optoelectronics started in 1962 when gallium arsenide (GaAs) and gallium arsenide phosphide (GaAsP) SCLs were demonstrated by Hall, Nathan, Rediker, and Holonyak[3, 4, 5, 6].

Figure 2 . 6 :

 26 Figure 2.6: (a) DFB structure laser structure; (b) Lasing emmision output; (c) Optical spectrum [13].

Figure 2 . 7 :

 27 Figure 2.7: First fabricated DFB structure [41, 42].

Fig. 2 .

 2 Fig.2.8 illustrates the schematic of a genetic tunable single-frequency laser; which consists of a front and a back mirror as well as an active and passive region in addition to the passive

Figure 2 . 9 :

 29 Figure 2.9: Tunable laser based on mirrors with periodic spectra: (a) Schematic of a SG-DBR displaying the four sections used to select the power and desired channel; (b)Vernier effect, two reflection combs from mirror 1 and mirror 2 [53].

Figure 2 . 10 :

 210 Figure 2.10: Reflectivity spectrum of the sample grating mirrors showing the multiple mirror peaks to cover the tuning range [51].

  are two variations of RR, single and double. Using a single RR provides a simple tuning mechanism through the heater on top of the RR to tune the wavelength. A double ring configuration in a Vernier configuration was proposed in [58] by Leliepvre et al. The schematic of double RR is displayed in fig. 2.12.

Figure 2 .

 2 Figure 2.13: (a) Operation principle of a double RR filter, (b) Response of the device after tuning the ring with the smaller FSR, thus having a new coincidence with a longer wavelength [59].

  when portion of the optical output is back reflected into the gain medium as illustrated in fig.3.1. This phenomenon can originate from a simple external connection and in the case of hybrid Si lasers from multiple sources such as active and passive transitions, regrowth interfaces and sometimes from process imperfections. Parasitic reflections can also emanate from other inhomogenities in the system such as experimental set-up, fiber-coupled modules and radiation from other sources. The impact of optical feedback on SCLs has been intensively studied since the early 1970s[1, 2, 3] and continues to be an active field of research because of the significant consequences undesired short cavity reflections can cause on their performance and dynamic properties.

Figure 3 . 1 :

 31 Figure 3.1: Semiconductor laser subject to optical feedback [4].

  carriedout a systematic experimental study that resulted in the cartography of a DFB QW laser when subject to optical feedback as illustrated in fig. 3.2. This figure represents the spectral behavior of the laser as a function of two feedback parameters: the feedback strength and the external cavity length.

Figure 3 . 2 :

 32 Figure 3.2: Cartography of optical feedback regimes in a DFB laser as a function of the external cavity length and the feedback strength[14]. The optical spectra on both sides illustrate the laser dynamics under optical feedback[15].

  (3.16) that has minimum linewidth. This means optical feedback has an influence on the threshold gain and therefore; on the threshold current of the laser, compared to the free-running state. The impact of the optical feedback on the threshold reduction is demonstrated in fig.3.3.

Figure 3 . 3 :

 33 Figure 3.3: Threshold reduction with optical feedback, experimentally and theoretically.The transmittance in x-axis is proportional to the feedback strength[26].

Schunk and Petermann [ 30 ] 2 ( 3 . 24 )Figure 3 . 4 :

 30232434 Figure 3.4: Evolution of the laser linewidth as a function of the feedback strength, for several initial phase conditions [32]. The roman numerals I-IV corresponds to the regimes given in fig 3.2.

Fig. 3 .

 3 6(a) presents an example of such diagram, for a traditional SCL in typical operating conditions, with a carrier to photon lifetime ratio T = 1700 and an α H = 3, biased at P = 0.5, and for an external cavity length of 30 cm. The diagram shows a succession of stable and unstable behaviors when increasing the feedback strength.

Figure 3 .

