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5.1 Introduction

Over the past few decades, our daily lives have been reshaped by the emergence of new
technologies. The popularization of smartphones, for example, has radically trans-
formed our daily routine and the associated industries. Today, a wide variety of online
services based on cloud computing and cluster analysis are at our fingertips. Moreover,
with the ongoing construction of the Internet of Things (IoT), or the more ambitious
Internet of Everything (IoE), billions of devices and sensors are connected to the net-
work each year, hence generating real-time feedback for various monitoring purposes
[1]. In addition to IoT/IoE, artificial intelligence and machine learning are booming and
continuously launching more innovative applications in education, healthcare, and
transportation, to name a few. As a result, global data traffic is growing every year,
reaching 5 zettabytes (ZB) per month on mobile networks alone by the end of 2030,
according to the recent estimates from the International Telecommunication Union
[2]. At the same time, the communication infrastructure is constantly being upgraded,
especially at its core, the optical layer, to accommodate the rapid growth in Internet use,
which has increased at least 16-fold by 2020 compared with 2010, as reported by the
International Energy Agency [3]. High-speed, low-latency optical links are among
the most in-demand equipment to meet transmission capacity requirements, especially
in access networks and very large-scale data centers. By 2026, the global optical trans-
ceiver market is expected to double to approximately $21 billion [4].

Currently, common optical transceivers include a semiconductor laser light source,
a modulator, a (de)multiplexer, and a photodetector, all assembled around a printed
circuit board (PCB). The heat generated by the electronic components can easily
jeopardize stability and performance, as semiconductor lasers are generally strongly
sensitive to thermal issues. In addition, the functionality of edge emitters is rather
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limited due to their size. On the other hand, due to the complication of the hardware,
additional functions are expected to be integrated into these devices. For example, to
exploit the high bandwidth offered by optical fibers, wavelength-division mul-
tiplexing (WDM) solutions have been implemented in data centers for card-to-card
or chip-to-chip links. In this context, photonic integration is seen as the key solution
for housing all the required parts in a tiny space like an optical transceiver. At the early
stages, the development of photonic integrated circuits (PICs) was quite challenging
because the various optical functionalities inherently depended on a too large variety
of materials, which not only limited the scalability of PICs, but also made them very
expensive. Fortunately, with the maturation of integrated technologies, photonic plat-
forms are now becoming much more publicly available [5-7].

Typical semiconductor lasers used in optical networks are mainly based on quan-
tum well (QW) technology [7]. Despite its simple fabrication procedure, the QW
laser has some intrinsic shortcomings to be considered as the ideal light source
for PICs. For example, they are known to be sensitive to thermal effects, namely
the wavelength and intensity can be seriously altered by temperature variation [8, 9].
This can be very problematic and costly since temperature-controlled heat sinks
must often be used. In the case of on-chip WDM, serious crosstalk can occur, hence
disrupting system operation. In addition, QW lasers do not naturally exhibit low
phase and intensity noise, so it is difficult to utilize them in integrated communica-
tion systems. To overcome these issues, quantum dot (QD) gain materials are now
considered as a much better option for PICs. Due to their atomic nature, QD lasers
exhibit high optical gain [8—11], low threshold current density [11-13], large
thermal stability [ 14, 15], narrow optical linewidth [16, 17], and low intensity noise
[18, 19], thus reconciling all the most sought-after qualifications for an on-chip laser
device. Furthermore, compared to QWs, QDs are individual nanostructures showing
large energy sublevel separation, hence limiting the carrier escape, while the 3D car-
rier confinement inhibits in-plane diffusion. Therefore, when subjected to direct
growth, QD lasers are less susceptible to threading dislocations (TDs) than their
QW counterparts [20, 21]. Furthermore, recent results have demonstrated that inte-
grated QD lasers on silicon can handle an excessive amount of external optical
reflections and operate without optical isolators [22, 23], implying the possibility
of creating low-cost optical transceivers for industrial applications. Such concept
has been shown initially by Huyet et al. [24-26].

In this chapter, we highlight some of the recent progress achieved on QD lasers. It is
organized as follow: in Section 5.2, we discuss in further detail the development of QD
material and the fundamental aspects; Section 5.3 focuses on the phase and intensity
noise properties; Section 5.4 deals with the reflection sensitivity in PICs and shows the
clear advantage in using QD lasers for isolation-free applications; Sections 5.5 and 5.6
investigate high-order nonlinear properties of the QD gain media and how it can be
exploited for optical frequency comb (OFC) generation; Section 5.7 introduces the
modulation properties of QD lasers; finally in Section 5.8, some of the latest QD
lasers-related applications are presented.
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5.2 Quantum dot lasers

5.2.1 Low-dimensional semiconductor structures: An heuristic
approach

Since the first demonstrations of semiconductor lasers in the early 1960s [27-30],
improvement of the gain medium and light emission efficiency has become the main
goal. In the late-1960s and the early 1970s, the bulk heterostructure (3D system)-based
semiconductor laser was developed, hence providing an efficient carrier confinement
within the active region. In particular, the invention of the double heterostructure
(DH) yielded both improved photon and carrier confinement allowed for continuous
waves (CWs) and room temperature lasing emission [31, 32]. For this discovery, the
Nobel Prize in Physics (2000) was awarded, having a huge societal impact by moving
semiconductor lasers from outside laboratories into our daily lives [33-35].

From a general viewpoint, quantum confinement in solids occurs when one or more
spatial dimensions of the nanocrystal approach the de Broglie wavelength of the car-
rier defined by
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In this formula, for a conduction band electron, m) is the effective mass of the
electron, E is the energy of the electron in excess of the gap, and 4 is the Planck’s
constant. For usual semiconductors, this distance is of the order of a few tens of
nanometers. Confinement of carriers leads to a quantization of the density of states
(DOS) and splits the energy band of semiconductor into discrete energy levels [36,
37]. Fig. 5.1 displays different semiconductor structures with different degrees of
dimensionality, namely bulk (3D), QW (2D), quantum dash (1D), and QD (0D)
[38]. The impact of the different degrees of the dimensionality, the inhomogeneous
broadening, and the thermal population on the DOS is shown. The gap energy is
represented by E,,,, whereas E, and E; show the quantized energy levels.

The quantization of the carriers in one direction of space has already been widely
studied in device structures such as QW lasers [35, 38—43]. The carriers are confined
along the growth axis and have a free movement in the plane of the layers. Therefore,
the energy of the electrons in these structures is then of the type:
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where /i is the reduced Planck’s constant, k/, the wave vector of the electron in the plane,
E, an energy taking discrete values due to the confinement, and &, the wave vector

component in the quantized direction, which is defined such as k, = ,/k* — kf /-
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Fig. 5.1 Semiconductor structures with different degrees of dimensionality: bulk (3D),
quantum well (2D), quantum dash (1D), and quantum dot (0D). The impact of the different
degrees of dimensionality, inhomogeneous broadening, and thermal population on the density
of states are shown. The gap energy is denoted by E,,,, whereas E and E represent quantized
energy levels.

gap»

This confinement energy depends on the characteristics of the QW (width of the well
and height of the barrier). As shown in Fig. 5.1, the DOS in a 2D system is then a func-
tion in step-like distribution with commutation relationships obeying [H, k,]#0 where
H is the Hamiltonian (energy operator) of the quantum system. In particular, the intro-
duction of QWs as the active layers of the DH lasers was theoretically deeply investi-
gated. In particular, it was shown that the reduction of the threshold current directly
results from the mutual action of the lowering of the DOS (favorable effect) and the
lowering of the optical confinement (unfavorable effect). The paper also demonstrated
that the poor performance of GalnAs-based QW lasers was due to the detrimental Auger
effect, which is greater than in 3D lasers because of the higher carrier densities at which
QW lasers operate [43].

The development of crystal growth and epitaxy techniques has allowed, since the
1970s, to combine many different semiconductor materials of different natures (con-
finement potentials, mismatch parameters, etc.). The growth of these materials
achieved by successive stacking of layers of quantum thickness has given rise to effi-
cient photonic devices incorporating QW, multiquantum wells (MQWs), and super
lattices [44, 45]. These structures, which confine electrons in one direction in space,
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have revolutionized the semiconductor laser fabrication. More efforts were then
focused on the confinement of carriers in several directions of space, to further reduce
the dimensionality of the structures studied. The progress in the fabrication of such
structures, especially by electronic lithography, have allowed the fabrication of quan-
tum wires/quantum dashes (1D systems) and QDs (0D systems) [40, 46]. The former
allows a confinement of the carriers in two directions of space with commutation rela-
tionships such as [H, k] # 0 and [H, k,] # 0. These structures always present a con-
tinuum of accessible states since the energy is not fully discretized in the direction of
the dash nanostructures, hence there remains a one-dimensional continuum. As shown
in Fig. 5.1, the DOS is therefore in the form of 1/+/E — E,,. Finally, QDs ultimately
confine the carriers in the three directions of space. The energy of the carriers is per-
fectly discretized in the three directions, and the energy spectrum is therefore totally
discrete like that of an atom [8, 38]. In QDs, all carriers are strongly localized (typical
within a volume ~10* nm?). It is this property of the dots which makes their main
interest for practical applications because they constitute artificial atoms. Fig. 5.1
shows that the DOS of such a system is a Delta-like distribution 6(E — E,) at the
energy of each discrete quantum level E,. The situation is thus very different from
the 2D and 1D systems since, in the dots, there are no more energy continuum. In prac-
tice, QDs have lateral extensions in all three directions of space smaller than the de
Broglie wavelength of the charge carriers. As a consequence of that, they have to be
neither too small, otherwise no bound state is present, nor too large, meaning that the
energy difference AE between sublevels is greater than k3T at 300 K. In addition, car-
riers in QDs have no well-defined wave vector namely there is no wave vector con-
servation and no recombination bottleneck with [H, k] 0. Recombination,
absorption, and gain are always excitonic (or biexcitonic) leading to a strong enhance-
ment of the oscillator strength.

The development of QD materials results from an heuristic evolution. The first
realization of QDs was nanocrystal inclusion (e.g., CdSe) in amorphous glass [47].
The dielectric environment in which these nanocrystals were elaborated proscribed
for a long time their use in electrical components, and the quantum confinement
was only confirmed experimentally afterwards [48]. The concept of QD lasers on
the other hand was first studied by Arakawa and Sakaki in 1982 [38] and was referred
back then as three-dimensional QW lasers or quantum box lasers. By assimilating real
QD gain medium with QW laser under high magnetic field, experiments forecast
low-threshold, high-thermal stability, and enhanced dynamic properties in QD lasers
[49-52]. The fortuitous observation in 1985 of nanoclusters appearing within an
InAs/GaAs superlattice, that has been later understood as Stranski-Krastanov (S-K)
growth mode, opened the way to the development of these three-dimensional confined
nanostructures. The S-K growth mode is one of the main underlying processes of the
QD formation, which corresponds to a spinodal decomposition or submonolayer
deposition [8, 9, 53]. Although in the early days, it was even difficult to grow
high-quality QW heterostructures, many efforts have been devoted to overcome tech-
nological challenges [8, 54-61]. Since then, the progress made in crystal growth, as
well as the numerous studies launched on this subject, have highlighted the totally
discrete character of the energy spectrum of QDs. For instance, Table 5.1 depicts
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Table 5.1 Threshold current density J,, measured in different laser structures.

Substrate Type Ju (Alem?) Operating temperature (K) Reference
GaAs DH 10,000 300 [34]
GaAs DH 4300 300 [33]
InP QW 170 300 [62]
GaAs QW 65 300 [63]
GaAs QD 62 300 [64]
GaAs QD 8.8 300 [13]

the threshold current density J,;, measured in DH, QW, and QD structures [65, 66]. Itis
very much clear that from DH to QW, the J,;, has been significantly reduced by three
orders of magnitude, and the transition to QD lasers help to reach an unprecedented
low-threshold operation at room temperature. To this end, their utilization has become
very promising for replacing the currently used QWs, especially for future integrated
technologies on silicon whereby many applications are foreseen even down to the
quantum level implementation.

5.2.2 GaAs-based quantum dot lasers

Since the first observation of InAs QDs on GaAs substrate, initial approaches contin-
ued on the same path of developing strain-induced self-assembled QDs by molecular
beam epitaxy (MBE) [54-58, 60, 61, 67—70]. Cathodoluminescence experiments rev-
ealed the delta-function-like emission characteristics of excitons in InAs/GaAs QDs
[71]. The first QD laser was demonstrated by Bimberg’s and Alferov’s teams in 1994,
the gain medium contained a singled dot layer developed by MBE [60, 72]. While
strain-induced self-assembled MBE remained the mainstream growth method ini-
tially, metal-organic chemical vapor deposit (MOCVD) has also quickly been proven
effective in developing InAs/GaAs QD lasers as well [15, 59, 73-82]. Some others
have also attempted using patterned substrate and successfully demonstrated lasing
operation; however, the threshold current density was not ideal [83]. Early studies
of the QD structure for laser application was concentrated in sampling different
growth conditions. Table 5.2 lists some of the important achievements in the mid-
1990s to the early 2000s. InAs QDs are formed via a trade-off between the growing
film strain energy and the dot surface free energy [8, 72, 92, 93]. It was shown that two
sources of the strain field exist in the lattice mismatch with the substrate edge-induced
strain as well as the strain-induced renormalization of surface energies, of the island
facets, and of the wetting layer. Thus, the energy of a single quantum island having the
shape of a pyramid with a square L X L base can be written as the following [94]:

~Renorm

~Edges
+ AE

E—AE, + Epages + AEy

Elastic

(5.3)

Surface lastic

The first term (~—L?) is the energy of change of volume of the surface elastic energy
due relaxation, the second (~=L?) the change of the surface energy due to the island
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Table 5.2 A nonexhaustive list of the most important works on the development of InAs-GaAs
QD lasers since the first demonstration.

