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Abstract 

This PhD thesis focus on the development of high-performance optical frequency 

combs (OFCs) generated by two-section passively mode-locked lasers (MLLs) 

based on novel optimised InAs quantum dot (QD) structures grown on GaAs 

substrates. Throughout the thesis, several important aspects are covered: the 

epitaxial structures, the device designs, the fabrication process, the 

characterisation of the fabricated laser devices and the evaluation of their 

performance.  

To gain a deep level comprehension of the mode-locking mechanisms in two-

section QD MLLs, a detailed study is presented on a series of QD MLLs with 

different saturable absorber (SA) to gain section length ratios (from 1: 3 to 1: 7) in 

either ridged-waveguide structure or tapered waveguide structure. The effect of 

temperature on different device configurations is experimentally examined. And 

the data transmission capability of the QD MLLs is systematically investigated in 

different scenarios.  

In this thesis, an ultra-stable 25.5 GHz QD mode-locked OFC source emitted solely 

from the QD ground state from 20 °C to a world record 120 °C with only 0.07 GHz 

tone spacing variation has been demonstrated. Meanwhile, a passively QD MLL 

with 100 GHz fundamental repetition rate is developed for the first time, enabling 

128 Gbit s−1 λ−1 PAM4 optical transmission and 64 Gbit s−1 λ−1 NRZ optical 

transmission through 5-km SSMF and 2-m free-space, respectively. All of the 

studies aim to prove that our two-section passively InAs QD MLLs can be used as 

simple, compact, easy-to-operate, and power-efficient multi-wavelength OFC 

sources for future high-speed and large-capacity optical communications. 
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Impact Statement 

Due to the digitalisation of data in both commercial and home applications, the 

market for data centre servers has experienced tremendous growth. Currently, the 

explosion of demand for internet traffic imposes a heavy burden on computation, 

storage, and communication in data centres, which results in considerable 

operational expenditure to data centre providers and the internet congestion costs 

to end-users. Meanwhile, a key enabler for the upcoming 6G network era is 

‘connecting everything’, which means the space, air, ground, and underwater 

networks will be ubiquitous and have unlimited connectivity. Therefore, optical 

interconnects will undoubtedly play a crucial role in future low-latency, high-speed 

and high-capacity communication systems.  

The mode-locked optical frequency combs (OFCs) with the ability to provide tens 

to hundreds of equal distributed optical carriers have emerged as promising light 

sources for multi-wavelength coherent optical transmissions. And its employment 

in state-of-the-art dense wavelength-division multiplexing communication systems 

could be an ideal solution to effectively address the data traffic issue within the 

data centres. In addition, the novel quantum dot (QD) based semiconductor mode-

locked lasers offer extra benefits, including small footprints, low power 

consumption, and great temperature stability. Therefore, this PhD research project 

aims to have a large impact both inside and outside academia by developing high-

performance optical frequency combs based on III-V quantum dot mode-locked 

lasers. 

This thesis is anticipated to significantly impact the semiconductor laser community 

by introducing new strategies to boost the performance of mode-locked OFCs. A 

number of promising results have been achieved due to the combined effect of QD 

growth conditions, device design, and advanced characterisation techniques. An 

ultra-stable QD passively comb source with 25.5 GHz mode-spacing, compatible 

with the ITU-T G.694.1 recommendation, is obtained to operate up to a record 
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120°C. This work has been selected as the ‘Spotlight on Optics’ by the Optical 

Society (OSA). A reliable 100 GHz QD mode-locked OFCs with a conventional 

two-section structure is shown to be capable of 128 Gbit s−1 λ−1 PAM4 optical fibre 

transmission. And this work has been invited to publish in the special issue of the 

Journal of Physics D. In addition, it has been confirmed for the first time that the 

OFCs based on 100 GHz QD MLL can be used for high-speed space 

transmissions. And this work has been reported at the postdeadline session of the 

Asia Communications and Photonics (ACP) Conference. It is hoped that our results 

could fulfil the future development of III-V QD mode-locked OFCs, as well as their 

potential integration on CMOS-compatible silicon substrate. 

Economically, the multi-wavelength OFC source with broad bandwidth could 

potentially replace numerous individual light sources, and hence, lower the overall 

operating costs. Besides, the temperature-independent property of QD OFCs 

could eliminate the usage of expensive thermoelectric cooling systems, which can 

further reduce operational costs. Furthermore, society will benefit from improved 

communications and information processing. 

Overall, the final goal of this research project is to develop compact, low-cost, 

energy-efficient, and highly reliable mode-locked OFCs for near-instant tera-scale 

data transmission and to satisfy the emerging services and applications. 
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Chapter 1 Introduction 

1.1 Background and Motivation 

The past decade has witnessed tremendous growth and advancements in 

information and communication technologies (ICT) as the demand for high-speed 

data transmission has been continuously fuelled by new services and applications 

[1-3]. Despite the recent advances in ICT, the unprecedented traffic congestion in 

the conventional data centre promoted the development of novel high-rate and 

large-capacity optical transmission systems, in which signals are carried as 

modulation data on an optical carrier [4, 5]. In other words, replacing the 

traditional copper-based networks with optical interconnects is becoming 

inevitable [6].  

Based on the existing optical communication infrastructure, there are three options 

to increase transmission ability: adopt advanced modulation formats, increase the 

data rate, and increase the number of optical carriers [7]. The first two options 

impose stringent requirements on signal levels and are strictly limited by the 

involved electrical and electro-optical components [8-10]. Therefore, increasing 

the number of optical carriers is more preferred for transmission capacity 

expansion. Currently, the well-developed dense wavelength division multiplexing 

(DWDM) technology has been widely used to multiplex a number of optical carriers 

in optical transmission systems [11, 12]. One of the key advantages of the DWDM 

system is the parallel transmission of separate wavelengths within a single optical 

fibre. Indeed, multiple wavelengths could carry different types of modulation 

formats simultaneously and independently at different bit-rates [13, 14]. However, 

DWDM systems require extremely precise wavelength control to avoid inter-

channel crosstalk. The most straightforward way to create DWDM channels is to 

use several discrete single-wavelength lasers, each of which operates at a slightly 

different wavelength [13]. However, the involvement of numerous lasers makes 

this approach costly. Besides, careful control and close monitoring are required to 

avoid wavelengths drifting into the spectral region of adjacent sources over time 
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and temperature [15]. For this reason, replacing multiple lasers with a single multi-

carrier light source in DWDM systems is particularly appealing for low-cost and 

power-efficient optical communication [16-18]. Such multi-carrier light sources are 

also known as optical frequency combs (OFCs) and can be generated by various 

techniques [19, 20]. Among all generation methods, the OFCs generated by mode-

locked lasers (MLLs) are attractive for DWDM systems due to their small footprints 

and low power consumption [21, 22]. 

Recently, the development in material sciences has inspired the exploration of low 

dimensional structures, such as the quantum dot (QD) and quantum well (QW) 

nanostructures. Compared with their bulk and QW counterparts, the QD material 

owing to its inherent properties, including a broad inhomogeneous gain spectrum 

[23], reduced threshold current [24], ultrafast carrier dynamic [25, 26], and 

temperature resilience [27], is more desirable for mode-locking operation [28]. The 

generation of low-timing jitter, sub-picosecond pulses with repetition rates up to 

several tens of gigahertz (GHz) has been successfully demonstrated in QD-based 

MLLs [29-31]. Besides, the temperature stability of QD MLLs has also been proved 

by several research groups [32-34]. The maturity of the QD mode-locking 

technology could allow us to obtain high-performance chip-scale OFC sources, 

offer opportunities for future complementary metal-oxide-semiconductor (CMOS)-

compatible photonic integrated circuits (PIC) technology, and potentially 

accelerate the transition of OFCs from research laboratory experiments to practical 

scenarios [35]. 

Based on the above views, the main objective of this thesis is to develop stable 

two-section QD MLLs, investigate the characteristics of QD mode-locked OFCs 

and verify their reliability as a multi-carrier light source in high-speed optical data 

transmission systems. 

1.2 Optical frequency comb (OFC) 

The OFC provides a direct connection between optical and microwave domains 

that have revolutionised many research fields, including atomic clock 
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distribution/recovery [36], precision measurements [37, 38], gas spectroscopy [39, 

40], and optical communications [41-44]. This section will briefly explain the basics 

of OFCs and discuss the three most common methods for OFC generation. 

1.2.1 OFC definition 

An optical frequency comb (OFC) is a light source that contains a series of 

equivalently distributed comb lines in the frequency domain, which corresponds to 

consecutive optical pulses in the time domain [45]. A representation of an OFC in 

time and frequency domains is shown in Fig. 1.1. As can be observed, for 

successive pulses in the time domain, there is a dephasing (∆𝜙𝐶𝐸𝑂) between the 

optical carrier and the pulse envelop, and its origin is related to the specific comb 

generation methods used [46]. For MLLs, it arises from the difference between the 

phase and group velocities in the laser cavity [46, 47]. This phase-shift induces a 

global carrier-envelope offset (CEO) frequency ( 𝑓𝐶𝐸𝑂 ) for all modes in the 

frequency domain [47]: 

𝑓𝐶𝐸𝑂 = 𝑓𝑟𝑒𝑝 ∙
∆𝜙𝐶𝐸𝑂

2𝜋
1.1 

In most cases, the 𝑓𝐶𝐸𝑂 lies between 0 and the fundamental repetition rate (𝑓𝑟𝑒𝑝). 

Therefore, the oscillation frequencies of the spectral modes are not necessarily an 

integer multiple of the 𝑓𝑟𝑒𝑝 and the absolute position of individual mode in an ideal 

OFC can be defined by the well-known comb equation [48, 49]: 

𝜈𝑁 = 𝑁 ∙ 𝑓𝑟𝑒𝑝 + 𝑓𝐶𝐸𝑂 1.2 

The comb equation indicates that only two degrees of freedom (the 𝑓𝑟𝑒𝑝 and the 

𝑓𝐶𝐸𝑂) are required to identify the absolute frequency of an optical mode [50]. While 

the 𝑓𝑟𝑒𝑝 can be easily accessed through a RF spectrum analyser, the 𝑓𝐶𝐸𝑂 related 

to the phase information of the pulse train is extremely difficult to be directly 

obtained [20]. The conventional nonlinear ‘f-to-2f’ interferometry method is 

considered as the simplest way for 𝑓𝐶𝐸𝑂  detection, where the fundamental 

frequency on the low end of the optical comb spectrum (𝜈𝑁 ) is doubled and 
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heterodyned with the light at twice the frequency (𝜈2𝑁) [47, 51]: 

𝑓𝐶𝐸𝑂 = 2 × 𝜈𝑁 − 𝜈2𝑁 = 2 × (𝑁 ∙ 𝑓𝑟𝑒𝑝 + 𝑓𝐶𝐸𝑂) − (2𝑁 ∙ 𝑓𝑟𝑒𝑝 + 𝑓𝐶𝐸𝑂) 1.3 

Consequently, knowing the absolute frequency of one mode allows us to determine 

the absolute frequency of any other modes [20]. 

 

Figure 1.1 Time-domain (Top) and frequency-domain (down) representation of an optical frequency comb 

based on MLLs. 

1.2.2 Methods of OFC generation 

The last two decades have witnessed the rapid development of the OFC 

technology, and the OFCs have evolved into valuable tools for numerous 

applications [51]. The ideal characteristics of an OFC vary according to the target 

application, which motivates the research on assorted methods for OFC 

generation [52]. Three of the most popular techniques for generating an OFC, 

namely electro-optic (EO) modulation, Kerr microresonators, and MLLs, will be 

discussed below. 
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Electro-optic modulation 

The OFCs generated with EO modulators (EOMs), also known as the EO 

modulation-based combs or simply the EO combs, are induced by the second-

order nonlinear optical effect (𝜒(2)) [53]. Among all three approaches, the EO comb 

generator is the only OFC source that can offer large flexibility in the agile tuning 

of both central frequency and comb spacing [54, 55]. This approach involves three 

main components, including a continuous wave (CW) laser, one or several EOMs, 

and the RF signal generator. Each modulator is based on phase modulation, and 

additional functionalities may be acquired by adding other surrounding 

components (e.g., polarisers, interferometer, etc.). A summary of different setups 

used for EO comb generation is given in [54]. Overall, the CW signal is modulated 

by a sequence of discrete EOMs driven by the external RF oscillator [56-58]. The 

CW laser determines the central wavelength of the emerged comb while the comb 

spacing is defined by the RF signal generator. By cascading several EOMs and 

adjusting the corresponding driving conditions, a large number of comb lines can 

be obtained, leading to a broad bandwidth [57-59]. Besides, by selecting the 

appropriate EOMs and carefully controlling the RF signals and the bias voltages, 

a flat spectrum with a high optical signal-to-noise ratio (OSNR) can be realised [56]. 

However, it is undeniable that the maximum available comb spacing achieved with 

these setups is limited by the bandwidth of EOMs, which is typically around 40 

GHz for conventional and commercial EOMs. Moreover, the large insertion loss of 

the modulators as well as the power-hungry high-frequency electronics involved in 

this method has a significant impact on cost and power consumption. Hence, 

despite the EO comb generators being very attractive in their flexible setting 

characteristics, the trade-off between the number of combs and the setup 

complexity must be considered during operations. As a result, the EO combs are 

not suitable for data transmission applications unless low-noise, high-frequency 

RF oscillators and low-driving-voltage high-power handling EO modulators are 

employed [57]. 
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Kerr microresonators 

An alternative method for comb generation is to use Kerr microresonators via the 

third-order nonlinear susceptibility ( 𝜒(3) ) [60]. In general, the optical 

microresonators are driven by an external CW pump laser through evanescent 

coupling. The interaction between the pump laser and the modes of the high-Q 

microresonator yields efficient parametric frequency conversion based on both 

degenerate and non-degenerate four-wave mixing (FWM) [61-63]. Firstly, two 

pumped photons are annihilated and converted into a new pair of photons (the 

signal and the idler photons) through the degenerate FWM process, resulting in 

the emergence of signal and idler sidebands [44, 64]. Due to the energy 

conservation, the generated signal-idler sidebands are equidistant from the pump 

laser, but may not necessarily be mutually equidistant as required for OFC 

formation [60, 61]. Then, the newly emerged frequency components could serve 

as seeds for further parametric frequency conversion via the non-degenerate FWM 

process, in which all generated sidebands are equally distributed from each other 

[61]. When the new frequencies coincide with optical microresonator modes, the 

parametric process will be enhanced, leading to higher efficiency of sideband 

generation. One of the main advantages of this technique is the ultra-wide comb 

span (up to hundreds of nanometres), which results from the intrinsically 

broadband nature of optical parametric gain [60]. With a suitable selection of 

materials and proper dispersion engineering, an even broader comb generation 

can be expected [65, 66]. Moreover, the repetition rate of Kerr combs is ultimately 

limited by the effective path length of the microresonators rather than the RF 

oscillators and, hence, mode-spacing up to Terahertz (THz) can be obtained [19]. 

However, due to the complexity of the formation dynamics within the Kerr 

resonators, controlling the coherence of combs as well as achieving large detuning 

of the comb spacing remains challenging [16, 56, 67]. 

Mode-locked lasers 

In comparison to other OFC sources, mode-locked lasers have an extensive 
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history dating over 60 years [68, 69].  Numerous review papers and books discuss 

mode-locked lasers and explain their operating principles [50, 70, 71]. Despite 

providing broad spectra and wide mode spacing, these OFCs do not have much 

tunability [72]. Overall, the term ‘mode-locking’ refers to the well-established 

phenomenon within the multimode laser operation where a periodic pulse train 

spaced at a period equal to the round-trip time of the laser cavity, leading to equally 

distributed discrete combs in the frequency domain [28, 73, 74]. Even though 

mode-locking has been achieved in multiple material systems through different 

techniques (detailed in Section 1.2), the fundamental principle behind them stays 

similar and will be briefly explained in this section.  

In a multimode laser cavity, the phase of one mode is irrelevant to other laser 

modes. Thus, with no attempt to control the laser spectrum, the ‘free-running’ laser 

mode oscillates independently with its own phase [75]. Subsequently, the resulting 

laser output will be incoherent and fluctuate in the time domain, being similar to 

Fig. 1.2 (a). Despite being periodic, it would be difficult to observe the output due 

to its low intensity. However, by locking up the phases of all the modes to a certain 

degree, the multimode laser will operate as an MLL. This process can be easily 

understood in the time domain. As presented in Fig. 1.2 (b), the phases of all the 

modes are forced to have a fixed relationship to each other. In this case, an 

amplitude modulation resulting from the superposition of laser modes within the 

cavity will be employed for the output signal. As a result, those modes will radiate 

in phase regularly, producing a train of ‘coherent spikes’ [76]. One could also 

consider that this output pulse train arises from the dynamic competition between 

the gain from the laser medium and the loss created by either internal or external 

modulation. Ideally, within a period, a short-time window of net gain and a 

consistent loss for the rest of time is preferred to generate a desirable ultrashort 

pulse with extremely high power. Issues related to MLLs will be discussed in more 

detail further on in this chapter, and all the essential parameters of those mode-

locked OFCs will be detailed in Section 1.3. 
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Figure 1.2 Laser output in the time domain for (a) random case and (b) mode-locking case. 

1.3 Mode-locking in lasers 

1.3.1. Types of Mode-Locked Lasers 

The mode-locking technique could be assorted by different types of lasers. In this 

section, the four best-known types of lasers among all laser kinds for mode-locking 

will be discussed. They are dye lasers, solid-state bulk lasers, fibre lasers and 

semiconductor lasers. 

Dye lasers 

At the early stage, most of the original works of ultrashort pulse generation was 

carried out with dye lasers [77-79]. A dye laser uses a dye cell in the form of vapor, 

liquid, or solid as the gain medium, which needs an optical pump source. 

Commonly, the emission wavelengths depend on the dye cells used, with a wide 

selection of dye cells, and the dye lasers can cover an unparalleled broad spectral 

region from ultraviolet to near-infrared spectrum (300 nm ~ 1100 nm) [80]. Dye 

(a) (b)
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lasers with broad gain bandwidth are favoured candidates not only for wavelength 

tuneable applications but also for generating ultrashort pulses. However, this type 

of laser generally needs an expensive external optical pumping. Moreover, 

mixtures of dyes and solvents tend to undergo chemical degradation over time. 

This means that the dye solutions are supposed to be exchanged every tens or 

hundreds of operation hours. Also, additional precautions are needed when 

handling dye lasers since most of the dye solutions are poisonous and even 

carcinogenic. For these reasons, dye lasers are diminishingly used and gradually 

replaced by solid-state lasers in the field of ultrafast pulse generation once they 

are sufficiently developed. 

Solid-state lasers 

The term solid-state lasers refer to optically-pumped lasers with ion-doped solid 

gain materials (usually in crystal or glass form) [80]. Ever since the first 

demonstration of the ruby laser in 1960 [81], tremendous progress has been 

observed in using solid-state lasers to generate ultrafast pulses [82], and thus they 

are currently the dominant type of mode-locked lasers. There are various solid-

state lasers due to the diversity of gain materials and the numerous dopant ions. 

In this section, the solid-state lasers will be divided more specifically into solid-

state bulk lasers and fibre lasers according to the form of gain media.  

Solid-state bulk lasers 

Solid-state bulk lasers are made with bulk host materials that are doped with either 

rare-earth ions or transition metal ions. The most common solid-state laser used 

today is the neodymium-doped yttrium aluminium garnet (Nd: YAG) laser, while 

others, such as the ruby laser and the titanium-doped sapphire (Ti: sapphire) laser, 

are continuously used in certain applications. As the beam propagates freely in a 

non-processed (bulk) area, the beam radius is primarily determined by the design 

of laser resonators rather than by the gain medium. Normally, the operation 

wavelength of solid-state lasers can range from red to near-infrared spectrum (600 
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nm ~ 1000 nm). However, employing the non-linear wavelength conversion 

technique allows extending the emission wavelength in the visible and even the 

ultraviolet spectrum [83, 84]. The optical pump sources, which strongly impact on 

laser characteristics, are undoubtedly essential to solid-state bulk laser systems. 

When choosing a pump source, the trade-off between its cost and the beam quality 

should always be kept in mind. For example, the lamp-pumped sources are 

relatively cheap while the power efficiency is low and strong thermal effects might 

degrade beam quality. On the contrary, the diode-pumped sources with higher 

power efficiency could provide superior beam quality, but the price could be very 

high. Besides, solid-state bulk lasers are comprised of at least a pump source, a 

solid gain medium, lenses, output couplers, mirrors, and a cooling system, which 

limits an ultra-compact integration because of their large footprint. Although the 

construction is relatively simple, highly skilled users are always needed to optimize 

the alignments in these multi-element systems. 

Fibre lasers 

Once the bulk host material is fabricated into a light-guiding optical fibre, a special 

kind of solid-state laser called fibre laser is formed. The fibre lasers are normally 

treated separately from the bulk solid-state lasers because of their unique 

waveguide structures in the gain medium, where a doped optical fibre is employed 

as the resonant cavity. Although fibre lasers are relatively new to the market, they 

have achieved remarkable growth in recent years. It is widely believed that fibre 

lasers will eventually replace most of bulk lasers since they could reach the same 

or better performance at a potentially lower cost. As mentioned above, the 

conventional bulk solid-state lasers require critical alignments between optical 

components, which means that they are sensitive to movements. Fibre lasers, on 

the other hand, are immune to this drawback since the generated laser beams are 

very stable inside the fibres. Meanwhile, the fibre optic core could shield the 

propagating light from the environment, maintain the focused beam size, and 

ensure an extremely high-quality output beam. Furthermore, the fibre lasers show 

higher wall-plug efficiency than that bulk lasers, so less power will be lost in the 
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form of heat energy. Thanks to the long and thin fibre geometries, heat dissipation 

will be evenly distributed along the length of the fibre, which means that the thermal 

effects could be negligible in most fibre lasers [85]. However, such fibre geometry 

is also the source of the main limitation. The long propagation length and small 

effective mode area will bring inevitable nonlinear effects, significantly restricting  

achievable pulse duration or peak power [86, 87]. In addition, the twist dependence 

of polarization characteristics should always be considered when dealing with fibre 

lasers [88]. Therefore, despite the various benefits of fibre, they still face 

challenges in specific operation regimes at the same time. 

Semiconductor lasers 

Currently, semiconductor lasers present one of the most compact and efficient 

laser sources. They are comprised of a large group of binary, ternary, and 

quaternary elements from Group III–V of the periodic table. The two major 

commercial families of semiconductor lasers are those grown on InP and GaAs 

substrates. Although semiconductor materials are solid objects, semiconductor 

lasers are normally classified separately from solid-state lasers mainly due to their 

unique mechanisms of pumping and lasing [89]. Almost all semiconductor lasers 

are qualitatively the same and could be treated as the electrically pumped p-n 

junction. When forward-biased, a condition of population inversion is reached. The 

recombination of electrons and holes releases photons in the form of light with 

energy roughly equal to the bandgap energy of the gain material. Such direct 

conversion of electricity to light brings out a higher wall-plug efficiency than other 

optically pumped lasers [90]. The emission wavelength of semiconductor lasers is 

mainly determined by the choices of materials, dopants, and layer thickness. With 

band structure engineering, the operating wavelength could be further refined from 

0.4 𝜇m (GaN) to 20 𝜇m (lead salt). Moreover, instead of using mirrors, the optical 

feedback in the laser cavity is achieved by cleaved-facets which are perfectly 

parallel to each other [91]. Such a simple construction could bring us compact, 

lightweight, and easy-operation light sources.  
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Undeniably, semiconductor lasers may not suit many general laser applications 

due to their limited output power and great beam divergence. There are still dozens 

of ongoing research in this area, mainly due to their ability for potential monolithic 

integration with Silicon substrate and their capability for future CMOS compatible 

integration [92]. In 2016, our group demonstrated the very first electrically-pumped 

Si-based QD semiconductor laser working at room temperature [93]. Subsequently, 

the UCSB research group announced highly reliable Si-based semiconductor 

lasers, offering up to 87% efficiency and working over one million hours [94].  

Those astonishing findings inspire intensive research into certain applications, 

especially for those applications in Silicon photonics. In addition, the 

semiconductor mode-locked lasers could easily accomplish picosecond (ps) or 

femtosecond (fs) pulse trains with a multi-gigahertz (GHz) fundamental repetition 

rate. This property is indispensable in optical communications. In addition, the 

semiconductor mode-locked lasers could easily accomplish picosecond (ps) or 

femtosecond (fs) pulse trains with a multi-gigahertz (GHz) fundamental repetition 

rate. This property is important for applications in high-speed optical 

communications. 