 3 Figure 3.6: a) Numerical bifurcation diagram for T = 1700, P = 0.5, θ = 500 (L ext ≈ 30 cm) and α H = 3. b) Corresponding time trace for η = 0.001. c) Time trace for η = 0.0027. d) Time trace for η = 0.0042 [33].

3. 3 . 3

 33 Influence of the Bias Current, the External Cavity Length and the α H factor on the Bifurcation Diagram The evolution of the laser dynamical behavior under optical feedback as a function of the bias current is depicted in fig. 3.7(a)-(c), corresponding to T = 1700, α H = 3, θ = 500

Fig 3 . 7

 37 (d)-(f) represents the evolution of the bifurcation diagram when increasing the external cavity length, i.e.; θ = 50, θ = 500 and θ = 1000 respectively, at fixed T = 1700, α H = 3 and pump parameter P = 0.5.

Figure 3 . 7 :

 37 Figure 3.7: Evolution of the bifurcation diagram, calculated by increasing the feedback strength for T = 1700, as a function of the main parameters. First row: evolution with the pump current, for α H = 3 and θ = 500. a) P = 0.02. b) P = 0.5. c) P = 1. Second row: evolution with the external cavity length, for α H = 3 and P = 0.5. d) θ = 50 L ext ≈ 3 cm). θ = 500 (L ext ≈ 30 cm). f) θ = 1000 (L ext ≈ 60 cm). Third row: evolution with the α H -factor, for P = 0.5 and θ = 500. g) α H = 1. h) α H = 3. i) α H = 5 [33].
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 38 Fig. 3.8(a) represents period 1 operation and the phase diagram is a circle around the steady-state point. Period 2 corresponds to the appearance of a second circle of different radius as shown in fig. 3.8(b), whereas chaos fig. 3.8(c) involves many frequencies, represented on the phase diagram by multiple concentric trajectories of various radii. All these phase diagrams are centered on the steady-state point. Therefore, the external cavity modes are also called fixed points, or attractors.

Figure 3 . 8 :

 38 Figure 3.8: Numerical time traces and associated phase diagrams [47].

Fig. 4 .

 4 Fig. 4.1 illustrates the the FP laser and a TUL under investigation. The FP laser consists of a 1.2 mm-long optical cavity. The InP-based amplification section, sitting above the Si waveguide, occupies most of the cavity and each end is tapered to allow modal transfer between the III-V and Si waveguides. About 140 µm away from the tip of each tapers,

Figure 4 . 1 :

 41 Figure 4.1: Schematic view of the FP (top) and TUL (bottom) under study, with the Si waveguides shown in grey. The lettered sections correspond to (a) and (e) vertical couplers, (b) high-reflectivity DBR, (c) III-V gain section, (d) low-reflectivity DBR, and (f) Si rings. The dotted red line on the TUL design shows where the samples used in this study were cleaved.

Figure 4 . 2 :

 42 Figure 4.2: (a) Schematic and (b) structure of the device studied, showing the Si waveguide (yellow) and the III-V material (green). The vertical couplers are represented in (a) at both extremities of the Si waveguide.

Fig. 4 .

 4 Fig. 4.3 presents a schematic of the experimental fiber setup used to characterize the free-running lasers and to conduct the optical feedback study. Two external cavities can be considered. First, a short free-space cavity (blue arrow on the schematic) of the order of 20 µm for the FP/TUL and about 100 µm for the DFB study (corresponding to an external

Fig. 4 .

 4 4 presents the coupled power for various voltages applied to the actuator, with the laser biased at 55 mA.

Figure 4 . 4 :

 44 Figure 4.4: Evolution of the coupled light against the voltage applied to the piezo-electric actuator for different fiber displacements along the vertical axis.

Figure 4 . 5 :

 45 Figure 4.5: Top, optical spectrum evolution of the FP laser for two randomly selected positions of the cleaved fiber. Bottom, excerpts from (a) showing spectra at (c) 40 and (d) 80 mA.

Fig. 4 .