QD QD Epitaxy QD
Year composition T growen (°C) | method layers | Jy T,, (K)
1994 [60] | InAs 460-490 MBE 1 1 kA/cm? 300
1995 [84] | IngsGagsAs | 510 MBE 1 0.8 kA/cm?® | 85
1996 [70] | Ing3Gag,As 515 MBE 1 1.2 kA/em? | 300
1996 [85] | Ing4GageAs 500-550 MBE 1 650 A/em® | 300
1996 [64] | IngsGagsAs | 485 MBE 3 62 A/lem® | 300
1996 [75] | InAs 485-505 MOCVD | 3 220 A/em® | 300
1998 [86] | InGaAs 512 MBE 1 270 Afem? | 300
1998 [87] | InAs — MBE 2 160 A/cm® 298
1998 [88] | InAs - MBE 7 82 A/em? 285
1999 [12] | InAs 490 MBE 1 83 A/em? 295
1999 [76] | InGaAs 500 MOCVD | 3 210 Afcm? 295
2000 [89] | InAs - MBE 1 13 Afem? 300
2000 [90] | InGaAs 450 MBE 3 96 A/cm? 220
2000 [77] | InGaAs 490 MOCVD | 3 110 A/fem® 300
2001 [91] | InAs 510 MBE 6 375 Afem® | 300
2002 [79] | Inge GagssAs | 485 MOCVD | 3 60 Afem® | 293

OD T, 0nm» QD growth temperature; J,, lasing threshold current density; T,,,, operating temperature.

formation, the third (~+L) the energy of the edges, and the fourth (~ —LInL ) cor-
responds to the energy of elastic relaxation due to the edges. The excess elastic moduli
of the surface give the correction to the energy of the volume elastic relaxation, which
is proportional to L?, and corrections to all other terms are of the order of L or smaller.
In practice, several parameters are involved during the growth, making the dot forma-
tions more challenging to control, hence leading to a QD size dispersion, that is, from
extremely narrow emission line of single QD [71, 95, 96] to an inhomogeneously
broadened gain medium [97-99].

Fabrication of QD lasers usually require growing multiple stacks of dots in the
active region to increase the material gain [64, 100]. However, in doing so, careful
optimization of the growth process is mandatory, because as the number of stacks
increases, the strain also accumulates in each dot layer, hence necessitating using a
thicker spacer in the structure, which will in turn reduce the contribution to the gain
and slow down the carrier dynamics [101]. For InAs/GaAs QD lasers, the maximum
number of dot layers is usually limited to 10-15 [101, 102].

Since the birth of QD lasers, the development of GaAs-based QD lasers has been
extensively pursued [ 103]. For instance, in 1996 [64, 104], a better optimized structure
was demonstrated with three dot layers and a very low room temperature threshold
current density at 62 A/cm?, a characteristic temperature of 385 K up to 300 K, and
a large material gain of ~105cm™'. Two years later, further breakthrough was
unveiled due to the development of the “Dot-in-a-well” (DWELL) structure [12].
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Such structure, in which the QDs are embedded into QWs allows a much better cap-
ture and localization of electrons into the QDs and speeds up the carrier dynamic as
well as to improve the material gain due to a larger dot density up to 7.5 x 10'° cm™2.
In addition, with the advancement in MOCVD growth, InAs/GaAs QD lasers have
been obtained with ultra-low transparency current density (<6 A/cm?® per dot sheet)
and internal losses (=1.5 cm™") [77] with recent demonstrations exhibiting extrapo-
lated lifetime of 5 million hours at 60°C [105]. Over time, more improvements have
been further obtained in InAs/GaAs QD lasers [86, 92, 106, 107], for instance, thresh-
old current densities down to 8.8 A/em” [13], negative characteristic temperature
[108, 109], high output power [77, 110], as well as prolonged device life time [79].
Furthermore, exceptional thermal stability has indeed been confirmed in GaAs-based
QD, experiments demonstrated 10 Gbit/s transmission from 20°C to 70°C [14], as
well as sustained CW operation at extreme temperature of 220°C, which is the highest
recorded operating temperature among any kind of semiconductor lasers [21]. Recent
progress has also involved tuning the GaAs-based QD lasing wavelength to other tel-
ecom bands, potentially allowing the expansion of available channels for short-reach
fiber communication, hence augmenting data transmission capacity. As compared to
commercial QW lasers, QD optical transmitters are much better candidates to reduce
the power consumption both of the electrical pumping and the thermoelectric cooling
in butterfly packaged devices [66]. In the current market, mature commercialized
GaAs-based QD laser products are already provided for telecommunication applica-
tions by different companies such as Innolume GmbH and QD Laser Inc.

5.2.3 InP-based quantum dot lasers

The S-K growth has been proved to be very efficient for the realization of GaAs-based
QD laser devices, with an emitting wavelength in the O-band (1260—-1360 nm) that is
ideal for short-reach communication links. However, since its debut, long-haul fiber
communication network has always been centered in the C-band, that is, from 1530 to
1565 nm, for the simple reason that this wavelength span suffers the least loss in opti-
cal fibers (typically ~0.2 dB/km). Therefore, it is equally necessary to manufacture
QD lasers to emit around 1550 nm. While, through delicately tuned epitaxy tech-
niques, it is possible to fabricate QDs on a GaAs substrate to emit in the 1550 nm
range, the main approaches are developed around the InP substrate [78, 111, 112].
The first InAs/InP QD laser was demonstrated in 1998, initially with a lasing operation
limited to 77 K [113, 114] and then at room temperature [115]. Although the InAs/InP
and InAs/GaAs systems share the same material in the dots, they remain quite differ-
ent from each other, mostly because the lattice mismatch in InAs/InP (3%) is smaller
than that in InAs/GaAs (7%) [110]. Therefore, the challenge regarding the dot forma-
tion on InP substrates is to deal with the lattice mismatch and the complex strain dis-
tribution which tends to produce elongated dots, that is, quantum dash (QDash), a
class of self-assembled nanostructures that exhibits mixed properties between quan-
tum wire (QWire) and QD [116]. Thus, the fabrication of real InAs/InP QDs requires
careful procedures to avoid the formation of QDash, for example, utilizing miscut
InP(100) or InP(311)B misoriented substrates [117]. As an example, Fig. 5.2 shows
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Fig. 5.2 The formation of InAs nanostructures on InP (001) as a function of trimethylindium
(TMlIn) flow and growth temperature.

Reprinted with permission from A. Lenz, F. Genz, H. Eisele, L. Ivanova, R. Timm, D. Franke,
H. Kiinzel, U.W. Pohl, M. Dahne, Formation of InAs/InGaAsP quantum-dashes on InP(001),
Appl. Phys. Lett. 95 (20) (2009) 203105, https://doi.org/10.1063/1.3265733, copyright 2009
AIP Publishing.

the impact of the trimethylindium (TMIn, In(CH3);) flow and of the growth temper-
ature on the formation of the InAs nanostructures on InP(001) substrate [118]. At
500°C, the InAs tends to form in dashes with the increase of the quantity of TMIn
flow, as well as decreasing the temperature with TMIn fixed at 13 sccm.

The formation of nanostructures (dashes or dots) on InP(100) substrate strongly
depends on the growth conditions and on the thickness of the InAs layer, hence a
lot of efforts have been devoted to improving the growth with views of enhancing
the dot density [119]. By employing chemical beam epitaxy, Allen et al. reported
an InAs/InGaAsP grating coupled with external cavity QD lasers with an increased
dot density of 3—6 x 10'° cm™2 and a wavelength tuning range of 110 nm [120].
On the other hand, using GSMBE in conjunction with metal-organic vapor phase
epitaxy, Lelarge et al. has obtained a very high modal gain up to 10.7 cm ™" per layer
by stacking six dot sheets in the active region [121].

Overall, although the performance of InAs/InP QD lasers are still far from those
reported on GaAs-based substrate, progress has been made over the years toward
demonstrating good performance for optical communications [117, 122]. For
instance, in the current market, Ranovus commercializes InP-based QD comb lasers
which can be used as a light source for data transmission at 100 Gbps per channel and
beyond. As compared to InP(100) substrate, it has to be noted that high indexed
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InP(311)B substrates can provide a higher nucleation point density, hence strongly
reducing the surface migration effects and allowing the formation of more symmet-
rical QDs in the planar direction. Moreover, a higher dot density with a smaller dis-
persion in size can also be obtained. For instance, dot density of 2—7.5 X 10'°cm—2
[123, 124] with dot sizes of 3 nm in high and 30-50 nm in wide have been reported.
Using an InAs/InGaAsP active region, the first InP(311)B-based QD laser was
obtained including seven stack layers grown by MBE and with a dot density of
2 x 10" cm™2, displaying a lasing operation at 1400 nm at 77 K [115]. Then, using
a double-capped technique, Caroff et al. achieved a significant improvement in the dot
density up to 1.1 x 10" cm ™2 leading to a threshold current density of 23 A/cm? per
layer [125]. One year later, by optimizing the InAs deposition process, small QDs
(~20 nm) with very high density (~1.3 x 10"" cm™?) have been reported by the same
group [126]. Using a strain compensation technique, Akahane et al. have demon-
strated an InP(311)B-based QD laser with 20 QD stacks in the active region, and a
high characteristic temperature of 148 K at room temperature [127]. Very recently,
the effects of bismuth (Bi) irradiation on InAs QDs grown on an InP(311)B substrate
were even investigated. It was shown that the Bi irradiation reduces the temperature
dependence of the emission wavelength in the highly stacked InAs QD laser [128].
Another very recent paper also reported temperature-insensitive characteristics with
an infinite characteristic temperature up to 50°C and 120°C CW operation [129].
Unfortunately, applications of InAs/InP(311)B QD lasers remain extremely limited
since the fabrication requires a complex technological process not very much compat-
ible with the industrial standards.

5.2.4 Quantum dot lasers toward integration

The initial concept of PICs was proposed by Stewart Miller in 1969 [130], at a time
when the integrated electronic industry was dawning. Following the significant pro-
gress in the development of semiconductor alloy and hence the improvement of diode
lasers, interest in integrated optical communication system was rapidly growing. For
instance, hybrid approaches have been quickly suggested in the 1980s based on the
incorporation of guided lightwave system on silicon [131-134]. However, these early
designs were heavily focused on the use of complementary metal-oxide-
semiconductor (CMOS) wafers [107], while building a complete on-chip optical com-
munication system requires much more photonic building blocks like modulators,
waveguides, photodetectors, amplifiers, attenuators, (de)multiplexers, etc., and it
was only until the early 1990s that most of these basic optical components became
available for integration [7]. Nevertheless, the first primitive PIC came out in 1986
[135], where MQW lasers and modulators were integrated together on the same
InP substrate, hence forming electro-absorption modulated laser (EML) modules.
These EMLs were then commercialized and deployed in WDM systems by the end
of 1990s [7, 136]. In 2004, commercial dense wavelength-division multiplexing
(DWDM) PIC transmitter and receiver chips were introduced, with data traffic vol-
ume of 100 Gbit/s [137]; while a decade later, these PIC devices could handle
2.25 Tbit/s transmission capacity over 40 channels [138].
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Despite these rapid advances, the utilization of the common III-V alloy platforms
like InP and GaAs remain limited by several aspects: (1) the relatively low refractive
index contrast on these wafers does not grant a good optical mode confinement, hence
waveguides generally exhibit considerable insertion loss, bending loss, and bending
radii, leading to rather limited performance and bulky footprint [139, 140]; (2) com-
mercially, wafer sizes are restricted (GaAs <6 inches, InP <4 inches), compared to
that of silicon wafers (over 12 inches, or 300 mm), III-V wafer yield is lagging behind
[141]; (3) limited compatibility with silicon-based CMOS technology renders the
derived devices modular in nature [142, 143]. In contrast, the silicon platform offers
unparalleled advantages such as high-volume industrial manufacturing, low-cost pro-
duction, outstanding material compatibility (supporting integration of Ge, SiO,,
SizNy, etc.), and most importantly, the possibility of leveraging highly optimized
CMOS manufacturing processes and materials to achieve high integration densities
[143—146]. The main challenge of silicon photonics, however, is to engineer active
building blocks like laser diodes and optical amplifiers. Silicon itself is an indirect
bandgap material, therefore, III-V materials need to be imported to provide optical
gain in near-infrared and short-wavelength infrared range [21, 143, 147].

On the hybrid integration front, one of the initial approaches was demonstrated by
Bowers et al. in 2006, where MQW laser diode was packaged on a silicon wafer via a
wafer bonding technique [148]. Multiple groups have pursued this track and worked
out remarkably high-performance devices [149-157]. Nevertheless, this hybrid inte-
gration approach using QW devices has its own limitation. As previously discussed,
QW lasers do not exhibit intrinsic low threshold nor thermal steadiness, and these
properties have indeed manifested in the reported PICs [148, 150, 152, 156]. Since
the ultimate goal of silicon photonics is to integrate PICs close to heat-radiating
CMOS-based digital circuits, device cooling can become exceedingly challenging
[21]. To this end, due to the ultimate carrier localization, QD laser displays more reli-
able characteristics, thus it can be considered as a much better suited candidate in con-
trast to its QW counterparts [23]. Lately, industrial institutions like Hewlett-Packard
Enterprise and Cisco have started to embrace hybrid III-V QD/Si solutions [158, 159].

On the other hand, hybrid integration often requires extraordinarily complicate and
precise alignment in the copackaging process [21] that can potentially compromise the
scalability of the III-V/Si chip [40, 46, 143]. Thereupon, the monolithic approach—
heterogeneous integration of III-V compound on silicon was proposed [160]. On this
stage, QW device is no longer a decent option, as monolithic-grown QW lasers, due to
their structural nature, can be awfully sensitive to the crystal defects like the common
TDs. As aforementioned, QD lasers, however, are rather immune to this specific issue,
thanks to the fact that QD gain media consisting of individual dots [40, 46, 147]. The
3D confinement provided by QDs prevents carriers from migrating to dislocations. In
other words, the efficient carrier capture by QDs, combined with the localized nature
of excitons hinders the carrier diffusion toward dislocations making QDs powerful
candidates for achieving efficient light-emitting devices on silicon. Since the demon-
stration of the first epitaxially grown QD array on Si wafer by Gérard et al. in 1996
[161], as well as the first room-temperature QD laser monolithically grown on Si
wafer by Mi et al. in 2005 [162], this approach has drawn massive attention from
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academics and industries. In 2008, the first QD laser directly developed on silicon
operating at 1.3 pm was introduced by Arakawa’s group [163]. Following this signif-
icant development, resources are pooled into improving the epitaxy growth [157, 164,
165]. Before long, TD interference has been largely reduced [20], pushing the QD
device performance at the height and even beyond that of the native substrate level
mostly with MBE [143], and more recently by demonstrating a fully CMOS-
compatible silicon approach by MOCVD direct heteroepitaxy, the latter being
inferred more desirable for high-volume production [166]. Very recently, novel
QD and QDash material systems have also been demonstrated for silicon integration
[167—170], bringing more optical functionalities on to Si platform, and unleashing
even more potential of silicon photonics into industrial applications [171]. In this con-
text, Tower Semiconductor and Quintessent also announced a partnership to create a
foundry silicon photonics platform with integrated QD Lasers [172].