1.3.2 Mode-locking techniques 

In general, the most common design for semiconductor MLLs is a multi-section 

Fabry-Perot (FP) cavity with cleaved mirror facets. The electrical isolation between 

the segments allows for different operating regimes along the laser cavity. By 

considering whether an external modulator is involved in achieving phase locking 

in the laser cavity, the mode-locking techniques could be classified into three types:  

active, passive and hybrid. These mode-locking techniques will be discussed in 

more detail below, and the main features of each technique are summarised in 

Table 1.1. 

Active mode-locking 

Active mode-locking is achieved by periodically modulating the resonator gain/loss 

with an external RF signal at a frequency synchronised with the cavity longitudinal 
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mode spacing (𝑓𝑟𝑒𝑝). As shown in Fig. 1.4 (a), the modulation is normally applied 

to the injection current (𝐼𝑖), resulting in a well-defined time window at each round-

trip. The width of this window is mainly determined by the external electrical signal 

and the laser dynamic, which will ultimately determine the output pulse duration 

[82]. In principle, only the circulating pulse that experiences a net round-trip gain 

(i.e., gain > loss) can survive within the resonator, while the intracavity radiation 

that undergoes a negative round-trip gain (i.e., gain < loss) will continuously 

diminish until it disappeared. With a highly stable driving source, the active mode-

locking provides the lowest pulse-to-pulse timing jitter (< 0.5 ps) among all three 

techniques [95, 96]. However, it has been proved that neither ultra-short pulse 

durations nor high repetition rates can be easily obtained in an actively MLL due 

to the restrictions of suitable high-frequency RF oscillators, available impedance 

matching circuitry, and ideal laser design with minimum parasitic capacitance, and 

applicable high-speed packages [97]. For these reasons, pulse shaping 

mechanism dominated by saturable absorption is more preferred for applications 

where particularly short pulses or high repetition rates are required. 

Passive mode-locking 

Unlike the active mode-locking, passive mode-locking benefits from the nonlinear 

dynamics of the intracavity saturable absorber (SA) and, it does not require 

external modulation during pulse generation [28, 98]. The SA can be considered 

as a lossy element whose transmission ability is enhanced with increasing light 

intensity [99]. The typical biasing condition for a passively MLL is presented in Fig. 

1.4 (b), where a reverse voltage source (𝑉𝑟𝑒𝑣) is applied to the SA region while the 

gain section is injected with a forward current source (𝐼𝑖). The working principle of 

the passively MLL is schematically presented in Fig. 1.3. When 𝐼𝑖  above the 

threshold current (𝐼𝑡ℎ) is applied, an optical waveform will propagate within the 

resonator cavity, with experiencing an amplification in the gain section and 

suffering an attenuation in the SA section. The light absorption in the SA section, 

due to the band filling mechanism, decreases nonlinearly until the absorber section 

reaches a temporary condition called self-induced transparency or ‘bleach’ for a 
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short time interval [100, 101]. Before recovery takes place, this positive feedback 

tends to cause a sudden rise in light intensity (i.e., pulse formation) in the SA region 

[102]. Immediately, the inverted-carrier population in the gain section will be 

depleted with the pulse propagation, resulting in a temporary gain saturation. The 

relative dynamic of SA and gain saturation intrinsically governs the pulse shaping 

mechanism in the passive MLL. Several round trips are usually required to obtain 

a stable pulse train emission due to the self-starting nature of the passive mode-

locking. Detailed discussions of conditions for achieving passive mode-locking will 

be covered in Section 1.2.3. Considering that the passively MLLs are free from 

running oscillators with no high-stable driving source involved in the pulse shaping 

process, they have the highest timing jitter levels (~ 100 ps). 

 

Figure 1.3 Schematic of carrier dynamic within the SA section. 

Hybrid mode-locking 

The hybrid mode-locking combines both active and passive mode-locking 

techniques, where an external RF modulation signal is applied to either gain or SA 

section to stabilise the generated pulse train [28]. Hence, it allows us to take 

advantage of the strong pulse-shortening effect in passive mode-locking while 

preserving the low timing jitter associated with active mode-locking. In addition, the  

𝑓𝑟𝑒𝑝 tuning on the order of few tens of MHz is enabled with modulation signal to 

compensate a certain degree of the frequency error resulting from the uncertainty 

of device cleaving [103, 104]. The most common biasing condition for a hybrid MLL 
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is shown in Fig. 1.4 (c). As can be seen, the 𝑉𝑟𝑒𝑣  applied to the SA section is 

modulated with a frequency synchronised to the 𝑇𝑅𝑇  of the laser cavity [105]. 

Despite the inherent advantages mentioned above, the hybrid mode-locking is to 

some extent similar to the active mode-locking that is stringently limited by the 

electrical RF drive signal, particularly the extremely short devices with ultra-high 

𝑓𝑟𝑒𝑝 [106]. To this end, the passive mode-locking technique is more favoured for a 

higher repetition rate (e.g., 𝑓𝑟𝑒𝑝 > 20 GHz) [107]. 

 

Figure 1.4 Typical biasing condition for (a) active mode-locking, (b) passive mode-locking, and (c) hybrid 

mode-locking. 

Table 1.1 Comparison of active, passive and hybrid mode-locking techniques. 

Features Active Passive Hybrid 

𝝉𝒑 Longest Shortest Relatively short 

𝒇𝒓𝒆𝒑 Up to tens of GHz Up to THz Up to tens of GHz 

Timing jitter Lowest 
(< 0.5 ps) 

Highest 
(~ 100 ps) 

Relatively low 

Tunability of 𝒇𝒓𝒆𝒑 Flexible Ridged Flexible 
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External driving signal Required Not required Required 

Stability Strong Weak Relatively strong 

Construction Complex Simple Relatively complex 

Cost High Low High 

1.3.3 Conditions for passive mode-locking 

This research mainly focuses on the high-repetition-rate MLL generated by the 

passive mode-locking, whose pulse shaping process is dominated by the SA 

section. Hence, a good understanding of the mutual interference between the gain 

and SA regions is essential to figure out the working principle behind those laser 

devices and thus optimise their performance. Therefore, this section briefly reviews 

the saturation dynamics in both gain and SA sections and highlights the crucial 

conditions for achieving passive mode-locking. 

 

Figure 1.5 The gain and loss dynamics for passive mode-locking. 

Figure 1.5 illustrates the time-dependent gain and loss dynamics during passive 

mode-locking operation in a QD-MLL. As shown, the unsaturated loss level is 



37 
 

initially higher than the unsaturated gain level [28]. The propagation of the 

travelling wave inside the cavity will gradually saturate the SA region until it 

becomes transparent, i.e., the loss level reaches the minimum point. When the 

light saturation in the SA section is faster than that in the gain section, a well-

defined temporal window of net amplification occurs. Soon after, the SA section 

recovers immediately from the saturated state to the original high loss state. Then, 

the net gain window closes, and the pulse formation completes. The width of this 

window is governed by the interplay between the SA absorption and gain 

saturation, which will ultimately determine the 𝜏𝑝 [99, 108].  As can be noticed, both 

leading edges and the trailing edges of the optical pulses experience greater 

attenuation than the high-intensity peaks at each round-trip. As a result, the 

generated pulses will undergo a continuous reshape within the laser cavity till the 

steady state is eventually reached after a certain transient time [70]. We can 

therefore conclude that the carrier lifetime (𝜏) in the SA and gain regions and the 

mutual interference of the saturation energy (𝐸𝑠𝑎𝑡) between those two sections are 

the two prerequisites for pulse generation in passive MLLs. 

Carrier lifetime 

As already mentioned, the τp is intrinsically decided by the relative dynamics of 

the gain and loss sections. In the same time interval, the SA section must recover 

faster than the gain medium to obtain very short pulses. At the same time, the gain 

saturation and recovery must be slower to avoid any potential amplifications 

happening between two consecutive pulses [109]. Since the recovery times are 

predominantly determined by the carrier lifetimes, the 𝜏𝑎 <  𝜏𝑔 should be obeyed 

all the time [98], where 𝜏𝑎  and  𝜏𝑔  are the carrier lifetimes in the SA and gain 

sections, respectively. In practical, a high 𝑉𝑟𝑒𝑣 is usually applied to the SA section 

to solidify this relationship and ensure short-pulse generation. 

Saturation energy 

For stable passive mode-locking emission, the saturation energy of the SA region 
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(𝐸𝑠𝑎𝑡
𝑎 ) should always be smaller than that of the gain section (𝐸𝑠𝑎𝑡

𝑔
) [29, 110]. That 

is, for a given pulse energy, the absorber must saturate faster than the gain 

medium. The energy saturation energies of these two sections are defined as [29, 

98, 111]: 

𝐸𝑠𝑎𝑡
𝑔

=
ℎ𝑣𝐴

Г𝑑𝑔
𝑑𝑛

1.4 

𝐸𝑠𝑎𝑡
𝑎 =

ℎ𝑣𝐴

Г𝑑𝛼
𝑑𝑛

1.5 

where hv  is the photon energy, 𝐴  is the optical modal gain, Г  is the optical 

confinement factor, 𝑑𝑔/𝑑𝑛 and 𝑑𝛼/𝑑𝑛 are the material differential gain and loss, 

respectively. 

This condition can be better explained in conjunction with Fig. 1.6, in which the 

profile of differential gain/loss against carrier density in QD materials is exhibited. 

In general, the semiconductor materials have limited DoS, and, therefore, the rate 

of change in gain/loss decreases continuously with increasing carrier density. As 

can be easily observed, the differential loss in the absorption region is always 

greater than the differential gain in the gain region (𝑑𝛼/𝑑𝑛 >  𝑑𝑔/𝑑𝑛 ). Assuming 

that the 𝐴 and the Г remain constant for both two regions, from the Equation 1.4 

and 1.5, we can deduce that larger saturation energy is expected in the gain 

section than in the absorber regime (i.e., 𝐸𝑠𝑎𝑡
𝑎 <  𝐸𝑠𝑎𝑡

𝑔
) [29]. To fulfil this condition, 

in practice, the SA region is normally applied by reverse bias, while the gain section 

is usually injected under forwarding bias. 

Unfortunately, there is a trade-off between the above two conditions. With a higher 

level of 𝑉𝑟𝑒𝑣, a faster 𝜏𝑎 can be attained through more efficient carrier extraction, 

which allows us to strengthen the pulse-shortening mechanism. However, it also 

induces a larger cavity loss, resulting in a higher 𝐼𝑡ℎ of the laser device. Additionally, 

an increase in 𝐸𝑠𝑎𝑡
𝑎   might occur due to the bandgap detuning caused by the 
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electric-field induced quantum-confinement stark effect (QCSE) [102]. On the other 

hand, an enhanced  𝐼𝑖 could boost the 𝐸𝑠𝑎𝑡
𝑔

, but at the same time, it may lead to a 

faster 𝜏𝑔 and result in unwanted pulse-broadening mechanism. Consequently, it is 

rather challenging to simultaneously optimise both 𝜏𝑎 <  𝜏𝑔  and 𝐸𝑠𝑎𝑡
𝑎 <  𝐸𝑠𝑎𝑡

𝑔
  for 

best mode-locking performance. Therefore, stable passive mode-locking can only 

be achieved through a delicate balance between  competing phenomena in both 

SA and gain sections, leading to a limited driving range for ideal short and intense 

pulse formations [112]. 

 

Figure 1.6 Schematic representation of the gain and absorption versus carrier density for QD materials [29, 

97]. 

1.4 Parameters for mode-locked OFCs 

The mode-locked OFCs in this project is aimed at optical data transmission in the 

telecommunication sector. Hence, a number of unique requirements on the comb 

parameters related to this application field should be concerned, such as the 

fundamental repetition rate, emission spectra, power per comb, OSNR, pulse 

duration and timing jitter. Instead of elaborating on the characterisation techniques 

(which are covered in section 2.3), this section specifies the physical meaning of 

the main characteristics and discusses how those parameters might limit the 



40 
 

transmission ability of a given comb source. Understanding those constrictions 

could motivate device design and discussions in the following chapters. 

1.4.1 Fundamental repetition rate 

The fundamental repetition rate (𝑓𝑟𝑒𝑝) of a passively MLL is also known as the tone 

spacing or the free spectral range (FSR) of the laser device. It corresponds to the 

time taken for light to make an exactly one-round trip of the laser cavity L and is 

given by: 

𝑓𝑟𝑒𝑝 =
𝑐

2𝑛𝐿
1.6 

where 𝑐 is the vacuum speed of light and 𝑛 is the refractive index of the active 

region. 

For OFC-based WDM transmission systems, the 𝑓𝑟𝑒𝑝 is expected to comply with 

the ITU-T Rec. G.694.1 spectral grids, i.e., located within the range of 12.5 GHz to 

200 GHz [13, 49]. The OFC sources with a higher 𝑓𝑟𝑒𝑝  are normally less 

susceptible to the interference beating between adjacent combs, hence, can 

potentially minimise the influence of wavelength drift of laser devices in DWDM 

networks [113, 114]. Besides, the large mode-spacing of the OFCs allows 

individual tones to be separated more easily by available optical filters, which 

brings extra benefits in practical applications. On the other hand, a lower 𝑓𝑟𝑒𝑝 leads 

to denser OFCs, which increases the difficulties in filter out comb lines for 

individual data modulations. Furthermore, the 𝑓𝑟𝑒𝑝 directly determines the highest 

symbol rate at which a tone can be modulated [115]. Therefore, the OFCs with 

lower 𝑓𝑟𝑒𝑝 require more comb lines to achieve the same bit rate compared to the 

higher 𝑓𝑟𝑒𝑝 cases. 

1.4.2 Centre wavelength and spectral width 

For practical applications, the multi-wavelength OFC source should be compatible 

with the existing telecommunication infrastructure based on standard silica fibres, 
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i.e., optical communication in either telecom O-band at 1.3 µm (with low chromatic 

dispersion) or telecom C-band at 1.55 µm (with the minimum attenuation) [116, 

117]. Although the conventional telecom C-band is still the most commonly used 

in reality, increasing attention has been paid to telecom O-band to fulfilling the 

transmission capacity of the current photonic networks. As a key parameter, the 

centre wavelength (𝜆𝑐𝑒𝑛𝑡𝑟𝑒) of semiconductor laser is determined by the band gap 

of the active material [118]: 

𝜆𝑐𝑒𝑛𝑡𝑟𝑒 =
ℎ𝑐

𝐸𝑔
1.7 

where ℎ is the Planck constant, 𝑐 is the vacuum speed of light and 𝐸𝑔 is the energy 

gap in eV. Theoretically, with suitable material choice and proper band-gap 

engineering, the fabricated MLLs could be tailored to specific wavelengths for 

target applications. 

The spectral width (3dB bandwidth or full width at half maximum (FWHM)) of the 

emission spectrum (∆λBW ) is another important characteristic of mode-locked 

OFCs, which can be expressed as:  

∆𝜆𝐵𝑊 = 𝜆2 − 𝜆1 =
𝑐

𝑓2
−

𝑐

𝑓1
=

𝑐

𝑓1𝑓2
∙ ∆𝑓𝐵𝑊 1.8 

where 𝜆1 and  𝜆2 are the lower and upper half-power points, repectively. The value 

of  ∆𝜆3𝑑𝐵
′  is mostly affected by the homogeneous broadening and inhomogeneous 

broadening of the gain medium [119, 120]: Though the homogeneous broadening 

may influence the shape of the emission spectrum, in our case, the 

inhomogeneous broadening mechanism is dominant, and thus, the influence of 

homogeneous broadening is negligible [121]. It has been proved that with simple 

Fourier analysis, the achievable pulse duration is inversely proportional to the 

∆𝜆𝐵𝑊  [122]. Typically, large inhomogeneous broadening leads to a broad gain 

bandwidth, corresponding to a relative short 𝜏𝑝 . Furthermore, a broad ∆𝜆𝐵𝑊  is 

particularly desired for data transmission purposes as it enables a large number of 
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comb lines for parallel data transmission, which can directly affect the aggregate 

transmission capacity of the laser device [123-125]. 

1.4.3 Power and OSNR 

The power and noise levels for OFCs impose a significant impact on transmission 

performance. The ratio between those two levels in a given bandwidth (normally is 

0.1 nm) is defined as the OSNR, which constrains the modulation format options 

[126, 127].  High output power is always desired in optical transmission for 

eliminating the usage of optical amplifiers, which will add extra amplified 

spontaneous emission (ASE) noise and degrade the OSNR level. Furthermore, 

assuming that the 3-dB bandwidth of the emission spectra remains the same, the 

average power per comb is believed to decrease with the number of channels due 

to the gain saturation [128]. That is, if the output powers of all MLLs were in the 

same order, a higher power per comb will be achieved with a larger 𝑓𝑟𝑒𝑝 since the 

total output power is spread over fewer assumed modes.  

It should be mentioned that the average power per comb received after optical 

transmission needs to be above a certain level for useful data analysis. To 

determine such a lower limit for the power per comb, it is critical to consider several 

factors, including the modulation format, the medium for light propagation, the 

transmission distance, and the receiver sensitivity. 

1.4.4 Pulse duration and TBP 

As mentioned in previous sections, the laser pulse generated through mode-

locking mechanism contains a series of frequency components that travel 

independently within the cavity. The associated spectral phase can be treated as 

a smooth function which can be expressed using a Taylor series expansion around 

an angular frequency ωo [109, 129]: 

𝜑(𝜔) = 𝜑0 +
𝜑1

1!
(𝜔 − 𝜔0) +

𝜑2

2!
(𝜔 − 𝜔0)2 +

𝜑3

3!
(𝜔 − 𝜔0)3 + ⋯ 1.9 

where the φ1  and φ2  are the group delay (GD) and the group delay dispersion 
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(GDD), respectively: 

𝐺𝐷 = 𝜑1 =
𝑑𝜑(𝜔)

𝑑𝜔
1.10 

𝐺𝐷𝐷 = 𝜑2 =
𝑑2𝜑(𝜔)

𝑑𝜔2
1.11 

In general, the GDD describes the wavelength dependency of the GD in a given 

length of a dispersive medium. The GDD per unit length is known as the group 

velocity dispersion (GVD) [130]: 

𝐺𝑉𝐷 =
𝐺𝐷𝐷

𝐿
1.12 

If the value of GDD equalled to 0, the GD was constant for all frequency 

components and the pulse profile could be maintained during light propagation. 

On the other hand, a non-zero GDD means that each wavelength travels at 

different speeds within the resonator, resulting in pulse broadening in the time 

domain [131]. Therefore, it is extremely important to have a low GDD over the 

operational bandwidth for ultrashort pulse generation [132]. The pulses generated 

by passive MLLs are  typically in the sub-picosecond range, making it unrealistic 

to directly detect the optical signal with a conventional photodiode (PD), whose 

bandwidth is limited to 100 GHz. For this reason, the intensity autocorrelator (AC) 

based on second-harmonic generation (SHG) is widely used to provide a fairly 

good estimation of pulse characterisation. Detailed information on AC technique 

and how it derives the 𝜏𝑝 is referred in section 2.3.2. It is important to note that the 

𝜏𝑝 can only be obtained by assuming a specific waveform of the generated pulse. 

The two most commonly used waveforms are Gaussian and hyperbolic secant 

squared (sech2), and each wave shape has its own deconvolution factor as listed 

in Table 1.2 [133]. Inappropriate assumptions may result in large differences 

between the calculation results and the actual values [134]. 

The time-bandwidth product (TBP) is another figure-of-merit, indicating the quality 
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of the generated pulse and can be expressed as [135]: 

𝑇𝐵𝑃 = 𝜏𝑝 ∙ ∆𝑓𝐵𝑊 1.13 

Even though the TBP value could vary from case to case, there will be a minimum 

level for the certain pulse profile. In the other words, the achievable τp for a given 

optical spectrum always has a lower limit that leads to the maximum pulse peak 

intensity, and the attained pulse from this limit is called the Fourier-transform-

limited pulse or transform-limited pulse [109]. Due to the non-zero GDD, the actual 

TBP obtained is often larger than the theoretical minimum value. The difference 

between measured and ideal TBP allows us to deduce how much the generated 

pulse can potentially be compressed [136]. 

Table 1.2 The deconvolution factors and the minimum TBP values for different pulse profiles. 

Pulse profile 
Deconvolution Factor 

(𝝉𝒑/𝝉𝑨𝑪) 

Fourier-transform-limited 

TBP 

Gaussian 0.707 0.441 

Sech2 0.648 0.325 

1.4.5 Timing jitter  

Timing jitter, another significant factor in almost all communication systems, is 

defined as the deviation of the instant pulse positions from their ideal location in 

the time domain [137]. The time fluctuations (𝛥𝑡(𝑡)) can be expressed as followed: 

𝛥𝑡(𝑡) = 𝑡𝑝(𝑡) − 𝑡𝑝0(𝑡) 1.14 

where 𝑡𝑝  is the temporal position of the pulse and tp0  is the nominal position 

determined by the frep. Commonly, the phase noise and timing jitter are related to 

each other and can be utilised interchangeably [138, 139]. Hence, the term 𝛥𝑡(𝑡) 

can be converted into equivalent phase variations (𝜙(𝑡)) in radiance by employing 

the following equation: 
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𝜙(𝑡) = 2𝜋𝑓𝑟𝑒𝑝𝛥𝑡(𝑡) 1.15 

The timing jitter (𝜎𝑗) can then be quantified in terms of the 𝜙(𝑡) [140]: 

𝜎𝑗
2 = 〈|𝜙(𝑡)|2〉 1.16 

The root-mean-square (RMS) of the timing jitter (𝜎𝑗,𝑅𝑀𝑆) can be computed as [141, 

142]: 

             𝜎𝑗,𝑅𝑀𝑆_∞ = √∫ 𝑆𝜙(𝑓)

∞

−∞

𝑑𝑓 1.17 

where 𝑆𝜙(𝑓) is the phase noise spectral density. The phase noise spectral density 

can be further expressed in terms of the single sideband (SSB) phase noise (𝐿(𝑓)), 

which can be directly measured by an RF spectrum analyser [143]: 

             𝐿(𝑓) =
𝑆𝜙(𝑓)

2
1.18 

In practical, the timing jitter is often obtained over a certain frequency interval 

[𝑓𝑖 , 𝑓𝑥] rather than an infinite amount of time. Thus, the 𝜎𝑗,𝑅𝑀𝑆 can be written as: 

             𝜎𝑗,𝑅𝑀𝑆 (𝑟𝑎𝑑𝑖𝑎𝑛𝑠) = √2 ∫ 𝐿(𝑓)

𝑓𝑥

𝑓𝑖

𝑑𝑓 1.19 

            𝜎𝑗,𝑅𝑀𝑆 (𝑠𝑒𝑐𝑜𝑛𝑑𝑠) =
√2 ∫ 𝐿(𝑓)

𝑓𝑥

𝑓𝑖
𝑑𝑓 

2𝜋𝑓𝑟𝑒𝑝
1.20

 

Low timing jitter is necessary to reduce transmission errors and accomplish good 

optical communication. It is believed that the random fluctuations in the gain and 

refractive index are the major sources of timing jitter [28, 98]. To stabilise those 

fluctuations and thereby obtain an ultra-low level of 𝜎𝑗 (~ fs), an optical feedback 

loop is usually implemented [144, 145]. 
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1.5 Advantages of QDs 

Based on the discussions in sections 1.2 and 1.3, this section will explain in detail 

the unique advantages of QD materials over their bulk or QW counterparts. 

Since the first successful demonstration of double heterostructure lasers in 1970, 

researchers have gradually realised that carrier confinement is necessary for 

achieving efficient lasing [146]. The growing interests in quantum-confined 

materials have promoted the development of semiconductor lasers worldwide. By 

reducing the dimensionality of the active region, 1-D confined QW structure, and 

3-D confined QD structure can be achieved. The dimensionality here refers to the 

number of directions in which the electronic carriers could move freely [147]. Figure 

1.7 presents the density of states (DOS) as a function of energy in bulk (3D), QW 

(2D) and QD (0D) structures. As can be noted, the QD structure features a delta-

function-like DOS that can effectively confine carriers in discrete energy levels. 

Moreover, it has been proved that QD material exhibits a number of inherent optical 

properties owing to such a low-dimensional nanostructure [148, 149], including low 

threshold current [149, 150], broad emission spectrum [23], improved temperature 

stability [27, 32, 151, 152], ultrafast carrier dynamics [25], and large ratio of 

saturation energies in the gain and SA sections [29]. These advantages make the 

QD structure an appealing candidate for stable OFC generation and will be further 

described below. 

 

Figure 1.7 Schematic diagram of density of states in bulk, quantum well and quantum dot structures. 
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Low threshold current 

The first advantage of using QDs as an active medium in laser devices is the low 

threshold current. As already mentioned, QDs are zero-dimension (0D) 

nanoparticles, in which the carriers are confined in all 3 dimensions. The overall 

active region volume of the QD structure is much smaller than that of the 

conventional bulk or QW structures [153]. Because of the strong carrier 

confinement and the limited energy states, the carriers are spread over a small 

energy range and rapidly filled into working energy states, which leads to a high 

probability of radiative recombination [150, 154]. As a result, fewer injection 

carriers are required for achieving population inversion, and thereby, lasing at a 

low threshold current could be obtained. In addition, for QD MLLs, the mode-

locking behaviour normally occurs near the threshold current, where the carriers 

contributing to non-stimulated emission are reduced. Therefore, the level of 

amplified spontaneous emission (ASE) within the cavity is low [155-157]. Laser 

devices with low power consumption and low ASE are always favoured for real-life 

applications, especially in the optical communication field. 