 4 Fig. 4.7 presents the evolution of the optical spectrum corresponding to the variation in coupled power. In fig. 4.7(a), the same pattern as in fig. 4.4 can be recognized. Fig. 4.7(b)presents the evolution of the optical spectrum as the fiber is moved, without long-cavity feedback. Drastic changes in the optical spectrum can be observed as the short-feedback parameters change. When the long-cavity feedback is added to the short-cavity it can be seen that, while the modes broaden, the power distribution does not change and the same modes remain dominant.

Figure 4 . 7 :

 47 Figure 4.7: Evolution of the voltage applied to the piezoelectric actuator for (a) the coupled power, and the optical spectrum with a long-feedback strength of (b) 0% and (c) 7.6%.

Figure 4 . 8 :

 48 Figure 4.8: Evolution of the electrical spectra for the following piezo-micropositioner voltages: (a) 0.03 V, (b) 0.1 V, (c) 0.14 V. The different long feedback strengths corresponds to 0% (black curves), 4% (blue curves) and 7.6% (red curves).

Fig. 4 .

 4 Fig.4.9 presents the evolution of the optical and electrical spectra as the bias current is increased. The optical spectra shows that, as the laser red-shifts and is detuned from the ring resonators, it enters regions of bi-modal emission.

Figure 4 . 9 :

 49 Figure 4.9: Mapping of the (a) optical and (b) electrical spectrum of the free-running TUL as a function of the bias current.

Fig. 4 .

 4 Fig. 4.9(b) shows that these regions of bi-modal emission correspond to regions of oscilla-

Figure 4 . 10 :

 410 Figure 4.10: Mapping of the electrical spectrum of the TUL with bias current (a) in freerunning operation and (b) under long-cavity feedback with a 7.5% strength. The two vertical red lines are measurement artifacts stemming from the RF spectra processing.

Figure 4 . 11 :

 411 Figure 4.11: Experimental set-up; PM: power-meter, OSA: optical spectrum analyzer, ESA: electrical spectrum analyzer.

Fig. 4 .

 4 Fig.4.12(a) presents the evolution of the power coupled into the AR coated lens-ended fiber against the applied bias current of the free-running device. The measurements presented in this section were also performed at room temperature. Important information of the dynamical properties of the device can be gained from light-current (L-I) diagram.

4. 12 (

 12 b) displays the spectrum of the laser at 140 mA, showing the dominant mode along with the well suppressed side-modes in addition to the visible sideband characteristic of relaxation oscillations. These spectra were measured using a Yenista OSA20 OSA with a 112 20 pm resolution. The sidebands could also be measured due to the rather high value of the ROF.

Figure 4 .

 4 Figure 4.12: (a) Applied current against the output light intensity -Evolution of the power couple using an AR-coated lensed fiber against the bias current applied to the free-running device. (b) Optical spectrum of the laser for I = 140 mA.

Fig. 4 .

 4 Fig. 4.13 presents the evolution of the ROF as a function of the square root of the current overdrive above threshold. In SCLs the ROF f r is expressed as

Figure 4 . 13 :

 413 Figure 4.13: Evolution of the ROF with the square root of the current overdrive above threshold.

Fig. 4 .

 4 Fig.4.15 represents the evolution of the optical and RF spectra with long feedback strength using the AR-coated lensed fiber. The measurements performed with this type of fiber have very little dependence on the fiber position and thus the feedback phase, as demonstrated later in the case of the free-running laser. Routes to chaos under long feedback were then found to be identical for different fiber positions.

Figure 4 . 15 :

 415 Figure 4.15: Evolution of the (a) Optical and (b) RF spectra following the route to chaos under long feedback using an AR-coated lensed fiber.

Fig. 4 .

 4 Fig. 4.16 compares the route to chaos of the hybrid III-V/Si DFB and a traditional commercial Nokia III-V DFB laser. The laser is operated at three times its threshold where a ROF of 8 GHz is achieved.