Moreover, the insensitivity of QD lasers against external reflection offers a
workaround to the optical feedback issue in photonic integration. Usually, there are
many interfaces on a PIC chip, for example, between different materials, between
building blocks, as well as from the passive and active interfaces/transition; all can
potentially generate unwanted parasitic reflections that would destabilize the laser
and render the optical signal transmission inoperable. Up to date, there are still no
low-cost and efficient solutions to incorporate an optical isolator to overcome such
obstacle. QD lasers, however, inheriting excellent feedback resistance can resist high
amount of optical reflections [173] and operate without an optical isolator [23].

5.3 Noise properties of quantum dot lasers

Low noise semiconductor lasers are required in many areas such as high-performance
coherent communications [174], radio-frequency (RF) photonics [175], optical atomic
clock [176], frequency synthesis [177], spectroscopy [178], and distributed sensing sys-
tems [179]. In semiconductor lasers, quantum fluctuations alter both intensity and phase
of the optical field, hence leading to frequency and intensity noises [ 180]. The frequency
noise (FN) determines the spectral linewidth of the laser. Apart from the FN, the optical
sources with low relative intensity noise (RIN) are highly desired not only for optical
communication systems, but also for radar-related applications. This section highlights
the narrow linewidth and low RIN operation of QD lasers.

5.3.1 Spectral linewidth

The FN in semiconductor lasers results from low-frequency flicker noise, spontane-
ous emission noise, as well as carrier generation and recombination noise. The
flicker noise arises from current source, thermal fluctuations, and internal electrical
noise. The remaining noise sources are white noise and govern the intrinsic spectral
linewidth of the laser, which is fundamentally driven by a phase diffusion process
contributed from both spontaneous emission and phase-amplitude coupling effect.
Fig. 5.3 schematically illustrates the phase-amplitude coupling effect on the phase
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Fig. 5.3 Schematic comparison of the phase diffusion (A¢);) of the lasing field between direct
action of the spontaneous emission events only (A) and joint action of both spontaneous
emission events and phase-amplitude coupling (B). The corresponding phase change for each
case is indicated by the relationship, where the amplitude and the phase of the lasing field are

denoted by VP and ¢, respectively.

diffusion of the lasing field. The linewidth enhancement factor (a-factor) is asso-
ciated with the interaction between the intensity and phase of the lasing field and is
used to quantitatively describe the phase-amplitude coupling effect. The spectral
linewidth of semiconductor lasers is expressed by the modified Schawlow-Townes
expression [181]:

2
r 8V gamhv

Av 47P,

ny(1+ o) (5.4)

where I'g,;, is the threshold modal gain, a,, is the transmission loss, /v is the photon
energy, Py is the optical output power, ng, is the population inversion factor, and v, is
the group velocity. For a Fabry-Pérot resonator, the a,, can be expressed as

1 1
O =57 In <R]R2> (5.5)

where L is the cavity length, and R, and R, are the power facet reflectivity. From
Eq. (5.4), the spectral linewidth can be reduced not only by decreasing the «,, or the
ay-factor, but also by increasing the output power P,. The decrease of the a,, can be
achieved by means of increasing the cavity length or the facet reflectivity. An example
is a fully integrated extended distributed Bragg reflector (DBR) laser with ~1 kHz
linewidth and a ring-assisted DBR laser with less than 500 Hz linewidth [182, 183].

Furthermore, the definition of the spectral linewidth can be equivalently
reexpressed in terms of quality factor by [184]
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where the total quality factor (Q-factor), internal quality factor (Q;-factor), and exter-
nal quality factor (Q,.,-factor) can be defined as [184]

2y
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with 7, is the cavity photon lifetime, v is the laser frequency, and a; is the material loss.
The three quality factors are linked by
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(5.10)

Therefore, in Eq. (5.4), the modal gain I'g,, = a; + a,, is replaced with its expression

versus total quality factor with f% mirror losses a,,, by yzg as well as the optical out-
g §xext

put power Py by n I — I,;,), with 5, the external differential efficiency and I, the
threshold current. From Eq. (5.6), the spectral linewidth can be always reduced by
increasing the Q-factor through the increase of the cavity photon lifetime and the
decrease of the losses (see Eq. 5.7). For example, one solution based on considering
a distributed feedback (DFB) laser was proposed wherein light is generated from the
III-V material and stored into the low-loss silicon material. An initial design made
with QW technology and having a high O unveiled spectral linewidths five times
smaller than any other semiconductor lasers [151, 185]. Linewidth reduction can also
be achieved by using a gain medium made with self-assembled QDs from which the
shape of the DOS as well as the carrier confinement can substantially improve the
laser performance. Therefore, spectral linewidths below 100 kHz have been typically
reported for both InAs/GaAs and InAs/InP QD lasers [16, 103, 186—-190].

In addition to that, reducing the spectral linewidth can be achieved due to the ay-
factor of QD lasers that can be minimized and stabilized over a wide temperature
range [191] including at very high temperature (200°C) [192]. To develop a high-
performance single-mode source for high-temperature operation, a design relying
on a large optical wavelength detuning (OWD) can be utilized [193]. The OWD refers
to the optical frequency mismatch between the DFB wavelength and the optical gain
peak. The OWD varies with temperature due to the different temperature-dependent
variation of Bragg wavelength and optical gain peak [194]. In particular, the OWD
technique allows for a high output power as well as a high side-mode suppression ratio
(SMSR) near the lasing wavelength over a wide temperature range. Fig. 5.4 depicts the
ay-factor of an InAs/GaAs QD DFB laser with OWD as a function of temperature, at
twice the laser’s threshold. By increasing the temperature from 15°C to 75°C, the
OWD reduces from 30 to 0 nm. Here, the InAs/GaAs QD DFB laser exhibits excellent
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temperature stability with threshold current as low as 6 mA at 55°C. In addition, the
OWD reduction is associated with an increase of differential gain, hence leading to a
decrease of ay-factor from 3.4 to 2 when the device temperature is increased from
15°C to 55°C. If the temperature is raised close to the optimum condition 7, (repre-
sented by the vertical dashed line in Fig. 5.4), the ay-factor can even be further
reduced closed to its optimum value, which is expected to be around 1.4 at 75°C.
Fig. 5.5A gives the optical spectrum when the temperature is increased from 15°C
to 55°C. The DFB laser exhibits strong and robust single mode emission with an
SMSR well beyond 40 dB. Therefore, minimizing the ay has a direct impact on
the spectral linewidth at high temperatures. The latter is measured through a self-
heterodyne interferometric method. Fig. 5.5B presents the temperature-dependent
linewidth as a function of the bias current ranging from 2 x [, to 4.5 x I,. All
linewidths are extracted from a Voigt fitting. In any condition, the spectral lines
are outstanding below 600 kHz with a minimum of 179 kHz. At 55°C, the linewidths
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Fig. 5.5 (A) Optical spectra of QD DFB laser under different temperature. (B) The mapping for
the Voigt fitted linewidth at different bias current and temperature.
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are all below 300 kHz and flatten out as the current increases. Therefore, the smaller
ay-factor contributes to further narrowing and stabilizing the FN at high temperatures.
Let us stress that epitaxial QD DFB lasers on silicon also show some extraordinary
narrow linewidth characteristics. For instance, Fig. 5.6A displays the structure of a
QD DFB laser on silicon, whereas Fig. 5.6B illustrates the corresponding FN spectrum
from which a spectral line of 26 kHz is extracted [190]. Very recently a record-narrow
intrinsic linewidth of 1.62 kHz was reported on an InAs/GaAs QD laser at 55°C with a
minimum averaged RIN of only —166 dB/Hz between 0.1 and 20 GHz at 25°C [195].
To further squeeze the optical linewidth down to its physical limit, on-chip
self-injection locking (SIL) is an emerging technology. By taking advantage of the
ultra-high-quality factor of silicon nitride (SiN) microresonator [196], self-inje-
ction-locked semiconductor lasers can achieve Hertz-level optical linewidth [197].
An example is given in Fig. 5.7A where the linewidth of a QD DFB laser optically
coupled to a high-Q SiN resonator is predicted to be at the Hz-level [198]. The cal-
culation of the spontaneous emission limited linewidth combines the gain clamping
and frequency locking of composite-cavity modes, describing details of emission
spectra from below to above lasing threshold [198]. Fig. 5.7B shows the simulation
of the ASE spectrum during the transition to narrow linewidth operation. Above
the lasing threshold, the lineshape deviates from the Lorentzian function below thresh-
old to a better fit of a Gaussian function. Fig. 5.7C reveals the minimum lasing
linewidth as a function of effective coupling between I1I-V and SiN sections. The cur-
ves are for nonresonant (black solid), resonant wide (red dotted), and resonant narrow
(blue dashed) configurations. Indeed, the simulations suggest the possibility of laser
linewidth reduction by six orders of magnitude from that of the high-Q passive cavity
and the FWHM of 0.6 Hz with SiN cavity Q = 6 x 10 is achieved. The theoretical
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Fig. 5.6 (A) Schematic representation of a QD DFB laser on silicon; (B) corresponding

frequency noise spectrum.

Reprinted with permission from Y. Wan, C. Xiang, J. Guo, R. Koscica, M.J. Kennedy,

J. Selvidge, Z. Zhang, L. Chang, W. Xie, D. Huang, A.C. Gossard, J.E. Bowers, High speed

evanescent quantum-dot lasers on Si, Laser Photonics Rev. 15 (2021), https://doi.org/10.1002/

Ipor.202100057, copyright 2021 Wiley-VCH GmbH.
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Fig. 5.7 (A) Schematic representation of a QD DFB laser optically coupled to a high-Q SiN
resonator. (B) Amplified spontaneous emission spectrum from III-V/SiN laser above lasing
threshold (1.1 x I,;). (C) Minimum lasing linewidth as a function of effective coupling between
III-V and SiN sections. The curves are for nonresonant (nr, black solid) and resonant wide (rw,
red dotted), and resonant narrow (rn, blue dashed) configurations.

Reprinted with permission from W.W. Chow, Y. Wan, J.E. Bowers, F. Grillot, Analysis of the
spontaneous emission limited linewidth of an integrated III-V/SiN laser, Laser Photonics Rev.
(2022) 2100620, https://doi.org/10.1002/Ipor.202100620, copyright 2022 Wiley-VCH GmbH.

approach used to describe the linewidth of the III-V/SiN laser relies on using
composite-cavity eigenmodes to analyze the combination of the III-V section com-
bined with the passive SiN resonator. It includes a multimode laser interaction to treat
mode competition and wave mixing, a quantum-optical contributions from spontane-
ous emission, and composite laser/free-space eigenmodes to describe outcoupling and
coupling among components within an extended cavity. This approach is similar to
that incorporating the Langevin noise providing that it added the complication of
having a complex resonator geometry and a more consistent treatment of outcoupling.
Given the above elements, the starting point of the linewidth analysis consists of deriv-
ing the equation of motion for the photon annihilation operator in a composite-cavity
mode such as

dA
I = (8 Tew /DA~ pAATA+ G (5.11)

where g and f§ are the linear and nonlinear amplitude gain coefficients, and G is the
Langevin force operator from spontaneous emission. Neglecting the photon number

fluctuations, the quantum optical contribution to the frequency-determining
equation can therefore be expressed such as
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For the correlations involving the Langevin force operators, it becomes for the second-
order correlation:

(GN(OG()) + (G()G' (1)) = 2ya(t — 1) (5.13)

The delta function describes the discontinuous changes in intensity and phase during
spontaneous emission events. As for the correlation associated with the phase, it reads
as follows:

(@)p(1) = veart /21 (5.14)

with n,, the number of photons. Finally, to account for phase diffusion due to sponta-
neous emission, a damping term is furthermore incorporated to the semiclassical fre-
quency determining equation. Overall, it is pointed out that the linewidth reduction
first occurs after reaching the threshold due to gain clamping, as for single-cavity
lasers according to the Schawlow-Townes description. Then, there is an intermediate
dynamical region, where locking to the high-Q SiN passive resonator begins to take
place. Finally, at sufficiently high injection current, total locking of III-V laser and
SiN resonator is achieved, resulting in significant linewidth reduction, up to as much
as seven orders of magnitude reduction compared to that of the high-Q SiN passive
resonator. Depending on whether one consider QW or QD active regions, the exten-
sion and laser performance differ throughout the stages due to different linewidth
enhancement factors. Nevertheless, both can produce linewidth narrowing down to
Hz-level. Also it is known that solitary QW lasers suffer from high a; that is even
larger at injection current and that QD size dispersion gives rise to strong homoge-
neous and inhomogeneous broadening effects. Fig. 5.8A and B demonstrates that
the utilization of the SiN microring resonator enables QW or QD integrated III-V/
SiN devices when locked—to properly bypass these aforementioned drawbacks, as
both devices are able to achieve similar spectral linewidth performance, even at higher
current injections. On the top of that, Fig. 5.8C confirms that QD devices do so more
efficiently, while the QW emits higher optical powers [199].

5.3.2 Relative intensity noise

The RIN of semiconductor lasers describes the fluctuations of laser optical power,
which mainly results from the intrinsic frequency fluctuations caused by spontaneous
emission and carrier noise [19]. The RIN of the laser is defined as [41]

2 2
RIN = —— = Jlaser (5.1)
I laser I laser
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Fig. 5.8 (A) Linewidth and lasing characteristics of the integrated III-V/SiN QW laser as a
function of the injected current density and number of QW layers; (B) linewidth FWHM of the
III-V/SiN QD laser as a function of the injection current density for different QD densities;
(C) comparison of the lock conditions, where the steep reduction in the intrinsic linewidth
occurs, in terms of the required injection current density and corresponding output power as
functions of the number of layers for the integrated III-V/SiN QW and QD lasers.

Reprinted with permission from E. Alkhazraji, W.W. Chow, F. Grillot, J.E. Bowers, W. Yating,
Linewidth narrowing in self-injection-locked on-chip lasers, Light Sci. Appl. 12 (161) (2023)
1-10, https://doi.org/10.1038/s41377-023-01172-9, copyright 2023 Springer Nature.

where I, is the average laser intensity, 7 is the temporal fluctuations of the laser
intensity, and alzase,, is the variance of the laser noise. In the experiment, the RIN
can be calculated as follows [200]

(STotal - SThermal)/(RBW X G) — SShot
Ppc

RIN(dB/Hz) = 10 x log ;, (5.16)

where St 1S the total noise measured by the electrical spectrum analyzer (ESA),
Sthermar = 4kgT/R; is the thermal noise with kg the Boltzmann constant, T the temper-
ature, and R; the load resistance of the ESA. The thermal noise is determined when the
laser is turned off and is independent on the optical power. The shot noise is defined
such as Sgj,,r = 2qlpcR;, with g the elementary charge and I the DC current. Finally,
Ppc is the electrical DC power, RBW the resolution bandwidth of the ESA, and G the
total gain of the experimental setup.