Broad emission spectrum 

Although the theoretical model predicted excellent uniformity in ideal self-

assembled QDs, in reality, inhomogeneous broadening arising from the size 

variation is inevitable [27, 158, 159]. In general, QDs can only undergo stimulated 

emission at a certain energy level that is determined by their geometric size. Thus, 

the individual QD can be treated as an uncorrelated emission source from other 

QDs, leading to a broad emission spectrum that is particularly beneficial for MLLs 

in optical communication systems [160]. Sub-picosecond pulses corresponding to 

an optical spectrum of 14 nm have been successfully demonstrated in two-section 

InAs/GaAs QD MLLs [161]. According to Fourier transform analysis, a broader 

optical spectrum could potentially produce shorter optical pulses [28, 162]. Hence, 

the researchers believe that sub-100 fs pulses could be achieved with a broader 

gain spectrum in simple QD MLL configurations [28].  
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Improved temperature stability 

Compared with other bulk or QW materials, QD lasers with improved temperature 

characteristics could enable stable high-temperature operations and open a new 

market for cost-effective applications [149]. The superior temperature stability of 

QD lasers is mainly attributed to the enhanced energy separations between the 

ground state (GS) and the first excited state (ES1), which effectively prevents 

carriers from escaping out of the GS at elevated temperatures [163-165]. 

Otherwise, the carrier leakage will result in a decrease of QD gain for the same 

injection current, which in turn leads to an unexpected increment in the threshold 

current density [163, 166]. The temperature-independent QD lasers are realised 

by a well-known technological breakthrough that implements p-type doping during 

the QDs growth [167-169]. The key of this technique is to introduce a permanent 

population of holes into QDs, compensating the hole thermal spreading across the 

closely spaced energy states in the valence band (VB) [170]. Consequently, the 

degradation of device performance at high working temperatures can be avoided. 

Our group has developed a stable QD MLL operating up to 120C (detailed in 

Chapter 4), and the results of this work suggest that QD MLLs could be employed 

as uncooled OFC sources for data transmission [32]. 

Ultrafast carrier dynamics 

QD structure also benefits from the ultrafast carrier dynamics owing to its low 

dimensionality [171]. The fast carrier capture and relaxation in QDs result in 

ultrafast gain/absorption recovery processes, which has been widely proved [25, 

101, 172, 173]. And this property makes passive QD MLLs particularly attractive 

for short pulse generation, as the pulse duration is primarily determined by their 

absorber recovery times. Besides, it has been experimentally demonstrated that 

the recovery time can be further reduced by applying a reverse field to the SA 

section (e.g., from 62 ps with 𝑉𝑟𝑒𝑣 = 0 V to ~ 700 fs with 𝑉𝑟𝑒𝑣 = –10 V) [101]. Hence, 

the ultrafast gain and absorber dynamics associated with QD material are ideal for 

passive mode-locking operation. 
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Saturation energy 

The large ratio of the gain to SA section saturation energies adds extra benefit to 

QD MLLs. As depicted in Fig. 1.8, for any structure of semiconductor materials, the 

differential gain is generally higher in the absorption regime than in the gain regime 

as the modal gain spectra tend to flatten out with increasing carrier density, which 

is a consequence of the limited density of available states [29]. Therefore, less 

energy is required to saturate the reverse-biased absorber section as compared 

to the forward-biased gain section [98]. This phenomenon is more prominent in QD 

material owing to its discrete nature of DOS. As stated before, the pulse shaping 

mechanism within the two-section MLLs is governed by the ratio of saturation 

energies in the gain and SA sections, which correspond to the pulse-broadening 

and pulse-shortening mechanisms, respectively. With careful balance, QD MLLs 

could take advantage of a low 𝐸𝑠𝑎𝑡
𝑎  to enhance the pulse shortening effect while 

simultaneously benefiting from a high 𝐸𝑠𝑎𝑡
𝑔

 to facilitate the formation of high peak 

power pulses [174-176]. These factors make QD materials prime candidates for 

stable pulse generation. 

 

Figure 1.8 Normalised modal gain versus carrier density for bulk (red), quantum well (blue) and quantum dot 

(green) materials [29]. 
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Chapter 2 Experimental Methods 

2.1. Epitaxy Structure 

The initial step in sample preparation is developing GaAs-based high-quality 

wafers with a specially designed InAs QDs active region. The wafers utilised in this 

work were all grown by the molecular beam epitaxy (MBE) machine, which allows 

precise control of the chemical composition and doping levels during the growth 

process [1-4]. Instead of explaining the working principle of the MBE, this section 

focuses mainly on our specialised QD formation process. 

The entire epitaxial layer was deposited layer-by-layer in the growth chamber of 

the MBE, with chosen elements Be and Si for p-type and n-type doping, 

respectively. The detailed epitaxy configuration of the wafer is given in Table 2.1, 

where a general p-i-n structure is built on top of the GaAs (001) substrate by 

controlling the dopant concentration in each layer. An attention-grabbing feature of 

our active region is that rather than using a conventional dot-in-well (DWELL) 

structure where the QDs are sandwiched between two quantum wells, the self-

assembled InAs QDs are directly grown on the GaAs surface via Stranski-

Krastanov (SK) growth mode. As depicted in Fig. 2.1, the QD growth starts from 

the deposition of element In and As which leads to the formation of a two-

dimensional (2D) InAs wetting layer on the surface of the GaAs layer. When the 

thickness of the InAs wetting layer reaches a critical value of 1.7 monolayers (MLs), 

this 2D thin-film layer transits to three-dimensional (3D) islands due to the 7.2% 

lattice mismatch between the InAs composition and the GaAs substrate [5-7]. Here, 

the InAs QDs are formed by supplying 2.7 MLs of InAs and capped by a 3.7 nm-

thick InGaAs strain-reducing layer (SRL). Compared with GaAs, the larger lattice 

constant of InGaAs enables a strain relaxation in the growth direction of InAs QDs, 

resulting in larger dot size and longer emission wavelength (~ 1.3 µm) [8, 9]. 

Moreover, the dot coverage with InGaAs SRL could preserve a good dot uniformity, 

achieving relatively narrow photoluminescence (PL) full-width-half-maximum 

(FWHM) of ~28-30 meV at room temperature. In addition, a greater than the usual 
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number of QD layers (8 or 10 layers in total) is employed to obtain the desired high 

optical gain [10]. By adopting appropriate growth conditions, a high dot density with 

good dot uniformity can be preserved in such strain-driven self-assembly 

GaAs/InAs QDs. As presented in Fig. 2.1 (Right top), the AFM image reveals that 

an ultrahigh dot density of 5.9 × 1010 cm-2 is accomplished without any degradation 

in dot uniformity, which is almost double our previous result of 3 × 1010 cm-2 (shown 

in Right bottom of Fig. 2.1). The wafers used in this project were grown by the QD 

Laser Inc., Kawasaki, Kanagawa, Japan. 

Table 2.1 Epitaxy layer structure of GaAs-based wafer. 

Material 
Designed Al 

content x 

Designed 

Thickness (nm) 

Typical Doping 

Density (cm-3) 
Repeat 

p-GaAs  

100 Be: 2 x 1019 

1 

300 Be: 1.4 x 1019 

p-AlxGa1-xAs 

0.2 20 Be: 1.4 x 1019 

0.4 1400  

0.2 20  

GaAs - 24  

i-GaAs 

 

35.5 

 8 or 10 InGaAs SRL 3.7 

InAs QD 0.8 (~ 2.7 ML) 

GaAs - 60  

1 

n-AlxGa1-xAs 

0.2 20  

0.4 1400  

0.2 20 Si: 6 x 1018 

n-GaAs - 300 Si: 1 x 1018 

n-GaAs Sub. - 3 inches Si: 1-1.5 x 1018 
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Figure 2.1 Left: Schematic diagram of InAs/GaAs QD layer structure. Middle: Schematic diagram showing 

formation sequence of self-assembled InAs QDs. Right: Atomic force microscope (AFM) images of InAs 

QDs density achieved in this and previous work. 

2.2. Device Fabrication 

After material inspections, the well-prepared wafer will be cleaved into pieces, and 

ready for nanofabrication. The layouts of the designed structures are shown in Fig. 

2.2, where the two-section passively QD-MLLs with SA-to-gain length ratio (
𝐿𝑆𝐴

𝐿𝑔𝑎𝑖𝑛
) 

ranging from 1: 3 to 1: 7 can be found. The general fabrication process, including 

photolithography, wet/dry chemical etching, and metal/dielectric deposition, is 

summarised in a flowchart (Fig. 2.3). The corresponding cross-sectional and three-

dimensional views of each main fabrication step are referred to Fig. 2.4. Appendix. 

A details the full fabrication procedure and corresponding parameters in each step; 

the following sections provide a brief description of the most essential 

methodologies involved. 

It should be mentioned that due of the LCN clean-room refurbishment issue and 

the closure of UCL during the COVID-19 pandemic, all fabrication steps were 

conducted outside of UCL by me as an exchange student. With the help of Dr 

Jianou Huang, the first complete manufacturing cycle took place in 2019 at the 

Eindhoven University of Technology (TU/e), Netherlands. Later in 2021, as a 

consequence of the device degradation, samples were re-fabricated at the Institute 

of Physics, Chinese Academy of Sciences (CAS), China. The second process flow 
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was greatly supported by Mr Mingchen Guo and Mr Bo Yang.  

 

Figure 2.2 Layouts of designed devices using Klayout. 

 

Figure 2.3 Flowchart of the MLL fabrication process. 
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Figure 2.4 The schematic diagrams showing the cross-sectional (Left) and three-dimensional (Middle) views 

of the main fabrication steps. Right: the corresponding SEM images of each step. 
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2.2.1. Sample Cleaning 

The sample cleaning process is the very first step for semiconductor fabrication. It 

aims to remove both chemical and particle impurities without damaging the 

substrate. Any contaminants on the sample surface may deteriorate device 

performance, leading to device failure and, ultimately, limiting the yield of device 

manufacturing [11]. In this work, the wafer was ultrasonically cleaned with acetone 

for 5 minutes, followed by an additional 5-minute soak in isopropyl alcohol (IPA). 

Albeit the acetone solvent can effectively remove the organic dirt particles and 

semiconductor dust, it leaves a residue on the sample surface because of the rapid 

evaporation. IPA, as an excellent rinse agent, could dissolve the residue and avoid 

stained surfaces. Afterwards, the sample was dipped into deionised (DI) water, 

blown dry by a nitrogen gun, and inspected under a microscope. This cleaning 

process was repeated until the cleanliness of ≤ 4 particles per field of view on 50x 

magnification is achieved. Finally, a dehydration bake for 3 minutes at 150 °C was 

applied to remove all moisture from the substrate. 

2.2.2. Lithography 

In semiconductor lasers, the designed structure is commonly obtained via a direct 

pattern transfer technique called lithography. There are different types of 

lithography, such as conventional photolithography, electron beam lithography 

(EBL), ion beam lithography (IBL), X-ray lithography and laser direct writing 

lithography (LDWL). Conventional photolithography, with the ability of parallel 

process, has been widely used in the large-scale semiconductor industry. However, 

this contact printing method inevitably requires the use of photomasks, which 

significantly reduces the operational flexibility [12, 13]. As an alternative optical 

lithography technique, LDWL utilises a focused laser beam to directly transfer the 

pattern on a substrate surface. It is a non-contact, maskless and flexible patterning 

technique [14]. In this work, all lithography steps were carried out in the LDWL 

system (Heidelberg DWL66+). 

The general process of LDWL is illustrated in Fig. 2.5. Before the lithography 
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session, a light-sensitive polymer named photoresist will be spun coated on the 

sample surface. In general, the photoresist can be divided into two tones: positive 

and negative, which show exactly opposite characterisations in response to 

radiation exposure. For a positive photoresist, the photosensitive compound in the 

exposed area will transform into a more soluble portion due to the photochemical 

reaction. On the contrary, the exposed region in the negative photoresist tends to 

become more insoluble in the developing solution. Normally, the selection of a 

certain type of photoresist is aimed to minimise the laser direct writing time. For 

example, a positive photoresist is typically desired in ‘p-/n- metallisation’ and ‘open 

window’ steps while a negative photoresist is more preferred for defining laser 

ridges. Here, only positive photoresists are involved in the whole fabrication 

process due to the absence of negative photoresists in our laboratory.   

 

Figure 2.5 Standard process for LDWL with positive and negative photoresist. 

In most cases, a uniform resist film (SPR220-3.0) with great adhesion will be spin-

coated on the sample surface for pattern developments. However, this changes in 
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the case of ‘photolithography for metallisation’, where a bi-layer lift-off method is 

introduced. As depicted in Fig. 2.6, the resist LOR10B—a sacrificial release layer— 

is used as an underlayer in combination with the SPR220-3.0. Because the 

LOR10B is a non-photosensitive but more soluble resist, an undercut structure will 

be formed after development. This is critical for allowing the acetone to reach and 

dissolve the resists during the lift-off process. Consequently, the metal deposited 

on the top of the photoresist could be completely removed via acetone immersion. 

Figure 2.7 shows the microscope images of developed samples for both coating 

methods, where the double lines in Fig. 2.7 (b) indicate a significant undercut 

structure. The cross-sectional high-resolution SEM image of this undercut 

structure is displayed in Fig. 2.7 (c). 

 

Figure 2.6 Schematic diagram of bi-layer lift-off process. 

 

Figure 2.7 Microscope images of developed sample coated with (a) single layer of SPR220-3.0; (b) bi-layer 

method. (c) SEM image of formed undercut structure in (b). 

2.2.3. Etching 

After the lithography session, the patterned features will be defined via either wet 

or dry etching process. If the etching process involves using chemical solvents (i.e., 

the etchants) to remove the material, it is called wet etching. Basically, the etchants 
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consist of an oxidizing agent (e.g., H2O2), an agent for dissolving the oxides (e.g., 

H2SO4, HCl, HF, and H3PO4), and a solvent (e.g., DI water) [15]. By dipping the 

sample into a liquid-based etchant, the exposed wafer area will be dissolved via 

chemical reactions, which forms a soluble by-product, while the unexposed area 

will be protected by an insoluble photoresist that is resistant to etching.  

The dry etching process (also known as the plasma etching), on the other hand, 

refers to the use of etchant gases. In this case, the etching takes place in a vacuum 

chamber filled with selected gases (e.g., BCl3, CHF3, CF4, Cl2, Ar, and O2). A strong 

RF electromagnetic field is applied to accelerate the collision between electrons 

and neutral gas molecules, which prompts an ionization of gases and thus 

generates a plasma [16-18]. As illustrated in Fig. 2.8, the ions will diffuse towards 

the sample surface until adsorption occurs. Then, the chemical reaction between 

the radicals will produce some volatile gaseous by-products, which will disperse 

into the flowing gas and be further expelled through the vacuum system [17, 19, 

20]. Currently, almost all dry etching procedures combine the chemical reaction 

with the physical bombardment of the ions to enhance the etching results [21-24]. 

To avoid photoresist degradation during the plasma exposure, a more durable 

dielectric mask, such as SiO2, is generally preferred. 
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Figure 2.8 Schematic for dry etching process [25]. 

Normally, in a complete fabrication flow, numerous etching steps are involved. 

Therefore, as an extremely important fabrication step, both wet and dry etching 

mechanisms have been widely studied. The general comparisons between those 

two major types of etching are summarised in Table 2.2. Despite the chemical 

handling hazards, wet etching is fairly cheap since no specialised equipment is 

required. Besides, a bunch of options are available due to the characterised nature 

of various chemical solutions, depending on the specific material to be etched. 

Meanwhile, it benefits from the simple implementation, high material selectivity, 

and high etching rate. However, the wet chemical etching tends to be isotropic in 

nature, which means that the etch rates are equal in all spatial directions [26]. If it 

is not well controlled, undercutting of the mask may lead to a narrowing neck of 

the mesa. A comparison of general features of wet and dry etching for GaAs is 

provided in Fig. 2.9. In addition, the isotropic wet etching could have worse effects 

on small features (< 5 µm), where the whole ridge may be etched away. Fig. 2.10 

(a) shows Dektak surface profiles of 3 µm-width and 15 µm-width ridges before 
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and after wet etching. During the etching process, both ridges are covered by a 

photoresist. Unlike the 15 µm-width ridges, after 5 mins etching in citric acid 

solution (Citric: H2O2: H2O = 10: 1: 10), for the 3 µm-width ridges, the ridges 

disappeared (shown in Fig. 2.10 (b)) and the floating masks can be seen in the 

micrograph image in Fig. 2.10 (c). Apart from this, the etching rate is particularly 

susceptible to acid concentration, etching temperature, as well as etchant 

freshness [27]. Hence, even the same recipe might deliver various results in 

different wet etching processes. For those reasons, we employ isotropic wet 

etching only for etching the gap between the gain section and the SA section, as 

the main claim for this step is electrical isolation with no specific requirements of 

the etched profile. It should be mentioned that our choice of “Citric: H2O2: H2O = 

10: 1: 10” as the wet etchant results from its high selectivity for GaAs over AlGaAs 

[28-30]. 

Table 2.2 Comparisons between wet and dry etching. 

 Wet Etching Dry Etching 

Method Chemical Physical and/or Chemical 

Environment Atmosphere Vacuum Chamber 

Advantages 

1) Easy to implement 

2) Good material selectivity 

3) High etching rate 

1) Repeatable 

2) High resolution (< 100 nm) 

3) Precise process control 

Disadvantages 

1) Poor resolution (~ 1 µm) 

2) Poor process control 

3) Chemical handling hazards 

1) Expensive 

2) Low throughout 

3) Poor selectivity 

Etch Profile Isotropic Anisotropic 
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Figure 2.9 (a) Isotropic profile, (b) Anisotropic profile. SEM images of etched ridge profile by (c) wet etching 

and (d) dry etching. 

 

Figure 2.10 Dektak profiles of patterned samples before etching and after 5 mins wet etch. (b) SEM image of 

etched narrow ridge structure. (c) Microscopy image of sample surface after wet etching. 

By contrast, dry etching eliminates the need for handling dangerous chemicals and 

is much more repeatable compared with wet etching. In principle, near-vertical 

sidewalls could be realised by choosing a set of etchant gases in an optimised 
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condition [31]. Here, two most common plasma-based etching techniques named 

the reactive-ion etching (RIE) and the inductively coupled plasma (ICP) etching 

are employed. Although the working mechanisms behind those two techniques are 

similar, they differ in equipment construction. Figure 2.11 (a) illustrates the 

simplified schematic of a conventional parallel plate RIE system, where an RF 

(13.56 MHz) voltage is applied to one of the plates while the other is grounded. In 

such a time-varying electric field, those two plates act as electrodes and form a 

capacitor, and the reactive gases will be ionized by electrons whenever they flow 

into the chamber [19, 20, 32]. During the electromagnetic field oscillation, electrons 

in the plasma tend to travel fast and impact both the chamber walls and the 

substrate holder (down plate). Those negative charges will be absorbed by the 

electrically grounded chamber walls, while accumulated in the DC isolated holder. 

At the same moment, the massive ions cannot travel far, and hence their high 

concentration will build up an ion sheath [33]. Consequently, a potential difference 

of up to a few hundred volts is developed between the substrate holder and the 

ion sheath, pulling the ions towards the substrate with significant mechanical 

energy. This physical effect combined with the chemical reaction allows the 

exposed area to be etched efficiently. Although the RIE system aims to minimize 

lateral etching, the inevitable particle collisions will lead to a wide angular ion 

distribution, thereby forming a more isotropic etched profile than ICP etcher [34]. It 

may also be noticed that plasma density in the RIE system is approximately 

proportional to RF power, so as the ion bombardment energy [35, 36]. Albeit a 

high-density plasma (HDP) is always desired in the dry etching process, the high 

ion bombardment energy may cause physical damage to the wafer surface. 

Therefore, in our works, RIE (Oxford PlasmaPro 80 RIE) is mainly used to etch 

hard masks and dielectric material with fluorine-based gases. The optimal etch 

recipe for SiO2 is given in Table 2.3.  

The main difference between the ICP etcher and RIE etcher is the independent 

13.56 MHz RF power source for plasma generation. Although the ICP system is 

more complicated internally, it enables greater process flexibility. As shown in Fig. 

2.11 (b), the plasma discharge region in the ICP system is circled by a few turns of 
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induction copper coils exposed to a time-varying high-level RF source. The 

induced electromagnetic field tends to circulate the electrons, which enhances the 

collisions between electrons and ions and ultimately fulfils the ionizations [37]. The 

generated ions will be attracted to the sample holder by an electric field, similar to 

the RIE method. Thanks to the separate RF sources in an ICP system, the etching 

process becomes much more controllable; namely, the plasma density and the 

momentum of ions could be tuned unrelatedly. For this reason, an HDP at low 

pressure could be obtained, preventing the rough sidewalls as well as the etch 

grass formation [33, 38]. This is particularly important in patterning high-aspect-

ratio features [39]. In this work, our ICP (Oxford Plasmalab 100 ICP) etcher is 

equipped with Chlorine-based gases for semiconductor etching. The etching 

parameters are listed in Table 2.4. 

 

Figure 2.11 Simplified schematic diagram of (a) RIE system and (b) ICP system. 

Table 2.3 Parameters for SiO2 etching in PlamaPro 80 RIE. 

 
CHF3 

(sccm) 

Ar 

(sccm) 

Pressure 

(mTorr) 

RF Power 

(W) 

DC bias 

(V) 

Chamber 
Temperature 

(°C) 

Etch Rate 

(nm/min) 

SiO2 90 10 100 200 440 15 30 

Table 2.4 Parameters for GaAs/AlGaAs etching in Plasmalab 100 ICP. 

 
BCl3 

(sccm) 

Cl2 

(sccm) 

Ar 

(sccm) 

Pressure 

(mTorr) 

RF 
Power 

(W) 

DC 
bias 

(V) 

Chamber 
Temperature 

(°C) 

Etch 
Rate 

(nm/min) 

GaAs/AlGaAs 10 6 4 6 50 170 10 16.8 
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2.2.4. Passivation 

Surface passivation has been considered as a crucial processing step for the 

fabrication of a well-performed semiconductor laser. Immediately after the etching 

procedure, the etched ridge will be passivated by a layer of dielectric material (e.g., 

SiO2 or SiNx) that can prevent long-term degradation problems and provide 

electrical isolation. Here, a 500 nm SiO2 passivation layer (shown in Fig. 2.12) was 

deposited by an inductively coupled plasma-enhanced chemical vapour deposition 

(ICPECVD) at a temperature as low as 80°C. Compared with conventional plasma-

enhanced chemical vapour deposition (PECVD), ICPECVD benefits from a higher 

density of generated plasma, a lower operating temperature, and a denser 

deposited layer [40]. Despite its flexible operation system, the combination of gas 

ratios and plasma power must be carefully selected to achieve ideal deposition 

layers [41]. In our case, the typical SiH4/O2/Ar mixture is applied to provide the 

oxidant and the sputtering agent [42, 43]. The optimised SiO2 growth recipe is 

given in Table 2.5. 

 

Figure 2.12 SEM image of an etched ridge with 500 nm deposited SiO2 layer. 
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Table 2.5 Parameters for SiO2 deposition in SENTECH SI 500D ICPECVD. 

 
SiH4 

(sccm) 

O2 

(sccm) 

Ar 

(sccm) 

Pressure 

(mTorr) 

ICP Power 

(W) 

Chamber 
Temperature 

(°C) 

Growth 
Rate 

(nm/min) 

SiO2 6.8 13 126 0.9 350 80 25.8 

2.2.5. Metallisation 

Basically, intimate contact between a metal and a semiconductor will form a 

Schottky barrier at the interface, whose height will significantly influence the carrier 

mobility [44]. Commonly, a low barrier height can bring fast carrier mobility, i.e., a 

low contact resistance. As a high contact resistance may result in excessive 

heating and potentially damage the electrical devices, an extremely low metal-

semiconductor contact resistance is a prerequisite for high-performance 

semiconductor laser diodes. Ideally, a negligible contact resistance should be 

achieved to give a so-called ohmic contact formation, resulting in a quasi-linear 

current-voltage relationship [25]. Generally, there are two transport mechanisms of 

carrier flow across the barrier: the thermionic emission in which an electron 

overcomes the barrier height with a thermal energy and the field emission with a 

tunnelling effect in a narrow barrier [45, 46]. The latter predominates the current 

transmission in our case. To enhance the tunnelling effect, highly doped p-type and 

n-type GaAs contact layers with a corresponding doping level of 2 ×1019 cm-3 and 

1 ×1018 cm-3 were grown, respectively.  