Figure 4 . 16 :

 416 Figure 4.16: Evolution of the optical spectra of (a) a conventional III-V laser and (b) hybrid III-V/Si DFB laser under long optical feedback strength using an AR-coated lensed fiber.

Figure 4 . 17 :

 417 Figure 4.17: Variation of the power coupled with the cleaved fiber as a function of the voltage applied to the piezoelectric actuator. Two measurements for different fiber positions are presented in black and grey.

Fig. 4 .

 4 Fig. 4.18 compares the evolution of the power and spectrum when the fiber is moved in both directions as well as reference measurements performed with the AR-coated lensed fiber.

Figure 4 .

 4 Figure 4.18: (a) Variation of the power coupled with the cleaved fiber within one period when the fiber is moved away (black) and towards (red) the laser. The gray dashed line represents the power coupled when using the AR-coated lensed fiber. (b) Evolution of the optical spectrum when using the AR-coated lensed fiber. (c), (d) Evolution of the optical spectrum when moving the fiber away or towards the laser, respectively.

Figure 4 . 19 :

 419 Figure 4.19: Evolution of the (a) optical and (b) RF spectra within one period. The green dashed line shows the evolution of the ROF.

Fig. 4 .

 4 Fig. 4.20 presents the bifurcation diagrams of the dynamics as a function of the phase of the short feedback, under minimum and maximum long feedback strengths. Under minimum long feedback strength, the diagram clearly shows the apparition of the periodic oscillations and the sudden transition from oscillating to stable operation. Under maximum feedback, it can be seen that the chaotic signal changes significantly with the short feedback phase.

Figure 4 . 20 :

 420 Figure 4.20: Bifurcation diagrams as a function of the short feedback phase under (a) minimum and (b) maximum long feedback strength.

Fig. 4 .

 4 Fig. 4.21 presents the evolution of optical and RF spectra with the position of the cleaved fiber for four levels of long feedback strength: the minimum of -79 dB, -42 dB, -36 dB and the maximum of -26 dB. No optical amplification was used for the RF spectrum measurements. The route towards chaos under long feedback clearly changes with the short feedback phase and interesting instabilities are clearly observed as periodic dynamics appear for different long feedback strengths at the different positions of the cleaved fiber. Regions where periodic oscillations occur under short feedback alone appear to enter chaotic operation first. The sharp transition between oscillating and stable operation gradually disappears as the long feedback strength is increased. The response of this device corresponds to results previously published in literature where the LD exhibits chaos over

Figure 4 . 21 :

 421 Figure 4.21: Evolution of optical (left) and RF (right) spectra with the position of the cleaved fiber for long feedback strengths of (a), (b) -79 dB, (c), (d) -42 dB, (e), (f) -36 dB and (g), (h) -26 dB. In (h) the black line shows the chaos bandwidth under long feedback only, and the green dashed line shows the evolution of chaos bandwidth with the phase of the short feedback.

Figure 4 . 22 :

 422 Figure 4.22: Evolution of the optical (left) and RF (right) spectra with the long feedback strength for three positions of the cleaved fiber. a) and b) correspond to a feedback phase of 1.9π (minimum ROF, stable). c) and d) correspond to a feedback phase of 0.3π (maximum ROF, stable). e) and f) correspond to a feedback phase of 0.25π (strongest oscillations).

Figure 4 . 23 :

 423 Figure 4.23: Optical (left) and RF (right) spectra under maximum long feedback and their bandwidth, the dashed lines showing the free-running spectra as reference. The black curve corresponds to maximum long feedback alone. The blue (resp. red) curve corresponds to both feedbacks with minimum (maximum) ROF. The green curve corresponds to both feedbacks with strongest periodic oscillations.