The RIN degrades the signal-to-noise ratio of laser source and increases the bit-
error rate (BER), hence affecting the performance of high-speed communication sys-
tem [41]. In LIDAR-related applications, the intensity noise of the laser source is
required to be close to the shot noise [201]. In continuous-variable quantum key dis-
tribution (CV-QKD) using coherent states, any noise beyond the obligatory quantum
shot noise can crucially affect the security of the resulting key. Therefore, the utiliza-
tion of quiet opto-electronics sources and detectors operating at the shot noise level is
mandatory [202, 203]. Typical InAs/GaAs and InAs/InP QD lasers exhibit RIN levels
as low as —160 dB/Hz [204, 205]. Furthermore, the RIN of the sole ES emission is
more compressed than that of the sole GS emission [206]. InAs/GaAs QD comb lasers
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also showed remarkable low RIN operation of —160 dB/Hz, which meets the require-
ments for high-speed PAM-4 modulation and WDM networks standards [207]. More
recently, a RIN below —165 dB/Hz was reported on an InAs/GaAs QD DFB laser with
laterally coupled dielectric gratings [208]. Last but not least, it was shown that epi-
taxial QD lasers exhibit a higher RIN level typically from —140 to —150 dB/Hz
for silicon-based lasers while that of germanium based is much higher of —120 dB/Hz
[209-211]. Such a degradation is due to the high density of crystalline defects includ-
ing primarily TDs and antiphase domains.

Fig. 5.9A—C compares the bias current dependence of the RIN characteristics
between an epitaxial QD lasers on silicon (with and without p-doping) and a QW laser.
The RIN level is relatively high at near-zero frequency due to the mixing between the
thermal noise, the current source noise, and the mode partition effect [211]. For each
bias current, the RIN spectrum exhibits a resonance peak at several GHz
corresponding to the relaxation oscillation frequency (ROF). With the increase of
the bias current, the amplitude of the resonance peak and the whole RIN level are
suppressed and saturated at —150 dB/Hz for both undoped and p-doped cases. By
contrast, the QW laser displays a higher RIN of —135 dB/Hz due to a weaker
damping between electron photon energy-state populations. Fig. 5.9D depicts the
comparison of the averaged RIN values (between 1 and 4 GHz) of the QD lasers
for a temperature range from 15°C to 35°C. Without p-doping, the RIN increases from
—140 dB/Hz at 15°C to —134 dB/Hz at 35°C while the other stays rather constant
thanks to the p-doping induced stable threshold current with temperature. Further
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Fig. 5.9 RIN spectra up to 10 GHz versus various bias current for (A) undoped QD laser,
(B) p-doped QD laser, and (C) QW laser. (D) Comparison of averaged RIN values from 1 to
4 GHz with temperature between undoped QD and p-doped QD lasers.
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enhanced temperature performances can be achieved in QD lasers by spatially
separated dual-doping which includes p-type modulation doping in barrier layers
and n-type direct doping in QDs simultaneously [212].

5.3.3 Dynamic properties

The intensity noise is driven by the ROF (fzo) and the damping factor y which can be
both extracted from the RIN spectrum through the expression [41]:

a+ bw?

RIN(w) = (5.17)

(@* — cofw)2 + y2w?

where wgo is the angular ROF, and a and b are coefficients used for the curve-fitting.
Fig. 5.10A shows the linear evolution of damping factor with the squared ROF fol-
lowing the relationship y = K f,zeo + yowith K a constant parameter and y, the damping
factor offset inversely proportional to the differential carrier lifetime. The damping
factor of the undoped QD laser exhibits a large value up to 33 GHz with a K-factor
of 47 ns and a y, of 1.5 GHz. When the hole doping is introduced, the damping
and the K are both reduced to 27 GHz and 1.7 ns, respectively, leading to a shorter
carrier lifetime. On the contrary, the damping factor of the QW laser rises steadily
to 10 GHz with a smaller K-factor of 0.2 ns and larger y, of 4.0 GHz. Thanks to a
higher occupation of the QD hole levers producing a stronger reduction of the hole
scattering rates [213], the hole doping is proved to be efficient for achieving better
modulation capability [214, 215]. In this circumstance, the improvement remains
on the margin. For instance, the 3-dB modulation bandwidth f5,p ;. = 27/K of the
QD laser only increases from 1.9 to 5.9 GHz thanks to the p-doing, whereas the
QW laser naturally displays a 38.6 GHz optical bandwidth. Although the dynamic
properties can be further improved by better optimizing the laser structure and the
doping level in the active region [216, 217], the large damping of QD lasers is
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Fig. 5.10 (A) Damping factor versus the squared relaxation oscillation frequency and
(B) squared relaxation oscillation frequency versus the output power for undoped QD laser,
p-doped QD laser, and QW laser, respectively.
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detrimental for direct modulation applications but remains highly beneficial for
reflection insensitivity as discussed hereinafter.

In semiconductor lasers, the ROF is also related to the gain compression, which
describes the decrease of the gain with optical intensity. This nonlinear effect is cau-
sed by several physical processes such as carrier heating (CH), and spatial and spectral
hole burning (SHB) [218, 219]. In the case of sole GS emission QD laser, the gain
compression can be extracted by curve-fitting the squared ROF as a function of the

output power following the expression f,zw = % [186, 219] where ¢p is the gain

compression factor related to the output power P and A is the modulation efficiency.
Then, the gain compression factor related to photon density (S) can be directly
retrieved from ¢g = ¢pP/S. Applying the curve-fitting on Fig. 5.10B, a gain compres-
sion factor of 5.7 x 10~'® cm” is found for the undoped QD laser and 1.0 x 10~ " cm®
for the p-doped one due to the increased internal loss. The gain compression is
found larger in QD lasers in comparison with that of the QW laser for which a value
of 3.1 x 107" cm? is extracted. Those values are in agreement with prior works
already published in the literature [41, 186, 219]. Together, these results confirm that
the structure of the QDs sets the limit of the modulation capability due to the high
damping and large gain nonlinearities [215, 220]. High-speed properties of directly
modulated QD lasers are discussed later on in this review chapter. Nevertheless,
using an optimized p-doping engineering is a clear gain lever effect for reaching
high-quality QD materials that are required in silicon photonics applications.

5.4 Reflection insensitivity of quantum dot lasers

The integration of optical functions on a microelectronic chip brings many innovative
perspectives, along with the possibility to enhance the performance of PICs [143].
However, each additional integrated component can produce external optical
feedback to any on-chip laser. Therefore, the laser can become unstable outputting
complex nonlinear dynamics like periodic or chaotic oscillations. The II-V/Si
hybrid lasers using flip-chip or wafer-bonding technology have already shown good
performance but remain quite sensitive to optical feedback [151, 221, 222]. With this
technology, the different parasitic reflections result from the vertical grating couplers
and the multiple passive and active interfaces/transitions between the III-V material
and the silicon [223-225]. Furthermore, the amplified spontaneous emission (ASE)
noises generated by active building blocks such as semiconductor optical amplifiers
(SOAs) or active waveguides integrated in the PICs can also be responsible for
additional incoherent feedback [226]. Altogether these various sources of reflection
can be very problematic regarding the laser stability.

To protect the on-chip laser from parasitic optical feedback, integrated optical iso-
lators are required to maintain the laser functionality and stability. On-chip optical
isolators are usually based on spatiotemporal modulation, nonlinear, or magneto-optic
effects [227]. Although high-performance on-chip optical isolators are already
reported, the nonnegligible insertion loss associated with a complicated fabrication
process currently limit their applicability in silicon technologies [228, 229].
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Fig. 5.11 Fundamental processes involved in a quantum dot laser subject to external optical
feedback.

Therefore, the development of feedback insensitive on-chip laser sources remains
nowadays a major objective for silicon photonics-related applications. In this context,
we show hereinafter that semiconductor QD lasers monolithically grown on silicon
can offer a strong feedback immunity while preserving low-cost, high-yield,
energy-efficient, and a much better scalability [230].

Fig. 5.11 schematically describes the fundamental processes involved when a
semiconductor QD laser operates under optical feedback. The phase-amplitude
coupling in the active region is represented by field fluctuations both in amplitude
and phase. The feedback coupled into the laser cavity by the output facet leads to a
perturbation of the photon density. The field fluctuation in amplitude is modulated
by the damping effect and then connected to the carrier density and optical gain.
The gain fluctuation affects the refractive index through the ay-factor, which results
in a shift of the lasing wavelength. Furthermore, the field fluctuation in phase caused
by the returned field is also related to wavelength fluctuations. In some cases, the
interaction of the intensity and phase loop can produce laser severe instabilities such
as chaotic oscillations (coherence collapse) [231-233].

In optical communications, the feedback sensitivity is usually analyzed through the
critical feedback level (r,;,), which corresponds to the birth of the laser destabilization
associated with the first Hopf bifurcation [234]. The feedback strength r,,, is defined
as the ratio between the returned power in the laser cavity (P,..,) to the free-space
emitted laser power (P,,,) at the coupling facet, such as r.., = P,eryn/Pows- For a
certain feedback level, the onset of destabilization takes place at r,,; = iz, Where r¢,;;
is given by [235]

2y (1 + a2
Ferig = 0 (2 (5.18)
162\ af

with y is the damping factor, t;, = 2n;,L./c is the internal cavity photon round-trip
time with n;,, and L. being the refractive index and the cavity length of the laser,
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ay is the linewidth enhancement factor, and C, is the coupling coefficient of the laser’s
front facet toward the external cavity [236]. Eq. (5.18) gives insights on how to
increase the feedback immunity of a semiconductor laser. Several optimization paths
can be therefore considered as follows:

(1) Reducing the coupling of the laser with the external world by considering a higher front
facet reflectivity [237]. For instance, using a high-power reflectivity on the rear-facet
and a front-facet left as-cleaved offers a good balance between a high feedback resistance
and sufficient optical output power [238]. Furthermore, the increase of the cavity photon
round-trip time with longer cavities also increases the feedback resistance as discussed
hereinafter.

(2) A large damping factor is beneficial for achieving a large feedback immunity. When the
laser is over-damped, the gain fluctuations introduced by the photon-density variation
are suppressed. Fig. 5.10 already proves that QD lasers exhibit stronger damping factor than
QW lasers, which is clearly in favor of optical-isolation-free applications.

(3) Minimizing the ay is a way of increasing the reflection insensitivity. A higher critical feed-
back level is also paired with a smaller a;-factor. Semiconductor lasers with bulk and QW
active region usually have ay of about 2-5 [41]. By comparison, QD lasers can output much
lower ay values, which contributes to a higher feedback resistance [191]. However, the
magnitude of the oy mainly depends on the QD size dispersion. Therefore, it is of para-
mount importance to tightly control the inhomogeneous width of the gain to concentrate
the oscillator strength at the resonance transition.

(4) In QD lasers, the onset of r,; strongly depends on the excited-to-ground-state threshold
current ratio. A robust ground state (GS) emission without switching to higher energy states
usually confers a higher degree of stability [173].

(5) Engineering a laser cavity with a high Q-factor, namely a longer cavity photon lifetime
[226]. Considering the quality factor (Q), the coupling coefficient C can be written as
follows:

_ WTey

C 0 1+ a}i,/r(,x, (5.19)

with  the angular frequency. This equation shows that when the Q is large enough, the
C can be kept to a minimal value thus providing a relative feedback insensitivity regardless
of the feedback strength [184].

Together, these knobs can be activated to enhance the laser stability against unwanted
reflections [22, 213, 239], which is exactly what happens in QD lasers [24, 240, 241].
The optical feedback is known to increase the RIN of semiconductor lasers, especially
under the coherence collapse operation that begins with the undamping of the relaxation
oscillations, namely when the feedback strength exceeds the r.,;.. Fig. 5.12A shows the
typical RIN spectra for an InAs/GaAs QD FP laser with optical feedback both above and
below the 7., [24]. The measured 7., is at —8 dB, which is much higher than that of
QW lasers. In addition, Fig. 5.12B demonstrates that InAs/GaAs QD DFB lasers exhibit
alow RIN level below —140 dB/Hz even under —8 dB external optical feedback both at
25°C and 70°C [242]. On the other hand, the RIN in QW DFB laser started to increase at
feedback strength of —16 dB and became higher than —120 dB/Hz at —14 dB. These
experimental results clearly pointed out that the strong feedback resistance observed in
QD lasers fundamentally result from their overdamped nature.
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Fig. 5.12 (A) RIN spectra of InAs/GaAs QD FP laser above (black curve) and below (red
curve) the critical feedback level. (B) Worst RIN value of InAs/GaAs QD and QW DFB lasers
as functions of feedback strength.

(A) Reprinted with permission from D. O’Brien, S.P. Hegarty, G. Huyet, J.G. Mclnerney,

T. Kettler, M. Laemmlin, D. Bimberg, V.M. Ustinov, A.E. Zhukov, S.S. Mikhrin, A.R. Kovsh,
Feedback sensitivity of 1.3 um InAs/GaAs quantum dot lasers, Electron. Lett. 39 (25) (2003) 1,
https://doi.org/10.1049/el:20031153, copyright 2003 IET. (B) Reprinted with permission from
M. Matsuda, N. Yasuoka, K. Nishi, K. Takemasa, T. Yamamoto, M. Sugawara, Y. Arakawa,
Low-noise characteristics on 1.3-um-wavelength quantum-dot DFB lasers under external
optical feedback, in: 2018 IEEE International Semiconductor Laser Conference (ISLC), 2018,
pp. 1-2, https://doi.org/10.1109/ISLC.2018.8516191, copyright 2018 IEEE.