Based on previous studies of ohmic contact performance on InGaAs/GaAs-based 

layers [47-50], a Ti/Pt/Ti/Au (20/20/20/200 nm) metallisation scheme was applied 

on the p-GaAs contact layer. The Ti is a recommended interlayer for promoting 

adhesion strength between different materials [51, 52]. The usage of the Pt layer 

can effectively prevent the mutual diffusion between Au and GaAs layers during 

the thermal annealing process [53]. The final deposited Au layer is essential to 

provide a good conductivity without oxide formation, enhancing the device 

reliability and facilitating bonding or probing of the devices [54]. Once the 

deposition of the Au layer is finished, the ohmic contact to the p-GaAs surface is 
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made by using the rapid thermal annealing (RTA) technique at 425°C for 60 

seconds. It’s worth mentioning that disconnection of p-metal film around the 

sidewall of ridges might occur due to the absence of planarisation step. To avoid 

the metallisation failure caused by the depth of the defined ridge, an angle-tilted 

second p-type metal deposition was introduced after the Ti/Pt/Ti/Au multilayer. As 

presented in Fig. 2.13 (a), our sample is first fixed on a specially designed 45° pre-

tilt holder, where a Ti/Au (20/400nm) layer stack can be deposited. Then, relocate 

the deposition side to another direction, followed by another Ti/Au layer with a 

thickness of 20/400 nm. At the end, the sample is transferred back to a flat holder 

and a Ti/Au layer (20/600 nm) is deposited vertically. The SEM image after this 

‘three-step’ angle-tilted deposition is shown in Fig 2.13 (b), where three metal 

layers can be clearly seen. No additional RTP process is required. 

 

Figure 2.13 (a) Schematic diagram of angle-tilted second p-type metal deposition. (b) SEM image showing 

the three deposited p-type metal layers. 

Before n-contact metallisation, a mechanical lapping procedure is employed to thin 

and polish the sample to around 120 µm, enhancing thermal management of the 

device. The entire backside of the sample is evaporated with a standard 

Ni/Ge/Au/Ti/Au multilayer in a thickness of 25/32.5/65/20/200 nm, respectively. 

The Ni layer can improve the adhesion between n-GaAs and AuGe, and the 

diffusion of the Ge and Au allows a formation of NixGeAs at the GaAs interface to 

provide a low contact resistance [55-58]. The Ti layer acts as another adhesion 

layer, while the final thick Au layer enables a better electrical contact [59-61]. The 
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n-type ohmic contact is achieved by a 350°C thermal annealing for 60 seconds. 

In this work, prior to each deposition step, the sample was de-oxidized in a dilute 

ammonia solution (NH4OH: H2O at a ratio of 1: 19) for 30 seconds. And all metal 

deposition processes were completed in an electron beam (E-beam) evaporator 

(Peva-600E).  

2.3. Experimental Setup 

The experimental setups for characterising two-section InAs/GaAs QD passively 

MLLs are described in this section, including the basic L-I-V curves, the 

fundamental mode-locking characteristics (like optical spectrum, RF spectrum and 

autocorrelations), the noise figures (such as RIN and phase noise), and the 

transmission evaluations (e.g., eye diagrams and bit-error rates (BERs)). All basic 

L-I-V measurements were carried out in the Room 704 of the UCL Robert Building. 

Almost all mode-locking characteristics and the noise analysis were conducted in 

the J Lab of the UCL Robert Building, except the mapping of mode-locking region 

which was performed in the ONG Lab of the UCL Robert Building. Special thanks 

to Dr Lalitha Ponnampalam and Dr Zichuan Zhou, whom have been extremely 

supportive during my work in the J Lab and the ONG Lab, respectively. All 

transmission evaluations were established in the NOEIC, Wuhan, China, under the 

help of Dr Hongguang Zhang, Mr Jie Yan, and Mr Dingyi Wu. 

Before the characteristic session, the fabricated devices are mounted p-side up on 

an indium-plated copper heat sink and gold-wire-bonded to enable all 

measurements (as shown in Fig. 2.14). Three DC probe needles are used for 

current injection, voltage bias, and grounding. A microscope camera is adopted for 

positioning the DC probe needles. Besides, a thermoelectric temperature 

controller (TEC), model ILX Lightwave LDT-5910, is used during the 

measurements for thermal management purposes. Two GBIP-controllable power 

sources (Keithley 2400) are used to provide precise injection current (𝐼𝑖 ) and 

reverse-bias voltage (𝑉𝑟𝑒𝑣). 
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Figure 2.14 The photograph (left) and the microscope image (right) of two-section QD-MLL after mounting 

and bonding.  

2.3.1 L-I-V curve 

The L-I-V measurement is the first to be carried out since it can provide direct 

evidence of whether the devices work properly and how well they perform. The 

simplified schematic of this setup is presented in Fig. 2.15, and an integrating 

sphere is used to collect light emitted from the laser facet. A LabView program is 

used to automatically control the current source and acquire corresponding output 

power for subsequent analysis. 

Figure 2. 16 demonstrates a typical L-I, V-I, and wall-plug efficiency (WPE) curves 

of an electrically pumped two-section GaAs/InAs QD-MLL at room temperature. As 

Ii  increases, the spontaneous emission dominants in the first place until a 

threshold current (𝐼𝑡ℎ) is reached, after which the dominant mechanism within the 

laser cavity changes to the stimulated emission. This is evidenced in the 

dramatically increased output power (𝑃𝑜𝑢𝑡) when the 𝐼𝑖  is larger than the 𝐼𝑡ℎ. As a 

crucial parameter of laser device, the Ith is dependent on the geometry of the cavity. 

Therefore, it is preferred to use a size-independent parameter—the threshold 

current density (𝐽𝑡ℎ)—whenever comparing two different devices, and the equation 

for 𝐽𝑡ℎ is [62]:  

𝐽𝑡ℎ =
𝐼𝑡ℎ

𝑊𝑟𝑖𝑑𝑔𝑒 ∗ 𝐿𝑐𝑎𝑣𝑖𝑡𝑦
2.1 
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where the Wridge is the ridge width of the laser device and the 𝐿𝑐𝑎𝑣𝑖𝑡𝑦 represents 

the cavity length. The slope efficiency (𝜂) derived from the L-I curve is another 

important parameter that is commonly measured in units of watt per ampere (W/A), 

and expressed as [63]: 

𝜂 =
𝛥𝑃𝑜𝑢𝑡

𝛥𝐼𝑖1
2.2 

While the slope efficiency indicates approximately how much power the lasers can 

produce for every ampere of 𝐼𝑖, the WPE represents the total electrical-to-optical 

power conversion rate. The WPE is a figure of merit measured in percentage, 

which is defined as the ratio of optical output power to consumed electrical input 

power at wall plug: 

𝑊𝑃𝐸 (%) =
𝑃𝑜𝑢𝑡

𝐼𝑖 ∗ 𝑉
∗ 100% 2.3 

where 𝑃𝑜𝑢𝑡 and V are the corresponding output power and the voltage level at a 

certain injected level (𝐼𝑖). It should be mentioned that the real-life losses in the 

power supply and the power required for the colling system are not considered. 

Meanwhile, the I-V curve shows a nearly linear relationship between voltage and 

the 𝐼𝑖 and, hence, the series resistance (𝑅𝑠) of laser device can be obtained by 

simply using the equation [25]: 

𝑅𝑠 =
𝛥𝑉

𝛥𝐼𝑖2
2.4 

The parameter 𝑅𝑠  offers a direct assessment of the quality of metallisation 

depositions. Overall, an optimised laser should be capable of providing a low 𝐼𝑡ℎ, 

small 𝑅𝑠, and high 𝜂 simultaneously for a given injected power. 
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Figure 2.15 The schematic diagram of the L-I-V measurement setup. 

 

Figure 2.16 Typical C.W. light (black), voltage (red), and WPE (blue) vs current curves for a two-section 

GaAs/InAs QD-MLL at room temperature. The power and WPE values are measured from a single facet. 

Moreover, a series of temperature-dependent L-I curves can be obtained by 

varying the TEC set point. Figure 2.17 (a) shows experimentally measured L-I 

curves of a narrow ridge GaAs laser at various heatsink temperatures ranging from 

20 °C to 125 °C. Although it is widely accepted that the theoretical QD structure 

exhibits greater resistance to temperature effects compared with their QW or bulk 

counterparts (as discussed in Chapter 1) [7, 64]. It can be observed that the 

working temperature still poses considerable influence on semiconductor QD 
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lasers, where the 𝐼𝑡ℎ  increases with elevated operating temperature while the 𝜂 

and the 𝑃𝑜𝑢𝑡  drop significantly at the same time (detailed discussion of this 

phenomenon will be given in Chapter 3). The characteristic temperature of the 

laser device, denoted by the symbol 𝑇0, is used to describe the thermal sensitivity 

of the device [65]. The value of 𝑇0  is determined by plotting the 𝐽𝑡ℎ  against 

temperature on a logarithmic as displayed in Fig. 2.17 (b). The slope of the linear 

fitted line yields the exact value of  𝑇0 [62]: 

𝑇0 =
𝛥𝑇

𝛥 𝑙𝑛(𝐽𝑡ℎ)
2.5 

A higher value of 𝑇0  implies that the 𝐽𝑡ℎ  increases at a slower rate with the 

temperature increment, i.e., the device is more thermally stable. It is desirable for 

most semiconductor devices in various applications to withstand degradation at 

high operating temperatures. 

 

Figure 2.17 (a) The temperature-dependent L-I curves for a narrow ridge GaAs laser under pulsed-wave 

operation. (b) The plot of the natural logarithm of 𝐽𝑡ℎ against various temperatures with linear fitted lines (dash). 

2.3.2 Mode-locking Characteristics 

The fundamental mode-locking characteristics of two-section InAs/GaAs QD-MLLs 

are investigated using the setup shown in Fig. 2.18. Light coupling is achieved with 

an anti-reflection (AR) coated lensed fibre with a working distance of about 26 µm 

and a spot-size of 5 µm. The fibre is fixed on a manual x-y-z translation stage that 
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has pitch, roll, and yaw angular adjustments for maximum butt-coupling efficiency. 

An optical isolator is used immediately after the fibre to prevent undesired self-

oscillation and reflections. The light source is then split with the standard fibre 

coupler with an optical power-split ratio of either 50/50 or 90/10 to enable 

synchronous measurements of multiple parameters, which is particularly important 

for mapping experiments. 

 

Figure 2.18 Experimental setup for mode-locking characteristics. OSA, optical spectrum analyser; PD, 

photodetector; ESA, electrical spectrum analyser; PC, polarisation controller; PDFA, praseodymium-doped 

fibre amplifier; AC, autocorrelator. 

Optical spectra measurement 

The emission spectra are recorded by the optical spectrum analyser (OSA), and 

two different equipment, depending on the required accuracy, are involved: the 

Yokogawa AQ6317B with a minimum resolution of 0.02 nm and the AP2087A with 

a minimum resolution of 0.04 pm. 

Figure 2.19 (a) gives an example of the emission spectrum of a two-section QD-

MLL with an 0.02 nm OSA resolution bandwidth. It visualises parameters like the 

centre-wavelength (𝜆𝑐𝑒𝑛𝑡𝑟𝑒 ) and the 3dB optical bandwidth (also known as the 

FWHM). In the mode-locking regime, the locking between longitudinal modes 

substantially broadens the FWHM of the OSA spectrum [66]. Therefore, the 

observation of spectral changes allows us to roughly locate the mode-locking 

regime. The centre of the FWHM is defined as the 𝜆𝑐𝑒𝑛𝑡𝑟𝑒, which can be influenced 
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by the operation temperature and the mutual interference between the 𝐼𝑖 and the 

𝑉𝑟𝑒𝑣. Generally, a red-shift of the 𝜆𝑐𝑒𝑛𝑡𝑟𝑒 occur at a high operation temperature or 

with an increased 𝐼𝑖 , and the discussion of those tendencies can be found in 

Chapters 3 and 4. The zoom-in OSA spectrum shown in Fig. 2.19 (b) enables a 

clearer sight of the mode-spacing (𝛥𝜆) between the adjacent modes. As already 

mentioned in Chapter 1, the 𝛥𝜆  is directly decided by the 𝐿𝑐𝑎𝑣𝑖𝑡𝑦 , which 

corresponds to the 𝑓𝑟𝑒𝑝 that will be later confirmed by the RF measurements. The 

number of combs within the 3dB bandwidth can be expressed as: 

                  𝑁𝑜. 𝑜𝑓 𝑐𝑜𝑚𝑏𝑠 =  
3𝑑𝐵 𝑏𝑎𝑛𝑑𝑤𝑖𝑑𝑡ℎ

𝛥𝜆
2.6 

This is a crucial parameter to estimate the optical transmission capability of the 

devices [67, 68]. Another important parameter to evaluate the signal quality for 

optic communication is the optical signal-to-noise ratio (OSNR), which allows us 

to quantify the amplified spontaneous emission (ASE) noise-induced signal 

degradation in dynamic transmissions [69, 70]. Under the assumption of a 0.1 nm 

measurement bandwidth, the value of the OSNR in an optical channel can be 

approximately deduced using the following equations [71]: 

PNi =
PNL + PNR

2
2.7 

𝑃𝑆𝑖𝑔𝑛𝑎𝑙 = 𝑃𝑠+𝑁𝑖 − 𝑃𝑁𝑖 2.8 

𝑂𝑆𝑁𝑅 = 10 ∗ 𝑙𝑜𝑔 (
𝑃𝑆𝑖𝑔𝑛𝑎𝑙

𝑃𝑁𝑖
) 2.9 

                           𝑂𝑆𝑁𝑅(𝑑𝐵) =  𝑃𝑆𝑖𝑔𝑛𝑎𝑙(𝑑𝐵𝑚) − 𝑃𝑁𝑖(𝑑𝐵𝑚) 2.10 

where 𝑃𝑁𝑖 is the ASE noise level inside the optical channel, defining the mid-point 

between adjacent tones (𝑃𝑁𝐿 and 𝑃𝑁𝑅), and 𝑃𝑆𝑖𝑔𝑛𝑎𝑙 is the signal power within the 

measured bandwidth. In optical transmission systems, the receivers require a 

sufficient level of OSNR to distinguish signals from the noise, and therefore the 

commonly accepted OSNR value should be greater than 15 dB [72].  
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Figure 2.19 (a) Emission spectrum of a two-section QD-MLL with 0.02 nm resolution. (b) Zoom-in OSA 

spectrum of (a). 

RF spectra measurement 

To verify the 𝑓𝑟𝑒𝑝 of the device on an RF spectrum analyser, the output light from 

the laser must first be converted into an electric signal. In our work, a 50 GHz 

bandwidth photodetector (PD) (Finisar XPDV2320R) was chosen to connect to a 

50 GHz RF spectrum analyser (Rohde & Schwarz FSW50) for revealing the 

precise value of 𝑓𝑟𝑒𝑝. 

Figure 2.20 presents typical RF spectra of a 25.54 GHz two-section QD-MLL in (a) 

26.5 GHz span view (RBW: 1 MHz, VBW: 10 kHz.) and (b) 500 MHz span view 

(RBW: 1 kHz, VBW: 10 Hz). The fundamental RF tone at 25.54 GHz can be easily 

observed in Fig. 2.20 (a), but the higher-order frequency components of the device 

are beyond the measurement range of our RF spectral analyser and not detectable 

within our RF spectral measurements. Here, the signal strength at 𝑓𝑟𝑒𝑝 is defined 

as the 𝑃𝑆𝑖𝑔𝑛𝑎𝑙 , and the unwanted background noise is defined as the 𝑃𝑁𝑜𝑖𝑠𝑒 . 

Considering the noise fluctuations that occur during the entire measurement, the 

background noise level is quantified as the root-mean-square (RMS) value of low-

frequency components (e.g., ranging from 2 Hz to 20 GHz). 
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            𝑃𝑁𝑜𝑖𝑠𝑒 = 𝑃𝑅𝑀𝑆(𝑙𝑜𝑤−𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦) = √
∑ (𝑃𝑖)2𝑛

𝑖

𝑛 − 𝑖
2.11 

The RF signal-to-noise ratio (SNR), which indicates the difference between the 

signal strength and the background noise, can therefore be expressed as follows 

[73]: 

𝑆𝑁𝑅 = 10 𝑙𝑜𝑔 (
𝑃𝑆𝑖𝑔𝑛𝑎𝑙

𝑃𝑁𝑜𝑖𝑠𝑒
) 2.12 

                          𝑆𝑁𝑅 (𝑑𝐵) = 𝑃𝑆𝑖𝑔𝑛𝑎𝑙(𝑑𝐵𝑚) −  𝑃𝑁𝑜𝑖𝑠𝑒 (𝑑𝐵𝑚) 2.13 

As an essential specification, the SNR at 𝑓𝑟𝑒𝑝 should maintain a minimum value of 

25 dB to successfully distinguish the applied signals as legitimate information from 

any background noise on the spectrum [74, 75]. Moreover, the linewidth of the 

fundamental RF tone, also known as the RF FWHM, can be easily determined by 

fitting the measured data with the Lorentzian function (as shown in Fig. 2.20 (b)). 

The level of RF linewidth is associated with the RF phase noise and the timing jitter 

of the MLL. A narrow RF linewidth usually indicates a great phase correlation 

between the cavity modes [76-78]. 

 

Figure 2.20 Measured RF spectra of a 25.54 GHz two-section QD-MLL in (a) 26.5 GHz span view and (b) 

500MHz span view. 
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Autocorrelation measurement 

Because of the slow response time (> 10 ps) of conventional electrical PDs, the 

most common second-order intensity autocorrelation method is employed in this 

work to determine the ultrashort pulse duration (𝜏𝑝𝑢𝑙𝑠𝑒)  that lies within the range 

of picosecond (ps) to femtosecond (fs) [79, 80]. The working principle of an 

intensity autocorrelator (AC) (Femtochrome FR-103XL) is illustrated in Fig. 2.21. 

The incident pulse is divided into two identical pulses by a beam splitter first, one 

of which is returned from the corner mirror, and the other is delayed by rotating 

mirrors. The second-harmonic generation (SHG) signal is then generated by 

superimposing two pulses in an SHG crystal and systematically varying the 

temporal delay between them [81]. Finally, the SHG beam is detected by a highly 

sensitive photomultiplier (PMT) detector. The total amount of SHG detected is 

proportional to the product of the intensities of the two initial pulses, and therefore 

it is possible to deduce the 𝜏𝑝𝑢𝑙𝑠𝑒 of the incident pulse once the pulse shape is 

assumed (e.g., Gaussian or sech2) [82-84]. 

As shown in Fig. 2.18, after the isolator, the output light is coupled into a 

polarisation controller (PC), a praseodymium-doped fibre amplifier (PDFA) 

(FiberLabs AMP-FL8611-16dB), and finally sent into an AC and monitored on an 

optical oscilloscope (Keysight DSOX3034T). The PC is used to modify the 

polarisation state of light before the AC, while the PDFA is used to maintain the 

carrier power at ~5 dBm level. The typically measured autocorrelation trace of a 

two-section GaAs/InAs QD-MLL is presented in Fig. 2.22, where the time interval 

between the pulses (∆𝑇𝑎𝑐) corresponds to the cavity round-trip (𝑇𝑅𝑇). Hence, the 

calibration factor of the AC can be determined by the followed equation, with a unit 

of ps/ms. 

                       𝐹𝑎𝑐 =
𝑇𝑅𝑇

∆𝑇𝑎𝑐
=

1

𝑓𝑟𝑒𝑝 ∗ 𝛥𝑇𝑎𝑐
(

𝑝𝑠

𝑚𝑠
) 2.14 

The FWHM of the autocorrelation traces (i.e., the 𝜏𝑎𝑐 ) can be evaluated with 

nonlinear curve fitting under the assumption of certain pulse shapes like hyperbolic 
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secant, Lorentzian or Gaussian [85]. According to the chosen pulse shape, a pulse-

shape factor (𝜉𝑝𝑢𝑙𝑠𝑒−𝑠ℎ𝑎𝑝𝑒) should be applied when converting the measured 𝜏𝑎𝑐 to 

the actual 𝜏𝑝𝑢𝑙𝑠𝑒 [85]. For a Gaussian pulse profile, the value of 𝜉𝑝𝑢𝑙𝑠𝑒−𝑠ℎ𝑎𝑝𝑒 equals 

to 0.707, and this value equals to 0.648 for a sech2 pulse profile [86]. Consequently, 

the actual 𝜏𝑝𝑢𝑙𝑠𝑒 can be determined using the following formula: 

                            𝜏𝑝𝑢𝑙𝑠𝑒 = 𝜏𝑎𝑐 ∗ 𝐹𝑎𝑐 ∗ 𝜉𝑝𝑢𝑙𝑠𝑒−𝑠ℎ𝑎𝑝𝑒 2.15 

The TBP value under this condition is defined as the product of 𝜏𝑝𝑢𝑙𝑠𝑒  and its 

corresponding optical spectrum FWHM [87]: 

𝑇𝐵𝑃 = 𝜏𝑝𝑢𝑙𝑠𝑒 ∗ 𝐹𝑊𝐻𝑀𝑂𝑆𝐴 2.16 

As already discussed in Chapter 1, the calculated TBP could reflect the chirp 

present in the pulse train, indicating the degree to which a pulse is transform-

limited [88] 

 

Figure 2.21 Top view schematic of AC FR-103XL [86]. 
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Figure 2.22 Autocorrelation trace measured for a 25.54 GHz two-section GaAs/InAs QD-MLL. 

2.3.3 Noise Figure 

The noise performance of an MLL is crucial for most applications, and it is 

particularly important for realizing high-speed data transmission systems [89]. The 

experimental setup for the two most common noise indicators is presented in this 

section: the phase noise and the RIN.  

 

Figure 2.23 Experimental setup for noise characterisation. 

Phase Noise 

The phase noise is defined as the ratio of the noise arising in a 1-Hz bandwidth at 

a specified frequency offset, normally presenting as the single-sideband (SSB) 
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phase noise spectral density (𝐿(𝑓)) in dBc/Hz [90, 91]. It refers to the short-term 

random fluctuations in the phase of an output signal in the frequency domain that 

is equivalent to the timing jitter or phase jitter in the time domain [92]. As can be 

found in Fig. 2.23, the experimental setup for assessing phase noise is identical to 

that used in RF spectrum measurement. The measured 𝐿(𝑓) is usually plotted as a 

function of offset frequency with the frequency axis on a log scale (shown in Fig. 

2.24). For a specific range of offset frequency (e.g., from 𝑓𝑖 to 𝑓𝑥), the integrated 

phase noise can be presented as the area under the corresponding curve (𝐴). The 

value of 𝐴 can be obtained from Equation 2.17. Assuming that the noise profile is 

symmetrical, the rms value of timing jitter in radians can be deduced from the 

relationship shown in Equation 2.18, which can be further converted in seconds 

(Equation 2.19). 

        𝐴 (𝑑𝐵𝑐) = ∫ 𝐿(𝑓)𝑑𝑓
𝑓𝑥

𝑓𝑖

= 𝐿(𝑓𝑖) + 10 ∗ 𝑙𝑜𝑔(𝑓𝑥 − 𝑓𝑖) 2.17 

𝑅𝑀𝑆𝑡𝑖𝑚𝑖𝑛𝑔 𝑗𝑖𝑡𝑡𝑒𝑟(𝑟𝑎𝑑) = √2 ∗ 10(
𝐴

10
) 2.18 

𝑅𝑀𝑆𝑡𝑖𝑚𝑖𝑛𝑔 𝑗𝑖𝑡𝑡𝑒𝑟(𝑠𝑒𝑐) =
𝑅𝑀𝑆𝑡𝑖𝑚𝑖𝑛𝑔 𝑗𝑖𝑡𝑡𝑒𝑟(𝑟𝑎𝑑)

2 ∗ 𝜋 ∗ 𝑓𝑐
2.19 

where 𝑓𝑐  is the carrier frequency of the oscillator. Normally, the fundamental 

harmonic is used for the phase noise evaluation, and hence the 𝑓𝑐 can be treated 

as 𝑓𝑟𝑒𝑝 [93]. Moreover, the relatively flat section at high offset frequency represents 

the noise floor, indicating the unbounded random jitter. This is mainly attributed to 

the thermal noise, which is likely to be the major contributor to the overall jitter level 

[94-96].  
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Figure 2.24 Typical SSB phase noise plot of a two-section GaAs/InAs QD-MLL. 

Relative intensity noise (RIN) 

The RIN describes the instability in the output power of a semiconductor laser, 

which is usually expressed as the ratio of the mean square fluctuations in optical 

power (< ∆𝑃2 >) in a 1-Hz bandwidth to the square of the average optical power 

(𝑃0
2) [97-99]. 