  • C using the same set-up configuration depicted in fig.4.3 to investigate the impact of thermal variation on the performance of the hybrid DFB. Fig.4.24(a) compares the L-I curves and the optical spectra of the device recorded at the two different temperatures also measured at a bias current of 141 mA. The threshold of this device is clearly affected by the temperature differential and it is evident that the threshold current raises and efficiently falls as the temperature increases. At a higher temperature value, the transition time between spontaneous and stimulated emission

Figure 4 . 25 :Fig. 4 .

 4254 Figure 4.25: Experimental set-up used for optical feedback investigation.

Fig. 4 .

 4 29(a)-(b) and fig, 4.29(c)-(d) represent the eye diagrams of the directly-modulated DFB laser at 10 Gbps under solitary conditions (i.e. without optical feedback), before and after propagation through a 10 km fiber coil at T = 20 • C and 35 • C, respectively. In this scenario, a PRBS of 31 bits BER transmission stress pattern is used to estimate the BER output. Fig 4.29(a) clearly shows that the eye is very opened when measured back to back and then it starts to compress after the transmission has occurred as illustrated in fig. 4.29(b), which then decreases the extinction ratio. The overshoots in the intensity output are also well suppressed after transmission. Similar behavior is encountered at a higher temperature. Fig. 4.29(c) shows the eye opened; however, after transmission a significant shrinking of the eye occurs and the overshooting is also suppressed as exemplified in fig. 4.29(d).

Furthermore, Section 4 . 2

 42 investigates the performance of the DFB laser directly modulated at 10 Gbps directly modulated under different optical feedback strengths. The dynamical properties of the device were carefully analyzed in a B2B configuration and after a 10 km transmission distance. Results obtained demonstrated a power penalty degradation CHAPTER 5 HYBRID III-V/SI DISTRIBUTED FEEDBACK LASER WITH HIGH QUALITY FACTOR Very recently, multiple solutions to reach optical feedback insensitivity have been investigated. For instance, a new type of optical feedback insensitive integrated semiconductor

Fig. 5 .

 5 2(a) illustrates the cross section of the high-Q laser structure, bonding a Si photonic layer onto a QW gain material. The geometry is optimized in such a way that the mode is buried into a rib Si waveguide with a shallow grating of 30 nm deep teeth. The width of the grating is tapered longitudinally to create an effective confining potential which allows a single, bell-shaped longitudinal mode within the stop band of the DFB[9]. It has been demonstrated that this mode has a large internal Q factor leading to a cavity photon lifetime of ∼ 100 ps. The Q factor term is an alternative description of the laser's losses meaning that high-Q lasers are simply low-loss devices. In order to harness the low internal loss of the Si resonator, the contribution to loss from the active material has to then be reduced, by decreasing the overlap between the optical field and the gain material. The modal gain is decreased as well, but it remains large enough to compensate for losses. The choice of a large Si waveguide with width W Si = 2 µm leads to the desired overlap of about 5% as shown in fig.5.2(b).

Fig. 5 .

 5 Fig. 5.6 represents the experimental setup used to investigate the effects of optical feedback under both static and dynamic configurations. The emission from the SCL is coupled by a lens-end fiber with AR coating. A 90/10 splitter is used to send 90% of the coupled light to

Fig. 5 .

 5 Fig. 5.8(c) and fig. 5.8(d) display the eye diagrams under the back-to-back (B2B) configuration (absence of transmission across the optical fiber) for two different feedback levels: (I) where the laser is mostly stable (r ext ≈ 0.3% (ie., -40 dB)), and (II) at the beginning of destabilization (r ext ≈ 3% (ie. -30 dB)). At level (I), a clear eye diagram is obtained; as the optical feedback goes beyond level (II), the eye diagram starts to deteriorate due to CC operation which then limits the amount of data transmitted. Although the eye diagrams remains pretty open for both cases, the corresponding BER increases to approximately 10 -5

H √ r ext ( 5 . 8 ) 1 e 1 + α 2 H

 58112 with τ int the photon round trip time within the laser's cavity, and R the power reflectivity of the output facet coupled to the external cavity. Usually, large values of C increase the number of external cavity modes giving rise to modal competition where at large feedback strengths leads to the CC regime[19]. By incorporating Q e into Equation (5.8), C can be rewritten as followsC = ωτ ext Q -