Regarding silicon integration, an initial work on reflection insensitivity was
achieved with a hybrid InAs/GaAs QD transmitter on silicon for core I/O applications.
In this work, the QD transmitter made with a 5 X 5-mm Si photonics platform, a
CMOS driver, and QD laser showed a 25 Gbit/s error-free transmission without
optical isolator [243]. Thereafter, a complete feedback insensitivity was also
demonstrated in the case of epitaxial QD lasers directly grown on silicon. Fig. 5.13
depicts the optical and RF spectra of the epitaxial QD laser on silicon and QW lasers
with respect to the feedback strength r,,,. The external cavity length is 7 m (long-delay
regime), which corresponds to an external cavity frequency of 14 MHz. Even though
a PIC does not experience such long delay optical reflections, this configuration is
studied here because it corresponds to the most stringent feedback conditions for
the laser. As shown, the QD laser demonstrates a remarkable stability against optical
feedback even at the maximum feedback strength of —7.4 dB, meaning that the
coherence collapse start taking place beyond the r.,;, does not even show up in the
range of feedback level considered in the experiment. Only a slight red-shift of the
modal wavelength is observed while the RF response does not show any sign of
nonlinear oscillations. It is noted that when the external cavity is reduced below
50 cm (short-delay regime), the laser remains chaos-free up to —1.55 dB feedback
strength [244]. By contrast, the QW laser is not disturbed until —25 dB, which
corresponds to the r,;, associated with the onset of the undamping of the relaxation
oscillations. At higher feedback levels, the QW laser starts experiencing the classical
route to chaos leading to the coherence collapse state with strong broadening of the
FP modes and intense chaotic oscillations observed in the RF domain. Let us note that
the high thermal stability of the QD laser is also beneficial for maintaining this
remarkable feedback insensitivity at high temperature [245].
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Fig. 5.13 Optical spectral mappings versus feedback strength for (A) QD lasers on silicon and
(B) QW laser. Radio-frequency spectral mappings versus feedback strength for (C) QD lasers on
silicon and (D) QW laser.

Test bed experiments with external modulation are also performed both for the epi-
taxial QD laser on silicon and the QW laser operating with and without optical feed-
back. Both lasers are introduced into a fiberized transmission line that includes a
Mach-Zehnder external modulator and a 2 km long single mode fiber coil. The mod-
ulation format is on-off keying at 10 Gbit/s. Fig. 5.14A depicts the BER plots in term
of received power for the QD laser without feedback (solitary) and under —7.4 dB
maximal feedback strength for the back-to-back (B2B) configuration and after trans-
mission of 2 km. Whatever the configuration, BER plots between the solitary case and
the highest feedback level case overlap each other, hence indicating an excellent sta-
bility for high-speed transmission. The power penalty after transmission is about 2 dB
at 1079, which is due to the fiber chromatic dispersion and to the residual ASE noise
after propagation in the SOA. Fig. 5.14C also shows that the eye diagram keeps open
after transmission with maximal optical feedback of —7.4 dB. Fig. 5.14B displays the
BER plot for the QW laser only for the B2B configuration. When the QW laser is
operated at —44 dB feedback strength, namely below the r.,;, the BER is found
already affected with a 2 dB power penalty at 10~°. Biasing the laser at —24 dB above
rri; Tesults in a strong degradation of the transmission performance. In such a case, the
laser operates in the coherence collapse regime in which the data transmission is no
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Fig.5.14 (A) QD laser: bit error rate (BER) at 10 Gbit/s (external modulation) for back-to-back
(B2B) and after transmission of 2 km with and without feedback. (B) QW laser: BER at

10 Gbit/s (external modulation) for B2B with and without feedback. (C) Eye diagram of the QD
laser after transmission of 2 km with —7.4 dB feedback. (D) Eye diagram of the QW laser for
B2B with —24 dB feedback.

longer possible as also confirmed by the noisy eye diagram shown in Fig. 5.14D. The
corresponding BER value is measured at 6 x 10~ for a received power of —1 dBm,
which is the power limit of the photodiode in the experiment under study. Neverthe-
less, because this BER value is extremely large, a noise floor is definitely expected at
higher received powers.

The reflection sensitivity of epitaxial QD lasers on silicon can also be evaluated
under direct modulation. Direct modulation is a modulation technique, where the
amplitude of the optical wave is modified by varying the strength of the laser excita-
tion. Therefore, this feedback investigation is particularly relevant because direct
modulation contributes to expand the phase-space dynamic hence resulting in adding
another degree of freedom to the laser [246]. Fig. 5.15A depicts the BER of the QD
laser with a direct modulation rate at 6 Gbit/s. The solitary laser without external feed-
back keeps an error-free operation in both B2B and transmission configurations with a
BER level below 10~ '°. Under feedback strength of —9 dB, the BER is increased up to
1077 in the B2B case, then to 10~ after 2 km transmission. Despite the degradation of
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Fig. 5.15 (A) Biterror rate (BER) curve at 6 Gbit/s (direct modulation) for back-to-back (B2B)
and after transmission of 2 km with and without feedback for the epitaxial QD laser. (B) Eye
diagram of QD laser for B2B with —9 dB optical feedback. (C) Eye diagram after transmission
of 2 km with —9 dB feedback.

the BER performance, the QD laser still shows a reasonable transmission under —9 dB
optical feedback with open eyes for B2B and transmission. The IEEE 802.3ah stan-
dard indicates that the feedback tolerance of an optical interconnect should be higher
than —26 dB [246]. Obviously, no short-distance data transmission is touted to expe-
rience a feedback strength as large as —9 dB, hence the actual BER can even perform
better in a real application. A fortiori, a directly modulated QD laser on native sub-
strate, also shows a high degree of resistance to back-reflections with a low BER
at 10 Gbit/s under feedback strength of —9 dB [247]. To sum, these results confirm
the great stability of the QD laser on silicon as compared to the QW ones, which is
a peculiar feature for reflection insensitive transmissions on PICs. This remarkable
feature results from various contributions. First, the low ay-factor due to the high
QD uniformity combined to a robust ground-state emission. To a lesser extent, the
carrier lifetime which is reduced because of the threading dislocation density
(TDD) and epitaxial defects can possibly contribute to further increase the
damping factor.

5.5 Four-wave mixing in quantum dot lasers

Four-wave mixing (FWM) in microresonator has been studied extensively during the
past decades, which is an important approach for on-chip OFC generation. The FWM
in a single-section QD laser is also regarded as an efficient approach for self-mode
locking, which leads to a phase locking of each cavity mode and a high optical band-
width [248-250]. In particular, a single mode-locked frequency comb laser can
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potentially replace the large number of lasers presently necessary for the task, thus
reducing the footprint of PICs. Therefore, FWM technique exhibits a strong potential
to be applied to all-optical signal processing, WDM application, and coherent com-
munication technologies [251, 252]. Nevertheless, there is always debate on whether
the mode-locking behavior is attributed to SML or unaccounted saturable absorption
inside the laser cavity. The yield of SML devices remains uncontrollable, which pre-
vents them from being applied industrially. In this context, it is of significant impor-
tance to have a deeper understanding than we have presently for the intricate interplay
of physics associated with mode competition and FWM in QD laser.

Both theoretical and experimental studies of FWM in SOA have been investigated
extensively. However, those theories are not capable for explaining the FWM process
in a semiconductor laser. Examples, such as the group velocity dispersion (GVD), the
gain saturation, the mode competition, and the multiwave mixing, are usually missed.
Nevertheless, those nonlinear properties can largely affect the frequency comb gen-
eration from a laser. Recently, an improved FWM theory for semiconductor laser that
includes the aforementioned nonlinear process has been proposed [253], which con-
tributes to an understanding and a controlling of FWM for SML generation from QD
laser. To analyze the FWM mechanism of epitaxial QD lasers on silicon, a probe-drive
injection configuration is investigated.

Fig. 5.16 schematically displays a simplified nondegenerate FWM process in the
QD gain medium. Two traveling waves marked drive and probe oscillate and generate
a new pair of waves, drive conversion and signal, respectively. The drive photon is
first applied to injection lock the QD laser, and the interaction between the probe pho-
ton and the drive photon will generate new photons through the third-order nonlinear
susceptibility (¢**) of the QD semiconductor material. Despite only four waves are
shown here, all lasing modes of a multimode laser can serve as the drive and the probe
photons for the FWM process. To study the FWM conversion efficiency (CE), the
converted signal of the probe conversion is analyzed.

Probe signal
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Fig. 5.16 Schematic representation of the four-wave mixing process in the active region of the
laser as well as the corresponding spectra.
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5.5.1 Nonlinear conversion

Different from the FWM process in SOA, the FWM in semiconductor laser is much
more complex. Because of the wavelength selection by the FP cavity, the FWM effi-
ciency is dependent on the phase, the polarization, and the wavelength of the optical
field. To maximize the power of the generated signal photon, the probe laser must be
applied to one longitudinal mode, which results in a discrete FWM bandwidth that is a
multiple of the free spectral range (FSR) of the laser cavity. The FWM bandwidth
refers to the frequency detuning between the probe and the drive laser, that is,
A = v, — vy, where v, and v, denote the optical frequency of these two lasers.
Depending on whether A is negative or positive, the FWM process can be further
classified into Stokes condition and anti-Stokes conditions. To extract the FWM
coefficient, two external low-noise tunable lasers are utilized as the drive and the
probe laser. The phases of these two lasers must be well adjusted by polarization
controllers before they are sent for injection locking the QD laser.

Fig. 5.17A depicts the FWM spectra of a p-doped QD laser in the Stokes condition.
The FSR of the QD laser studied is 30 GHz. By applying the probe laser at a longi-
tudinal mode apart from the drive laser, the power of the generated signal photon
exhibits a dependence of the power of the probe photon, as shown by the different
colored curves in Fig. 5.17A. To analyze the FWM efficiency that is dependent on

the **, a commonly used approach is the CE, which is expressed as 10y = %“::p’ with
Pgigna the optical power of the converted signal and Pp,,,,, the probe signal power
injected into the laser [254]. The power of these two photons are measured from
the optical spectrum after considering the laser-fiber coupling loss and the fiber loss.
The ncp is then expressed in logarithmic scale (in dB). To evaluate the FWM
efficiency of QD laser, the measured 7.z of an undoped QD, a p-doped QD, and
a QW laser as a function of the probe-drive frequency detuning are shown in
Fig. 5.17B. Without ambiguity, the p-doped QD laser exhibits the highest FWM
efficiency in presence of a 5cg as large as —4 dB, which is 9 and 24 dB greater than
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Fig. 5.17 (A) Optical spectrum of four-wave mixing for p-doped QD laser in Stokes condition
with frequency detuning of —89 GHz. The different colored lines indicate signal power
increases with increasing probe power. (B) Conversion efficiency of four-wave mixing for
p-doped QD, undoped QD, and QW lasers as a function of probe-drive frequency detuning.
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the maximum #cg of the undoped QD laser and the QW laser, respectively. On the
other hand, the FWM bandwidth of the p-doped QD laser is also much larger than that
of its counterparts. In both Stokes and anti-Stokes conditions, the FWM bandwidth of
the p-doped device exceeds terahertz. The remarkable improvement of FWM effi-
ciency and bandwidth observed from the p-doped device is attributed to its fast carrier
dynamics offered by the high-performance QD. The FWM process relies on multiple
nonlinear process including carrier density pulsation (CDP), CH, and SHB [255, 256].
In the low-frequency detuning region, the frequency conversion is determined by the
CDP, which is induced by the probe-drive beating. Despite the fact that the CDP
becomes weaker with the increase of frequency detuning, the CH and the SHB that
is on the scale of subpicosecond is able to keep a frequency conversion [257-261].
As a result, the nonlinear effects of the p-doped QD laser are amplified due to the
improved material gain that results from the high QD uniformity, reduced TDD,
and the p-modulation doping [191, 217]. It is worth stressing that the ® can be
expressed as a sum of the contributions of the aforementioned individual processes,
which is discussed hereinafter. In addition, the near-zero ay-factor offered by QD is
also beneficial for improving the symmetry of gain profile thus the FWM bandwidth.

Fig. 5.18A represents the optical spectrum and spectral-dependent ay,-factor with
different modulation frequency at twice threshold current. The «,, is extracted by the
optical phase modulation method, describing the above-threshold a;-factor [262].
The ay-factor and corner frequency (f.) were obtained by fitting a,, at different
modulation frequency (f,,) according to the following equation:

2
aM(fm) =ayy/ 1+ (%)

Since the fitting gives f, < f,,, it is possible to take ay, ~ a; at 13 GHz. Over a wide
bandwidth, the ay shows a linear increase with increasing lasing wavelength. A
semiconductor comb laser with an FWM process exhibits a significant dependence
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Fig. 5.18 (A) Spectral dependence of the ay,-factor with different modulation frequency at
twice threshold current. (B) The four-wave mixing conversion efficiency as a function of the
frequency detuning at two injection-locking wavelengths of 1304 and 1310 nm, respectively.
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on the ay-factor as shown in Fig. 5.18B. Therefore, when the injection locked at
1304 nm (ay = 1.6), the CE is high and symmetrical at positive and negative fre-
quency detuning. The CE is significantly lower when the injection locked at
1310 nm (az = 2.0). Consequently, a small ay-factor facilitates the generation of
higher conversion efficiencies and better symmetry of the Stokes and anti-Stokes con-
versions. This is important for understanding the dynamics of the mode-locking and
frequency combs.

5.5.2 Third-order nonlinear susceptibility and group velocity
dispersion

To analyze the FWM process in semiconductor lasers, a microscopic level model that
contains a full treatment of the quantum mechanical electron-hole polarization is
investigated [253]. Different from the CE described earlier, the FWM efficiency is
described by the signal-drive ratio #,, and the probe-drive ratio 7,,, which is based
on a first-principle multimode laser theory [256]. The 7, is defined as the ratio of sig-
nal power to drive power, whereas #],; denotes the ratio of probe power to drive power.
After taking into account all the nonlinear processes that contribute to the gain satu-
ration, the mode competition, and the multiwave mixing, the FWM coefficient is
expressed as follows:

. 2 ©)
c 1% A (a, vp, vs)]
=—— ) kg ky, ky) ——————=— 5.21
¢ 2uyng (2hy> (ka. kp. k) Re(q(l)(yd)) -21)

where £ = y¥/g, with g, is the material gain. ¢, ng, @, and y denote the speed of light in
vacuum, the background refractive index, the GaAs bulk dipole matrix element, and
the dephasing rate, respectively. The contributions of CDP, CH, and SHB to the y*’
are summed into I'(k,, k,, k) and AP, Vp, Us), in which &, and v,, account for the
wave vector and the field frequencies, respectively (n = d, p, s for drive, probe, and
signal fields, respectively). The spectral component of the linear susceptibility is
described by A In the case of QD or QW, A" and A® include a sum over the inho-
mogeneous QD distribution or a sum over conduction and valence band states,
respectively.