𝑅𝐼𝑁 (𝑑𝐵/𝐻𝑧) =
< ∆𝑃2 >

𝑃0
2 2.20 

It has been widely adopted as an essential figure of merit to estimate the device 

performance in optical transmission networks since it can pose limitations on the 

SNR and the BER [100-102]. The setup for RIN measurement is performed in Fig. 

2.23. After light passes through the optical isolator, a PDFA is used to amplify the 

output power from +5 dBm to around +20 dBm. This is crucial to compensate for 

the large loss (~ 10 dB) induced by the tunable optical bandpass filter (OBPF) with 

adjustable bandwidth (EXFO XTM-50). The employment of the OBPF allows us to 

precisely select individual tones and suppress the out-of-band amplified 

spontaneous emission (ASE) noise from the PDFA [103]. Then, the filtered comb 

is collected by a built-in PD installed in the HP70810B lightwave section. After the 
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PD, the generated photocurrent is split into two paths: one as the DC component 

to determine the average optical power, and the other as the AC component to 

detect the amplified noise spectrum by the electrical spectrum analyser (ESA) 

[104-106]. The RIN simplifies the ratio of AC to DC electrical powers [97]. It should 

be mentioned that in the RIN measurement of the whole lasing spectrum, neither 

OBPF nor PDFA is used. 

Figure 2.25 exhibits a representative high-frequency RIN spectrum of a two-

section GaAs/InAs QD-MLL, with a peak at the so-called relaxation oscillation 

frequency (𝑓𝑟𝑜) which falls off at higher frequencies until it convergences to the 

shot noise limit [107]. The well-defined 𝑓𝑟𝑜 results from the dynamic interaction of 

the intracavity power, the carrier lifetime, the resonator losses, and the laser gain, 

and this parameter allows us to deduce the maximum intrinsic modulation 

bandwidth of the laser device [97]. Attention should be paid to measuring total RIN 

which normally contains thermal noise (𝑖𝑡ℎ), shot noise (𝑖𝑠ℎ) as well as the laser 

intensity noise ( 𝑖𝑙𝑎𝑠𝑒𝑟 ) [108]. The thermal noise comes from the Brownian 

movement of particles by the thermal energy while the shot noise is due to the 

quantum nature of light that incident on the photodetector. Hence, the actual laser 

RIN level is always lower than the measured value. 

 

Figure 2.25 Typical high-frequency RIN spectrum of a two-section GaAs/InAs QD-MLL.  
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2.3.4 System-level transmission 

To assess the optical transmission ability of our devices, a system-level 

experimental setup is implemented (shown in Fig. 2.26). The device is first 

packaged into a standard 14-pin butterfly-package on top of a TEC, which allows 

for achieving stable and reproducible results. Next, the desired wavelength 

channel is filtered out by an OBPF as an optical carrier. A PDFA is followed to boost 

the carrier power up to ~13 dBm. Normally, another OBPF is needed to remove 

the out-of-band ASE noise [67]. However, in our case, no additional OBPF is 

utilised due to the large loss induced by the OBPF. The amplified optical carrier 

signal is then launched into a 40 GHz lithium niobate Mach-Zehnder modulator 

(MZM) (iXblue MX1300-LN-40) for data modulation. Prior to the MZM, a 

polarisation controller (PC) is required to determine the polarisation direction of the 

input lightwave and enable maximum signal intensity. A pseudo-random bit 

sequence (PRBS) with PAM-4 or NRZ format is generated offline in MATLAB and 

loaded to a 120 GSa/s arbitrary waveform generator (AWG) (Keysight M8194A), 

after which the generated electrical signal is amplified by an RF amplifier (SHF 

807C) with a 3-dB bandwidth of 55 GHz. Subsequently, the modulated optical 

signal is transmitted for back-to-back (B2B) configuration, over 5-km SSMF, and 

2-m free-space, respectively. At the receiver side, a variable optical attenuator 

(VOA) is used to control the optical power received by a 50 GHz PD (Finisar 

XPDV2320R). The detected signal from the PD is later amplified by another RF 

amplifier and digitally captured by a real-time digital storage oscilloscope (DSO) 

with a sampling rate of 256 GSa/s (Keysight UXR0704A). Eventually, offline digital 

signal processing (DSP) is applied for signal recovery and BER calculation.  

        𝐵𝐸𝑅 =  
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑒𝑟𝑟𝑜𝑟𝑠 𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑑

𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑡𝑡𝑒𝑑 𝑏𝑖𝑡𝑠
2.21 

At the transmitter DSP (Tx-DSP) side, nonlinear compensation (NLC) is firstly 

carried out to pre-compensate the modulation nonlinearity for the PAM-4 symbols 

while skipped for the NRZ signal [109]. After that, the generated high-baud-rate 

PRBS-15 is up-sampled and a root-raised-cosine (RRC) filter with a roll-off factor 
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of 0.6 is applied to the signal for pulse-shaping purposes. Finally, the down-

sampled signal carries out a pre-compensation step, in which the whole system’s 

end-to-end frequency response is compensated. At the receiver DSP side (Rx-

DSP), the captured data are initially re-sampled to two samples per symbol and a 

matched RRC filter is executed to reduce the impact of white noise [68]. Thereafter, 

the data sequence is down-sampled to one sample per symbol and synchronised 

with the original bitstream that is loaded to the AWG. The potential carrier 

frequency offset between the transmitter and receiver is compensated in the clock 

recovery process. A 51-tap feed-forward equaliser (FFE) with the least mean 

squares (LMS) algorithm is applied to eliminate the inter-symbol-interference (ISI) 

and restore the signal in high-speed transmission. Finally, the output PAM-4/OOK 

signal is decoded for BER calculations. 

 

Figure 2.26 Schematic setup for system-level data transmission. 

While the BER results quantify the transmission performance of received signals, 

optical eye diagrams resulting from the superposition of bit periods give a 

visualisation of actual optical waveforms [110]. In our work, the optical eye 

diagrams of the received signals were measured using the sampling oscilloscope 

(Keysight DCA-M N1092A) immediately after the modulator. The Q-factor obtained 

from the optical eye diagrams can be used to derive the corresponding BER values, 

as given by [111-113]: 

𝐵𝐸𝑅 =  
1

2
𝑒𝑟𝑓𝑐 (

𝑄

√2
) 2.22 
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It should be noted that a second PDFA is added between the MZM and the 

sampling oscilloscope to enhance the signal with sufficient power (~ +5 dBm) and, 

hence, obtain good quality eye diagrams. 
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Chapter 3 InAs Quantum-Dot Mode-

Locked Optical Frequency Combs 

3.1 Introduction 

As already discussed in Chapter 1, the QD material has long been thought 

advantageous in realising MLLs over their counterparts in terms of spectral 

bandwidth, pulse duration, noise performance, and peak power [1]. Passively QD 

MLLs, with the simplest structures, have been intensively studied for over 20 years 

and demonstrate superior mode-locking performance [2]. Since the pulse 

generation in a passively QD MLL is dominated by mutual interference between 

the gain and the SA regions, a number of research have been conducted around 

the world to investigate the effects of cavity geometry on pulse quality [3-6]. Various 

studies have shown that, for a two-section QD MLL, the pulse duration and the 

mode-locking area are correlated with the SA-to-gain length ratio. However, most 

previous research used a fixed cavity length when exploring the influence of SA-

to-gain length ratios, which means that a change in SA section length will always 

be accompanied by a change in gain section length [4]. In more details, a longer 

SA section will inevitably shorten the length of gain section for a fixed laser cavity 

length, thereby resulting an overall increased amount of pulse shortening per 

cavity round-trip. In our case, the length of the SA section was intended to be fixed 

so that all absorbers could have similar carrier dynamics at the same reverse bias, 

which allows me to better compare the role played by the SA section in different 

SA-to-gain ratios.  

This chapter systematically characteristic the performance of OFC generated by 

InAs/GaAs QD-based passive mode-locked lasers at room-temperature. In section 

3.2, the design of the epitaxial structure for device fabrication will be presented 

first, followed by the description of proposed device geometry including both the 

ridged waveguide and the tapered structures. Subsequently, the impact of different 

cavity geometries on mode-locking performance is investigated in section 3.3. 
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Meanwhile, the key features such as the optical spectrum, electrical spectrum, 

noise figure, and time-domain characteristics are presented through the 

experimental study of a 25.5 GHz MLL. Finally, the conclusion is drawn in section 

3.4. 

3.2 Material and Device Design 

The general epitaxial structure employed in this work has been aforementioned in 

section 2.1, where the InAs QD laser structure was grown on a Si-doped GaAs 

(001) substrate using MBE. The epitaxy starts with a 300 nm-thick n-type GaAs 

buffer layer followed by a combination of n-type Al0.2Ga0.8As/Al0.4Ga0.6As/ 

Al0.2Ga0.8As lower cladding layers with thickness of 20 nm/1400 nm/20 nm, 

respectively. Above the lower cladding layer is the active region, followed by 

another combination of Al0.2Ga0.8As/Al0.4Ga0.6As/Al0.2Ga0.8As p-type upper 

cladding layers with thickness of 20 nm/1400 nm/20 nm, respectively, and finally, 

a 400 nm heavily doped p-type GaAs contact layer is capped [7]. According to our 

potential application scenarios of high-temperature operation (discussed in 

Chapter 4), the active region has been specially designed to obtain a desired high 

optical gain with emission wavelengths in the 1.3 µm range. The cross-sectional 

transmission electron microscopy (TEM) image of the active region is shown in Fig. 

3.1 (a), where a total ten-layer stack of InAs QDs was used (twice as many layers 

as were previously used in [8]). Rather than utilising the DWELL structure, the InAs 

layer was directly deposited on the GaAs surface and the InAs islands occurred 

through S-K growth mode [9]. In an optimised growth condition, dot density as high 

as 5.9 × 1010 cm-2 could be achieved for each layer, which nearly doubles the 

previous dot density of 3 × 1010 cm-2 [7]. In addition, based on the high-resolution 

bright-field scanning TEM image of a single dot (shown in the inset of Fig. 3.1 (a)), 

the average size of an in-plane dot is about 20 nm in diameter and 7 nm in height. 

A special mention must be made of Dr Wei Li from the Beijing University of 

Technology, who provided all TEM characterisation in this thesis. The comparison 

of the room temperature photoluminescence (PL) spectra for the full QD laser epi 

wafer grown under previous conditions and the optimised growth condition is 
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presented in Fig. 3.1 (b). As seen, the FWHM value of the PL spectrum curve, 

affected by the inhomogeneous broadening (caused by the size and shape 

distribution of the QDs), is about 30 meV in this work. Such a narrow luminescence 

linewidth is comparable to our previous observation of 29 meV with a low dot 

density case. Therefore, we can conclude that the uniformity of QDs in our 

structure is well preserved without sacrificing dot density and multi-layer structures 

[10]. Simultaneously, the quantised-energy separation (ΔE) between the ground-

state (GS) and the 1st excited-state (ES1) is improved to 88 meV in this work (68 

meV in previous work). The enhanced energy separation is crucial in suppressing 

carrier overflow as well as preventing higher-order modes lasing at elevated 

temperatures [9, 11, 12]. This is quite advantageous for fulfilling the high-

temperature operation of QD lasers as discussed in Chapter 4. The proposed 

layouts for two-section QD MLLs are schematically shown in Fig. 3.1 (c): the 

conventional uniform ridged waveguide structure (left) and the tapered structure 

(right). To evaluate the effects of different SA-to-gain ratios (
𝐿𝑆𝐴

𝐿𝐺𝑎𝑖𝑛
 ), a set of 

fabricated devices with a fixed 𝐿𝑆𝐴 of 200 µm and 
𝐿𝑆𝐴

𝐿𝐺𝑎𝑖𝑛
 ranging from 1:3 to 1:7 has 

been studied in each structure. For the ridged waveguide structure, the laser tip 

has a dimension of a mesa width of 5 µm with various gain section lengths of 

𝐿𝐺𝑎𝑖𝑛 =  600 µm, 800 µm, 1000 µm, 1200 µm and 1400 µm. For the tapered 

structure, while the similar straight waveguide section with a fixed 𝐿𝑆𝐴 = 200 µm 

and a width of 5 µm acts as both a mode filter inhibiting lasing from high order 

transverse modes and an SA in the tapered structure [1], the tapered gain section 

has a full angle of 3.5°. Selective shallow wet etching is used to remove the heavily 

p-doped contact layer between the gain section and the absorber section, resulting 

in a measured isolation resistance of 8 kΩ. Both facets of all fabricated devices are 

left as-cleaved. The specific geometrical parameters involved are summarised in 

Table 3.1. 
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Figure 3.1 (a) TEM image of the InAs/GaAs QD active region. The inset shows the high-resolution bright-field 

scanning TEM image of a single dot. (b) Comparison of the room temperature PL spectra of samples grown 

under previous conditions and the optimized growth conditions employed in this work. (c) Schematic drawing 

of designed two-section MLLs with ridged waveguide structure (left) and tapered structure (right). 

Table 3.1 Summary of device parameters for designed QD MLLs structures. 

 

𝐋𝐒𝐀 : 𝐋𝐆𝐚𝐢𝐧 

1:3 1:4 1:5 1:6 1:7 

𝐋𝐒𝐀 (µ𝐦) 200 200 200 200 200 

𝐋𝐆𝐚𝐢𝐧(µ𝐦) 600 800 1000 1200 1400 

𝐖𝐒𝐀 (µ𝐦) 5 5 5 5 5 

𝐖𝐆𝐚𝐢𝐧_𝐫𝐢𝐝𝐠𝐞 (µ𝐦) 5 5 5 5 5 

𝐖𝐆𝐚𝐢𝐧_𝐭𝐚𝐩𝐞𝐫𝐞𝐝 (µ𝐦) 41.6 53.8 66 78.2 90.5 

𝐀𝐫𝐢𝐝𝐠𝐞 (𝐜𝐦𝟐) 4.075E-05 5.075E-05 6.075E-05 7.075E-05 8.075E-05 

𝐀𝐭𝐚𝐩𝐞𝐫𝐞𝐝 (𝐜𝐦𝟐) 1.506E-04 2.460E-04 3.658E-04 5.100E-04 6.793E-04 

3.3 Results and Discussion 

3.3.1 Light-Current Characteristics 

The basic L-I characteristics at room-temperature were carried out first to reveal 

the bistable nature of those devices under investigation. As aforementioned in 

Chapter 2, the light power emitted from the gain facet is detected and plotted as a 
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function of injected current in the gain section with different 𝑉𝑟𝑒𝑣 applied to the SA 

section. As expected, the 𝐼𝑡ℎ  increases while the  𝜂  drops with increasing 𝑉𝑟𝑒𝑣 , 

suggesting an enhanced absorption loss in the SA section. For all fabricated 

samples, the non-linear saturation effect of the SA is observed, evidenced by the 

sudden power rise (also known as ‘kink point’) near the threshold current. This 

phenomenon becomes more pronounced at a higher reversed bias level. However, 

the performance of those devices varies dramatically in the forward/backward 

sweep of the injected current: some showed a strong hysteresis like described in 

[13-17], while others posed little or no hysteresis as reported in [18-20]. Figure 3.2 

(a) displays a representative L-I curve of a ridged waveguide MLL with a 

𝐿𝑆𝐴 :  𝐿𝐺𝑎𝑖𝑛= 1: 3 that exhibits a remarkable counter-clockwise hysteresis loop (red 

dashed box). The origin of such bistable operation results from the nonlinear 

saturation of the QD absorption that involved the state filling of the ground state 

and the electro-absorption arising from the quantum-confined Stark effect under 

the applied electrical field [21-23]. I have also observed that under higher reversed 

bias voltage, the hysteresis loop tends to shift to a higher laser current with a wider 

loop width, which can be ascribed to the large difference between the unsaturated 

and saturated loss of the absorber [16, 24]. In order to eliminate geometry-induced 

variations such as different SA-to-gain length ratios, the measured 𝐼𝑡ℎ  for each 

configuration was converted into Jth and then plotted in Fig. 3.2(b). In general, the 

𝐽𝑡ℎ  decreases with increasing cavity length, and the divergence between the 

shortest (1: 3) and the longest devices (1: 7) is amplified by the 𝑉𝑟𝑒𝑣 increment. For 

example, when 𝑉𝑟𝑒𝑣 = 0 V, the values of 𝐽𝑡ℎ equal to 834 A/cm-2 and 260 A/cm-2 for 

1: 3 and 1: 7 devices, respectively, and those values increase to 3141 A/cm-2 (1: 3) 

and 383 A/cm-2 (1: 7) at - 4 V reversed bias. It should be noticed that for a ratio 

equal to 1: 3, the device is unable to lase for 𝑉𝑟𝑒𝑣 above -4 V due to insufficient 

device gain. Moreover, for each ratio, the 𝐽𝑡ℎ  increases exponentially with 

enhanced applied 𝑉𝑟𝑒𝑣 due to the increased absorber recovery time, which also 

indicates the presence of electro absorption within the devices [16, 25].  
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Figure 3.2 Typical RT L-I characteristics of two section QD MLLs with ridged waveguide structure: (a) L-I 

curves of an 815-µm-long device (𝐿𝑆𝐴 : 𝐿𝐺𝑎𝑖𝑛= 1:3) for different SA reversed biases. (b) Measured 𝐽𝑡ℎ as a 

function of different gain-to-SA length ratios under various reverse-bias voltage. 

The comparison of L-I characteristics between the ridged waveguide structure 

(dashed line) and the tapered structure (solid line) is exhibited in Fig. 3.3. 

According to the plot, the tapered structure has larger 𝐽𝑡ℎ and noteworthy greater 

slope efficiencies than those of the ridged waveguide structure for all designed 

ratios. The values of measured  𝐽𝑡ℎ  and calculated slope efficiency for each 

configuration are tabulated in Table 3.2, where the slope efficiencies in tapered 

structure are nearly 3 to 6 times higher than those of the ridged waveguide 

structure. The reason is that in a flared gain section, the larger active volume 

results in a higher output power [14]. Meanwhile, the optical mode from a narrow 

region that gives a single lateral optical mode would gradually expand to a wider 

multimode region for higher pulse saturation energy [26]. Hence, the SA section 

could be easily saturated, leading to an improvement in mode-locking performance 

including a reduction in 𝜏𝑝 and an enhancement of peak power [26-29]. 
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Figure 3.3 L-I characteristics of two section QD MLLs with ridged waveguide structure (dashed line) and 

tapered structure (solid line). 

Table 3.2 Summary of measured 𝐽
𝑡ℎ

 and calculated slope efficiency for each configuration in Fig. 3.3. 

 

𝐋𝐒𝐀 : 𝐋𝐆𝐚𝐢𝐧 

1:3 1:4 1:5 1:6 1:7 

𝐉𝐭𝐡  

(A/cm-2) 

Ridge 441 315.235 246.87 241.091 211.142 

Tapered 650.713 349.58 288.97 258.282 241.048 

Slope efficiency 

(mW/(mA/cm-2)) 

Ridge 4.363 5.429 7.151 8.2 9.69 

Tapered 11.734 23.169 29.77 46.539 59.204 

3.3.2 Mode-locking Performance 

As already mentioned in Section 2.3, the mode-locking performance in our work is 

characterised by examining the optical spectra, RF spectra, autocorrelation traces 

and the noise figure. Here, a two-section ridged waveguide QD MLL with an SA-

to-gain ratio equal to 1: 7 is used as a classical example for further illustration. In 
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our work, successful mode-locking is determined when its SNR of fundamental 

frequency tone is larger than 25 dB (RBW: 1 MHz, VBW: 10 kHz) and 

corresponding 𝜏𝑝 is narrower than 15 ps. 

The mode-locking characteristics of this 25.5 GHz QD MLL at room-temperature 

are presented in Fig. 3.4. All measurements are taken under the conditions of 

𝐼𝑔𝑎𝑖𝑛 = 75.22 mA  and 𝑉𝑟𝑒𝑣 = −2.9 V , where the shortest 𝜏𝑝  is obtained at this 

injected current level. Figure 3.4 (a) presents the measured optical spectrum 

whose centre lasing wavelength (~ 1294 nm) is ideally located at low-loss for 

telecom O-band. The 3 dB bandwidth of this coherent comb spectrum is 3.962 nm 

(4.956 nm for 6 dB), providing a maximum of potential 30 channels (37 lines within 

6 dB) with an OSNR well above 25 nm (0.1 nm ASE noise bandwidth). While it is 

difficult to estimate the actual transition capacity of this laser source until a system-

level WDM experiment employing an advanced modulation format with direct 

detection is performed, as a guideline, each comb line could be employed as an 

optical carrier for realising the high-speed optical transmission [30, 31]. Besides, 

the symmetric optical profile also suggests that a near-zero LEF of semiconductor 

QD lasers has been achieved [32, 33]. Fig. 3.4 (b) shows the autocorrelation trace 

captured by an oscilloscope, corresponding to the narrowest pulse of 4.906 ps at 

an 𝐼𝑔𝑎𝑖𝑛 = 75.22 mA and under assumption of a Gaussian pulse profile. The RF 

trace under this condition is depicted in Fig. 3.4 (c). The signal has a sharp 

fundamental RF tone at ~ 25.5 GHz with an SNR of 47.9 dB, and no low-frequency 

fluctuations are observed. Due to the technical limitation, the higher-order 

harmonics cannot be observed on the RF spectrum. The inset of Fig. 3.4 (c) gives 

a zoom-out view of the fundamental RF tone in a narrow span. The RF peak (𝑓𝑟𝑒𝑝) 

located at 25.504 GHz is in good agreement with the free spectral range (FSR) of 

this device. A narrow 3 dB linewidth of 32 kHz could be obtained when the trace is 

deconvolved using Lorentz fit. The corresponding single-sideband (SSB) phase 

noise is illustrated in Fig. 3.4 (d). The integrated timing jitter is 2.45 ps in the range 

of 100 kHz to 1 GHz, and 326 fs from 4 to 80 MHz of the ITU-T specific range. It 

should be mentioned that the driving condition used here was not optimised for the 
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narrowest RF linewidth, namely the lowest noise performance. The noise 

performance studies of QD-based MLLs have demonstrated exceptional narrow 

RF linewidths [34-37] as well as record values for mode-locking timing-jitter [30, 

38-40], owing to the reduced ASE and lower confinement factor properties of QDs 

compared with its higher-dimensional comparts [1, 2]. 

 

Figure 3.4 25.5 GHz two-section passively QD-MLL performance characterisation at room temperature under 

bias conditions of 𝐼𝑔𝑎𝑖𝑛 = 75.22 mA and 𝑉𝑟𝑒𝑣 = - 2.9 V: (a) Optical spectrum. (b) Autocorrelation trace with 

Gaussian pulse fitting. (c) RF spectrum in a 26.5 GHz span view (RBW: 1 MHz, VBW: 10 kHz). The inset 

shows the narrow span RF peak with Lorentz fit (RBW: 1 kHz, VBW: 100 Hz). (d) Corresponding single-

sideband phase noise plot. 

3.3.3 Effect of Driving Conditions 

In a two-section passively MLL, the mode-locking characteristics are highly related 

to the mutual interference between the SA and the gain sections. For this reason, 

changes in the 𝐼𝑔𝑎𝑖𝑛 and the 𝑉𝑟𝑒𝑣 will lead to a considerable influence on mode-

locking performance [1]. The devices in all designed ratios were examined to find 
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out the specific impact of those two variables, and the plotted results are attached 

as Appendix B. Even though the test results for each ratio show similar tendencies, 

I will discuss only the SA-to-gain ratio of 1: 4 as an example in this section, of which 

trend is highlighted in Fig. 3.5. For trends in 𝑉𝑟𝑒𝑣, the 𝐼𝑔𝑎𝑖𝑛 was fixed at 110 mA, 

and for trends in 𝐼𝑔𝑎𝑖𝑛, the 𝑉𝑟𝑒𝑣 was fixed at – 2.5 V. The test range was found to 

yield stable mode-locking, beyond which the mode-locking smoothly disappears 

into a continuous wave emission or no-lasing regime. In general, the shortest 𝜏𝑝 

tends to occur at high  𝑉𝑟𝑒𝑣  and low 𝐼𝑔𝑎𝑖𝑛 , and this is consistent with the 

observations reported by most research groups [5, 14, 17, 41]. When driving 

conditions deviate from such optimum points, the undesired pulse broadening as 

well as pulse chirping appears. At a fixed 𝐼𝑔𝑎𝑖𝑛 level, the increased 𝑉𝑟𝑒𝑣 leads to an 

exponential decrease of the SA recovery time, which results in a reduced time 

window over which the pulse experiences net gain, and this is the origin of the 

pulse-shortening mechanism [29, 42, 43]. Consequently, the 𝜏𝑝 decreases in an 

exponential-like manner with increasing 𝑉𝑟𝑒𝑣 due to the enhanced pulse-shortening 

mechanism (Fig. 3.5 (a)). The calculated TBP of our devices follows a similar trend 

as the 𝜏𝑝, and it has been suggested that the lowest TBP values are often achieved 

for the shortest 𝜏𝑝 [41, 44]. Under certain injected current level, the TBP values 

vary from ~1 to ~4, which are far greater than the Fourier-transform-limited value 

(0.441 for Gaussian pulses), indicating that some residual frequency chirp being 

present in the pulses and the laser performance in the term of 𝜏𝑝 and 𝑃𝑝𝑒𝑎𝑘 could 

be further improved [18]. Unlike the phenomenon reported in ref [1], the optical 

spectral bandwidth in our case was strongly dependent on the driving conditions 

(Fig. 3.5 (b)), and even exhibited a periodic spectral bandwidth broadening in a 

smaller SA-to-gain length ratio (Appendix B, SA: Gain = 1: 7 and 1: 6). Besides, a 

significant blue-shift of the lasing wavelength was observed for increased 𝑉𝑟𝑒𝑣 . 