≥ ω r ω 2 Q 2 e 1 + α 2 H( 5 . 10 )

 2212510 7), the onset of the CC r crit can be linked to Q e such as r crit Equation (5.8) unveils that the r crit of a high-Q laser occurs at a high feedback level. For the laser under study, ω/2π = 200 THz, ω r /2π = 2 GHz, τ p = 100 ps, and α H = 2.5.

  schemes, with cavities of a few centimeters (typ. around 5 cm) to investigate more quantitatively the bandwidth of these type of devices operating under a combination of short and long delays of optical feedback. These intermediate cavity lengths would closely match those of the parasitic feedback cavities usually found in PICs, which would allow evaluating the behavior of various designs of III-V/Si light sources under a realistic multiple-cavity configuration. With external cavities of similar lengths, the impact of such multiple cavities may indeed be very different from what is observed in this work, where the smallest one may dominate the overall dynamics of the device. Further studies on some of the proposed laser designs in Chapter IV are also necessary to determine whether or not the taper region
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mance results unveil its ability to successfully achieve a 10-Gbps floor-free transmission.

The impact of optical feedback and thermal influence on the bit error rate (BER) and power penalty degradation is also shown. Finally, a general summary of the work is furnished in Chapter VI along with an outlook of this technology for future achievements.

with R 2 the reflection coefficient of the laser front facet subject to the re-injection. In the case of a DFB laser, the expression of C l becomes much more complex and depends on the complex reflectivity at both laser facets [24]:

In this equation,

where k = l, r, is the complex reflectivity at the left or right facet, respectively (the right facet being the one towards the external cavity). L is the laser length, k the grating coupling coefficient of the DFB grating and q can be expressed as q = α tot + iδ 0 where α tot is the total internal losses and δ 0 the Bragg detuning, defined as the deviation between the lasing and the Bragg wavenumbers. Now that the rate equations for the slowly varying envelope of the complex amplitude have been considered, the dynamics of the photon number S and the phase φ must be considered also. By writing E = √ Se iφ , the two rate equations can be deduced from Equation (3.10) for the photon density and phase of the electric field respectively:

Feedback-induced Frequency Shift

Under steady-state, the photon density S s is constant and is defined as S s = S s (t) = S s (tτ ext ). Therefore, the term in the cos(ω 0 τ ext + φ s (t) -φ s (t -τ ext )) must be time insensitive and the steady-state phase φ s can be written without loss of generality as φ s = (ω s -ω 0 )t. three structures described above to assess their sensitivity against optical feedback into the following four scenarios:

1. Free-running with only parasitic reflection from the set-up 2. Short-cavity feedback only (free-space)

3. Long-cavity feedback only (all devices)

4. Under a combination of short and long-cavity feedback

For the short feedback, while the feedback strength is fixed by the refractive index of the fiber, the phase can be tuned using a piezoelectric actuator allowing gradual movement of the fiber towards or away from the device. Concerning the long feedback path, while the feedback phase can be changed in the same manner, this does not impact the laser's behavior's given the long external cavity length. Feedback strength can however be tuned by changing the attenuation of the BKR. Similarly, it is not possible to independently control the strength and phase of the optical feedback reflected by the tip of the fiber: a Melles Griot three-axis piezo-micropositioner was used to optimize the coupling and move the fiber closer towards or away from the device, which affected both feedback phase and strength due to the divergence of the beam emitted by the devices. Depending on the type of fiber used, the short-cavity feedback can either be enhanced or suppressed. On the other hand, as it will be explained in Section 4.1.2, a long-focus AR coated lensed fiber was used with the TULs in order to minimize any parasitic feedback coming from the fiber and study the effect of long-cavity feedback alone. In this case, only light from the set-up can be re-injected into the device. investigated and discussed in the following section. Note that changes in the position of the fiber also affect the phase of the long-cavity feedback; however, this has proven to have little effect on the behavior of reference DFB and FP lasers previously tested in the same setup, and we thus make the assumption that this effect is negligible. The same 3D plot is shown following two angles in order to observe the evolution of the power with the position of the fiber when the long-feedback strength is minimum (blue line) and maximum (red line). For a long-feedback strength of 0% (at the minimum feedback level of 64 dB), the blue line reveals the same pattern as that shown in sible for the power variation above. In fig. 4.18(a), the gray dashed lines shows that the power is oscillating sinusoidally with a low amplitude, which corresponds to the impact associated with the weak feedback. Fig. 4.18(b) shows that the wavelength varies in a similar fashion confirming that any other variation of the power or wavelength is only due to the feedback created by the cleaved fiber. Fig. 4.18(a) also reveals a slight bistability in the evolution of the power, as the kinks observed after the peak occur for a phase shift of 0.3π for one direction and 0.4π for the other. While the bistability in the output power is negligible, it makes a significant difference in the optical spectrum. Note that all spectrum maps presented in this section are plotted in dBm, with a logarithmic color scale. Fig. 4.18(c) reveals that during each period, the laser exhibits periodic dynamics between phases of 0 and 0.4π, with period doubling above 0.2π. When the kink occurs in the optical power, the laser suddenly stabilises and it can be seen from the sidebands that the ROF changes with the phase. Fig 4.18(d) reveals that the same behavior is also observed when the fiber is moved in the opposite direction, thus leading to a wider region of stability. This wider region is of paramount importance for this study as it appears that the largest ROFs are achieved within the bistability window when the laser is stable, as this is where the mode's sidebands appear to be the farthest apart. Three specific routes to chaos are thus of interest: those where short feedback does not destabilize the laser but induces either a reduction of the ROF to its minimum value of 11 GHz (phase of 1.9π) or an increase to its maximum value of 16 GHz (phase of 0.3π), and one where short feedback induces the strongest periodic oscillations (phase of 0.25π). Fig. 4.22 presents these three routes. In the first two routes, the laser remains stable until slightly higher feedback strengths than compared to fig. 4.15(a). The window where periodic oscillations are observed is however very narrow, as chaos appears around the same feedback strength of about -30 dB. In the last route, chaotic dynamics seem to appear for a lower long feedback strength of -38 dB, but under maximum long-cavity feedback the end of the route appears similar to that in fig. 4. 22(d). This is however not surprising given that the last two routes are measured for short feedback phases that are rather close, and that no discontinuity can be seen in fig. 4.21(g) and (h) between these phases.

Short and Long Cavity Feedbacks

of less than 1.5 dB at maximum feedback making these transmitters very promising for isolator-free applications such as metro, access networks and PICs. Similar efforts have also been carried out to characterize a high Quality Q hybrid III-V/Si DFB under direct and external modulation as discussed in the following chapter.

CHAPTER 6 SUMMARY AND FUTURE DIRECTIONS

In this thesis, I have attempted to provide an insight into the development and vast potential of SiPh and devices derived therefrom in particular hybrid III-V/Si SCLs. The underlying capability, fundamental characteristics and limit to the performance of these optical components for PIC applications is described and proven experimentally. I have also carefully reviewed the motivations and associated challenges for potentially achieving light sources on-chip for isolator-free applications and the use of these devices for secure communications via chaos enhancement through the ROF when using a combination of short and long-cavity feedbacks at different strength levels.