The detailed expression for the contribution to £ and its input parameters are
described in an earlier paper [253]. Compared to the definition of 5cg, Eq. (5.21)
allows for extracting an FWM coefficient that is independent of laser configuration,
which is much more straightforward to study the FWM efficiency that is determined
by the optical nonlinearity. In simulation, the input parameters for the model are deter-
mined by anchoring the computed laser behavior to the measured one. Experimental
results including the light-current curves and lasing spectra in free-running operation
and in injection-locking operation are well analyzed to have accurate input parameters
for simulation.

Fig. 5.19 depicts the 7,4 as a function of #,,, in theory (dashed line) and in exper-
iment (solid markers) for the p-doped QD laser (red), the undoped QD laser (yellow),
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Fig. 5.19 Signal-drive ratio as a function of probe-drive ratio for p-doped QD, undoped QD,
and QW lasers. The dashed curves are calculated from multimode laser theory indicating the
corresponding FWM coefficient.

and the QW laser (blue). The frequency detuning for all devices is fixed between 110
and 120 GHz for a fair comparison. The good agreement between the simulation and
the experiment demonstrates that the improved FWM efficiency observed from the
QD lasers is attributed to their large optical nonlinearity. The calculated FWM coef-
ficient of the p-doped and the undoped QD device is 4.75 x 102! and 4.93 x
107 2'm*V 2, respectively. On the contrary, the calculated FWM coefficient is much
lower at 2.92 x 10~ **m*V 2 for the QW laser. As a result of the large y*, the FWM
efficiency of QD laser is more than one order of magnitude stronger than that of the
QW laser. Therefore, the SML that is observed from the QD laser can be attributed to
the FWM rather than the unaccounted intracavity absorption. Despite the fact that the
CE of the p-doped QD laser is higher than that of the undoped laser in experiment, the
calculated FWM coefficient of the former is a little lower. The underestimated FWM
coefficient for the p-doped device could be attributed to the extraabsorption in the
active region brought by the p-modulation doping. It is worth stressing that the internal
loss can be further reduced by applying an optimal doping density [263].

On the other hand, the occurrence of SML in QD laser not only depends on the
FWM, but also relies on a balance between the optical nonlinearity and the intracavity
GVD. According to the definition of GVD in Ref. [264], the GVD of a semiconductor
laser can be calculated by the derivative of group refractive index to the wavelength.
The wavelength-dependent group refractive index is derived from the FSR of the laser
cavity. Fig. 5.20 depicts the optical frequency-dependent GVD that includes both the
contributions of the QD/QW active region and the GaAs waveguide for the p-doped
QD laser (red) and the QW laser (blue). The GVD at gain peak for the QD laser and the
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Fig. 5.20 Group velocity dispersion (GVD) as a function of optical frequency for the p-doped
QD (red) and QW (blue) laser.

QW laser are 2.66 and 5.82 ps*/m, respectively. It is worth pointing out that the GVD
observed from the single-section QD laser is comparable with passively mode-locked
lasers (MLLs) [265]. As a consequence, the low GVD offered by the QD active region
along with the rich optical nonlinearity pave the way for the realization of SML in QD
laser. Despite the fact that the GVD is not included in Eq. (5.21), its contribution to the
SML has been discussed in the literature [253, 266]. Last but not least, the FWM the-
ory described in this section reveals that the CE of the QD laser has not attained its
theoretical limit, which can be further improved.

5.6 Quantum dot optical frequency comb

Since the demonstration of laser diode, it was once a big challenge to count, measure,
and phase-coherently control the optical frequencies by utilizing the RFs due to the
difference in frequency of a factor of 10°. As a result of this gap, it was not possible
to realize a timing keeping at hundreds of terahertz, nor would the tests of fundamental
physics such as the optical spectroscopy of energy eigenstates in atoms and molecules
be reliable. Nevertheless, the introduction to the laser frequency comb in the late
1990s revolutionized the precise measurements of frequency and time, due to its
potential for playing as a “light gear” which is reliable and accurate to count optical
cycles on the femtosecond (10715 s) time scale.

The generation of OFC relies on a combination of laser physics, including the ultra-
fast optical pulse generation, nonlinear optics, and electrooptics. For different poten-
tial applications of frequency combs, it is necessary to control the comb spacing, the
stability of pulse energy, and the timing jitter. Recently, Kerr nonlinear microcomb
and electrooptic frequency comb are regarded as promising solutions for on-chip fre-
quency comb generation, due to their compatibility with CMOS industry. With the
pumping of a CW single-frequency laser, both these approaches allow for generating
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octave-spanning frequency comb along with high repetition rate. Despite the
remarkable performance of these OFC technologies, the inconveniences such as
the requirement of high pumping power over hundreds of milliwatts, the low CE,
and the complexity of photonic integration that gives rise to a lower reliability and
a higher cost must be addressed before they are commercially available. In this
context, the mature passively mode-locked frequency comb technology offers an
energy-efficient and low-cost solution. Previously, high-performance passively MLLs
that take advantage of semiconductor QDs have been demonstrated, which exhibit
strong potential to be applied to DWDM system for high-speed optical communica-
tions [267]. In particular, the high tolerance for the defects that arise during the
epitaxial growth of III-Vs on Si that offered by quantized QDs, which has been
discussed earlier in this chapter, paves the way for developing compact OFC
generators for silicon-based PIC.

5.6.1 Passive mode-locking and device structure

Passive mode-locking relies on a nonlinear optical element, that is, saturable absorber
(SA), whose loss depends on the laser pulse intensity. As a result, the loss decreases
with the increase of pulse intensity in the presence of the loss modulation being syn-
chronized automatically with the laser pulses. In contrast to the actively mode-locked
device, the pulse-shortening effect in the passively MLL is more efficient if the
response time of the SA is sufficiently fast. When the laser operates at the steady state,
the circulating short pulse maintains its shape indefinitely through a balance between
nonlinearity and dispersion. As a consequence, the generated pulse train with identical
envelop results in a perfectly regular comb behavior in the optical frequency domain.

Fig. 5.21 depicts the dynamics of the saturable gain and loss functions, and the
pulse generation process that are calculated for a two-section QD laser. At the slow
stage where the intracavity loss (dashed yellow plot in Fig. 5.21, Q) is higher than gain
(solid red plot in Fig. 5.21, G), the absorber remains opaque which prevents the gen-
eration of any pulse. The negative net gain is described by the dotted black plot in
Fig. 5.21A. With the increase of intracavity photon density, the pulse that arrives
in the low-intensity light (leading edge of the pulse) is absorbed, and it saturates
the SA, which then transmits high-intensity light. As a consequence, a positive net
gain window is opened and the optical pulse is generated (solid blue plot in
Fig. 5.21B). At this fast stage, the SA usually recovers faster than the gain, which
results in the leading edge of pulse faster than the trailing edge [268]. The next pulse
will be generated after the photons circulate within one round-trip time in the laser
cavity, hence the pulse repetition rate is inversely proportional to the cavity length.
It is worth stressing that the SA recovery time can be further reduced by applying
a reverse bias on it, which is a commonly used approach for generating faster optical
pulses [269].

Benefiting from the fast carrier dynamics, the QD laser is an ideal solution for the
generation of ultra-short pulse and high optical bandwidth [269]. Two-section MLL in
which the SA section is placed at the edge of laser cavity have been extensively
studied during the past decades [267, 270-276]. A sketch of a 20 GHz two-section
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Fig. 5.21 (A) Calculated saturable gain (red solid line), loss (yellow dashed line), and net gain
(black dotted line). (B) Calculated pulse train.

mode-locked QD laser is shown in Fig. 5.22A. The growth techniques for the active
region of the QD-MLL are similar with those for the aforementioned FP devices,
except for five-layer chirped QD in the active region. The height of each QD laser
ranging from 3 to 7 mm is designed for broadening the bandwidth of the gain spectrum
[276]. The active region of laser is then p-modulation doped to improve the thermal
stability for high-temperature operation [277]. A trapezoidal gain section whose width
ranges from 3 to 6 pm gain section is a strategy to improve the mode-locking perfor-
mance in terms of pulse width and output power [278].

As discussed earlier, passive mode-locking does not require electrical sinusoidal
signal. The optical pulse train of a monolithic passively MLL is converted afterwards

(a) (b)

fine = 17GHz
Si (001) substrate

Fig. 5.22 Schematic diagram of (A) 20 GHz two-section quantum-dot mode-locked laser
epitaxially grown on silicon, and (B) 102 GHz colliding-pulse mode-locked (CPML) quantum-
dot laser heterogeneously grown on silicon.
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to an electrical signal at the same frequency by using a high-speed photodetector.
A more convenient method is based on the direct extraction of the electrical signal
from the SA [279]. When an optical pulse enters the reverse-biased absorber section,
free carriers are created. Due to the built-in electric field, the free carriers are swept
out of the absorber yielding a pulsed photocurrent. For instance, Fig. 5.23A shows a
comparison of the two RF spectra for an InAs/GaAs QD MLL, which reveals a peak
frequency of 38.61701 and 38.61706 GHz for the directly extracted electrical signal
and for the one generated from the optical pulse train, respectively. The 50 kHz devi-
ation lies well within the carrier 3-dB linewidth of 187.3 kHz. As no photodiode is
required, the direct extraction yields a 6.3 dB lower noise level whereas the peak
power of the extracted signal amounts to 32.8 dBm, thus being diminished by
9.8 dB as compared to the optical pulse train. Fig. 5.23B depicts the single-sideband
(SSB) phase noise power density traces of both electrical and optical signals. A very
similar progression is revealed, hence demonstrating that the properties of the directly
extracted electrical signal from the absorber section are essentially conformed to those
obtained for the optical pulse train. It is worth stressing that the higher high-offset fre-
quency phase noise observed from the extracted electrical signal is attributed to the
lower RF power; an RF amplifier contributes to an improvement of integrated timing
jitter from 359 to 90 fs. Therefore, the absorber can be used as an intrawaveguide pho-
todetector enabling electrical signals to be generated with high conversion efficiencies
and simultaneously along with the optical pulse train [279]. The ultra-fast recovery
time of QD SA achieves this goal, meaning that both electrical and optical pulses
are generated simultaneously without additional power consumption.
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Fig. 5.23 (A) RF spectra of the directly extracted electrical signal from the SA and the one
generated from the optical pulse train, respectively. (B) Phase-noise traces of the directly
extracted electrical signal from the SA and the one generated from the optical pulse train using a
photodiode, respectively.

Reprinted with permission from F. Grillot, D. Arsenijevic, H. Huang, D. Bimberg, Ultrafast and
nonlinear dynamics of InAs/GaAs semiconductor quantum dot lasers, in: D.L. Huffaker,

H. Eisele (Eds.), Quantum Dots and Nanostructures: Growth, Characterization, and Modeling
XV, vol. 10543, International Society for Optics and Photonics, SPIE, 2018, https://doi.org/10.
1117/12.2299678, copyright 2018, SPIE.
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Despite the high performance demonstrated in two-section QD laser, it is a chal-
lenge to realize a high repetition rate at the order of 100 GHz which is required for
DWDM system. Since the repetition rate is determined by the laser cavity length L.,
through the relationship f,..,, = v¢/L., With v, the group velocity in the cavity, the laser
cavity length should be reduced below 400 pm to have a repetition rate exceeding
100 GHz. Nevertheless, the consequent decrease of optical gain and increase of mirror
loss definitely result in an inefficient laser emission. To address this issue, a colliding-
pulse mode-locking (CPML) structure can be applied to QD laser to have an efficient
output and a high repetition rate simultaneously [280-282]. Fig. 5.22B depicts a
sketch of the 1.3-pm hybrid-silicon QD frequency comb laser with repetition rate
at 102 GHz. Its 2.3-mm-long internal cavity gives a fundamental 17 GHz FSR in
the optical frequency domain. A 120-pm-long SA is placed at the center for pulse col-
liding, hence the FSR is doubled to 34 GHz. The active region is made of a commer-
cial GaAs-based QD-containing epi stack that is heterogeneously grown on a silicon-
on-insulator (SOI) wafer. The front and rear facets of the internal cavity are connected
to a front mirror (FM) and a back mirror (BM) whose power reflectivities are ~50%
and ~100%, respectively. To further increase the FSR, a 0.75-mm-long (51 GHz)
external cavity is placed outside the FM to take advantage of the sixth harmonic of
the fundamental repetition rate through the vernier effect.

Table 5.3 summarizes recent progress in QD frequency comb laser that is based on
passive mode-locking technique.

Table 5.3 Mode-locking performance of QD lasers.

Repetition | Pulse 3-dB optical

rate duration bandwidth
Substrate | Type (GHz) (ps) TBP? (THz) Year
InP QDash 92 0.312 0.457 1.472 2008 [283]
InP QDash 101 - - 1.2 2009 [284]
InP QDash 48-346 0.8 0.46 - 2011 [285]
InP QD 50 0.43 - 1.65 2020 [286]
InP QDash 34.2 - - 1.6 2021 [287]
GaAs QD 21 0.39 1 - 2005 [288]
GaAs QD 7.2-51 6.4 1.7 - 2007 [280]
GaAs QD 39-237 0.36 0.5 - 2009 [281]
GaAs QD 40 0.7 0.5 - 2010 [274]
GaAs QD 60 — — 2.46 2022 [289]
GaAs QD 100 0.466 0.472 0.78 2022 [290]
GaAs QD 100 0.81 0.45 1.9 2022 [207]
GaAs QD 60 0.495 - 2.2 2023 [291]
Si QD 102 - - 1.4 2018 [158]
Si QD 20 5 - 1.14 2019 [276]
Si QD 15.5 - - 2.1 2022 [292]

# Time-bandwidth product.
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5.6.2 Mode-locking and frequency comb generation

Low-noise and high-bandwidth frequency comb lasers are of significant importance
for developing high-speed optical transceivers. On one hand, optical time-division
multiplexing and optical sampling are based on pulsed source with low timing jitter.
On the other hand, a large number of comb lines offered by a high optical bandwidth
allows for improving the transmission capacity while keeping a small footprint. In this
section, the mode-locking dynamics of the two-section QD laser are first analyzed.