Those abnormal behaviours have also been witnessed by the group from Glasgow, 

and they believed that this is an indication of the onset of some kind of dynamics 

where the emission wavelength is close to the modal gain peak instead of the SA 

band-edge [45, 46]. In our case, such a spectral enlargement with a blue-shifted 
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emission wavelength was attributed to the dominant band-filling effect caused by 

large carrier densities attainable in this ten-QD layer stack [47-49]. 

For measurements carried out with a constant 𝑉𝑟𝑒𝑣 , the 𝜏𝑝  and TBP show an 

entirely different trend for changes in 𝐼𝑔𝑎𝑖𝑛. As can be seen from Fig. 3.5 (c), the 

shortest 𝜏𝑝 (~ 3.88 ps) occurs at the lower-limit of the selected test range (𝐼𝑔𝑎𝑖𝑛 =

50 mA ), associated with a nearly Fourier-transform-limited TBP (0.443). An 

increase in 𝐼𝑔𝑎𝑖𝑛 leads to a steady broadening in 𝜏𝑝 along with a higher TBP, which 

is in good agreement with previously published results [1, 14, 50, 51]. This is 

because the optical loss modulation in SA becomes less effective and disturbs 

efficient pulse-shaping mechanism. Consequently, a larger 𝑉𝑟𝑒𝑣 is often required to 

maintain stable mode-locking operation at a higher 𝐼𝑔𝑎𝑖𝑛  level [48]. Aside from 

pulse broadening, spectral broadening and red-shift in centre wavelength are also 

evidenced in Fig. 3.5 (d). From 𝐼𝑔𝑎𝑖𝑛 = 50 mA  to 𝐼𝑔𝑎𝑖𝑛 = 150 mA , the device has 

experienced ~ 12 nm red-shift due mostly to band-gap shrinkage effect caused by 

the unavoidable Joule heating in the active region [18, 45].  
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Figure 3.5 Pulse duration, TBP, spectral width, and centre wavelength with drive current and reverse bias for 

a 40.5 GHz two-section passively QD-MLL with SA: Gain = 1: 4. 

Figure 3.6 compares the 𝜏𝑝 obtained from different QD MLL configurations, and an 

interesting finding is that, under the same driving conditions, a longer gain section 

could produce a relative broader pulse. The pulse stretch could be explained by 

considering the interplay between pulse shortening in the SA section and pulse 

broadening in the gain section [29]. For a fixed SA length, the device associated 

with a longer gain section length introduces additional saturable gain into the laser 

cavity, which results in an increased pulse broadening experienced by the pulse in 

each cavity round-trip. As a result, an overall increment in the minimum achievable 

𝜏𝑝 has been witnessed in configurations with lower SA-to-gain length ratios [1, 24]. 

2 3 4 5 6
0

1

2

3

4

5

6

Reverse Bias (V)

P
u
ls

e
 D

u
ra

ti
o

n
 (

p
s
)

I =110 mA

SA: Gain = 1: 4

1

2

3

4

5

 T
B

P

40 60 80 100 120 140 160
2

4

6

8

Drive Current (mA)

P
u
ls

e
 D

u
ra

ti
o

n
 (

p
s
) V = - 2.5 V

SA: Gain = 1: 4

0

2

4

6

8

 T
B

P

40 60 80 100 120 140 160
0

1

2

3

4

5

Drive Current (mA)

S
p
e
c
tr

a
l 
w

id
th

 (
n

m
)

V = - 2.5 V

SA: Gain = 1: 4

1296

1300

1304

1308

 C
e
n

te
r 

W
a

v
e

le
n
g

th
 (

n
m

)

2 3 4 5 6
2

4

6

8

10

Reverse Bias (V)

S
p
e
c
tr

a
l 
w

id
th

 (
n

m
)

I = 110mA

SA: Gain = 1: 4

1298

1300

1302

1304

 C
e
n

te
r 

W
a

v
e

le
n
g

th
 (

n
m

)

(a) (c)

(b) (d)



119 
 

 

Figure 3.6 Pulse duration versus (a) reverse bias, and (b) drive current for QD MLLs with different SA-to-

gain length configurations. 

3.3.4 Regimes of Mode-locking 

To avoid the complexity of 𝜏𝑝 mapping in our setup, the mode-locking regimes are 

denoted by the peak SNR of output RF signals [24]. Figure 3.7 shows the 2D 

mapping diagrams of the fundamental RF peak SNR values for the QD MLLs with 

different SA-to-gain length ratios. Here, colour scale is used to help us visualise 

the mode-locking quality of each laser device under various driving conditions. It 

is believed that stable mode-locking can only occur when the RF peak SNR is 

greater than or equal to 25 dB, therefore, all points with RF peak SNR less than 

25 dB are rejected and shown in white. In general, except for the shortest devices, 

stable mode-locking occurs over a range of 𝑉𝑟𝑒𝑣 from -1 to -5 V and driving currents 

from 𝐼𝑡ℎ to beyond nearly five times the threshold. For a fixed 𝑉𝑟𝑒𝑣, the best mode-

locking performance generally occurs at the onset of lasing and then deteriorates 

as the 𝐼𝑔𝑎𝑖𝑛  increases.Similar investigations have been done by the research 

group from the University of Cambridge, who announced that for a fixed laser 

cavity length, the stable mode-locking occurs in a greater range for device with 

larger SA-to-gain length ratios [1]. However, this conclusion does not hold in our 

case since the total cavity lengths vary with the SA-to-gain length ratios. Therefore, 

a direct comparison of the mode-locking regime between different configurations 

is not convincing. Despite that, all mapping results suggest that the combination of 
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a lower 𝐼𝑔𝑎𝑖𝑛 and a higher 𝑉𝑟𝑒𝑣 is more preferred for stable mode-locking operation 

where a shorter 𝜏𝑝  usually occurrs. The reason behinds this phenomenon has 

been widely discussed in ref [1, 5, 30], mainly ascribed to the effective pulse-

shaping dynamics within the QD materials. In comparison to the mapping results 

on the device with longer gain section (e.g., SA: Gain = 1: 7), a much smaller 

mode-locking region in shorter device can be observed. Taking the QD MLL with 

SA: Gain = 1: 3 as an example (Fig. 3.7 (a)), the device does not turn on at all 

when 𝑉𝑟𝑒𝑣 falls below –3.5 V, whereas other longer configurations could operate 

beyond -5V. This is because the short gain section cannot provide sufficient gain 

to compensate for the mirror and internal loss [5]. Furthermore, the heatmap 

suggests that the broadest mode-locking region with good quality locates in SA-

to-gain length ratio equal to 1: 5 or 1: 6, indicating that there is a trade-off between 

the SA, gain and total cavity length [4]. Thus, careful optimisation of the SA and 

gain lengths is always necessary for achieving ideal mode-locking performance. 

 

Figure 3.7 Fundamental RF peak SNR mapping as a function of 𝐼𝑔𝑎𝑖𝑛 and 𝑉𝑟𝑒𝑣 for QD MLLs with various SA-

to-gain length configurations. 

3.4 Conclusion 

This chapter details the design of InAs/GaAs QD MLLs for both ridged waveguide 

structure and tapered waveguide structure. A comparison between the L-I curves 
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for both structures suggests that QD MLL with a tapered structure is more desired 

for high-power applications, and this is consistent with the statement in ref [14, 26]. 

Based on the findings by Alastair R. Rae et al., the value of 
𝐿𝑆𝐴

𝐿𝑔𝑎𝑖𝑛
  in my work is 

modified to locate within the range from 1:3 to 1:14 to avoid either an insufficient 

gain or an insufficient saturable absorption that led to mode-locking not occurring 

[4]. Unlike ref [3-6], I intentionally fixed the length of the SA section rather than the 

laser cavity length to experiment with various SA-to-gain length ratios. Even 

though my subsequent experiments revealed that my design was flawed as it is 

impossible to make direct comparisons between different cavity lengths, I still 

reached some similar conclusions to others.  

Overall, a systematic investigation of the basic characteristics of laser devices with 

two-section ridged waveguide cavity geometries is presented. The effect of the SA-

to-gain length ratios on the 𝜏𝑝  and mode-locking regimes over a wide range of 

driving conditions and cavity configurations have been discussed. Our findings 

prove that by carefully designing the laser cavity geometry, it is able to generate 

high-quality and Fourier-transform limited pulses from a QD laser diode with 

extremely simple geometry. This work shows that the QD MLL is feasible as a 

compact and efficient comb source in a range of potential applications.  
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Chapter 4 Quantum dot mode-locked 

frequency comb with ultra-stable 25.5 

GHz spacing between 20°C and 120°C 

4.1 Introduction 

In the previous chapter, I examined the fundamental characteristics of our 

designed two-section InAs/GaAs QD MLLs at room temperature. The broad 3-dB 

optical bandwidth, large OSNR values, and multiple available tone spacing of 

tested devices suggest that our QD MLLs based comb sources could be used in 

various fields. Among all applications, our research group is particularly interested 

in employing the QD MLL based OFCs as light sources in optical communication 

systems, especially for those short and medium reach dense wavelength-division 

multiplexing (DWDM) communication systems, where the size, cost, and power 

consumption advantages of the integrated comb sources could be fully applied [1, 

2].  

In reality, the data communication requires a minimum tone spacing of 25 GHz to 

support high-speed transmission and the device should be enabled to operate 

stably in a temperature-varying environment (e.g., -20°C to 85 °C) [3, 4]. Although 

QD materials, thanks to their unique delta-function-like density of states, have 

successfully demonstrated intrinsic temperature resistance property [5, 6], the 

operation in QD MLL involves both thermal mechanisms and the mutual 

interdependence of the gain section and the SA section. For this reason, realising 

an ultra-stable QD MLL that works exclusively from the QD GS transition over a 

wide range of temperatures remains a challenge. Cataluna et al. pioneered the 

stability of mode-locking in 20 GHz InGaAs QD MLLs at elevated temperatures. 

Unfortunately, in their device, the RF SNR value drops when the operating 

temperature exceeds 70°C (15 dB at 80°C), which means that the mode-locking 

operation becomes unstable [7]. Later, the research group from the University of 
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New Mexico reported their achievement in stable mode-locking working from 20°C 

to 92°C through GS transition [8]. However, the mode-locking switching between 

the GS and the ES1 has been observed due to the carrier escape from the GS at 

increased temperature. Besides, the 8 mm-long cavities employed in their work 

limit the fundamental 𝑓𝑟𝑒𝑝 to 5 GHz that is not suitable for DWDM systems. Even 

though one may expect a wide mode-locking temperature from one QD MLL [8, 9] 

and obtain a high 𝑓𝑟𝑒𝑝 from another [10], the main difficulty is to simultaneously 

achieve stable mode spacing across a wide range of temperatures from a single 

two-section QD MLL with high fundamental 𝑓𝑟𝑒𝑝. To build a more comprehensive 

understanding of our fabricated devices, in this chapter, the temperature-

dependent performances of the QD MLLs used in Chapter 3 are evaluated. 

Meanwhile, the behaviours of the SA: Gain = 1: 7 devices with a mode spacing 

equal to 25.5 GHz are studied in more detail since a longer cavity length can 

theoretically obtain a better thermal stability [11]. 

4.2 Temperature-Dependent Results and Discussion 

4.2.1 Light-Current Characteristics 

Figure 4.1 (a) presents the effect of operating temperature on the L-I 

characteristics for a 25.5 GHz two-section ridged waveguide QD MLL when the 

𝑉𝑟𝑒𝑣 is fixed at 0 V. It is obvious that the CW lasing was maintained until the test 

system reached the upper limit of the temperature controller (120°C). No thermal 

rollover phenomenon has been observed during the whole measurement. From 

20°C to 120°C, the 𝐼𝑡ℎ of the device at 𝑉𝑟𝑒𝑣 = 0 V increased from 20 mA to 128 mA 

due to the enhanced intrinsic losses caused by carrier escape at elevated 

temperatures [12], which also led to the degradation of the 𝜂 (from 0.132 W/A at 

20°C to 0.099 W/A at 120°C). A subtle hysteresis loop started to appear when the 

working temperature exceeded 60°C, confirming that the losses associated with 

the SA section increase with increasing temperature [7]. For a better comparison 

of device performance at different temperatures, the dependence of 𝐽𝑡ℎ on 𝑉𝑟𝑒𝑣 and 

temperature is plotted in Fig. 4.1 (b). As depicted, the 𝑉𝑟𝑒𝑣 applied in the SA section 
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has a more significant effect on 𝐽𝑡ℎ for higher temperatures, and this is consistent 

with the observation reported by other researchers [7]. I also compare the thermal 

performance for both the ridged waveguide structure (solid line in Fig. 4.1 (b)) and 

the tapered structure (dashed line in Fig. 4.1 (b)) devices with the same SA-to-

Gain length ratio. It is obvious that the devices with tapered structure exhibit a 

slightly higher 𝐽𝑡ℎ than the ridged waveguide structure due to the larger area of the 

gain section [13]. It should be mentioned that the tapered structure devices were 

not tested beyond 100°C due to the current source restriction (𝐼𝑚𝑎𝑥 = 1 A). 

 

Figure 4.1 (a) Typical temperature-dependent L-I curves of a 25.5 GHz two-section QD MLL when 𝑉𝑟𝑒𝑣 = 0 

V. (b) Threshold current density (𝐽𝑡ℎ) as a function of 𝑉𝑟𝑒𝑣 for both the ridged waveguide structure and 

tapered structure at different temperatures. 

Figure 4.2 presents the temperature dependence of the 𝐽𝑡ℎ for both structures. The 

calculated 𝑇0 values of the ridged waveguide and tapered structures from the 𝐽𝑡ℎ 

changes were 55 and 63 K, respectively. I noticed that regardless of 

the  Jth  changes with the 𝑉𝑟𝑒𝑣 , 𝑇0  remains almost identical in each structure, 

confirming that the value of T0 is primarily dependent on the properties of the gain 

section [9]. Moreover, the higher value of 𝑇0 extracted from the tapered structure 

implies that its 𝐼𝑡ℎ  is less sensitive to temperature, and this improved heat 

dissipation of the tapered structure can be attributed to the larger area of the 

resonator [14]. Attention must be paid that for such a tapered device, the junction-

side down mounting is normally required to solve the heat accumulation problem, 

which enables operation at a higher 𝐼𝑔𝑎𝑖𝑛 level. Moreover, a broader gain section 
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may also suffer from higher order mode effects [15]. Therefore, our investigations 

mainly focus on the ridged waveguide structure. 

 

Figure 4.2 Plotting of 𝐽𝑡ℎ in natural logarithmic scale against various temperatures for both ridged waveguide 

structure and tapered structure. 

Figure 4.3 (a - e) show the range of working temperature for the ridged waveguide 

QD MLLs with SA-to-gain length ratios varying from 1: 3 to 1: 7. The plot of the 

corresponding 𝐽𝑡ℎ versus temperature for all ratios at 𝑉𝑟𝑒𝑣 = 0 V is summarised in 

Fig. 4.3 (f) for the purpose of comparison. As expected, the longer device tends to 

operate in a wider temperature range with a broader range of driving conditions. 

Although the longest device (SA: Gain = 1: 7) can operate up to 120°C with ease, 

no lasing behaviour could be achieved in the shortest device (SA: Gain = 1: 3) 

when the temperature exceeds 60°C. This can be explained by the fact that the 

reduced threshold gain in the longer cavity is easier to be saturated than in the 

shorter ones [16]. Moreover, the calculated 𝑇0  values for the SA-to-Gain length 

ratio ranging from 1: 3 to 1: 7 are 41 K, 43 K, 50 K, 54 K, and 55 K, respectively. 

These results further confirm that the device with a longer cavity length exhibits 

better thermal stability. Thus, the device configurations with a ratio of 1: 7 (i.e., the 

longest laser cavity) was selected as the most promising candidate for a detailed 

temperature characteristics study. 
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Figure 4.3 (a – e) Dependence of threshold current on 𝑉𝑟𝑒𝑣 and operating temperature for ridged waveguide 

QD MLLs with SA-to-gain length ratio vary from 1: 3 to 1: 7. (f) Plotting of Jth in natural logarithmic scale 

versus operating temperatures for different configurations when 𝑉𝑟𝑒𝑣 = 0 V. 

4.2.2 RF Spectra Measurements 

The RF spectra measurements were first carried out to determine the stable mode-

locking regime. For better comparison, the 𝑉𝑟𝑒𝑣 was fixed at -2 V throughout the 

testing process, and the optimal driving currents were identified when the shortest 

𝜏𝑝  occurs at the given temperature. After evaluations, the driving currents for 

heatsink temperatures at 20, 40, 60, 80, 100, and 120°C were 49, 60, 64.7, 85, 

148.5, and 210 mA, respectively. As seen in Fig. 4.4 (a), the stable mode-locking 

operation has been achieved over an extended temperature range from 20°C to 

120˚C, with a clear RF peak at ~ 25.5 GHz, absence of RF power at low 

frequencies, and the SNR well above 30 dB. Figure 4.4 (b) displays the zoom-in 

view of RF peaks presented in Fig. 4.4 (a), and the Fig. 4.4 (c) highlights the 

change of the 𝑓𝑟𝑒𝑝. According to those graphs, it can be easily found that the mode 

spacing of our QD MLL suffers from a tiny variation (only 0.07 GHz) over the 100˚C 

temperature range. The main reason behind this phenomenon is the interplay 

between the thermal expansion of the laser cavity and the temperature-induced 

changes in the refractive index [7]. As already discussed in Chapter 1, the 𝑓𝑟𝑒𝑝 
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reflects the round-trip cavity time that is ultimately determined by the cavity length 

and the refractive index. The temperature increment will lead to thermal expansion 

of the cavity length, subsequently resulting in a reduction in the mode spacing. On 

the other hand, the refractive index of the semiconductor material for a given 

wavelength decreases with increasing temperature, bringing an expansion in the 

tone spacing [17]. Not to mention that the red-shift of emission wavelength caused 

by increased temperature could further diminish the refractive index and 

accentuate the expansion of two adjacent modes [18]. The nearly unchanged 

value of 𝑓𝑟𝑒𝑝 suggests that the effect of temperature on thermal expansion of the 

laser cavity and the change of refractive index is well balanced, and such stable 

𝑓𝑟𝑒𝑝  at various ambient temperatures is a desirable feature in optical 

communications. Besides, with the SA section biased at a constant level (-2 V in 

this case), the stable mode-locking over the whole temperature range was 

obtained by tuning the 𝐼𝑔𝑎𝑖𝑛 only, which yields an extra benefit of easy-operation 

and bias simplicity.  

 

Figure 4.4 (a) Temperature-dependent RF spectra for the two-section ridged waveguide QD MLL with SA: 

Gain = 1: 7. The 𝑉𝑟𝑒𝑣 is fixed at -2 V and 𝐼𝑔𝑎𝑖𝑛 is 49, 60, 64.7, 85, 148.5, and 210 mA at 20, 40, 60, 80, 100, 

and 120°C, respectively. (b) Zoom-in RF spectra for (a). (c) Plot of the 𝑓𝑟𝑒𝑝 value as a function of operating 

temperature. 
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4.2.3 OSA Spectra Measurements 

For a laser device, the GS lasing benefits from low 𝐼𝑡ℎ, low power consumption, 

and high WPE, and therefore, it is normally more preferred than the ES emission. 

However, in high-temperature operation, the GS gradually becomes saturated, and 

the thermally activated carriers may escape to the nearby ES1 due to the electronic 

state filing effect, resulting in a wavelength switch from the GS to the ES1 transition 

[19-22]. This phenomenon occurs more notably if the quantised energy separation 

(∆𝐸) between the GS and the ES1 was relatively small. Figure 4.5 (left) presents 

the measured optical spectra as a function of temperature under the same driving 

conditions used for corresponding RF spectra measurements. A successive red-

shift of the emission wavelength with increasing temperature has been observed, 

revealing that the mode-locking operation of our device is exclusively from the GS 

thoroughly. To the best of our knowledge, this is the first demonstration of a QD-

MLL emitting solely from its GS up to 120°C without any cooling system among all 

types of QD-MLLs. Such an excellent performance can be ascribed to the 

aforementioned specially-designed wafer layer structure. The ten stacked QD 

layers in the active region could prevent gain saturation, thereby allowing the GS 

lasing to be maintained at high temperature [23]. At the same time, the InAs QDs 

were directly grown on GaAs. This increases the confinement potential and 

generates an energy separation of 88 meV between the GS and the ES1, 

effectively suppressing the carrier overflow and improving the temperature 

performance [24]. The measured intensities at 20, 60, and 120°C have been re-

plotted in the log scale, shown on the right-hand side of Fig. 4.5. It can be seen in 

more detail that the central emission wavelength of this laser device first locates 

at 1294.034 nm at 20°C, then moves to 1317.918 nm at 60°C, and further shifts to 

1366.448 nm at 120°C. Once again, the GS lasing up 120°C can be confirmed by 

such a steady redshift in the absolute emission wavelength. Meanwhile, the 3-dB 

bandwidth is found to be almost temperature independent with average OSNR 

level well above 25 dB: from 3.81 nm at 20°C to 3.054 nm (21 lines) at 120°C. 

Using chirped QDs [25], QD intermixing [26], or hybrid quantum well/QD structures 

[27] could further improve the optical bandwidth. In addition, the symmetry of the 



134 
 

optical spectrum, created by the delta function-like density of states and the 

random size distribution of the dots [28], indicates a near-zero LEF at these 

temperatures [29]. Indeed, the absolute wavelength of the device changes with 

operating temperature (~ 0.7 nm/°C), which is unwanted for practical comb 

applications. It has been suggested that by carefully tailoring the QD structure 

together with the laser cavity length, i.e., achieving an optimum cavity design for a 

given gain function, it would be possible to realise an extremely small change in 

the wavelength of each comb line with temperature [30]. 

 

Figure 4.5 Left: measured optical spectra over temperature from 20°C to 120°C for the same operating 

conditions used in Fig. 4.4. Right: replotted optical spectra in log scale for 20°C, 60°C, and 120°C. 

4.2.4 Regime of Mode-locking 

Figure 4.6 displays a series of colour maps depicting the stable mode-locking 

regions for heatsink temperature from 20°C to 120°C. For the stable mode-locking 

performance, in general, the fundamental RF peak SNR larger than 25 dB and the 

corresponding 𝜏𝑝  narrower than 9 ps are required [3]. As seen, a wide mode-

locking area was demonstrated at 20°C with the 𝐼𝑔𝑎𝑖𝑛 ranging from 30 to 120 mA 
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and the 𝑉𝑟𝑒𝑣 ranging from -1 to -7 V. Although a temperature-related shrinking of 

the achievable mode-locking range was witnessed, it is indeed possible to observe 

a fairly broad mode-locking region even at temperatures as high as 120°C. 

Moreover, the fundamental RF peak SNR for most of the recorded mode-locking 

states is larger than 30 dB, suggesting the good mode-locking quality across the 

entire temperature measurement range. It should be pointed out that as the range 

of driving conditions used for testing was underestimated, the actual mode-locking 

range at each temperature should be broader than indicated. 

 

Figure 4.6 Fundamental RF peak SNR mapping as a function of 𝐼𝑔𝑎𝑖𝑛 and 𝑉𝑟𝑒𝑣 from 20°C to 120°C under 

mode-locking operation. 