The intimate integration of photonics with electronic functions offers a significant advantage to integrate optical components with electronic functions on-chip in order to deliver increased capacity and effectively move data at unimaginable speed rates. Soon, we will witness an increased migration of SiPh from a lab scale concept to the manufacturing facility to address latency, compute capacity and craved power. This technology has made tremendous progress throughout the years and continues to gain great attention due to the key benefits this technology can offer to a wide range of applications, in particular to the telecommunications industry. The development of compact reliable opticalinterconnects-to-the-chip for the next generation of data centers can enable better use of available capacity for information transport on the existing fiber infrastructure while also enabling new powerful techniques for transmission impairment control [1]. Overall, The heterogeneous integration of optical components and electronic functions on-chip provides significant performance improvements and increased functionality in addition to enhanced power efficiency and substantial size reduction [2,3].

These features are critical for the exponential growth of data centers and essential to gained a great amount of interest from different communities and remarkable progress has already been made. As a result, the study and design of novel III-V/Si DFB lasers will continue to remain a fertile arena for future research and development to exploit their tremendous potential in optical communications and address existing challenges associated with PICs.

The results provided in this thesis successfully demonstrate that the dynamics of a hybrid III-V/Si DFB laser under a combination of optical feedback have the potential to achieve passive chaos bandwidth enhancement in PICs. By varying the phase of the short feedback and strength of the long feedback, the dynamics of such devices can be extensively characterized to deeply understand their properties and the consequences of parasitic reflections on the optical and electrical spectrum on the desired applications. In addition, the tuneability of the chaotic dynamics and the bandwidth is of substantial interest for applications requiring random number generation, or broad chaos generation. With feedback cavities integrated into a Si waveguide along with a phase section, higher feedback strengths would be achievable for both short and long feedbacks. Chaotic spectra much wider than those reported in this work could thus be obtained using a single component and passive optical cavities with optional phase sections. This would be of prime importance for the development of low power consumption integrated chaotic transmitters and receivers for secure communications. As the wide bandwidth relies primarily on the larger ROF of the laser, the design of the device is extremely important, and for these applications QW sources may be more appealing then QD as QW lasers generally exhibit much higher ROFs than QDs. In the case of application in a Si PIC, the design of the Si waveguide would be very important also as all possible sources of reflections within the PIC will significantly affect the dynamics of the laser. In Sections 4.1.1 and 4.1.3, it was demonstrated that at least two cavities allow pushing the ROF to higher values: the cavity created by the cleaved fiber, but also the internal parasitic sources of feedback which seem to increase the ROF of the free-running device.

As new expanded services are introduced, such as high definition TV, social networking, on-line video streaming amplifications, 3D TV and computerized stock trading among others, emerging requirements are also identified to meet the hyper-connectivity demand.

The demand of optical bandwidth will continue to maintain the extreme 100x bandwidth increase/decade slope [12]. As a result, novel approaches and innovate laser configurations continue to be proposed. For instance, the experimental results presented on high-Q factor devices demonstrated their potential to serve as an alternative solution for isolator-free applications in future PICs.

Commercial isolators are key in fiber-optic communication systems because of their unique functionality to transmit light from input to output while blocking backward propagating light. These devices are considered bulk components, and as such they constitute the only type of optical component that is not readily available in an integrated form [13]. However, significant research efforts and advances in SCLs are underway to accomplish isolatorfree operation that can potentially reduce the network architecture footprint while reducing capital expenditures of the overall data center infrastructure. The innovated and unique modal engineering approach of the high-Q device characterized in Chapter V in which light is generated in the III-V material, and stored in the low loss Si region substantially enhances the Q factor of the cavity resonator. As a result, the device is able to tolerate significant disturbances caused by unintentional back-reflections generated within various sources, which in turn can be detrimental for light sources on chip as previously demonstrated.

The development of feedback insensitive lasers remain a major challenge for SiPh integration to alleviate the risk of undesired reflections. However, the work herein demonstrates significant progress towards light sources with absolute insensitivity, which has yet to be reported. The achieved performance constitutes a new milestone towards feedback insensitivity of a single mode laser with a DFB configuration and a large Q factor ideal for errorfree transmission. The high level of CC regime permits a 10 Gbps error-free transmission over a 10 km fiber coil. Compared to the aftermentioned solutions discussed throughout