As aforementioned, passive mode-locking by taking advantage of the QD with fast
saturable absorption allows for generating optical pulses with hundreds of femtosec-
ond pulse width. As a consequence, QD MLL is a promising solution for ultra-
broadband OFC generation, as shown in Fig. 5.24A. On the other hand, a short pulse
generation also relies on a low GVD. In Section 5.5, the authors have demonstrated
that the GVD in QD laser is much lower than that in conventional QW laser, which is
another driving force for forming an ultra-short optical pulse. It is worth stressing that
the reverse bias on the SA is beneficial for further decreasing the GVD thus reducing
the pulse width, as depicted in Fig. 5.24C. In addition to the pulse width, the timing
jitter of a pulse train is also an important factor for ultra-precise timekeeper. To ana-
lyze the timing jitter, the RF beatnote of laser repetition rate is a widely used approach
[294]. By taking advantage of the high four-wave-mixing efficiency in QD laser, as
introduced in Section 5.5, the consequent self-mode-locking effect is capable of
generating an ultra-stable pulse train with subkilohertz RF beatnote, as shown in
Fig. 5.24B [295]. To further stabilize a pulse train, approaches such as external optical
feedback have been regarded as an efficient solution. While a prior study demon-
strated that the RF beatnote can be squeezed by a factor of 13.6 dB, as shown in
Fig. 5.24D, some recent work has pushed this squeezing factor to 20 dB [296-298].

Finally, another paradigm for high-power, ultra-fast pulse production from com-
pact semiconductor lasers with multisections including quantum confined active
media is the phenomenon of superradiance [299]. First proposed in 1954 for atomic
ensembles in a gaseous medium, superradiance is thought to arise from the mutual
phasing of oscillators in an ensemble, leading to phase-coherent collective radiative
emission. The key conditions that need to be simultaneously fulfilled for achieving
superradiance emission are the creation of a very large electron-hole density, a reso-
nant electromagnetic field that can facilitate the coupling of electrons in the valence
band and holes in the conduction band, hence leading to a collection of resonantly
coupled excitons. Multisection laser devices with QW active medium and made with
an in-built SA section have been shown to provide a conductive environment for these
conditions to be satisfied, and for superradiant pulse emission to take place [300].
In this context, QD material system has received tremendous attention over the past
couple of decades, on account of its superior properties, such as high gain amplifica-
tion over a very wide bandwidth and ultra-fast carrier dynamics. Therefore, QDs have
been investigated with the aim of evaluating their potential for cooperative emission,
and results suggest interaction ranges on the order of at least several tens of nanome-
ters [301]. A demonstration of this phenomenon in a QD multisection semiconductor
laser was reported with pulse formation at a wavelength of 1270 nm and a repetition
rate of 5 MHz, with pulse widths as narrow as 320 fs [302].
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Fig. 5.24 Characterizations of QD passively mode-locked laser. (A) Short pulse width at 393 fs
along with 14 nm gain bandwidth. (B) Low timing jitter with RF linewidth of the beatnote at
400 Hz. (C) SA reverse bias-dependent pulse width and dispersion. (D) RF linewidth of the
beatnote with (red) and without (blue) self-injection locking.

(A) Reprinted with permission from E.U. Rafailov, M.A. Cataluna, W. Sibbett, Mode-locked
quantum-dot lasers, Nat. Photonics 1 (7) (2007) 395401, https://doi.org/10.1038/nphoton.
2007.120, copyright 2007, Springer Nature. (B) Reprinted with permission from D. Auth,

S. Liu, J. Norman, J.E. Bowers, S. Breuer, Passively mode-locked semiconductor quantum dot
on silicon laser with 400 Hz RF line width, Opt. Express 27 (19) (2019) 2725627266, https://
doi.org/10.1364/0OE.27.027256, copyright 2019, Optica Publishing Group. (C) Reprinted with
permission from H. Schmeckebier, G. Fiol, C. Meuer, D. Arsenijevi¢, D. Bimberg, Complete
pulse characterization of quantum-dot mode-locked lasers suitable for optical communication
up to 160 Gbit/s, Opt. Express 18 (4) (2010) 3415-3425, https://doi.org/10.1364/OE.18.
003415, copyright 2010, Optica Publishing Group. (D) Reprinted with permission from C.-Y.
Lin, F. Grillot, N.A. Naderi, Y. Li, L.F. Lester, RF linewidth reduction in a quantum dot
passively mode-locked laser subject to external optical feedback, Appl. Phys. Lett. 96 (5) (2010)
051118, https://doi.org/10.1063/1.3299714, copyright 2010, AIP Publishing.

In addition to the amplitude-modulated (AM) frequency comb that delivers
ultra-fast optical pulses, the formation of a frequency comb can be also driven by
the frequency modulation [303]. More recently, the broadband and flat-topped
frequency-modulated (FM) comb induced by FWM and Kerr nonlinearity has expe-
rienced a renaissance, and the generation of FM comb relies on a fast gain medium
such as QD [291, 304]. In contrast to the conventional AM comb, the emission of
FM comb is quasi-CW, which is promising for DWDM applications since it
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minimizes the severe thermal nonlinearities caused by strong optical pulses. The FM
comb dynamics in QD laser was first demonstrated in single-section devices; how-
ever, it is recently revealed that an additional SA section inside the laser cavity con-
tributes to a greater Kerr nonlinearity to improve the comb bandwidth [291].
Fig. 5.25C depicts the emission of an InAs/InP two-section QD comb source whose
3-dB optical bandwidth is as large as 1.65 THz [286]. Such a flat-topped FM comb
source is thus promising for DWDM PICs in which a large number of equally spaced
comb lines are required. It is worth emphasizing that the Kerr nonlinearity in multi-
section QD lasers can be practically engineered by the SA reverse bias, which results

(a) (b)

-8 - - Current
5xI| llll. ||||
E_B . th
o4f o o
% .' 3xI "
S2f ¢ s
N 0f® @ @ MLL 1x1
@ CPM “‘”mm
2 " " i " i i
0 2 4 6 8 10 12 14 1290 1300 1310 1320
o, Wavelength (nm)
10

T o |©

[20]

. -10

]

3—20

a -30

340

3 50

-60
1538 1548 1558 1568

Wavelength [nm]

Fig. 5.25 (A) Linewidth enhancement factor at threshold of a 20 GHz two-section QD mode-
locked laser (MLL, blue) epitaxially grown on silicon, and a 102 GHz colliding-pulse mode-
locked (CPM, red) QD laser heterogeneously grown on silicon. (B) Evolution of the optical
spectrum of the 102 GHz QD comb laser with gain current. The number of lines is enhanced
through the increase of homogeneous broadening in QD. (C) Optical spectrum of an InAs/InP
QD mode-locked laser whose 3-dB comb bandwidth is 1.65 THz.

(C) Reprinted with permission from M. Zander, W. Rehbein, M. Moehrle, S. Breuer, D. Franke,
M. Schell, K. Kolpatzeck, J.C. Balzer, High performance BH InAs/InP QD and InGaAsP/InP
QW mode-locked lasers as comb and pulse sources, in: Optical Fiber Communication
Conference, Optica Publishing Group, 2020, courtesy of Prof. Martin Schell and Dr. Martin
Mohrle.
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from the increase of ay-factor [249, 294]. In a fast gain medium such as QD, the modal
gains are tightly coupled to the intracavity field intensity, thus the modal phases can be
shifted by the intracavity field intensity through the finite ay-factors and a giant Kerr
nonlinearity takes place [291]. Fig. 5.25A depicts the effective a-factor at threshold
for a two-section QD MLL (blue) and a multisection QD frequency comb laser (CPM,
red). With the increase of SA reverse bias, the increase of ay-factor is beneficial to
improving the FM comb bandwidth. A record 3-dB optical bandwidth as large as
2.2 THz has been recently reported [291]. In FM operation, the optical bandwidth
of QD laser is dependent on the effective ay-factor by following the relationship

e = Aly x [ C,omba%_,(z/ )dv/. Despite the fact that a large a; is beneficial for improv-
ing the comb bandwidth, a strongly biased SA destabilizes the FM operation; a too
large phase-amplitude coupling also increases the mode competition, which decreases
the possibility to have wide comb regimes. On the other hand, the generation of FM
comb is also determined by spatial hole burning (SpaHB) that allows for improving
the optical bandwidth. The spatial hole burning is particularly important in FP cavities
(as opposed to ring cavities, for instance) wherein two counter propagating waves with
the same wavelength interfere thus forming a standing-wave pattern. Recently, a
numerical modelling based on Maxwell-Bloch equations has shown that an increase
of the homogeneous width can produce a larger number of modes in the optical spec-
trum [305]. Fig. 5.25B depicts the comb spectra of a multisection QD laser in different
gain bias conditions, the increased homogeneous broadening of QD active region
gives rise to a large improvement of optical bandwidth. Last but not least, the carrier
lifetime also plays an important role in the formation of frequency comb dynamics
[305]. Therefore, by reducing the carrier lifetime by controlling the operation temper-
ature, a relevant increase of the number of modes can be generated.

5.6.3 Self-injection locking

In recent years, DWDM application demands for ultra-broadband frequency comb
laser for high-speed optical communication. Despite the huge progress in QD fre-
quency comb laser, the performance of each comb line was used to be a great issue.
Compared to the DFB laser array, the optical linewidth of a single comb line in QD
frequency comb laser is in general on the order of megahertz [276, 287], which pre-
vents this type of comb source for advanced format modulation, that is, 16-QAM.
Nevertheless, an optimization of cavity design allows for improving the bandwidth
and noise properties of a QD frequency comb laser. Fig. 5.26A demonstrates that
the QD laser is able to generate a flat-top frequency comb with 3-dB bandwidth at
11.5 nm, along with low-noise comb line with optical linewidth at 440 kHz. The
improved optical linewidth allows for 40 Gbaud PAM-4 modulation from a single
comb line [207]. By taking advantage of the large number of comb lines offered
by the QD laser, QD-based frequency comb generator is able to support 12 Tbit/s
optical transmission [287, 306].

In Section 5.4, our discussions demonstrate how a semiconductor laser can
suffer from strong instabilities due to the external back-reflections. Despite the
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Fig. 5.26 Noise and transmission performance of QD frequency comb laser. (A) Optical
spectrum of a QD comb laser on GaAs substrate with 3-dB optical bandwidth at 11.5 nm and
optical linewidth of each line at 440 kHz. (B) Bit-error rate of a QD comb laser on InP substrate
with 16-QAM modulation for 10.8 Tbit/s transmission. (C) Optical linewidth of 39 comb lines
with (blue) and without (red) self-injection locking.

(A) Reprinted with permission from J.-Z. Huang, Z.-T. Ji, J.-J. Chen, W.-Q. Weli, J.-L. Qin,
Z.-H. Wang, Z.-Y. Li, T. Wang, X. Xiao, J.-J. Zhang, Ultra-broadband flat-top quantum dot
comb lasers, Photonics Res. 10 (5) (2022) 1308-1316, https://doi.org/10.1364/PRJ.446349,
copyright 2022, Chinese Laser Press. (B, C) Reprinted with permission from Z. Lu, J. Liu, P.J.
Poole, Y. Mao, J. Weber, G. Liu, P. Barrios, InAs/InP quantum dash semiconductor coherent
comb lasers and their applications in optical networks, J. Lightwave Technol. 39 (12) (2021)
3751-3760, https://doi.org/10.1109/JLT.2020.3043284, copyright 2021, IEEE.

inconvenience brought by the coherence collapse, which is typical laser dynamics in
feedback regime IV, a weak optical feedback in regime II can be an efficient approach
to stabilize the phase noise of a laser. The so-called SIL has been proved an efficient
solution for ultra-quiet oscillator generation [197]. It is worth noting that the SIL in
regime II depends on the phase of the external cavity, which must be optimized for an
efficient stabilization, otherwise the phase noise can be degraded [293, 294].
Fig. 5.26C depicts the optical linewidth for each comb line of a QD comb laser with
(blue) and without (red) SIL. The SIL technique allows the phase noise of each line to
be squeezed from megahertz to 12 kHz by a factor of 19 dB, which meets the require-
ment of advanced format modulation, that is, 16-QAM and 32-QAM, for tens Tbit/s
and beyond coherent optical networking systems [306]. To achieve a fully integrated
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SIL approach for on-chip QD frequency comb laser, high-Q microresonator and wave-
guide could be potential solutions [196, 307].

5.6.4 External-injection locking

External optical injection locking (OIL) is a well-known technique that is able to influ-
ence the laser dynamics [308]. In particular, the OIL technique exhibits a strong poten-
tial to be applied to the direct-detection fiber links to improve their performances.
Examples as the reduction of chirp-induced dispersion and nonlinear distortion, the
decrease of intensity and FN, and the large increase of the ROF thus the modulation
bandwidth have been reported [309-311]. In addition to the aforementioned SIL
approach, OIL allows for a squeezing of phase noise for each comb line to the phase
noise of the injected master lasers, as shown in Fig. 5.27A [312]. By taking advantage
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Fig. 5.27 Optical injection-locking operation: (A) Optical linewidth of each comb line is
squeezed to the phase noise of the master laser by dual-tone optical injection. (B) Spectral power
of a 102 GHz QD comb laser on Si as a function of its wavelength and the master laser
wavelength. (C) Optical spectra of the QD-OFC in free-running (blue) and in optical injection
(red) operation. FR, free-running regime; OIB, optical injection broadening regime.

(A) Reprinted with permission from T. Habruseva, N. Rebrova, S.P. Hegarty, G. Huyet, Mode-
locked semiconductor lasers with optical injection, in: Quantum Dot Devices, Springer, 2012,
pp- 65-91, https://doi.org/10.1007/978-1-4614-3570-9_4, copyright 2012, Springer Nature.
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of the commercial external cavity lasers with hertz-level linewidth, the performance of
QD laser can be greatly improved.

In addition to the phase noise squeezing, the OIL can be also utilized to improve
the optical bandwidth of QD-based frequency comb laser through FWM, which is
promising for WDM applications. Fig. 5.27B depicts the spectral power mapping
of the 102 GHz comb laser as a function of its wavelength and injection wavelength
of the master laser. The optical spectra of the comb laser in free-running operation
(blue) and in optical injection operation (red) are shown in Fig. 5.27C, where the
longitudinal mode that is injected is marked by the black arrow. Despite the fre-
quency comb region suffers from an overall blue-shift, the laser optical bandwidth
is largely improved in presence of the 3-dB bandwidth increasing from 1 to 3.5 nm
(i.e., from 204 to 714 GHz) along with the full bandwidth above the noise floor
increasing from 5 t0 9.5 nm (i.e., from 1 to 1.94 THz). In particular, the laser exhibits
a stable locking state in presence of an optical injection broadening (OIB) regime
more than 82 pm for the master laser wavelength. It is worth stressing that the
injection wavelength also plays a crucial role in the OIB dynamics, which has been
discussed in the literature [249].