4.2.5 Noise Figure 

To determine whether our QD MLL is a suitable OFC source for DWDM optical 

communications in wide temperature range, the OSA spectrum and RIN 

measurements at a high temperature of 100°C was conducted. The coherent comb 

spectrum at 100°C under the bias conditions of 𝐼𝑔𝑎𝑖𝑛 = 148.5 mA and 𝑉𝑟𝑒𝑣 = −2 V 

is shown in Fig. 4.7 (a), whose centre emission wavelength (~ 1349 nm) is well 

located inside the telecom O-band, and the corresponding fundamental RF peak 

SNR is ~ 48 dB under this condition. The square-like optical spectrum has a 3.884 
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nm 3-dB bandwidth (4.81 nm of 6-dB bandwidth), providing a maximum of 26 (31 

tones within 6 dB) potential channels with an OSNR larger than 36 dB [0.1 nm ASE 

noise bandwidth]. The measured average absolute power for individual channels 

within the 3-dB bandwidth is around -18 dBm, which is comparable to previous 

observations measured at room temperature [31]. The measured RIN spectrum of 

the whole optical combs is displayed in Fig. 4.7 (b), from which the integrated 

average RIN value is less than -146 dBc/Hz between 0.5 GHz and 10 GHz. 

Although it is difficult to estimate the exact transmission capacity of this comb laser 

source until an advanced system-level WDM experiment is carried out, as a 

guideline, it is anticipated that the transmission capacity could exceed 1.664 Tbit/s 

if all 26 channels were employed as optical carriers and adopted the 32 Gbaud 

PAM-4 modulation [31-33]. 

 

Figure 4.7 (a) Optical spectrum under bias conditions of 𝐼𝑔𝑎𝑖𝑛 = 148.5 mA and 𝑉𝑟𝑒𝑣 = − 2 V at 100°C. (b) RIN 

spectrum for the whole optical comb is shown in (a) from 0.5 to 10 GHz. 

4.3 Conclusion 

In this section, the temperature-dependent performance of various QD MLL 

configurations was studied. And I found that the laser device with a smaller SA-to-

Gain length ratio (i.e., longer cavity length) could operate in a broader temperature 

range under wider driving conditions. The reason is that for a fixed SA section 

length, a longer gain section is harder to be saturated with injected photons. Also, 

the tapered device tends to have better thermal stability than the ridged waveguide 
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device owing to its greater heat dissipation capability, this is in great agreement 

with the findings in ref [34]. I also demonstrated a QD MLL based 25.5 GHz OFC 

source that could be potentially used in the DWDM systems at elevated 

temperature. Although plenty of excellent results have been reported in previous 

high-temperature studies on QD MLLs, their devices either exhibited unstable 

mode-locking operation over 70°C [7] or switched to the ES1 at 92°C [8]. More 

importantly, none of them can be employed in the DWDM applications since their 

fundamental repetition rates (20 and 5 GHz, respectively) don’t meet the minimum 

requirement of the ITU-T recommendation (i.e., 25 GHz) [35]. The superior 

temperature characteristics of our devices are believed to be realised from the high 

QD density and the large ∆E  between the GS and the ES1, resulting from the 

specially engineered epitaxial structure. Besides, the test results proved that with 

a constant Vrev , stable mode-locking can be achieved by simply changing the 

injected current in the gain section, and this adds an extra benefit to device 

operation. Furthermore, the QD MLL based comb source shows a broad optical 

bandwidth even at an elevated temperature of 100°C (with a 3-dB bandwidth of 

3.884 nm, offering a maximum of 26 optical channels), and the OSNR value of 

each tone is more than 36 dB. The corresponding low integrated average RIN 

value of −146 dBc/Hz in the 0.5 - 10 GHz range indicates that this device is capable 

of multi-Tbit/s transmission. Our findings suggest that the two-section passively 

InAs QD MLLs could be a promising candidate of ultra-stable and easy-operating 

OFC sources for low-power-consumption, high-capacity, and low-cost optical data 

communications over wide operating temperature range. 
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Chapter 5 Multi-wavelength 128 Gbit s−1  

λ−1 PAM4 optical transmission enabled 

by a 100 GHz quantum dot mode-locked 

OFC 

5.1 Introduction 

The past two decades have witnessed the exploding traffic volume, which 

motivated the study of fibre-optic and free-space optic (FSO) transmissions as it 

can increase the capacity of communication systems while decreasing deployment 

costs of existing photonic networks [1]. 

For fibre-optic communication, the DWDM technology is considered as one of the 

most promising solutions to meet the ever-increasing demand for bandwidth and 

future high-speed transmission systems [2]. The ITU-T G.694.1 has recommended 

a variety of spectral grids ranging from 12.5 to 100 GHz for DWDM applications 

[3]. Among all proposed spectral grids, the wider one (≥ 100 GHz) is always more 

desired in the DWDM transmission systems since it may reduce the total number 

of required light sources. Unfortunately, achieving a high gain in an ultimate short 

cavity is particularly challenging for QD materials [4]. For this reason, almost all 

previous QD-based mode-locked OFCs obtaining large mode-spacing involved 

either a complicated system-level setup [5] or high-order harmonic mechanisms 

[6-8], as summarised in Table 5.1. Also, while the most high-performance QD-

MLLs operate at the telecom C-band, those devices working at the telecom O-

band are relatively immature. However, boosting the transmission capacity of 

existing photonic networks requires the employment of telecom O-band as the 

conventional C-band has been extensively exploited [9].  

In addition, the traditional datacentre networks normally require miles of fibre-optic 
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cables for communication interconnects, which are complex, high-power 

consumption, and limited by latency problems [10, 11]. The employment of the 

FSO communication system could get rid of the bulky cabling systems and provide 

us with a better latency in a higher data rate communication system. Such a low 

latency is particularly important for realising future space-air-ground-ocean (SAGO) 

FSO communication networks [12]. Moreover, the QD-MLL based FSO 

transmission system opens the avenue for one-to-many communications, since 

the QD-MLL is highly integrative and can effectively replace many discrete laser 

devices in high-speed optical communication systems [13, 14]. Even though the 

FSO research is still evolving, especially for those on telecom O-band, extending 

the fibre transmission to the FSO transmission not only seems a natural step, but 

also one that is relatively straightforward to take. 

Table 5.1 Summary of QD mode-locked OFC source with ultra-high repetition rate. 

Telecom 
Band 

Repetition 
Rate  

(GHz) 

Material Methods 
Pulse 

Duration 

(ps) 

-3dB 
Bandwidth 

(nm) 
Year/Ref. 

C-band 134 InGaAsP/InAs QDash Single section 0.8 4.3 2006/ [15] 

O-band 117 

InGaAs QD 

CPM - 3rd harmonic 2.14 - 

2006/ [6] 

 238 CPM - 6th harmonic 1.3 - 

C-band 92 InAs/InP QD Single section 0.312 11.62 2008/ [16] 

C-band 10-100 

InAs/InP QD 

Single section 0.295 17.9 

2010/ [17] 

 437 FBGs 0.810 - 

O-band 100 InGaAs/GaAs QD Mode-selections - - 2010/ [18] 

O-band 100 InGaAs/GaAs QD Fabry-Perot Etalon - - 2011/ [5] 

O-band 102 QD CPM - 6th harmonic - - 2018/ [7] 

O-band 100 Chirped QD CPM - 5th harmonic 2.3 - 2019/ [8] 

O-band 94 InGaAs/GaAs QD Two-Section 0.69 3.18 This Work 

* CPM: colliding pulse mode-locking, FBG: fibre Bragg grating.   

In Chapter 4, I proved that our fabricated QD-MLLs have great thermal stability 
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and can be potentially utilised as optical carriers in data transmission systems. The 

aim of this chapter is to report the transmission ability of a multi-wavelength ~ 100 

GHz Fourier-transform-limited OFC source generated by a passively two-section 

InAs QD-MLL with a floating SA section. In section 5.2, the state-of-the-art epitaxial 

structure and device design are presented. In section 5.3, the basic device 

characteristics including the L-I-V curve, mode-locking performance, device 

stability, and the RIN performance are covered. Based on the promising results 

shown in section 5.3, system-level data transmission experiments through both 

fibre and free-space are demonstrated and analysed in section 5.4. Finally, in 

section 5.5, all measured results are summed up, and the impact of our device on 

future high-speed optical data transmission systems is discussed. 

5.2 Material growth and device design 

As mentioned in Chapter 2, the wafer used in this project was also prepared by 

solid-state MBE on a GaAs substrate, with an emission wavelength in the 1.3 µm 

range. The specific epitaxial structure can be found in ref [19]. As a matter of fact, 

increasing the number of QD layers will gradually build up the internal strain within 

the crystal, degrading the quality of the InAs/GaAs QDs wafer [20]. To achieve the 

high modal gain required for ultra-short cavity length, eight self-organised QD 

layers comprise the active region. In each QD layer, the InAs QDs were directly 

grown on the GaAs surface and capped by the InGaAs strain-reducing layer. As 

the compressive stress is partially relaxed inside the QDs, light emission at a 

longer wavelength can be expected [21-23]. Figure 5.1 (a) shows the room 

temperature PL spectrum of the eight-stacked QDs. The lasing wavelength and 

the FWHM of the PL spectrum were ~ 1.3 µm and 28 meV, respectively. The PL 

linewidth is strongly influenced by the distribution of dot sizes; such a small value 

means that a great dot uniformity has been accomplished. The inset of Fig. 5.1 (a) 

shows the cross-section TEM images of the QD active region and the zoomed-in 

view of a single dot. As seen, the typical dimensions of truncated pyramidal shaped 

QDs are 20-25 nm in base length and 6-8 nm in height. 



144 
 

Figure 5.1 (b) presents the schematic diagram of the QD-MLL under investigation. 

A 5-µm-wide ridge was designed to maintain a single-transverse-mode operation 

[24]. Based on the previously obtained group effective index of 3.7, the cavity 

length was set to be 405 µm to realise ~ 100 GHz mode-spacing, of which the SA 

section accounted for 14% (56.7 µm). Such design of an ultimately short cavity 

laser allows us to achieve a comparably high differential loss in the SA section 

while achieving a relatively small differential gain in the gain section, resulting in a 

large gain-to-SA saturation energy ratio [25]. This is crucial in realising stable 

mode-locking with a floating SA section. An electrical isolation resistance of ~ 2.5 

kΩ was achieved between the SA and gain sections via citric wet etching. Later, 

the facet close to the SA section was coated with a 95% high-reflective coating, 

whereas the facet near the gain section remained uncoated. 

 

Figure 5.1 (a) The PL spectrum of the sample at room temperature. (Inset: The bright-field scanning TEM 

image of the QD active region and a single dot (zoom-in)). (b) Schematic diagram of the 100 GHz passively 

two-section QD-MLL with the floating SA section [19]. 

5.3 Passive mode-locking performance 

The L-I-V curve for the fabricated QD-MLL at room temperature is presented in Fig 

5.2 (a). To prevent device damage under a high-power density condition, the 

injected current is limited to 80 mA. As can be observed, the device has a 20-mA 

threshold current and 17.7% slope efficiency. An inconspicuous hysteresis loop 

occurs near the Ith, indicating the bistability nature of the device even when the SA 
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section was left floating [25]. Normally, the semiconductor lasers with ultra-short 

cavity lengths suffer from poor heat dissipation, which leads to excessive heating 

and eventually causes the device to shut off [26, 27]. Hence, with the help of Mr 

Jie Yan from the NOEIC in Wuhan, China, the fabricated devices were packaged 

in a high-speed 14-pin package with a TEC controller to minimise the temperature 

impacts on device performance (shown in Fig. 5.2 (c) & (d)). The heat-sink 

temperature was fixed at 20°C for all measurements. In this work, the mode-

locking phenomenon was obtained without applying 𝑉𝑟𝑒𝑣 to the SA section (i.e., the 

minimal absorption will not affect the self-mode-locking mechanism), and hence, 

those devices operated similarly to a single-section self-mode-locked laser [28, 29]. 

Though the butterfly package can easily yield repeatable results for the same 

driving condition, it brings an unwanted power penalty caused by the coupling loss 

between the QD-MLL and the lensed fibre. As exhibited in Fig. 5.2 (b), the energy 

loss before and after the butterfly package is 3 dB. Although the value of 𝐼𝑡ℎ stays 

almost same, the slope efficiency drops from 17.7% to 9.1% after packaging. 

Meanwhile, the maximum WPE from one facet degrades from ~8% to ~4%. 

Therefore, the ideal performance of our devices should be much better than the 

test results presented in the following sections. 
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Figure 5.2 (a) The RT C.W. L-I-V curve for two-section QD-MLL with the SA left floating. (b) L-I and WPE 

comparisons of the device before (closed markers) and after packaging (open markers). (c) Microscope 

image of the two-section QD-MLL in butterfly package. (d) Photo image showing the connections between 

the packaged device and the TEC controller for temperature-control purposes.  

Due to the fact that finding an ESA with a detection range over 100 GHz was 

difficult, the 𝑓𝑟𝑒𝑝  of our device was derived from the mode-spacing between 

adjacent tones. I used a 0.04-pm-resolution OSA (apex, AP2087A) for precise 

evaluations. The high-resolution optical spectrum of three tones located near the 

central wavelength at 66 mA is shown in Fig. 5.3 (a). Because of the 30-µm cleave 

error, a mode-spacing of 0.5248 nm is obtained, corresponding to a fundamental 

𝑓𝑟𝑒𝑝 of 94.6 GHz. To the best of our knowledge, this is the largest fundamental 

mode-spacing ever achieved by a passively two-section QD-MLL in a telecom O-

band. The autocorrelation signal displayed in Fig. 5.3 (b) confirms the stable mode-

locking behaviour at 𝐼𝑔𝑎𝑖𝑛  = 66 mA. Without any external pulse-compression 

scheme, the measured pedestal-free pulse profile agrees reasonably well with the 

fitted Gaussian pulse shape, showing a 𝜏𝑝 of 648 fs. 
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Figure 5.3 (a) High-resolution OSA spectrum for adjacent tones (resolution: 0.04 pm). (b) Measured intensity 

autocorrelation trace with Gaussian pulse fitting. 

The mode-locking performances of the packaged 100 GHz two-section QD-MLL 

are highlighted in Fig. 5.4. While the trend observed in the OSA spectrum for 𝐼𝑔𝑎𝑖𝑛 

increment is visualised in Fig. 5.4 (a), Figure 5.4 (b) and (c) summarise the relevant 

parameters under different driving conditions. As expected, a continuously red-

shift of centre wavelength (from 1288 to 1293 nm) has been witnessed when 𝐼𝑔𝑎𝑖𝑛 

increased from 20 to 80 mA (Fig. 5.4 (b)), confirming the sustained GS lasing of 

the laser device. Moreover, at a higher current level, the OSA spectrum shows a 

tendency to become a multi-peak structure with an extra peak occurring in the 

high-frequency side, which may result from the enhanced self-phase modulation 

caused by increasing carrier density [30]. As a result, the OSA spectral width 

expands steadily from 1.6 to 4.3 nm during the test range. As already discussed in 

the previous chapters, I believe that such a current-induced red-shift of emission 

wavelength could be reduced by adjusting the QDs structure [31, 32]. Figure 5.4 

(c) shows the 𝜏𝑝 derived at each current level and the corresponding calculated 

TBP values. In most cases, the 𝜏𝑝 is sensitive to the driving conditions, and the 

narrowest pulse is usually observed at high 𝑉𝑟𝑒𝑣  and low 𝐼𝑔𝑎𝑖𝑛  [25, 33-35]. 

Unusually, some research groups have reported the shortest τp generated under 

the condition of high 𝑉𝑟𝑒𝑣 and 𝐼𝑔𝑎𝑖𝑛 well beyond the 𝐼𝑡ℎ [36, 37]. However, neither of 

these trends applies to our case, where a continuous pulse shortening mechanism 

-1.2 -0.6 0.0 0.6 1.2
0.0

0.4

0.8

1.2

N
o

rm
al

iz
ed

 In
te

n
si

ty
 [

a.
u

.]

Delay [ps]

 Measured Trace

 Gaussian Fit

Dt  = 0.913 ps

tp = 0.648 ps

1290.0 1290.5 1291.0

-75

-50

-25

0

P
o

w
e

r 
(d

B
m

)

Wavelength (nm)

0.5248 nm

(a) (b)



148 
 

only relies on 𝐼𝑔𝑎𝑖𝑛 increment, without the need for a voltage source. One possible 

explanation is the change in the short-pulse generation mechanism within the two-

section lasers [38, 39]. I obtain the shortest 𝜏𝑝 of ~ 474 fs at the largest current 

value in the test range. Meanwhile, the small fluctuation of the calculated TBP with 

an average value of 0.472 indicates that the generated pulses were almost Fourier-

transform-limited over the entire mode-locking regime. 

 

Figure 5.4 RT characteristics of two-section QD-MLL with floating SA section and the 𝐼𝑔𝑎𝑖𝑛 ranging from 20 

to 80 mA. (a) OSA spectra with a resolution of 0.02 nm. (b) Spectral width and the centre wavelength as a 

function of 𝐼𝑔𝑎𝑖𝑛. (c) 𝜏𝑝 and the corresponding calculated TBP value at different current injection levels. 

Figure 5.5 depicts the specific QD-MLL performance at room temperature under 

𝐼𝑔𝑎𝑖𝑛 = 66 mA, chosen as it is neither too large to introduce severe thermal effect, 

nor too small to produce insufficient output power. The stability of output power of 

this OFC source is revealed in Fig. 5.5 (a). During the 1-hour test, the average 

output power was kept around +7.17 dBm with a small variation of 0.06 dB. The 

OSA spectrum under this condition is shown in Fig. 5.5 (b), where a centre 
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wavelength of 1290.755 nm and a reasonably broad 3-dB bandwidth (~ 3.46 nm) 

can be found. The inset image of Fig. 5.5 (b) clearly shows that the 3-dB bandwidth 

consists of 7 optical carriers in order from the short-wavelength to the long-

wavelength, namely tone 1: 1289.8 nm, tone 2: 1290.32 nm, tone 3: 1290.84 nm, 

tone 4: 1291.36 nm, tone 5: 1291.88 nm, tone 6: 1292.4 nm, and tone 7: 1292.92 

nm. The OSNR of those tones is well above 55 dB (0.1 nm ASE noise bandwidth), 

which is much higher than our previous results [40]. The corresponding RIN 

spectra of the laser device and the individual central modes are shown in Fig. 5.5 

(c). As seen, an integrated average RIN value of -152.172 dB Hz-1 is obtained for 

the QD MLL range from 100 MHz to 10 GHz. The relaxation resonance frequency 

of the device is defined as its RIN peak, which is located at 3.76 GHz. Regarding 

the relatively low power of filtered individual tones, an external O-band PDFA was 

employed before the RIN measurements. With the help of the PDFA, the power of 

each filtered tone was pumped to ~ +5 dBm and the low-frequency mode partition 

noise was suppressed [41]. Consequently, the integrated average RIN values for 

each isolated mode all lie within the range of -134.955 ~ -139.179 dB Hz-1. 

According to previous studies, such RIN values are sufficiently low and suitable for 

high-speed transmission systems with advanced modulation formats [34, 42, 43]. 

 

Figure 5.5 Device characteristics at 𝐼𝑔𝑎𝑖𝑛 = 66 mA. (a) The stability of output power of QD-MLL for 3600 s. 

(b) Optical combs at room temperature. (Inset: the zoom-in showing 7 tones within the 3-dB bandwidth). (c) 

The measured RIN of the whole spectrum and the certain filtered channel in (b). 

5.4 Data transmission performance 

To verify the suitability of our QD-MLLs in practical high-speed data transmission 

applications, system-level WDM experiments were carried out under the help of 
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Mr Dingyi Wu from the NOEIC. In section 5.4.1, the data transmission over B2B 

and 5 km SSMF fibre with either 64 Gbaud NRZ (64 Gbit s-1) or 64 Gbaud PAM-4 

(128 Gbit s-1) modulation signals is performed. An analysis of individual channel 

uniformity and the signal degradation in the fibre-optic transmission is done by 

plotting measured BER curves against received optical powers. In our work, an 

algorithm developed by Dr Hongguang Zhang is used to extract accurate BER 

values from the collected data. In addition, to explore a wider range of application 

possibilities, a free-space optical (FSO) transmission was demonstrated in section 

5.4.2.5.4.1 Fibre transmission 

Figure 5.6 shows the experimental setup for the data transmission over fibre. Every 

wavelength channel of the OFC generated by the packaged QD-MLL was selected 

as an optical carrier by an OBPF. The power of filtered tone was amplified to > 10 

dBm by an O-band PDFA. As already stated in Chapter 2, due to the large insertion 

loss of the filter, the 2nd OBPF usually placed after the PDFA was omitted. The 

polarisation state of the transmitted light in single-mode fibre was controlled by a 

PC, after which the maximum signal intensity could be obtained.  The data 

modulation was achieved using a 40 GHz lithium niobate MZM driven by an AWG, 

in which a 215-1 PRBS with a length of 32767 bits was generated at 64 Gbaud in 

either PAM-4 or NRZ format. Then, the modulated optical signal propagated 

through B2B and 5 km SSMF. Immediately after transmission, an additional PDFA 

was used to ensure a measurable signal power level for the equipment afterwards. 

A more detailed description of the experimental setup has been illustrated in 

section 2.3.4. Table 5.2 summarises the power levels measured at the points 

marked in Fig 5.6, as well as the insertion loss associated with each step. As can 

be noted, the insertion losses caused by the OBPF (-14 dB) and the MZM (-10 dB) 

are of most concern, and the coupling loss of 3 dB due to packaging also cannot 

be ignored. Therefore, it can be deduced that with better packaging methods and 

more advanced laboratory equipment, improved transmission performance can be 

expected. 
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Figure 5.6 Experimental setup for data transmission over fibre. 

Table 5.2 Summary of insertion loss in the optical-fibre transmission setup. 

Measured Point 1 2 3 4 5 6  7 

Power (dBm) +7 -7 +14 +13.5 +3 +2 +5 

Loss/Gain (dB) -3 -14 +22 -0.5 -10 -1 +3 

The transmission ability of our QD-MLL is estimated through the BER performance 

of the seven tones located within the 3-dB bandwidth under Igain = 66 mA (refer to 

Fig. 5.5 (b)). And the plot of evaluated BER results is used to indicate the 

differences in performance between channels implemented in diverse modulation 

formats during the B2B operation. It should be mentioned that the hard-decision 

forward error correction (HD-FEC) and the soft-decision forward error correction 

(SD-FEC) in our case represent the 7% overhead and the 20% overhead coding 

limits for data recovery, respectively [34]. This corresponds to an HD-FEC BER 

threshold of 3.8 × 10−3 and an SD-FEC BER limit of 2.2 × 10−2 [44]. Within the 

limits of FEC algorithms, therefore, the data transmission can be considered as 

error-free [45]. As readily observed in Fig. 5.7, the transmission performance of 

each tone varies in accordance with the RIN of each mode. Similar behaviours can 

be found for all involved channels except the two tones located near the edges 

(tone 1 and tone 7). The plots reveal that the NRZ modulation format is superior to 

the PAM-4 format in terms of 64 Gbaud B2B transmission system of QD-MLL, 

mainly due to its lower SNR requirement [46]. The receiver sensitivity for tone 2-6 

at BER = 3.8 × 10−3 varies from -1 dBm to -2 dBm with PAM4 signal and differs 

1 2

3 4 5 6 7
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from -11.5 dBm to -12 dBm for the NRZ modulation. Therefore, compared with the 

PMA-4 modulation, the NRZ modulation provides better receiver sensitivity of 

nearly 10 dB for B2B transmission. Moreover, the curves in Fig. 5.7 show a 

reasonable consistency of performance between separate tones based on similar 

slope efficiencies and overlapped points. Figure 5.8 shows the 64 Gbaud PAM-4 

corresponding to 128 Gbit/s signal transmission for tone 2 and tone 4 over B2B 

and 5 km SSMF transmission. The 1 dB power penalties for those two measured 

tones are primarily due to the impact of fibre chromatic dispersion [47]. No error 

floor is observed. 

 

Figure 5.7 The BER characteristics of different combs in the B2B configuration with (a) 64 Gbaud NRZ 

modulation and (b) 64 Gbaud PAM-4 modulation. 
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Figure 5.8 The measured BER versus received optical power for B2B and after 5 km SSMF transmission 

using Tone 2 and Tone 4. 

Obviously, the signal suffers from impairments when it travels from a transmitter to 

a receiver. The optical eye diagram created by an oscilloscope could serve as a 

common indicator of signal quality in high-speed transmission, allowing us to 

quickly evaluate system performance and gain insight view of channel 

imperfections [48]. Table 5.3 displays the corresponding eye diagrams for the 

seven tones after B2B and 5 km SSMF transmission, in which all measured power 

is on the order of 0 dBm in the receiver. The NRZ and PAM-4 levels of the 

modulated signals are clear and can be well recognised, indicating a good 

uniformity between the selected tones. I also extract the Q-factor for NRZ 

modulation to describe the signal quality and predict the related BER level. For 

B2B transmission, the averaged Q-factor is around 10.4, corresponding to a BER 

value of 1 × 10−25. After 5 km SSMF transmission, the noisier bit 1 level caused by 

inter-symbol interference (ISI) reduces the averaged Q-factor to 9.36 and the BER 

level increases to 4 × 10−21. It is undeniable that the tones located at the edges 

tend to have blurrier optical eye diagrams, this is because their power is weaker 

than the others. Meanwhile, the PAM-4 modulation allows twice as much 

information to be transmitted per symbol cycle as the NRZ modulation for the same 

bitrate, making it more stringent on signal intensity. As a result, the overall eye 

diagrams of PMA-4 will not be as clear as the NRZ at the same modulation rate.
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Table 5.3 Optical eye diagrams for different tones after B2B and 5 km SSMF transmission. 

64 Gbaud 

NRZ 
Tone 1 Tone 2 Tone 3 Tone 4 Tone 5 Tone 6 Tone 7 

B2B 

       

Q-factor 10.29 10.71 10.28 10.56 11.85 9.78 9.32 

5km 

       

Q-factor 9.08 9.64 9.32 9.28 10.56 8.95 8.68 

64 Gbaud 

PAM-4 
Tone 1 Tone 2 Tone 3 Tone 4 Tone 5 Tone 6 Tone 7 

B2B 

       

5km 
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5.4.2 Free-space transmission 

This section presents the transmission system for FSO communications at the 

same driving condition used in section 5.4.1 (i.e., Igain = 66 mA and the SA was left 

floating). The experimental setup for FSO transmission is presented in Fig. 5.9. 

The average optical power of around +7 dBm was obtained from the packaged 

QD-MLL, and the expected wavelengths were chosen by OPBF. The first O-band 

PDFA was used to enhance the output power to ~ +15 dBm, thus compensating 

for the significant insertion loss caused by the following MZM. Here, the NRZ and 

the PAM-4 formats were carried at various bit rates, from 30 Gbaud/s to 64 

Gbaud/s. After the modulator, the optical beam of the selected wavelength was 

launched into free-space by a collimator (YXOC-T-1310-SS-5.0-APC) and 

propagated into a condenser lens (YXOC-C-1310-SS-5.0-APC) at a distance of 2 

m. Considering the eye-safety issue, the measured optical power into free-space 

was limited to 0 dBm [49]. The second O-band PDFA was used immediately after 

the 2-m FSO transmission in order to provide ~ 10 dB gain to the received signal 

and ensure enough optical power for subsequent performance evaluations. The 

amplified signal was then adopted for optical eye-diagram captures and BER 

analysis. Once again, the Keysight DCA-M N1092A sampling oscilloscope was 

employed for eye-diagram measurements and the 256 GSa/s Keysight UXR0704A 

real-time oscilloscope was used to digitalise the detected data signal for the offline 

DSP process. A detailed description of all involved test equipment was covered in 

section 2.3.4. 

 

Figure 5.9 Experimental setup for free-space data transmission. 

The high-resolution emission spectra of the QD-MLL before and after the 2-m FSO 
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transmission are obtained in Fig. 5.10 (a). On both OSA spectra, within their 3-dB 

bandwidth, seven equally distributed tones at wavelengths identical to the ones 

aforementioned can be observed. Although the OSNR values decrease after the 

2-m free-space link due to extra distortion lights introduced to the received optical 

power, they are still well over 45 dB [50]. Meanwhile, the power of each tone is 

uniformly reduced by ~ 5 dB after FSO transmission for all wavelengths, indicating 

good stability of our experimental platform. The tones 2, 4 and 6 were selected as 

representatives to investigate the FSO transmission capabilities. Before 

quantifying the reliability of the entire communication system using BER analysis, 

the optical eye diagrams were first measured to provide a visual representation of 

the transmission quality for different formats at various modulation rates. Table 5.4 

summarises all captured eye diagrams with a constant sampling time scale of 5 

ps. As seen, with an increased bit rate, the cycle increases while the size of the 

eye-opening diminishes. Such a reduction in the eye-opening implies the potential 

increment of data errors [48]. Meanwhile, the increased number of eye amplitude 

power levels in the PAM-4 format leads to a significant decrease in level separation, 

introducing a considerable deterioration in transmission quality [49]. As a result, 

the PAM-4 eye-diagrams tend to be blurrier than the NRZ eye-diagrams for the 

same data rate. 

The comparison of BER performance after B2B and 2-m FSO transmission is 

exhibited in Fig. 5.10 (b). For the 64 Gbaud NRZ signal, performances below HD-

FEC were achieved with an average received power of -11.25 dBm for 2-m FSO 

transmission and -11.75 dBm for B2B configuration. This means that the power 

penalty for each tone is tolerable and is around 0.5 dB. Here, the degradation of 

the BER value is mainly caused by the decline of OSNR and the divergent focal 

spot size [51]. Despite only three frequency combs being demonstrated, all seven 

tones can be implemented by this scheme. 
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Figure 5.10 (a) High-resolution OSA spectra showing the output power of individual tone before and after the 

2-m free-space transmission. (b) The BER performance of filtered tone after B2B and 2-m free-space 

transmission. 
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Table 5.4 Optical eye diagrams for different tones after 2-m FSO transmission. 

NRZ 30 Gbaud 40 Gbaud 56 Gbaud 64 Gbaud 

Tone 2 

    

Tone 4 

    

Tone 6 

    

PAM-4 30 Gbaud 40 Gbaud 56 Gbaud 64 Gbaud 

Tone 4 
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5.5 Conclusion 

In this chapter, a high-performance wide-spaced OFC source generated by a 

passively two-section InAs QD-MLL has been successfully demonstrated. As a 

consensus in the field of optoelectronic communications, the QD-MLLs-based 

OFC sources with a larger mode-spacing are more preferred due to their 

capability of potentially diminishing the total number of required light sources in 

the DWDM transmission systems. Despite the fact that a wide variety of 100 

GHz comb sources are currently available via high order harmonics [6-8] or 

complicated system-level setups [5], it is still difficult to obtain such large mode-

spacing combs by the fundamental repetition rate of a QD-MLL, mainly attribute 

to the shortage of high-gain materials needed for extreme-short cavities. 

Here, we report a QD-MLL lasing from a cavity length as short as 405 µm, 

corresponding to a 100 GHz fundamental repetition rate. The high dot density 

and good QDs uniformity resulting from the optimised growth conditions played 

an essential role in ensuring the high-performance operation of the devices. 

Also, thanks to the carefully designed SA-to-gain length ratio, the mode-locking 

was observed with the current source only, whereas the SA section was left 

floating. Such a structure could provide a great convenience in device operation. 

Meanwhile, the nearly-transform-limited pulses were detected within the entire 

test range, indicating a high pulse quality of our QD-MLLs. The excellent noise 

performance with a typical integrated average RIN value of less than −134 dB 

Hz−1 was obtained over the frequency range from 100 MHz to 10 GHz. Seven 

tones were selected as optical carriers to carry out the system-level data 

transmission experiments via 5-km SSMF or 2-m free space. Our 100 GHz QD-

MLLs succeed in realising up to 64 Gbaud PAM-4 (128 Gbit s−1) fibre 

transmission and up to 64 Gbaud NRZ FSO transmission. The measured 

optical eye-diagrams in conjunction with the BER plots suggest that our QD-

MLL is feasible to handle high-speed optical data transmission with promising 
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transmission capacities. Hence, our proposed two-section QD-MLL could be a 

compelling candidate as a compact, low power consumption, easy-operation, 

cost-efficient, and integratable light source in the future high-speed optical 

communication networks. 
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Chapter 6 Conclusion and Future work 

6.1 Conclusion 

This thesis aims to develop high-performance OFC sources based on two-

section InAs QD MLLs for optical telecommunication applications. Overall, 

several milestones have been achieved during the development of this thesis. 

And the contents of each chapter are summarised below. 

In Chapter 1, the background and motivation for developing superior OFCs for 

high-capacity optical communications were first presented. Followed by an 

illustration of the basics of how an OFC works. Then, different methods for 

OFCs generations were described. The major comb parameters that are 

relevant to coherent data transmission, together with the inherent properties of 

QD structures were also explained. As discussed, the two-section QD MLLs, 

owing to their compactness, low power consumption, high energy efficiency and 

potential for monolithic integrations, appear to be especially suitable for optical 

communication applications over other OFCs technologies. 

In Chapter 2, the methodologies used for developing and evaluating the QD 

MLLs used throughout this thesis were introduced. Detailed information about 

the epitaxial layer structures of the laser devices, the fabrication process, and 

the experimental setups for device characteristics was given. The self-

assembled InAs QDs were directly grown on GaAs to obtain emission at around 

1.3 µm. A larger than the usual number of QD layers were employed to obtain 

the desired high optical gain. Besides, various cavity geometries were designed 

to study the effect of cavity configuration on mode-locking performance, 

involving a total of two different ridge structures (the ridged waveguide and the 

tapered waveguide) and five different SA-to-gain length ratios (from 1: 3 to 1: 

7). 
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Chapter 3 investigates the impact of cavity configurations on room-temperature 

lasing performance. I found that, for a given cavity length, the devices with 

tapered waveguide structures typically emit at a lower current density level with 

a higher slope efficiency than those with ridged waveguide structures. Hence, 

the tapered waveguide structure should be more suitable for high-power 

applications. Meanwhile, a 25.5 GHz ridged QD MLL was chosen as an 

example for a systematic study of mode-locking characteristics in both spectra 

and temporal domains.  

Chapter 4 presents the temperature-dependent performance of QD MLLs. 

Laser devices with different cavity configurations were extensively studied over 

a wide range of working temperatures. The measured L-I curves indicate that 

the devices with a longer cavity length could operate in a broader temperature 

range under a wider driving condition. Moreover, the tapered structure exhibits 

better thermal stability than the conventional ridged waveguide structure owing 

to its larger resonant area for heat dissipation. In addition, I reported a stable 

25.5 GHz QD mode-locked comb source that can maintain GS emission to a 

world-record high temperature (120 °C) with a tiny variation in tone spacing (~ 

0.07 GHz). The device showed a reasonable broad comb bandwidth (4.81 nm 

and 31 tones within a 6 dB window) even at an elevated temperature of 100 °C, 

corresponding to an averaged RIN of -146 dBc/Hz in the frequency range 0.5 

GHz to 10 GHz.  Those results suggest that the InAs QD MLLs could be used 

as ultra-stable comb sources in high-capacity and low-power consumption 

optical communications. 

In Chapter 5, I successfully demonstrated the potential of our fabricated QD 

mode-locked OFCs in two application scenarios in the optical communication 

field, that is the optical data transmission through fibre-optic cables and air. An 

ultrashort two-section InAs QD MLL with a fundamental repetition rate of ~ 100 

GHz was developed as the multi-wavelength light source. By pumping the gain 
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section and leaving the SA section floating, nearly Fourier-transform-limited 

pulses can be observed in the entire test range. The typical integrated RIN of 

the whole spectrum and a filtered tone are −152 and −137 dB Hz−1 in the range 

of 100 MHz to 10 GHz, respectively. In both cases, seven tones were selected 

as optical carriers for realising the system-level data transmission. And our 

devices succeed in realising up to 128 Gbit s−1 λ−1 PAM-4 5-km SSMF 

transmission and up to 64 Gbit s−1 λ−1 NRZ 2-m FSO transmission. The BER 

plots, together with the captured eye diagrams indicate that our QD mode-

locked OFCs are a promising candidate for future high-speed optical 

communication networks. 

6.2 Future work 

Over the last few years, our society becomes increasingly dependent on 

information transmission and processing [1]. The unprecedented growth in the 

proliferation of new emerging wireless applications and services has 

dramatically increased the demand for high data rate transmission. Under this 

circumstance, it is generally agreed that the future big-data-driven 5G and 

beyond networks should feature super-high data rate, almost zero latency, and 

anywhere-anytime connection requirements [2]. As a matter of fact, this is either 

infeasible or very costly when using solely optical fibre transmissions. 

Meanwhile, the demand for unoccupied and unregulated bandwidth for wireless 

communication systems has inevitably led to the extension of operation 

frequencies toward the THz frequency region [1]. Consequently, the THz 

transmission as a wireless backhaul extension of the optical fibres is considered 

as the main technology trend to break the barriers of optical communication 

and guarantee excellent performance for future network development and 

deployment [3]. At the same time, the THz wireless communication is also one 

of the technologies that little explored resources are needed for validation and 

exploitation, which can fully leverage the potential of current communication 
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systems [4-6]. 

Based on the research works in previous chapters, our future investigation will 

be devoted to the generation of THz beat signals using passively 100 GHz QD 

MLLs through monolithic or hybrid integration with multiple ring resonator-

based add-drop filters. The schematic diagram of the proposed device is 

presented in Fig. 6.1. As shown, the QD mode-locked OFC source with 100 

GHz mode-spacing should contain at least 11 lines within the 3dB bandwidth to 

ensure the THz gap formation. Then, the light emitted from the QD MLL will first 

be coupled into two resonant-ring based 2x2 add-drop filters with different 

geometrical parameters (MRR1 and MRR2), after which the corresponding 

resonant wavelengths will be transferred to the drop ports (λ1 and λ2, 

respectively), and those non-resonant wavelengths will be transmitted to the 

throughput port without loss [7]. Then, the two filtered wavelengths will be 

combined by a 3dB coupler, and the output signal will be collected by a uni-

travelling-carrier photodiode (UTC-PD). Finally, the THz signal can be obtained 

by simply heterodyning the two extracted modes [8]. In this way, our mode-

locked OFCs could expand their application as a compact, broad bandwidth, 

easy operation, and cost-effective light source in high-speed THz wireless 

communications for the upcoming big-data era. 

It is undeniable that the performance of our InAs QD mode-locked OFCs still 

has room for improvement in multiple aspects, such as emission spectral 

bandwidth, output power, and pulse duration. To achieve the envisaged goals, 

the proposed works as a follow-up to this project are outlined below. 
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Figure 6.1 Prototype of Si-based THz beat signal generation using a 100 GHz two-section QD MLL and 

multiple ring-based optical add-drop filters. 

6.2.1 QD mode-locked OFCs with ultra-broad bandwidth 

The broadband sources are always favoured in optical communications since 

they can potentially offer more optical carriers for data transmission, hence, 

increasing the transmission capacity. To achieve the ultra-broad emission 

bandwidth for mode-locked OFCs, either chirped structure or hybrid QW/QD 

structure could be employed in the active region. Figure 6.2 shows the 

schematic diagrams for those two designed epitaxial structures. 

The chirped structure contains multiple QD layers with different emission 

wavelengths (e.g., 1280 nm and 1230 nm), which can be achieved by changing 

the QDs composition [9], varying the QDs size [10], or modifying the matrix 

surrounding the QDs [11, 12]. As a result, there will exist two ground states, 

corresponding to the two strong peaks in the PL spectrum [13]. The overlapping 

between the PL spectrum of each peak enables a broad spectral width in the 

chirped structure.  
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On the other hand, the hybrid QW/QD structure introduces a single InGaAs QW 

located on the n-side relative to the QDs stack layers [14]. The QW layer will 

be engineered to have the lowest energy transition, thus, emitting at a 

wavelength that coincides with the emission wavelength of the second ES (ES2) 

of the QDs [15]. With optimal growth conditions, simultaneous three-state lasing 

could be achieved at room temperature. Meanwhile, it has been shown that the 

combined effects of QD’s GS emission, QD ES1 emission and QW emission 

could achieve spectra with bandwidths over several hundred nm [16, 17]. If 

chirped QDs were used in hybrid structures, then, the spectral bandwidths 

could be further enhanced [18]. 

 

Figure 6.2 Schematic diagrams of a typical p-i-n laser diode with the proposed active region of (a) 

chirped structure, and (b) hybrid QW/QD structure. 

6.2.2 High-power QD mode-locked OFCs  

Apart from the broad-spectrum operation, researchers are also pursuing high-

power OFCs that benefit from compactness, energy efficiency, and low running 

costs [19]. As an important quantity, the output power of frequency combs plays 

an essential role in many applications, such as metrology, light detection and 

ranging (LiDAR), and free-space optical transmission [20]. The QD mode-

locked OFCs with high output power are extremely attractive since they offer 

the possibility to replace the large benchtop lasers and enable vast 

simplification of device setups.  
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As already discussed in Chapter 3, laser devices with the tapered-waveguide 

structure are ideal for high-power applications. Unfortunately, only few 

measurements have been performed on the tapered structure and much work 

remains to investigate, such as the pulse width, emission spectra, and mode-

locking regime as a function of the driving conditions. Further measurements 

should be carried out. Also, when available, it would be interesting to compare 

the MLLs with different tapered angles. 

In addition, it has been suggested that the anti-colliding pulse mode-locking 

(ACPML) configuration, where the low-reflectivity (LR) coating is implemented 

on the facet near the SA section, could significantly improve the output power 

of the pulses while maintaining the low timing-jitter [21, 22]. Therefore, OFCs 

generated by QD MLLs with anti-colliding structures could be the subject of 

future investigations. 
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Appendix A 

Fabrication Processes of MLLs 

Version: IOP_20211124 

Wafer: PIN laser structure on GaAs 

Step Name Process Note 

1: Wafer Clean Clean wafer after dicing into 3 cm x 3 cm.  

Steps: 

1. Rinse in acetone for 5 mins. 

2. Rinse in IPA for 5 mins. 

3. Rinse in water for 5 mins. 

4. Dry wafer with N2 gas.  

 

2. 1st spin 

coating 

SPR220 + 

LOR10B 

1. Prebake: 150 0C for 3 mins. 

2. Spin coating LOR5A @ 3000 rpm for 1 min, 

thickness ~ 500 nm. 

3. Pre-exposure bake: 180 0C for 5 mins. 

4. Spin coating SPR220-3.0 @ 2000 rpm for 1 

min, thickness ~ 4 µm. 

5. Post bake: 115 0C for 90s. 

 

3. 1st lithography  

(Laser direct 

writing) 

Define P-metal pattern. 

Parameters: 

a. Laser power: 60 mW. 

b. Focal length: 5 mm. 

c. Intensity: 60. 

d. Filter: 100. 

Post 

exposure 

bake @ 

115 0C for 

90s;  

4: Development 1. Rinse in MIF-300 for 1 min. 

2. Rinse in water for 30s. 

3. Dry wafer with N2 gas. 

4. O2 plasma clean. 

 

5: 1st P-metal 

deposition  

(Ridge) 

Parameters: 

a. Ti_20 nm/ Pt_20 nm / Ti_20 nm /Au_200 

nm. 

b. Vacuum Pressure < 5e-6. 

 

6. Lift-off 1. Rinse in acetone. 

2. Rinse in IPA. 

3. Rinse in water. 

4. Rinse in PG remover. 

5. Rinse in water. 

6. Dry wafer with N2 gas 

 

7: 1st annealing 

(Ridge) 

Thermal annealing. 

1. 425 0C for 1 min. 
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8: Hard-mask 

growth 

Deposit hard mask on wafer. 

1. ICPECVD 

2. Deposit temperature: 80 0C. 

3. Deposit rate: 25.8 nm/min. 

4. Deposit time: 20 mins. 

Thickness 

of SiO2: 

around 

500 nm. 

9: 2st spin 

coating AR300-

80 +SPR220-3.0 

1. Prebake: 150 0C for 3 mins. 

2. Spin coating AR300-80 @ 4000 rpm for 3 

mins, thickness ~ 

3. Pre-exposure bake: 180 0C for 3 mins. 

4. Spin coating SPR220-3.0, thickness ~ 4 

µm. 

5. Post bake: 115 0C for 90s. 

 

10: 2st 

lithography  

(Laser direct 

writing) 

Define Ridge pattern. 

Parameters: 

a. Laser power: 60 mW. 

b. Focal length: 5 mm. 

c. Intensity: 60. 

d. Filter: 100. 

 

11: Development 1. Rinse in MIF-300 for 1 min. 

2. Rinse in water for 30s. 

3. Dry wafer with N2 gas. 

4. O2 plasma ash. 

 

12: 1st SiO2 dry 

etching 

RIE etching 

1. Pressure: 100 mTorr. 

2. Etch time: 19 mins. 

3. Etch temperature: 10 0C. 

4. O2 plasma ash. 

Etching 

rate: 30 

nm/min 

13: Removing 

Resist 

 

1. Rinse in hot bath (70 0C). 

2. PG remover (1165). 

3. Rinse in DI water. 

4. Dry wafer with N2 gas. 

 

14: Ⅲ-V ridge 

etching 

ICP etching 

1. BCl3/Cl2/Ar: 10/6/4 sccm. 

2. Etch depth: 1.6 – 1.8 µm.  

3. O2 plasma ash. 

Etching 

rate: 16.8 

nm/min. 

15: Passivation Deposit passivation layer on wafer. 

1. ICPECVD 

2. Deposit temperature: 80 0C 

3. Deposit rate: 25.8 nm/min 

4. Deposit time: 20 mins. 

Thickness 

of SiO2: 

around 

500 nm. 

16: 3rd spin 

coating AR300-

80 + SPR220-3.0 

1. Prebake: 150 0C for 3 mins. 

2. Spin coating AR300-80 @ 4000 rpm for 3 

mins, thickness ~ 

3. Pre-exposure bake: 180 0C for 3 mins. 

4. Spin coating SPR220-3.0, thickness ~ 4 

µm. 

5. Post bake: 115 0C for 90s. 

AR300-80 

is an 

adhesion 

promoter. 
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17: 3rd 

lithography  

(Laser direct 

writing) 

“Open window” 

Define P-contact metal pattern. 

Parameters: 

a. Laser power: 60 mW. 

b. Focal length: 5 mm. 

c. Intensity: 50. 

d. Filter: 100. 

 

18: Development 1. Rinse in MIF-300 for 1 min. 

2. Rinse in water for 30s. 

3. Dry wafer with N2 gas. 

4. O2 plasma clean. 

 

19: 2nd SiO2 dry 

etching 

RIE etching 

5. Pressure: 100 mTorr. 

6. Etch time: 20 mins. 

7. Etch temperature: 10 0C 

5. O2 plasma ash. 

Etching 

rate: 30 

nm/min 

20: Removing 

Resist 

 

1. Rinse in hot bath. 

2. PG remover (1165). 

3. Rinse in DI water. 

4. Dry wafer with N2 gas. 

 

21: 4th spin 

coating 

LOR10B + 

SPR220 

1. Prebake: 150 0C for 3 mins. 

2. Spin coating LOR10B @ 3000 rpm for 1 

min, thickness ~ 1 µm. 

3. Pre-exposure bake: 180 0C for 5 mins. 

4. Spin coating SPR220-3.0 @ 2000 rpm for 1 

min, thickness ~ 4 µm. 

5. Post bake: 115 0C for 90s. 

 

22: 4th 

lithography  

(Laser direct 

writing) 

“P-contact” 

Define ‘P-contact” pattern. 

Parameters: 

a. Laser power: 60 mW. 

b. Focal length: 5 mm. 

c. Intensity: 60. 

d. Filter: 100. 

 

23: Development 1. Rinse in MIF-300 for 1 min. 

2. Rinse in water for 30s. 

3. Dry wafer with N2 gas. 

4. O2 plasma clean. 

 

24: 2nd P-metal 

deposition  

(Contact) 

Parameters: 

a. Ti_20 nm/ Au_400 nm / Ti_20 nm /Au_400 

nm/ Ti_20 nm /Au_600 nm. 

b. Vacuum Pressure < 5e-6. 

 

25: Lift-off 1. Rinse in acetone. 

2. Rinse in IPA. 

3. Rinse in water. 

4. Rinse in PG Remover. 

5. Rinse in water. 

6. Dry wafer with N2 gas. 

 

26: 5th spin 1. Prebake: 150 0C for 3 mins.  
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coating 

SPR220 

2. Spin coating SPR220-3.0, thickness ~ 2 

µm. 

3. Post bake: 115 0C for 90s. 

27: 5th 

lithography  

(Laser direct 

writing) 

“Gap Etch” 

Define ‘P-contact” pattern. 

Parameters: 

a. Laser power: 60 mW. 

b. Focal length: 5 mm. 

c. Intensity: 60. 

d. Filter: 100. 

 

28: Development 1. Rinse in MIF-300 for 1 min. 

2. Rinse in water for 30s. 

3. Dry wafer with N2 gas. 

4. O2 plasma clean. 

 

29: III-V wet 

etching 

1. Wet etching for 1 min in mixed solution 

(Citric: H2O2: H2O = 10:1:10)  

2. Rinse in water for 30s. 

Etching 

rate: 200 

nm/min. 

30: Removing 

Resist 

1. Rinse in acetone. 

2. Rinse in IPA. 

3. Rinse in DI water. 

4. Dry wafer with N2 gas. 

 

29: Lapping Lapping the sample to ~ 120 µm.  

30: N-metal 

deposition 

Parameters: 

a. Ni_25 nm/ Ge_32.5 nm / Au_65 nm /Ti_20 

nm/Au_200 nm. 

b. Vacuum Pressure < 5e-6. 

 

31: Thermal 

annealing 

Thermal annealing. 

1. 350 0C for 1 min. 
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Appendix B 

SA: Gain = 1: 3 

 

SA: Gain = 1: 5 
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