5.7 High-speed modulation

Direct modulation of light with QD lasers has attracted great interest for both short and
long distance high-speed optical communication systems. Direct modulation is simply
achieved by using a direct RF modulation of the laser’s injection current. It alleviates
the requirement of bulky and lossy external modulators in the transmitter, thus pro-
viding a cost and energy-efficient solution. Table 5.4 summarizes the main perfor-
mance of directly modulated QD and QDash lasers operating at 1.3 and 1.5 pm.
The best dynamic performance ever achieved at 1.5 pm reported a modulation band-
width as large as 17.5 GHz on an InAs/InP(100) QD laser [216]. Fig. 5.28 A shows the
bias current-dependent modulation response of this laser with 6 QD layers. The wide
3-dB modulation bandwidth is attributed to the narrow gain profile and a high differ-
ential gain resulting from the reduction of the size distribution. Fig. 5.28B demon-
strates that the QD laser can also be modulated with a multilevel modulation
format (PAM4) at room temperature. The eye diagram is still opened even at
25 GBaud/s (50 Gbit/s), which is a record value for 1.5 pm QD lasers. Other perfor-
mance have been reported for (100)InP-based QD lasers operating at 1.5 pm, such as a
3-dB modulation bandwidth of 5 GHz in [18]. Interestingly, in this work, the laser
showed a much higher large signal modulation capability of 15 Gbit/s with a 4 dB
extinction ratio. This discrepancy between the small and large signal performances
was attributed to the large nonlinear gain compression effect. Through the optimiza-
tion of the barrier width and the number of stack layers, the modulation bandwidth was
increased to 9 GHz along with a large signal modulation up to 22 Gbit/s for an
extinction ratio of 3 dB [314]. The tunnel injection and p-doping techniques can also
be considered to further enhance the modulation bandwidth up to 14.4 GHz [316].
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Table 5.4 Threshold current (/,,) and 3-dB modulation bandwidth (f345. ;na.) of QD and QDash
lasers operating at 1.3 and 1.5 pm.

Substrate | Wavelength (um) | Type I, MA) | f3aB,max (GHz) | Reference
InP 1.5 QD FP 41 4.8 [313]
InP 1.5 QD FP 38 5 [18]
InP 1.5 QD FP 20 9.1 [314]
InP 1.5 QD FP 11.2 12.1 [315]
InP 1.5 QD FP 134 14.4 [316]
InP 1.5 QD FP 25 17.5 [216]
InP 1.5 QDash FP 47 7.4 [317]
InP 1.5 QDash FP 34 8 [318]
InP 1.5 QDash FP 25 10 [319]
InP 1.5 QDash FP 55 12 [320]
InP 1.5 QDash DFB | 65 7.6 [321]
InP 1.5 QDash DFB | 4.8 9.6 [204]
InP 1.5 QDash DFB | 50 10 [322]
InP 1.5 QDash DFB | 30 10 [323]
InP 1.5 QDash DFB | 35 10 [324]
GaAs 1.3 QD FP 15 3.8 [325]
GaAS 1.3 QD FP 17 7.8 [326]
GaAs 1.3 QD FP 7.3 8 [14]
GaAs 1.3 QD FP 9.2 9.2 [315]
GaAs 1.3 QD FP 2.2 9.3 [327]
GaAs 1.3 QD FP 11 11 [328]
GaAs 1.3 QD FP 10 11.9 [329]
GaAs 1.3 QD FP 10.9 13.1 [330]
GaAs 1.3 QD DFB 5 4.9 [186]
GaAs 1.3 QD DFB 6.8 11.4 [331]
Si 1.3 QD FP 19 1.6 [332]
Si 1.3 QD FpP 14 6.5 [241]
Si 1.3 QD DFB 20 2.8 [333]
SOIL 1.3 QD DFB 4 13 [190]
GaAs 1.3 QD VCSEL | 4 2.5 [334]
GaAs 1.3 QD VCSEL | 6 3 [335]

Although QD lasers grown on (311)B InP substrate show limited application range, let
us note that a modulation bandwidth of 4.8 GHz has been reported [313]. As for
QDash lasers on (100)InP substrate, most works employed the p-doping technique
to improve the modulation bandwidth and to reduce the chirp [319, 320, 324]. For
example, the modulation bandwidth was increased from 6 GHz for the undoped laser
to 8 GHz with p-doping [320]. On the other hand, the tunnel injection technique can
further increase the modulation bandwidth beyond 10 GHz, while reducing the chirp
toward zero [316, 320].
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Fig. 5.28 (A) Small-signal modulation response of InAs/InP QD FP laser. (B) Large signal
PAM4 modulation of InAs/InP QD FP laser showing the high data rate of 25 GBaud/s

(50 Gbit/s).

Reprinted with permission from A. Abdollahinia, S. Banyoudeh, A. Rippien, F. Schnabel,

O. Eyal, L. Cestier, L. Kalifa, E. Mentovich, G. Eisenstein, J.P. Reithmaier, Temperature stability
of static and dynamic properties of 1.55 pm quantum dot lasers, Opt. Express 26 (5) (2018)
6056—6066, https://doi.org/10.1364/OE.26.006056, copyright 2018, Optica Publishing Group.

For 1.3 pm InAs/GaAs QD lasers grown on GaAs substrate with GS lasing, a record
bandwidth of 13.1 GHz was reported [330] by reducing the GaAs barrier thickness.
Furthermore, a standard p-doped QD laser emitting on the sole GS with maximum
bandwidth of 7.2 GHz was demonstrated [315]. In contrast, the graded p-doping
technique can improve the carrier transport hence leading to a better modulation
bandwidth of 9.2 GHz as shown in Fig. 5.29A. The increase in small-signal bandwidth
reinforces the ability of direct modulation at higher bit rates in the large-signal regime.
Fig. 5.29C depicts the maximum error-free bit rate of 22.5 Gbit/s. Compared to the
sole GS laser, the sole ES laser shows a slightly higher bandwidth of 11.7 GHz
(Fig. 5.29B) which is attributed to the lower gain compression factor and larger
differential gain [315]. The maximum BER is 27.5 Gbit/s as shown in Fig. 5.29D.
On the opposite, the QD laser directly grown on silicon has slightly inferior
modulation bandwidth and modulation efficiency [241]. Last but not least, a record
evanescent QD DFB laser on silicon with a 3-dB modulation bandwidth of
13 GHz, a threshold current of 4 mA, an SMSR of 60 dB is realized [190].

Compared to edge emitting lasers, vertical cavity surface emitting lasers (VCSELSs)
offer multiple advantages such as small footprint, low threshold current, efficient
signal-to-fiber coupling, and more temperature-stable wavelength, which are impor-
tant for high data rate communications [336-338]. The first QD VCSEL operated at
room-temperature was realized in 1996 with a CW operating current of 32 mA [339,
340]. The major breakthrough of QD VCSEL came out in 1997 with a very low thresh-
old current below 200 pA [341]. Regarding the modulation performance, 850 nm QD
VCSELs have shown 3-dB modulation bandwidth of 18 GHz and record data trans-
mission of 56 Gbit/s at 85°C [342]. Additionally, for 980 nm QD VCSELs, maximum
bandwidth of 18 GHz and bit rate of 35 Gbit/s at 85°C operation are achieved in [343].
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Reprinted with permission from D. Arsenijevi¢, D. Bimberg, Quantum-dot lasers for 35 Gbit/s
pulse-amplitude modulation and 160 Gbit/s differential quadrature phase-shift keying, in:
Semiconductor Lasers and Laser Dynamics VII, vol. 9892, International Society for Optics and
Photonics, SPIE, 2016, https://doi.org/10.1117/12.2230758, copyright 2016, SPIE.

The first GaAs-based 1.3 pm QD VCSEL operating in pulsed mode at room temper-
ature and with a threshold current below 2 mA was reported [344]. In 2009, the
efficient CW lasing operation at room temperature of the 1.3 pm QD VCSELs was
obtained [345]. However, it turned out that large thermal effects limit the modulation
bandwidth between 2 and 3 GHz of 1.3 pm QD VCSELSs [334, 335]. Let us stress that
very recently, the first demonstration of a 1.5 pm VCSEL based on InAs QDs on InP
was reported with CW, low threshold, and room temperature operation along with a
stable output polarization state [346]. This novel achievement can potentially open the
door to further development of 1.5 pm high-speed QD VCSELs.

As of today, modulation capabilities of QD lasers remain still below expectation by
comparison with their QW counterparts, but we believe that there is still room for
progress. Therefore, further improvement in the modal gain of QD lasers is of great
significance for high-speed modulation. The increase of modal gain can be realized by
increasing the dot density, reducing the epitaxial defects as well as by introducing the
p-doping in the active region.
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5.8 Quantum dot microlasers

For decades, huge progress in the miniaturization and the large-scale electronic inte-
grated circuits (IC) that was guided by Moore’s law had led to drastic improvement of
performance and simultaneous decrease in cost. Nevertheless, it is a big challenge to
reproduce this event in PIC. One of the most important obstacles in the development of
small-footprint and large-scale PIC comes from the large size of photonic devices. For
both electronic and photonic components, their sizes are limited to the wavelengths
[347]. Therefore, the photonic devices are made much larger than the electronic
devices, due to the much longer wavelength of photons compared to electrons. In
the past two decades, some pioneering studies aimed at pushing the size of photonic
devices to their limitations thus to accommodate both electronic and photonic devices
on a single chip. In particular, the lasers that benefit from the material recombination
and methods of fabrication have demonstrated record miniaturization. Examples, such
as microdisk laser [348], photonic wire laser [349], photonic crystal laser [350], and
random lasers [351], have been reported.

Not only the wavelength, but also the modal gain and the internal loss of laser cav-
ity limit the miniaturization of laser. Benefiting from the quantized DOS that improves
the modal gain, the QD active region is a promising solution for microlaser [82, 277,
352, 353]. A prior study demonstrated that the size of QD-based microring lasers that
were directly grown on silicon substrate could be reduced to the micrometer scale, as
shown in Fig. 5.30A—C. By reducing the radius of microring to 5 pm, the electrically
pumped QD laser exhibited submilliamp threshold current at room temperature
(Fig. 5.30E). By taking advantage of the high thermal stability of QD, these devices
could operate in CW mode up to 100°C (Fig. 5.30D). Despite the limited output power
on the order of microwatt, the microlaser that contains a few number of QD exhibits a
strong potential for single-photon generation [337, 354-357]. Recently, QD laser
made of photonic crystal cavity is regarded as a potential solution for silicon PIC,
due to the high Q-factor, ultra-small mode volume, and large Purcell factor offered
by the cavity design [358]. By taking advantage of high-performance QD material,
electrically pumped photonic crystal laser allows for high power output over
10 mW, and high-temperature operation at 70°C [359]. In this context, small-footprint
and high-performance QD laser will play an important role in next-generation silicon
PIC and future quantum PIC.

On the other hand, laser devices in such form factor received attention for their
potential candidacy in other advanced applications such as neuromorphic computing.
Recent work from Hewlett-Packard Labs [360, 361] has proven the possibility of opti-
cal memory, by using a QD microring laser with finely tuned structure on Si platform.
These devices shows not only CW operation up to 70°C with considerable output
power, but also impressive energy efficiency in transmitting signals (1.2 pJ/bit)
[360]. Most importantly, with the right input, these lasers can behave as a memristor
[361], therefore offering a novel approach to emulate neurons optically, based on
what innovative neuromorphic computing PIC chips can be built, and can benefit
as well the intrinsic advantages from QD lasers, for example, less energy needed
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Fig. 5.30 SEM of the QD microlaser from (A) top view and (B) cross-sectional view.

(C) Zoomed-in SEM image of the mesa. (D) Measured L-I curve from the microring laser with a
radius of 50 pm as a function of temperature under pulsed pump condition. (E) Average
threshold current as a function of radius at room temperature.

Reprinted with permission from Y. Wan, J. Norman, Q. Li, M.J. Kennedy, D. Liang, C. Zhang,
D. Huang, Z. Zhang, A.Y. Liu, A. Torres, D. Jung, A.C. Gossard, E.L. Hu, K.M. Lau, J.E.
Bowers, 1.3 pm submilliamp threshold quantum dot micro-lasers on Si, Optica 4 (8) (2017)
940-944, https://doi.org/10.1364/OPTICA.4.000940, copyright 2017, Optica Publishing
Group.

for both cooling and power supply. Furthermore, an optical neuron requires fewer
electric wiring, meaning reduced noises and heating problem, leading to more effi-
cient on-chip communication.

5.9 Conclusions

This chapter reviewed the genesis, the most recent findings, and the prospects of QD
lasers. Thanks to their compactness, great thermal stability, and large reflection immu-
nity, QD lasers are excellent candidates for low energy consumption and optical-iso-
lation-free PICs. When directly grown on silicon, they can even offer much superior
FWM efficiency than their QW devices counterparts, which is vital for achieving effi-
cient frequency comb operation. Given that their remarkable intensity and phase noise
properties, QD lasers can be meaningful for coherent technologies, on-chip atomic
clock, optical radars (i.e., LIDARs), and spectroscopy. Future perspective also involve
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using QDs embedded in microcavities for single-photon generators, squeezed-photon
beams, entangled systems for quantum cryptography, and computing [362]. Self-
assembled QDs can also be very promising for reaching midinfrared and THz optical
wavelengths using quantum cascade heterostructures [363, 364]. The development of
visible light sources grown on silicon has also become of growing interest for a variety
of applications near the infrared. A recent work has shown room temperature lasing of
electrically pumped InP/GaAsP QD lasers directly grown on silicon emitting at
750 nm [365, 366]. QD lasers heterogeneously integrated on silicon carbide (SiC)
can also be a promising approach for achieving high-temperature stability [239].
Finally, QD lasers emitting at 1050 nm can also be considered as an alternative to
bulky and expensive solid-state lasers or superluminescent diodes for state-of-the-
art ophthalmic optical coherence tomography applications [275]. As a conclusion,
about 40 years later after their discovery, we strongly believe that QD solutions
can be implemented into industrial products to sustain the growing needs of the com-
munication and information society. Overall, in this review chapter, we have tried to
highlight the most promising areas for these technologies, hence putting in practical
use QD lasers. In particular, we would like to remind that the direct growth of QD InAs
is a key enabling technology for obtaining efficient light-emitting devices. Overall,
QD photonic devices are the most effective solution for photo-electronization servers,
addressing optical connectivity in artificial intelligence, machine learning, high-
performance computing, and data center markets. Finally, we would also like to
emphasize that their deployment onto the market is a direct consequence of the strong
development of nanotechnology over the last 20 years and therefore provides a solid
foundation for the delivery of efficient photonic solutions.
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